
, 
- ,. 

-1= 

THERMO SICAL STUDIES ON IONIC LIQUIDS 

AND AMINO A.ClDS IN S OM£ LlQUlD SYSTEMS 

UNIVERSITY OF NORTH BENGAL 

For the Award of 

Doctor of Philosophy (Ph. o.) 

' ~ ... 
in -

By 

Veep@~ (M.Sc. in Chemistry) 

Research Guide 

DR. MAHENDRA NATH ROY 

PROFESSOR OF PHYSICAL CHEMISTRY 

Department of Studies in 

DEPARTMENT OF CHEMISTRY 

UNIVERSITY OF NORTH BENGAL 

DARJEELING, PIN-7340 13, WB, INDIA 

NOVEMBER-20 14 



278433 

3 1 MAR Z016 



V~L& 

~y 'Belove,dt P~e.-nt¥ 

... to- whon-tt I ow~ 
what-eve¥ I CM111~ 



f!)ECLA RA T/ON 

1 declare that the thcs i entitled "THERMOPH YSICAL 

STUDIES ON IONIC LIQUIDS AND AMINO ACIDS IN SOME 

LIQUID SYSTEMS' has been prepared by me under the guidance and 

supervision of Dr. Mahendra Nath Roy, Professor of Physical 

Chemistry, University of North Bengal. No part of this the is 

ha formed the basis for the award of any degree or fellow hip 

previously. 

Deepo)c f):JcOv 

V~@~ 

Vepcu-trnet'tt" of C~ry, 

Uvu'NeY~Y of No-rtJv'B~ 

V~ Vo.¥j~ Pt#v-73401 3, 

W~'B~ INVIA 

VAT£: OG!II\;<.014 

[CW] 



UNIVERSITY OF NORTH BENGAL 

CERTIFICATE 

certify that ~Y'. Veepcilv f~ M. Sc. in Chemistry, has 

prepared the thesis entitled " THERMOPHYSICAL STUDIES ON 

IONIC LIQUIDS AND AMINO ACIDS IN SOME LIQUID SYSTEMS', 

for the award of Ph. D. Degree (Doctor of Philosophy) of the 

Un iversity of North Bengal, under my guidance. He has carried out the 

work at the Departm ent of Chemistry, University of North Bengal. 

fv1 a{ a- J. n ta f\{' cLlL iZ OY 

DR. MAHENDRA NATH ROY, 
Pv~ ofP~~C~ry, 

Vepcut"WLettt- of C~vy, 

U vUA~ev}tky of Nort:h; 13~ 

V l4r(:: V CNVj eeUvu;f, p i,.vv: 7 3 LfQ 13, 

W~'B~ INDIA Prof M N Roy,,.. ~. f'h.D. 
. . ~. s». DRS-ID 

~OfCHEIUSTRY 

VATE: 07- 1 1-.7-dl~ ~~~ 

[iN] 



I ACKNOM1ED6£MEHT I 
11To begin with I pray to God! 

I may, I might, I must!" 

CoMpfetiV\g t~e Pk D. degree ~as beeV\ OV\e of t~e Most appreciated 

dreaMs of MY fife rig~t fro M t~e eady days of M!:J graduatioV\. T~is Pk D. 

t~esis ~as beeV\ t~e Most c~a((eV\giV\g acadeMic task I ~ave ever faced. At 

t~e juV\cture of t~ is Mi(estoV\e ac~ieveMeV\t, I woufd (ike to express MY 

siV\cere gratitude to everyoV\e w~o befieved iV\ Me aV\d t o w~oM I aM 

rea((y iV\debted to for t~eir ~efp, support aV\d MotivatiOV\ iV\ a(( MY 

accoMpfis~MeV\tS. 

At t~e first occasioV\ , I wou fd (ike to express MY profouV\d SeV\Se. of 

gratitude aV\d iV\V\er attitude to M!:J respected teac~er aV\d supervisor VY. 

l--f~Cf./ Netdv 'Roy, Pvo{e»or of P~~ C~vy, VepCLY't~ of 
C~ry, UV\AA!e..v~ of Norttv 13~ Vo.-+~.f~, IvuiUN For o.cceptiV\g 

Me iV\tO ~is researc~ group. He is aV\ idea( rofe - Mode( fo r ~is 

professioV\afisM iV\ bot~ work aV\d persoV\a( fives. Wit~out t~e opportuV\ity 

VIe oFFered I woufdV\'t be w~ere I aM today! Throug~out MY researc~ 

period, I received COV\StaV\t guidaV\ce , price(ess suggestioV\S, ceasefess 

iV\SpiratioV\5 aV\d COV\Stru.ctive criticisM froM ~iM. He deserves speciaf 

t~aV\ks siV\ce ~e ~as V\Ot OV\(y oFFered Me ~is kiV\d guidaV\ce but a(so 

Motivated a¥\d. eV\couraged Me to go t~at extra Mi(e duriV\g t~is jourV\ey. I 

aM deepfy iV\debted to ~iM for ~is keeV\ iV\terest, COV\StaV\t eV\t~usiaSM , 

deep kV\owfedge, coV\fideV\ce aV\d syMpat~etic COV\SideratioV\. He gave Me 

t~e freedo M to pu.rsu.e aV\ iV\triguiV\g aV\d a c~a((eV\giV\g voyage alt~oug~ 

V\ever fa((iV\g be~iV\d to trust Me, ofteV\ More tiMes t~aV\ Myse(f, t~us 

treMeV\dousfy boostiV\g MY coV\FideV\ce to exp fore t~e true capabifities of 

[v] 



W\Y poteV~.tiaf. He was afways theve to fisteV\ aV\d to 9ive advice. He tau9ht 

W\e how to ask questioV\S aV\d expvess W\Y ideas. He showed W\e diffeveV\t 

ways to appvoach a veseavch pvob(eW\ aV\d the V\eed to be pevsisteV\t to 

accoW\p(ish aV\y 9oaf. Without his foviV\9 cave , W\eticufous 9uidaV1.ce 

aV\d pvecious supevvisioVI. , the FovW\u(atioV\ oF W\y wovk associated with 

W\Y t hesis wou fd V\Ot have beeV\ possib fe Fov W\e t o bviV\9 the pveseV\t 

COV\touv. The 9ood advice, support aV\d eV\couva9eW\eV\t that I have 

veceived fvoW\ hiW\ has beeV\ iVI.va fuabfe OV\ both aV\ acadeW\ic aV\d a 

pevSOVI.a( fife , fov which I sha(( evev veW\aiV\ awfu((y obfi9ed. 

I a(so put -acvoss W\Y pvoFouV\d pvudeV~.ce of appveciatioV\ to 

a(( oF the vespected facufty W\eW\bevs of DepartW\eV\t of CheW\istvy , 

UV\ivevsity of North BeV\9af Fov t heiv uVI.tiviV\9 assistaV~.ce , acadeW\ic , 

techVI.ica( support aV\d COV\tiVI.ua ( iV\spivatioV\ duviV\9 the couvse of W\y 

veseavch wovk. I aW\ 9feefu((y t haV\ked to the V\O V\ - t eachiV\9 staff oF the 

DepartW\eV\t Fov theiv coopevatioV\ aV\d hefp. 

I aW\ 9vatefuf to the UV\ivevsity authovity Fo v pvovidiV\9 (abovatovy 

aV\d fibvav-y aW\eV\ities, especia((y CoW\putev CeV\tve aV\d UV\ivev-sity 

ScieV\tific IV\StvuW\eV\t atioV\ CeV\tve ( USIC) of the UV\ivevsity Fov sevviV\9 W\e 

iV\ W\Y veseavch wovk. 

My specia( thaV\kS 90 to Vv. Rcy(MitA/Vew~ lvtv. lvttlcuvC~iN 

Roy, aV\d fab W\at es oF W\y veseavch fabovato vy Fov theiv va(uab(e 

assist aV\ce aV\d coopevatioV\ thvou9hout W\Y veseavch wovk. 

I aW\ thaV\kfu( to the Vepcvt~Sp~I\~(M'l.C.e/ 5~ IM'\.de.y

tM UvUNev~ GvCU'\t;y C~, NeMJ Ve110 ( No-. f 540(27( VRS(2 007, 

SAP -1) Fov pv-ovidiV\9 FiV\aV\cia{ aid aV\d iV\StvuW\eV\ta{ assistaV\ce iV\ ov-dev- to 

COV\tiVI.ue W\y v-eseavch wovk. I wou(d a(so (ike to vecov-d W\Y thaV\kfu(VI.ess to 

'ON£ Tilvf£ GRANT' 'Ref No-. f .Lf -10(2010(13S'R) awavded t o W\y Superv0,or, 

Pr-of lvf. N. 'Roy, uVI.detr 13MioSc.iet1t:"t/io'R~clv ('BS'R), UGC, NeMJ V elhV fov

fiV\aVI.cia( aV\d iVI.stv-uW\eV\taf assistaVI.ce iVI. COVI.V\ectioVI. with v-eseavch wovk. 

[ vv] 



I c::UN\ COV\StaV\tly awave of wltlat a ltluge debt I owe to the souvces oft e 

tV\fovW\at ioV\ vequived fov W\Y veseavch wovk: the V\UW\evous books, 

W\OV\ogvaphs, articles, coW\putev website, etc. I put OV\ vecovd SoW\e W\easuve 

of W\Y gvatitude to those whose vefeveV\ces I ltlave cited tV\ this tltlesis. 

I would like to expvess W\y deepest gvatitude to W\Y colleagues aV\d 

FvleV\dS of Sri Nara Sir.9~a Vid~yapit~ (H.S), wltleve I lAW\ woY"kiV\9 as aV\ 

AssistaV\t Teachev tV\ CheW\istvy , foY" tltleiv Fvuitful suggestioV\S aV\d valuable 

COW\W\eV\tS aV\d COV\tn'buted to this thesis tV\ OV\e OY' aV\othev way. 

Last , but by V\O W\eaV\S least , title tV\SpivatioV\, eV\couvageW\eV\t aV\d 

w/tlole -hearted coopevatioV\ that I veceived fmW\ W\Y fa W\ily W\eW\bevs, is 

W\OSt elegaV\tly ackV\owledged. fvl y paveV\tS SW\t. BiV\ota Ekka & SY'i. 

A lbiV\uS Ekka , Sist eY"s fvliss Leepika Ekka , fvliss Deepika Ekka, aV\d bY"other

fv1r-. SuW\it Ekka deser-ve a special W\eV\tioV\ for- shoWiV\g utW\ost patieV\Ce 

aV\d pvovidiV\g W\e UV\COV\ditioV\a l love, support aV\d eV\CouvageW\eV\t to 

puvsue W\Y tV\tevests eveV\ wheV\ the iV\tevests weV\t beyoV\d bouV\davies of 

laV\guage. No wovd would be eV\ough to veiW\bur-se tltleir- COV\tvibutioV\S fov 

the success of W\Y r-esear-cltl wor-k. 

The above list is V\eithev coW\plete tV\ V\aW\eS, V\OV"" tV\ deeds of all the 

people who have ltlelped W\e towavds acltlieviV\g this Ph.D. degvee. I would 

like to pvofuse ly apologiJ:.e, aV\d state that the oW\issiOV\S weve V\Ot a 

W\editated slight. This dissertatioV\ would V\Ot have beeV\ possible without 

theiv help. 

[vw] 

[).Q.Qfo):,~ 

Veep®~ 

R~cJvs~ 

vepetrt-Wt0V\.t" of c~ 
UYliveY~Y ofNOYtf\/13~ 

VlM:-Da¥j~ PiKt;-734013, 

We..¢13~ INDIA 



i\ ·~ ;: ., if''"·~ ;:a;:~~;\;:;~;:·~-~.~;:;:·~;:-;:-;:;:;\;:·~;:-·~;:-·~,,·~;:-~~~,,;:.~,,;:;:-·~~~·~;:-;:·~;:;:-fl.-«i ·~ ;:-;:-·~ ·~ 
~ 'l i J ~ j\ !t j \ t I j ~~ 
--~ • \ t ... ,, ' .. , ,, 
~~ - ~ ., .. ., ·' 
~~ ... ~ ~~ ,, ~ .~ 

~ ~ ,, ;: ,, ;: 
;:- ,, - -;~ 'Ilie e.x__ce[[ent work_ aone in this thesis entit[ecf 11TH ERMOPHYS/CAL ~ 
i\ ·" 
{~ STUDIES ON IONIC LIQUIDS AND AMINO ACIDS IN SOME LIQUID ~~ 
~ ~ 

•' S" f ...r h "'.r '' i\ SYSTEM was startea in A~ 2010 unuer t ze superoision o.J Dr. M. N. Roy, i;: - -~ ~ 

e! Professor of Physical Chemistry, Department of Chemistry, University of {~ •' ,, 
~~ North Bengal, Darj eeling (NBU). 1Jiis research was 6ecome conscious within t fie ~ - -~ ~ 

;: framework.., of the Programme in tfie Jieftf of "Ionic Liquids & Solution ;: 
~~ .~ 

~~ Thermodynamics " ana~search C}roup ofC?rofessor CJ?.gy. ~ ,, " 
~~ 'Ilie worf( is an attempt to e~[ore mofecufar as we[[ as ionic [eve[ interactions {~ 
~ ~ - -;~ of IONIC LIQUIDS ~AMINO ACIDS in aqueous/ non-aqueous so[ution systems 6y ~ 
~ ~ 
i• stucfyinn their thennonh-vsicaC thermocfynamic, transport, acoustic, onticar ana •• ;:- v r J r ;~ ·" ;\ i\ spectroscopic properties. i\ 
~ ~ - -~ I was e)(_ceecfing{y enthused 6y my [istening, interacting and cooperating witfi ;: ... -
~ ~ 

i\ renowned researchers, e~erts, reviewers ana scientists during the course of my ii" 
~ ~ - -i: researcfi worf( tfirougfi tfie communicating via emaiC we6-sicfe in internet, witfi tfie ~ 
~ ~ 
{~ particzp· ation in severa[ meets ana attaining, presenting in seminars/ symposiums/ {~ 
~ ~ - -~~ conferences across the country. I was e-ven fortunate enough to pu6[ish my origina[ {~ 
~ ~ ... -
;~ research wor/0 as articfe endosecf in the dissertation in :Nationa[ ana Jnternationa[ :.;. - -~ ~ 

~~ JournaLs of repute. •! ,, ,, 
~ In trusting with a[f-putpose perfonn of reporting scientific o6seroation, cfue ~ 
·~ .~ i\ acf(nowfeagement has 6een made wfienever the worf( aescri6ecf was 6asecf on the .~ 
{~ ~~ 
i~ finding of other investigators. 1 must taR.§ tfie responsi6ifity of any unintentiona[ i~ ,, ,, 
~~ oversights ana errors, wfiich migfit have crept in spite of precautions. ~~ 
., t~ 

''" I fi.ope tfiat I wi{[ 6e given more cfia{fenges in my {ije so tfiat tfi.e ftnowfecfg e '"' 
~ ~ 

~f that I have earned during my worf(can 6e put into action in tfie future. \l :1

, J {~ 

~ ' ~ ~~ . . ~ ,. ~ .. 
~~ . ~~ e! 
~~ ..... .. .... .... ....... ...... .... ... ......... ... .... ........ .... ... ..... .... ... ... .. ... ..... ... ... ........ ..... ..... ...... ........ .... ..... .... ... ... .. .... ......... .. ... .......................... .. ... .... ............. ...... 1o.. ................ • .. '!.. .... ,, .~ .~ ...... •' ,. ,. ,, ,. ,, , ... ,. , .. ~ .. ,, ,. ,, .... , ..... ,. , ......... •' ,. , ... ,. , ...... ,. ,. , .... ,. •' .... ,. ,. , ..... ,, .. 



I TABLE OF CONTENTS I 
I 

§lUBJJECT PAGE NO. 
' - -

Declaration (UM) 

Certificate (i») 

Acknowledgements (v-vw) 

Preface (vU.V) 

Abstract 1 -11 

List of Tables 13 -18 

List of Figures 19-23 

List of Schemes 25-26 

List of Appendices 27 

Appendix A: L01tofP~w-rv(.¥) 29-32 

L~ofR~cJvp~w-Y\{}1') 

Appendix 8: L0it of SemMtct.Y.¥ I Syrn;p~ I 33 -35 

CO"Y\{e¥~A~ 

Appendix C: L0rtof Sy~ AwnwL.ct.t"'~cvvu;i; 3 7 -'+2 

Avv~~ 

c~ 



CHAPTER: I 43 -59 

Necessity of the Research Work 

I .1 . ScopiV, Object"'wlV CNf'\dtApp'l.i.car~ of~ 

'R~cJv Work--

I.2. Choi<;e; CNf'\dt I mp~of S~CNf'\dt 

Solv~U~ 

I.3. M~ofirw~~WY\1 

I.4. Su..nm.ary of~Work--fmp~i.w~ 

V~t.Onl 

'R.e(e¥~ 

CHAPTER: II 6 1 -181 

Generallntroduction(Review of the Earlier Works) 

II.1. Ioni.oUq~ 

II.2. Amino-~ 

II.3. So-W.t'VO"nt chemM;try 

II.4. Vcu-~ drw~forceyof ~etd:"'VO"nt 

II.5 . I nbwetd:"'!.Ot'l¥ U\1 ~VO"nt ~~ 

II.6. I rw~~VO"nt ow d,iffet-"~ ~of i.ntlwetd:"'!.Ot'l¥ 

II.7. v~ 

II .8. v~ 

II.9. UltY~Speedt 

11. 10.C~ 

II .11. R.efyetd:"'w€/ ~ 

11.12 . FTIR. ~ed:vOKOpy 

'R.e(e¥~ 

c~ 



CHAPTf'R: III 

Experimental Section 

III.1. N~ Styuctur~ P~~Pr-op~~ 

PIM"~Llml ~Appl..c:ca.t"I.Cn6'of~ 

c~~ i+'\I~R~chtw(W~ 

III.2 . fxper~"-f~ 

Refere¥lee1r 

CHAPffR:IY 

Conductance, a Contrivance to Explore lon 

Association and Solvation Behavior of an Ionic 

Liquid (Tetrabutylphosphonium Tetrafluoro

borate) in Acetonitrile, Tetrahydrofuran, l ,3-

Dioxolane and Their Binaries* 

IV.l. Intr-~Llml 

IV.2. Exper~ 

IV.2.1 SOUYe»~pu,yUyof~~ 

IV.2.2 Appcu-~~pr-o-cedAMrl?/ 

IV.3. R.~~~ 

IV. 3 .1 Icmr pCfA..r- fo-nnca:'WV\1 

IV. 3. 2 T r-i?Jler Lo1'\l {or-rnat:'WY\1 

IV. Lf. .C~ 

Refer~ 

T~ 

riff«rlW 
s~ 

*P~i+'\IJ. P~¥. Chern;. B 2012, 116, 11687 -

1119Lf. 

c~ 

183-233 

235-265 



CtfAPT£'8.: V 

Quantitative and Qualitative Analysis of Ionic 

Solvation of Individual Ions of lmidazolium Based 

Ionic Liquids in Significant Solution Systems by 

Conductance and FTIR Spectroscopy* 

V.1. Intv~LOW 

V.2. Ex:per~ 

V.2.1 S()UYce;~ptM"Lty of~~ 

V. 2.2 Appcw~ ~ pr-oc,e.,du,yf!/ 

V. 3.R~~~ 

V. 3 .1 Icmr pCM% {ormat"'LOW{r-o-rw condu.ct-Ctt'\.C€1 

V. 3. 2 Icmr pCM% {ormat"'LOW{r-o-rw condu.ct-Ctt'\.C€1 

V.3.3 FTIR Sped:r-cn,copto~ 

V. '+.C~ 

Refer~ 

TcWUw 

Fi.ffuY~ 

s~ 

*P~i¥vRSCAIIW~ 201'+, '+, 19831 -

198'+5. 

VI.1. Intv~LOW 

VI.2 . Ex:per~o.L-

VI.2.1 S()UYce;~ptM"Lty of~~ 

VI.2 .2 Appcw~ ~pr-oc,e.,du,yfV 

VI.3. R~¥~~ 

c~ 

26 7 -310 



VI.3.1V~~~ 

VI.3.2V~~~ 

VI.lf.. c~ 

'Refer~ 

T~ 

F~~ 

s~ 

*:P~L-wJ. C~ Er\.ff'- VcUzv2011, 56, 3285 -

3290. 

CHAPTER: VII 
Studies on ionic solvation behavior of ionic 

liquid (tetrabutylphosphonium tetrafluoro

borate) in some liquid media by volumetric, 

viscometric, and acoustic measurements* 

VII .1. I nb'"odud:LO-VV 

VII.2. Ex.:per-~ 

VII.2.1 Sc:n,urc;€/~pwri-ty of ~"Uw 
VII.2.2 App(MI"Cttu4r~pvocedur€/ 

VII.3. 'R~~~ 

VII.3.1V~ 

VII.3.2V~ 

VII.3.3 Uli:v~~~ 

VII. 3 . 4 L Uri.Uvrtft i.on(',(/ cq:>p(MI"e-YLt' rn.olcw voiu.m.et 
~i.on(',(/V~ 13-~ 

VII.lf. . C~ 

'Refer~ 

T~ 

F~~ 

s~ 

*:P~Ul!I~ 2013, VVI: 10.1007/£-115810 

13 -1003-1 . 

c~ 

331 -359 



CHAPTER: VIII 

Physico-Chemical Studies of Some Bio-active 

Solutes in Pure Methanoic Acid* 

VIII .1. I V\t"r-o-d.«.ct'UW\1 

VIII.2. Ex;pu~ 

VIII.2.1C~ 

VIII.2 .2 M~~ 

VIII.3. R.~Cl-f/td,~ 

VIII.Lf. C~ 

Refey~ 

T~ 

r~e1r 

Sche.fnet 

*P~i#vAc:CcrvChimt. Slov. 2011 , 58, 792 -796. 

IX .1. I ntYo-d.«.ct'LOW 

IX.2. Ex;pu~ 

IX. 2. 1 Sc:nM""Ge/ Cl-f/td, pv.,yU;y of~~ 

IX.2 .2 AppCM'"~Cl-f/td,pr-~€/ 

IX .3. 'R~Cl-f/td,~ 

IX.3.1 AppCM'"enkrn.oUiwv~ 

IX. 3 .1.1 ContYW«t'I.O"rv.Y of~ ~Lttui.o-r\.io ~ 

f!f'"cnqJ, CN2 f!f'"cnqJ~ Cl-f/td, ot"he¥ ~~~of 

~~~t:otp~ 

IX.3 .1.2 S~~ty~v~ 

IX. 3 .1 . 3 N ydrett"'LOW ~ ~wna.t-edt{r-O"m.l 

Conte.nty 

361 -3 75 



appet¥e-nt" ~ v~ 

IX.3 .l.Lf. T e-rrz_pey~e,-de:p~ lMnUL¥lfr 

ctppet¥e-nt" ~ v~ 

IX.3 .2V~ 

IX.3.3 U1:tv~!peed-

IX.3.3.1 Appcu--ent: ~ ~op(ocompr-~ 

IX.3 .3 .2 Hy dnti:'LOnt ~{Yom; appcu--ent: ~ 

~op(ocompy~ 

IX .3 .Lf OtheAr thenn.o~~pr-op~uw 

IX.3 . 5 Str1Ad:urcilt effe<:i: of~ e&-~ ~ -CV 

IX.Lf. .C~ 

Refenwt-ce~ 

T~ 

FCffuY~ 

s~ 

*P~fKvA~A~ 2013, 45, 755 -777. 

CtlAPTE'R: X 

Concluding Remarks 

'BIB LI OG'RA PHY 

Lf. 3 7 -Lf.Lf.l 

Lf.Lf. 3 -Lf.8 5 

INVEX Lf.8 7 -Lf.9 5 
- - - - -

c~ 



Thermophysica l properties are the mate ri al properties that vary with 

temperature without a lte ring th e material's chemica l identity. Thermophysical and bulk 

properties of solutions are very co nstructive to obtain information on the intermolecular 

interactions and geometrical effects in the solution systems. Moreover, knowl edge of the 

thermo physical, thermodynamic pro perti es are very important for the proper plan of industrial 

processes, has grea t relevance in theoreti ca l and applied areas of research in chemistry. 

Ionic Liquids (ILs) are liqu id salts that cons is t of combinations of organic/organic 

or organic/ino rganic cation/anions are found a variety of industrial applications, as in 

chemical industry, pharmaceuticals, cellulose processing, gas handling, gas treatment, 

solar th e rmal energy, nuclea r fuel processing, food and biproducts, waste recycling, 

batteries etc. Amino acids serve as th e building blocks of prote ins, peptides, 

polypeptides, essentia l for human body, they a re used in nutrition su pplements, 

ferti li zers, food technology, indus try, include the production of biodegradable plastics, 

drugs, and chiral catalysts. 

'Solution Chemistry' is an impera tive branch of the phys ical chemistry, which deal 

the change in properties that a rise when one substance dissolves in another substance. 

The investigation have been done for the solubili ty of substances a nd stud ied how it is 

a ffected in both th e physica l a nd chemical nature for the solute and solvent. There are 

three types of approach have been made to estima te the extent of salvatio n in physical 

chemis try. The first one is involves the s tudies of transport properties as viscosity, 

conducta nce, diffus ion coeffi cient, ionic mobility etc., o f the e lectrolytes in aqueous and 

non-aqueous solvents and the de riva tion of various factors associated with ionic 

sa lvation; the second one is the thermodynamic approach by measuring the free 

ene rgi es, entha lpies and entropies of so lvation of ions from which factors associated 

with so lvation can be expla in ; and th e third one is to use spectroscopic s tudy where the 

spectra l line shifts or the chemica l shifts of the functio nal group of electrolytes or non-

I 



electrolytes in solvents has been resolved qualitatively and quantitatively with their 

nature/mode of interactions. 

In the modern era, there have been increasing interests in the interacting 

behaviour of electrolytes in aqueous/non-aqueous and mixed solvent systems with the 

outlook to examining ion-ion or solute-solute and ion-solvent or solute-solvent 

interactions in various conditions. However, unlike succession of solubility, variation 

in solvating power and possibilities of physical, chemical or electrochemical reactions, 

are foreign in aqueous chemistry, have open vistas for physical chemists and interests 

in these organic solvents transcend the traditional boundaries of physical, inorganic, 

organic, analytical and electrochemistry etc. 

Studies of thermodynamicfthermophysical properties of electrolytesfnon· 

electrolytes, along with transport, acoustic, and spectroscopic studies, provides valuable 

information about molecular interactions occurring in solution systems. The influence of 

the ion-solvent interactions is amply huge to reason dramatic changes in chemical 

reactions involving ions. The changes in ionic solvation by the solvent molecules have 

vast application in miscellaneous areas, for example organic and inorganic synthesis, 

studies of reaction mechanisms, non-aqueous battery technology and extraction etc. 

Knowledge of various types of interactions in aqueous, non-aqueous solutions 

and mixed solvents used in industries is very important in many practical problems 

concerning energy transport, heat transport, mass transport and fluid flow. Besides 

finding applications in engineering branch, the study is important from practical and 

theoretical point of view in understanding liquid theory. The non-aqueous systems have 

been of immense importance to the technologist and theoretician as many chemical 

processes occur in these systems. This is helpful for scientists in optimal choice of 

solvents as well as solutes used in industries. Even though solvents studied during the 

course of my research work have drawn much focus in recent years as solvents for 

thermophysical investigations, still a lot remains to be explored. 

Using mixed solvents in these studies enable the variation of thermophysical 

properties such as dielectric constant, viscosity, and therefore the ion-ion and ion

solvent interactions could be better studied. Furthermore, the quantities strongly 
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in flu enced by so lvent properties cou ld be de rived from concentration dependence of the 

electrolytic conductivity. Accordingly, a number of conductometr ic a nd re lated studies 

of different electrolytes in aqueous/nonaqueous so lvents, especially mixed organ ic 

solve nts, have been made for their optimal use in high-energy batteries and for 

understanding orga nic reaction mechanisms. Ionic associa tion of electrolytes in so lution 

systems depends upon the mode of salvation, cha rge di s tribution, dipol e moment, 

columbic force and electrostriction of its respective ions; w hi ch in tu rn depends on the 

nature of the so lvents/solvent mixtures. The solvent properti es s uch as viscosity and 

the rela tive pe rmittivity have been taken into accoun t as these properties helpful in 

determining the degree of ion-association and th e solvent-solvent inte ractions. Hence, 

extensive s tudi es on electrica l cond uctance in mi xed organic solvents have been 

performed to examine the manner and magnitude of ion-ion and ion-solvent 

interactions. 

A.l CHOICE AND IMPORTANCE OF ELECTRO LYTES/ SOLUTES AND 

SOLVENTS USED 

A.1.11onic liquids, electrolytes and non-electrolytes 

The ionic liquids, electrolytes and non-electrolytes used in the research work are 

A.1.1.11onic liquids 

tetrabutylphos phonium tetrafluorobora te, 1-e thyl -3 -methylimidazolium 

nitra te, 1-ethyl-3-methylimidazolium methanesulfonate, 1-ethyl-3-

methylimidazolium tosyla te , 1-ethyl-3-methylimidazolium bromide. 

A.1.1.2 Electrolytes 

tetrabutylammoni um tetraphenylborate, tetrabutylammonium 

hexafluorophospha te, lithium chloride, li thiu m bromide, lithium iodide. 
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A.1 .1 .3 Non-e lectrolytes 

N-cetyl-N,N,N-trimethyl ammonium b romide or cetrimoni um bromide, ci tr ic 

acid monohydrate, glyci ne, L-a lanine, L-valine, L-leucine, ~-cyclodextrin . 

All the ionic liquids, e lectrolytes, non-e lectrolytes are used thro ughout the resea rch 

work have found the wide range of app li cations as reference, supporting elect rolytes 

and are used as non-aqueous electro lytes in e lectrochemi ca l appl ications. 

A.1.2 Solvents 

The uni versa l solvent as water a nd the non-aq ueous traditiona l organic solvents, 

viz., ace tonitrile, tetrahydrofuran, 1,3-dioxola ne, methanol , nitromethane, formamide, 

methylamine solut io n, nitrobenzene, e thylene glycol monomethyl ether, N, N-d ime thyl 

formamide, N, N-di methyl acetamide and dimethy l sulph oxide etc have been used 

t hroughout the research work; for the reason that these solvents a re fo un d to be awfully 

im portant in indus try and solub ili zing agents in many industries ranging from 

pharmaceutical to cosmeti cs. By mi xing of these solvents we could obta in the bi na ry, 

ternary, quaterna ry etc mixtures w ith wide range of variation of viscosities and 

di e lectric cons ta nts, w hi ch gives us a n optimum a rray for the s tudy. 

A.2 METHODS OF INVESTIGATION 

It is of interest to em ploy d iffere n t experimenta l techniques to get a bette r 

insight into the phe nomena of solvation and diffe rent interactions prevai ling in solution 

systems. I have, therefore, employed important thermop hysica l methods, namely, 

Densitometry, Ultrasonic Interferometric, Surface chemistry (surface tension); t ransport 

properties viz., Viscometric, Conductometric; optical prope rty Refractometric and one 

spectroscopic prope rty FT/R Spectroscopic method to examine, probing, exploring of 

various inte ract ions occurring in the solu tion systems. 
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A.3 PHYSICO-CHEMICAL PARAMETERS AND THEIR SIGNIFICANCE 

Limiti ng molar conductance (11o) obtained from specifi c conductan ce as well as 

molar conductance gives a centra l idea about the ion-so lvent interaction the solution. 

More the magni tude of conductance of the solution less is the ion-solvent interaction. 

Another parameter obtained from the conductance s tudy i.e., association constant (KA) 

gives an idea about the solva tion of th e io ns by the solvent molecules. 

Limiting apparent molar volume ( ¢1
11

) is estimated from experimental density 

values. The sign and magnitude of ap parent molar volume ( ¢1
11

) provides information 

abo ut the nature and magnitude of ion-solvent interaction while the experimental slope 

(Sv') provides information about ion-ion interactions. 

Viscosity 8-coeffi cients are another tool gives the useful scheme of ion-solvent 

inte raction, estimated from experimenta l viscosity va lues. 

From experimental va lues of ult raso nic speed, deviation in isentropic 

compressibili ty (/Js), limiti ng a pparent mola r isentrop ic compressibility ( ¢~ ) and the 

exper imenta l s lope 54 can be estimated. These parameters also give an idea about the 

ion-so lvent and io n-ion interactio n in th e solution. 

The o ptical p roperty as refractive index and s pectroscopic property as FTIR 

spectroscopy is are used as supporting parameters to confirm the interaction occurring 

in the solution systems. The total inte rnal energy of a molecule in a first approximation 

can be resolved into the sum of rotational, vibrational a nd electronic energy levels. 

Infrared spectr osco py is the study of in teractions between matter and electromagnetic 

fie lds in the IR region. In this spectra l region, the EM waves mainly couple with the 

molecula r vib rations; i.e., a molecule can be excited to a higher vibrational state by 

absorbing IR radi ation. The probabili ty of a particula r IR freq uency being absorbed 

depends on the actual interaction between this frequency and the molecule. A frequency 

w ill be strongly absorbed if its photo n energy coincides with th e vibrational energy 

levels o f the molecule. IR spectroscopy is the refo re a very powerful technique which 

provides fingerp rint information o n the chemical composition of the sample. 
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A.4 SUMMARY OF THE WORKS EMPHASIZE IN THE DISSERTATION 

CHAPTER-/ 

This chapt er conta ins the objective, utility and 

applications of the research work, the im porta nt 

e lectrolytes/solutes a nd solvents used and methods of 

investiga tion . This a lso occupies th e summary o f the 

works done a lli ed with t he thesis/disse rta tio n. 

CHAPTER-I/ 

The chap te r encloses the general 

introduction of the thes is and fo rms th e 

s t rong background of th e work embodied 

in the thes is. A br ief review of noteworthy 

works in the fi eld o f molecula r as well as 

ioni c interacti on has been given. The -.... -

Numb« ofiL 
Publ~bons 

------
discussion in cl udes ion-so lvent/solute-solvent, ion-ion jsolute-solu te and solvent

solve nt inte ractions in b ina ry, te rnary mixed solvent systems and of e lectrolytes in pure 

and non-aqueous solvent sys tems a t var ious tempera tures in te rms of va ri ous derived 

pa rameters, est ima ted from the experimentally observed therm ophysical properties 

viz., density, viscosity, ultrasonic speed, refractive index and conductance. Several semi

empirica l models to est ima te dynamic viscosity of binary liquid mixtu res have been 

dis cussed. Ionic association and its dependence on ion-size pa rameters as well as 

rela tion between solution viscosity and limit ing conductance of an io n has been 

dis cussed using Stokes' law and Walden ru le. Crucia l assess ment of different methods 

on the rela tive mer its and demerits on the basis of va rious assumption employed from 

time to time of acquiring the s ingle ion values (viscosity B-coeffici ent and li miting ioni c 

conductance) a nd the ir impli cat ions have been discussed. The molecular interactions 

are inte rp reted based on va rious de rived pa rameters. 
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CHAPTER-Ill 

The chapte r comprises the experimental section 

which principally involves the basic information's, 

s tructure, source, purification and uses of the ionic 

liqu ids, electrolytesjnon-electrolytes or so lutes, an d 

P cv~~ I 7 

so lvents have been used th roug ho ut the entire research work. It is a lso restrains the 

details of the instruments, procedure, working principle and equations that are 

employed to understand the thermophysical/thermodyna mic, transport, acoustic, 

opti cal and spectroscop ic p roperties. 

CHAPTER-IV 

The chapter deals precise 

measurements on e lectrical conductance (11) 

of solutions of an ion ic liquid (lL) 

tetrabutylphosphon iu m tetrafluoroborate in 

acetonitrile (ACN), tetrahyd rofuran (TH F), 

1,3-dioxolane (1,3-00) and their binary mixtures have been reported at 298.15K. The 

conductance data have been analyzed by the Fuoss conductance equation (1978) in 

terms of the limiting molar conducta nce (11o), the association constant (KA), and the 

associa tion diameter (R) for ion -pair formation. The Walden product is obtained and 

di scussed. However, the deviation of the conductometric cu rves (11 vs .../c) from linearity 

for the e lectrolyte in THF and 1,3-00 and their binary mixtures indicated triple-ion 

fo rmation and therefore cor responding conductance data have been a nalyzed by the 

Fuoss-Kraus theory of t ri p le- ions. The limiting ioni c conductances (!..~ ) have been 

estimated from the appropria te divis ion of the limiting molar condu ctivity val ue of 

tetrabutylammonium tetraphenylbora te [Bu4NBPh4] as the "reference electrolyte" 
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method a lo ng w ith a numerical evaluation of io n-pair and triple-io n fo rma tion constants 

(Kp ~ KA and KT). The resu lts have been discussed in terms of solvent properties and 

configurati ona l theory. Ionic association in the limiting molar conductances, as well as 

the s ingle-ion conductivity values have been determined for the electrolyte in the 

solvent media. 

CHAPTER-V 

The chapter embraces the analysis of ] 

molecu lar interactions quantitatively by precise § 

measurement of conducta nce (11) and 

qualitative ly by the FTIR spectroscopy, in the 

solution systems between some imidazo lium 

~ s. 
! 

~ 
~~-v 

fmn'l ) -('"lhC"-

Solv('nt 

based ionic liquids ([emim]N03, [emim]CH3S0 3, [emim]Tos) and non-aqueous solvents 

(acetonitri le, methanol, nitromethane, methylamine solution) have been reported at 

298.15K. Fuoss conductance equ ati on (1978) a nd Fuoss-Kraus th eory, for ion-pair and 

triple-ion formations respective ly have been used for analysing the conductance data. 

Using the appropria te divi s ion of th e limiting mola r conductivity value of [Bu4N 8 Ph 4] as 

"reference electrolyte", th e limiting ionic conductances ( t...:, ) for individual ions have 

been calculated and reported . Dipole-d ipole interactio n, hyd rogen bond ing formation, 

structural aspect, a nd configurational theory a re the driving fo rces, have been employed 

for d iscussion of the results. FTIR spectroscopic s tudies of variationa l intensity of 

characteristic bands of the s tudied so lvents have been undertaken and the so lvation 

phenomenon is manifested by the change of these band intensities in the presence of 

ioni c liquids. 
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CHAPTER-VI 

Apparent mola r volumes ( ¢11 ) and 

viscosity 8-coefficients for citri c acid in 

(0.001, 0.003, and 0.005) mol.dm·3 aqueous 

cetrimo nium bromide (N-cetyl-N,N,N

trimethyl ammonium bromide, C19H4z NBr) 

~ ·--7$1S- • ~..c.:: ;.o... 
~ .... ~ 

C A. 

C A 
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C D -+ I I zO 

C D•H z <> 

solu tions, dete rmined fro m solu tion density and viscosity measurements a t T = (298.15, 

308. 15, and 318.15) K and p = 0.1 MPa as a fu nctio n of the concentration of citric acid 

have been reported in this chapter. The apparent mola r volumes have been extrapola ted 

to zero concentration to obtain the limiting va lues at infinite dilution ( ¢;; ), using the 

Redlich-Meyer equation, and the obtained pa rameters have been interpreted in terms of 

solute-solvent interactio ns. The viscosity da ta were ana lyzed us ing the jones-Dole 

equation, and th e derived paramete rs A and 8 have also been interpreted in te rms of 

so lute-solute and solute-solvent interactions, respectively, in the mixed so lutions. The 

s tructure-making or -breaking abi li ty of the electrolyte has been di scussed in terms o f 

s ign of d8j dT. The acti vation paramete rs of viscous flow for the ternary solutio ns 

s tudied have a lso been calcula ted and expla ined by the application of trans ition s ta te 

th eory. 

CHAPTER-VII 

In thi s chapter phys icochemical 

p roperties s uch as density (p ), viscosity ( 1J ) , 

ultrasonic s peed (u) of ionic liquid 

tetrabutylphosphonium tetrafluorobo rate 

in acetonitri le (AN) , 

tetrahydrofura n (THF) , 1,3-dioxolane (1,3-DO) and the ir b ina r ies, have been s tudi ed 

over the entire range of composition a t 298.15 K. Apparent mo lar volumes ( rA_, ) and 

viscosity 8 -coefficients supplemented w ith the da ta o f densit ies and viscosities 



respectively, have been interpreted in terms of ion-solvent interactions. The limiting 

apparent molar volumes ( ¢~ ), experimental slopes ( S ~ ) derived from the Masson 

equation and viscosity A and B coefficients analyzed by the )ones-Dole equation have 

also been interpreted. The adiabatic compressibility ( p) has been evaluated using the 

ultrasonic speed (u) values. Thereafter, limiting apparent molar adiabatic 

compressibilities ( ¢~ ) have been evaluated and discussed for the same. 

CHAPTER-VIII 

Keeping in mind the uses of amino acids 

the apparent molar volume ( ¢v ), viscosity B

coefficient, adiabatic compressibility ( ~ ) and 

molar refraction ( RM) of glycine, L-alanine, L

valine and L-leucine have been determined in 

methanoic acid at 298.15 K from density (p), viscosity (q), speed of sound (u) and 

refractive index ( nv) respectively. The apparent molar volumes have been extrapolated 

to zero concentration to obtain the limiting values at infinite dilution using Masson 

equation. The limiting apparent molar volume ( ~ ) and experimental slopes ( S~) 

obtained from the Masson equation have been interpreted in terms of solute-solvent 

and solute-solute interactions, respectively. The viscosity data were analyzed using the 

jones-Dole equation, and the derived parameters A and B have also been interpreted in 

terms of solute-solute and solute-solvent interactions, respectively in the solutions. 

Molar refraction ( RM) have been calculated using the Lorentz-Lorenz equation. Limiting 

apparent molar adiabatic compressibilities ( ¢~ ) of these amino acids at infinite dilution 

were evaluated. 
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CHAPTER-/X 

This chapter presents a s tudy of the 

qualita tive and quanti tative a nalysis of 

molecula r interaction prevailing in glycine, L

a lanine, L-valine a nd aqueous solution of ~

cyclodextrin (~·CD) , have bee n probed by 

thermophysica l properti es. Density (p), 

p CV $fe- I 11 

viscos ity (ry), ultraso nic speed (u) measurements have been reported a t diffe rent 

tempera tu res. The extent of interaction (solute-solvent interaction) is expressed in 

terms of the limiti ng apparent molar volume ( ct{" ), viscosity 8-coefficient and limiting 

apparent molar adi abatic compressibili ty ( <( ). The changes on the enthalpy (Lllf') and 

entropy (LlS"), of the encaps ulatio n analysis give information about the driving forces 

governing the inclusion. The temperature dependence behaviour of partia l mola r 

quantiti es and group contributions to partia l mola r volume have been determined fo r 

the amino acids. The trends in transfer volum es, !l ¢~' , have been interpreted in terms of 

solute-cosolute interactions on the basis o f a cosphere overlap model. The role of the 

so lvent (aqueous solution of ~-CD), and the contribution of solute-solute a nd solu te

so lvent interactions to the solution complexes, have a lso been analyzed through th e 

derived prope rties. 

CHAPTER-X 

This chapter contains the conclud ing 

remarks of the works related or de tailed 

described in the thes is (dissertation) and future 

proposal. 
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Chapter-11 

Chapter-IV 

JLJ!S7r rQJJF 7f A\JBJJLJE§ 

Table II. 7. Comparison between organic solvents and 
ionic liquids. 

Table IV. 1: Values of Density (p), Viscosity (ry ) and 
Relative Permittivity (E) of ACN, THF, 1 ,3-DO and 
their binary mixtures where w,, W

2 
and w

3 
are the 

mass fraction of ACN, THF and 7, 3-DO respectively 
at T = 298. 1 5 K 

Table IV.2: Molar conductance (A) and the 
corresponding concentration (c) of Bu

4
PBF

4 
in ACN, 

THF, 7 ,3-DO and their binary mixtures where w,, w
2 

and w
1 

are the mass fraction of ACN, THF and 1,3-
DO respectively at T = 298. 7 5 K 

Table IV. 3: Limiting molar conductivity ( 11,) , the 

association constant (K), the distance of closest 
approach of ions (R), Standard Deviations 8 of 
Experimental A from Equation (IV. I ), Walden 

Product ( 1\/7) and free energy change (!JC0
) of 

Bu
4
PBF

4 
in ACN and its binary mix tures with THF, 

1, 3-DO, where w are the mass fraction of ACN at T 
I 

= 298. 15 K 

Table IV.4: Limiting Ionic Conductance (A
0
j: ), Ionic 

Walden Product ().: TJ ), Stokes ' Radii ( r s) and 

Crystallographic Radii ( rc ) of Bu
4
PBF

4 
in ACN and its 

binary mixtures with THF, 7 ,3-DO, where w, are the 
mass fraction of ACN at T = 298. 7 5 K 

Table IV. 5: The calculated limiting molar 

conductance of ion-pair ( 1\) ), limiting molar 

conductance of triple-ion ( 1\; ), slope and intercept of 

Equation (IV. 15) of Bu PBF in THF, I ,3-DO and their 
4 4 

binary mixture, where W
2 

and w
3 

are mass fraction of 
THF and 7,3-DO at T = 298. 15 K 

64 

252 

253 

255 

256 

257 



Chapter- V 
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Table /V.6 : Salt concentration at the minimum 
conductivity (c ) along with the ion-pair formation 

mt 

constant (K) , triple-ion formation constant (K) of 
Bu PBF in THF, 1, 3-00 and their binary mixture, 

4 4 

where w
2 

and w
3 

are mass fraction of THF and 1,3-
00 at T = 298. 1 5 K 

Table IV. 7: Salt concentration (em,) at the minimum 
conductivity (1\ ), the ion-pair fraction (a) , triple-ion 

mm 

fraction (a), ion-pair concentration (C) and triple-ion 
concentration (C) of 8U

4
PBF

4 
in THF, 1, 3-00 and 

their binary mix ture, where W
2 

and w
3 

are mass 
fraction of THF and 7, 3-00 at T = 298. 15 K 

Table V.1 : Values of density (p), viscosity (rJ} and 
relative permittivity (c) of studied solvents at T = 
298.15 K 

Table V.2: Molar conductance ( A) and the 
corresponding concentration (c) of the studied /Ls in 
different solvents at T = 298. 7 5 K 

Table V.3: Limiting molar conductivity ( J\,), the 

association constant (K), the distance of closest 
approach of ions (R), standard deviations 6 of 

experimental A, Walden product ( -\17) and Gibb 's 

energy change (!KJ') of /Ls in different studied 
solvents at T = 298. 1 5 K 

Table V.4 : Limiting ionic conductance (A,~ ), ionic 

Walden product (J..,~ ry ), Stokes ' radii (rs) and 

crystallographic radii (rc) of imidaz olium based ionic 

liquids in different studied solvents at T =298. 15 K 

Table V.5: A-coefficient and solvation number (n) of 
ionic liquids in different studied solvents at 298. 1 5K 

Table V.6: Diffusion coefficient (D) and ionic mobility 
(i ) of ionic liquids in different s tudied solvents at 
298. 7 5K 

Table V. 7: The calculated limiting molar conductance 
of ion-pair ( Ao ), limiting molar conductance of triple-

ion ( 1\i ), slope and intercept of equation (V. 1 7) of 

257 

258 

295 

296 

297 
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299 

299 

300 



Chapter VI 

L~of T~ 

ionic liquids in methylamine solution (CH
1
NH) at T = 

298.15 K 

Table V.8: Salt concentration at the m inimum 
conductivity (c ) along with the ion-pair formation 

mm 

constant (K) , triple-ion formation constant (K) for 
ionic liquids in methylamine solution (CH

3
NH) at T 

=298. 15 K 

Table V.9: Salt concentration (c ) at the minimum 
m1 

conductivity (11 ), the ion-pair fraction (a), triple-ion 
ml 

fraction (a), ion-pair concentration (C) and triple-ion 
concentration (C) of ionic liquids in methylamine 
solution (CH

1
NH) at T = 298.15 K 

Table V. 10: lnter ionic distance parameter for ion
pair (a,) and for triple-ion (ar) in meth ylam ine 
solution (CH,NH) at T = 298. 15 K 

Table V. 11 : Stretching frequencies of the functional 
groups present in the pure solvent and change of 
frequency after addition of /Ls in the solvents. 

Table V/.1 : Molarity (c), density (p), viscosity (ry) , 

apparent molar vo lume (¢ ) , and (q,- 1 )/cw for Cit r ic 
Acid in different aqueous Cetrimonium Bromide 
solution at diffe rent tempera tures 

Table V/.2: Limiting partial molar volume (fjJ ~ ), 
adjustable parameters Av and Bv' and values of 
viscosity A and 8 coefficients for Citric Acid in 
different aqueous Cetrimonium Bromide solutions 
with standard deviations a and limiting partial molar 
volume of (water + Cetrimonium Bromide) at 
different temperatures. 

Table VI. 3. Values of various coefficients of Eq. V/.4 
for Citric Acid in different aqueous Cetr imonium 
Bromide solutions 

Table V/.4: Values of (V2°- v; 0
), !!:.J.L,0u, 6).J~#, Tl!.S/" , 

t!.H ()# for Citric Acid in different aqueous 
2 

Cetrimonium Bromide solutions at different 
temperatures 

Chapter VII Table VII. 7. Sample description 

300 

300 

301 

301 
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325 
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Table Vl/ .2: Values of Density (p), Viscosity (ry) and 
Ultrasonic speed (u) of AN, THF, 7, 3-DO and their 
binary mixtures where w,, w

2 
and wJ are the mass 

fraction of AN, THF and 7 ,3-DO respectively at T = 
298.7 5 K 

Table V/1.3: Experimental values of Densities (p ), 

Viscosities (!] ), and Ultrasonic speeds (u) of [Bu~PBF) 

in AN, THF, 7 ,3-DO and their binaries where w,, W
2 

and w
3 

are the mass fraction of AN, THF and 7, 3-DO 
respectively at T = 298. 1 5 K 

Table V/1.4: Molality (m), apparent molar volume ( f/Jv 

), (!]I 1JJ-l)l rrf12
, adiabatic compressibility (P) and 

apparent molal adiabatic compressibility ( f/JK) with 

their standard deviation (a) of {Bu
4
PBF) in AN, THF, 

1,3-DO and their binaries where w,, w
2 

and W
3 

are 
the mass fraction of AN, THF and 7,3-DO respectively 
at T = 298. 1 5 K 

Table VII . 5: Limiting apparent molar volumes ( ¢~' ), 

experimental slopes (S~. ), A -, 8-coefficients, limiting 

partia l adiabatic compressibility (¢~ }, and 

experimen tal slope ( s K· ) of {Bu PBF] in AN, THF, 1, 3-
4 4 

DO and their binaries where w , w and w are the 
I 2 J 

mass fraction of AN, THF and 1, 3-DO respective ly at 
T = 298.7 5 K 

Table V/1.6: Limiting ionic apparent molar volumes ( 

¢~ ), ionic viscosity 8-coefficients (B), of {Bu
4
Pl and 

{BF) in AN, THF, 7,3-DO and their binaries where w,, 
w

2 
and w

3 
are the mass fraction of AN, THF and 7,3-

DO respectively at T = 298. 7 5 K 

Chapter VIII Table V/11. 1: Densities (p ), Viscosities (!]), Refractive 

Index (n0 ) and Speed of sound (u) of Methanoic acid 

at 298.15 K 

345 

346 

349 
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Table V/11.2: Experimental values of Densities ( p ), 

Viscosities (1J ), Refractive Index (nD) and Speed of 

sound (u) of Glycine, Alanine, Valine and Leucine in 
Methanoic acid at 298. 15 K 

Table Vl/1.3 .· Molality (m), apparent molar volume (rp, 

), { IJI IJ., - I) I n/ c, molar refraction (R), adiabatic 

compressibility ( f3s ) and apparent molal adiabatic 

compressibility (r/JK) of Glycine, Alanine, Valine and 

Leucine in Methanoic acid at 298. 1 5 K 

370 

3 71 

Table V/11.4 : Limiting apparent molar volumes (r/J~ ), 373 

experimental slopes (S~ ), A, 8 coefficients, limiting 

partial adiabatic compressibility (¢~ ), and 

experimental slope (S~) of Glycine, Alanine, Valine 

and Leucine in Methanoic acid at 298. 15 K 

Table IX. 1: Values of density (p), viscosity (IJ) and 
ultrasonic speed (u) of aqueous {J-CD in different 
mass fract ion (w ), at 293.15K to 308.15K 

Table IX.2: Experimental values of density (p), 

viscosity (1]), and ultrasonic speed (u) of amino acids 

in different mass fraction of aqueous {J-CD (w,) at 
293. 1 SK to 308.15K respectively 

Table IX. 3: Molality (m), apparent molar volume ( rPv ), 

( IJ,. - 1} /'Jm, and apparent molar adiabatic 

compressibility (cp .. ) of amino acids in different mass 

fract ion of aqueous {J-CD (w,) at 293. 15K to 308. 1 5K 
respectively 

Table IX.4: Limiting apparent molal volumes (rp~ ), 

experimental slopes (S~ ), viscosity A, 8-coefficients, 

limiting partial molal adiabatic compressibilities (rp~ 

), and experimental slopes (S~ ) of amino acids in 

different mass fraction of aqueous {J-CD (w ,) at 
293. 1 5K to 308. 1 5K respectively 
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Table IX.5 : Contributions of zwitter ionic group (NH
3

· , 

COO), CHz group, and the other alkyl chains to the 

limiting apparent molar volume, ¢:' , for amino acids 

in different mass fraction of aqueous {3-CD (w,) at 
293. 1 5 to 308. 15K respectively 

Table IX.6 : Values of¢~ (aqueous) , ~¢~ , ~(elect), 

¢~ (eJect ) , and hydration number (nJ for amino acids 

in different mass fraction of aqueous {3-CD (w,) at 
293.15 to 308. 15K respectively 

Table IX.1. Contributions of zwitter ionic group (NH
3

- , 

COO), CHz group, and the other alkyl chains to the 

limiting apparent molar volume transfer b.¢:,~ , in 

different mass fraction of aqueous {3-CD (w,) at 
293. 15 to 308. 7 5K respectively 

Table IX.8: Values of empirical coefficients (ao' a ,, 
and a) of Equation 14 for amino acids in different 
mass fraction of aqueous {3-CD (w,) at 293. 1 5K to 
308.15K respectively 

Table IX.9. Limiting apparent molal expansibilities ( 

f/JZ ) for amino acids in differen t mass fraction of 

aqueous {3-CD (w,) at 293.1 5K to 308. 15K 
respectively 

Table IX. 10: Contributions of zwitter ionic group 
(NH/ , coo-), CHZ group, and the other alkyl chains 
to the 8-coefficient in different mass fraction of 
aqueous {3-CD (w,) at 293.15 to 308. 15K respectively 

Table X. 11 . Values of dB, A , and A coefficient for 
dT I l 

the amino acids in different mass fraction of 
aqueous {3-CD (w) at 293. 15 to 308. 15K respectively 

Table IX. 12: Values offN ,¢"~ (aqueous) , J-1°# , Tt!.S', lll-f, 

for amino acids in different mass fraction of aqueous 
{3-CO (w,) at 293. 15 to 308. 15K respectively 
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Chapter-11 Figure II. 1: Difference between an ionic solution and an 
ionic liquid. 

Figure II. 2: Some commonly used ionic liquid systems. 
The abbreviation [(pyrt represents the l ·alkyl-1-
methylpyrrolidinium cation, where the index n 
represents the number of carbon atoms in the linear 
alkyl chain. [Pw•v)', [Nw•v) and [S,j are normally used to 
represent tetraalkylpnosphonium, tetraalkyl-ammonium 
and trialkylsulfonium cations, respectively, where the 
indices w, x, y and z indicate the length of the 
corresponding linear alkyl chains. 

Figure II. 3: Growth rate of ionic liquid publications, 
1986-2006. 

Figure II. 4 : Annual growth of ionic liquid patents, 1996· 
2006. 

Figure II. 5: Annual growth of ionic liquid paper and 
patents, up to 20 1 0. 
Figure 11.6: Growth in the number of IL publications and 
representative areas of interest. (Data obtained from 
SciFinder Scholar using the search terms "ionic liquid" or 
"ionic liquids " and then refined by publication year. The 
data for total publications includes the number of 
patents, and the area of the particular field does not 
represent the number of publications in the subfie/d). 

Figure II. 7: The twin concepts of ILs as solvents and 
green chemistry propelled a dramatic increase in 
publications in this field. 
Figure II. Ba · The diverse application of ionic liquids 
Figure II. Bb: Selection of applications where ionic liquids 
have been used. 
Figure 1/.Bc: Important properties of ionic liquids and their 
correlation to possible fields of applications. 
Figure 11.9a: A diagram for the explanation of molal 
volume. 
Figure 11.9b: A diagram to assist in the explanation of a 
partial molal volume 
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Chapter-Ill Figure 111.1 (a}: Cross -section of the measuring cell 

Ftgure 111.1 (b): Piston of reflector versus crystal current 

Figure Ill. 1 (c): Electronic circui t diagram of the 
instrument 

Chapter-IV Figure IV. 1: Plot of molar conductance (A) and the 
square root of concentration (..jc) of Bu,PBF. in w,=0.25 
(• ), w,=0.50 (• ), w,=0.75 (• ), w,= 1.00 (t ) of ACN in THF 
and w,=0.25 (o ), w,=0.50 (l:J), w,=O. 75 (o), w,= 1.00 (t) of 
ACN in 1,3-DO at T = 298.15K 

Chapter-V 

Figure IV.2. Plot of molar conductance (A) and the 
square root of concentration (.jc), of Bu, PBF. in w

1
=0.00 

(• ) , W
1
=0.25 (• ), W

1
=0.50 (e ), W

1
=0.75 (o ), W

1
=J.00 (+) of 

THF in 1,3-00 at T = 298. 15K 

Figure IV.3: Plot of the free energy change (l:JCO) vs mass 
fraction (w), of Bu.PBF

4 
in ACN (•), ACN+THF (t ), 

ACN+ 1,3-DO ( • ), and log(K/ K,) vs mass fraction of 
Bu.PBF

4 
in THF (o), in 1,3-DO (¢)and their binary mixture 

(l:J) at T = 298.1 5 K 

Figure IV.4 . Plot of Walden Product ( 1\,17) vs mass 

fraction of ACN (w,) for Bu.PBF, in ACN (• ), ACN+ THF (+), 
ACN+ 1,3-0 0 (• ) at T = 298. 15 K 

Figure IV.5: Plot of ionic Walden Product ( A.: TJ) vs mass 

fraction (w), for Bu, P' in ACN (• ), ACN+THF (+), ACN+ 1,3-
00 ()K) and for BF; in ACN (o) , ACN+THF (¢), ACN+1,3-

DO (X ); and Plot of limiting ionic conductance (.A,o±) vs 

mass fraction (w), for Bu.P' in ACN (• ), ACN+THF (• ), 
ACN+ 1,3-DO (x ) and for BF; in ACN (l:J), ACN+ THF (o ), 

ACN+ 1,3-DO A>: at T = 298.15 K 

Figure V. 1: Plot of molar conductance (A ) and the 
square root of molar concentration (.jc) for [emim]N0

3 
in 

CH
3
CN (+), CH

3
0H (• ), CH

3
N0

1 
( • ), for [emim]CH

3
S0

3 
in 

CH
3
CN (o), CHpH (o ), CH

3
N0

1 
(t1) , for [emim]Tos in 

CH
3
CN (• ), CH

3
0H (o), CHp0

1 
(x) respectively at T = 

298. 15K 

Figure V.2: Plot of molar conductance (A) and the 

square root of molar concentration (..jc) of [emim]N0
3 

(+), 

[emim]CH
3
S0

3 
(•), [emim]Tos (•) in CH

3
NH

2 
respectively 

at T = 298. 1 5K 
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Figure V.3 : Plot of limiting molar conductance ( !\ ,. ) for 303 

[emim]N0
3 

(+), [emim]CH
3
S0

1 
( .&. ), [emim]Tos (• ) and 

fluidi ty (IJ ' ) of the solvents CH
3
CN, CHpH, CH

3
NO, 

respectively at T = 298. 7 5K 

Figure V.4 : Plot of limiting molar conductance (A. ) for 303 
[emim]NO, (+), [emim]CH,SO, {.&. ), [emim]Tos (• ) and 
Walden Product ( t\TJ) for [emim]N0

3 
(o), [emim]CH

3
S0

3 

(!J.), [emim]Tos (o) in CH,CN, CH,OH, CH,NO, respectively 
at T = 298. 7 5K 

Figure V.5 : Plot of limiting ionic conductance o.; ) for 304 

N0
3 

(+), CH
3
S0

3 
( .&. ), Tos (• ) and ionic Walden Product ( 

;..: '7) for N0
3 

(o), CH
3
S0

3 
(tJ), Tos (o) in CH

3
CN, CH

3
0H, 

CH3_N0
2 

respectively at T = 298. 7 5K 

Figure V.6: Plot of association constant (K..) for 304 
[emim]N0

3 
(+), [emim]CH

3
S0

3 
(.&.), [emim]Tos (• ) and 

Gibb's energy change (!J.CO) for [emim]N0
3 

(o), 

[emim]CH
1
S0

1 
{!J.), [emim]Tos (o) in CH

1
CN, CH

3
0H, 

CH_j_NO~ respectively at T = 298. 1 SK 

Figure V.7: Plot of diffusion coefficient (D) for for N0
3 305 

(+), CH
3
S0

1 
( .&. ), Tos (• ) and ionic mobility 0) for N0

3 
(o), 

CH
1
S0

1 
(tJ), Tos (o) in CH

3
CN, CHpH, CH

1
N0

1 
respectively 

at T = 298. 7 5K 

Figure V.8: Stretching frequency of -C=N in acetonitrile 305 
(black solid line), in {[emim]NO,+CH,CN} (red solid line), 
in {[emim]CH,SO, +CH,CN} (violet solid line), in 
{[emim]Tos+CH CN} (blue solid line). 

Figure V.9: Stretching frequency of - 0 -H in methanol 306 
(black solid line), in {[emim]N0

3 
+CH

3
0H} (red solid line), 

in {[emim]CH
3
S0

3 
+CHp HJ (violet solid line), in 

{[emim]ToS+CH OH} (blue solid line). 

Figure V.l 0: Stretching frequency of -N-0 in 306 
nitromethane (black solid line), in {[emim]N0

3 
+CH

3
NO) 

(red solid line), in {[emim]CH
3
S0

3 
+ CH

3
NO) (violet solid 

line), in {[emim]Tos+ CH
1
NO) (blue solid line). 

Figure V. I 1: Stretching frequency of -N-H in 30l 
methylamine solution (black solid line), in 
{[emim]N0

3 
+CH

3
NH) (red solid line), in {[emim]CH

3
S0

1 
+ 

CH
3
NH) (violet solid line), in {[emim]ToS+ CH

3
NH) (blue 

solid l ine). 
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Chapter VI Figure Vl.1 : Plot of 4> / of citric acid as a function of 
327 

concentration of different aqueous cetrimonium bromide 
solutions at 298.15K (+), 308.15K (• ), and 318. 15K ( • ). 

Figure V/.2 : Plot of rf> v0 of citric acid as a function of 327 
temperature (T/ K) of different aqueous cetrimonium 
bromide solutions in 0.000 M (+); 0.00 1 M (• ); 0.003 M 
(• ); and 0.005 M (x). 

Chapter VII Figure V/1.1: Plot of limiting apparent molar volume ((A0
) 354 

vs mass fraction (w) for [Bu
4
PBF) in AN (+), THF (• ), 1,3-

DO (.._ ), AN+THF (~), AN+1 ,3-DO (o), THF+1 ,3-DO (jj,) at T 
;::: 298. 15 K 

Figure V/1.2: Plot of viscosity 8-coefficient VS mass 354 
fraction (w), for [Bu.PBF.J in AN (+), THF (• ), 1 ,3-DO (• J. 
AN+THF (~). AN+ 1, 3 -DO (o), THF+ 1, 3-DO (jj,) at T ;::: 

298.15 K 

Figure V/1.3 : Plot of limiting molar isentropic 
355 

compressibility (f/J:) vs mass fraction (w), for [Bu.PBF
4

] in 

AN(+), THF (• ), 1,3-DO (.._ ), AN+THF (~), AN+1 ,3-DO (o), 
THF+ 1, 3-00 (jj,) at T;::: 298. 1 5 K 

Figure V/1.4 . Plot of ionic limiting apparent molar volume 
356 

(fjl~ ) vs mass fraction (w) for [Bu.P] in AN (+), THF (• ), 

1,3-DO (.._ ), AN+THF (~), AN+ 1, 3-DO (o), THF+ 1,3-DO (jj,) 

and for [BF] in AN (II ), THF ( e ), 1 ,3-DO ( •":< ), AN+ THF ( 
4 

~), AN+ 1 ,3-DO ( 0 ), THF+ 1,3-DO ( X) at T = 298. 15 K 

Figure V/1.5: Plot of ionic viscosity (B) vs mass fraction 
357 

(w)for [Bu.Pt in AN(+), THF (• ), 7,3-00 (.._ ), AN+THF (~). 

AN+1,3-0 0 (o), THF+7 ,3-DO (jj,) and for [BF) in AN (II), 
THF ( e ), 7,3-00 (•":<), AN+THF ( '%.), AN+1,3-00 (0), 
THF+ 1,3-00 ( X) at T ;::: 298.15 K 

Chapter VIII Figure V/11.1: Plot of¢>, o ·I 06 /m3 ·mol ' (+) and S~ ·1 ()6jm3 
• 374 

mol 312 ·L'12 
( • J of the studied amino acids in Methanoic 

acid at 298. J 5K 

Figure Vl/1.2: Plot of ¢>~ ·1 0'0/ m3 mol-' Pa-' (+) and S~ 374 
·1 Q4 /ml mo/-312 Pa-' kg'l'1 ( • J of the studied amino acids in 
Methanoic acid at 298. 7 5K 

Chapter IX Figure IX. I : Plot of limiting apparent molar volume ( ¢J,0 ) 430 
for glycine(+), alanine <• ), valine (• ), and limiting molar 

isentropic compressibili ty r¢J:) for glycine (~). alanine 

(LJ.), valine (o), against studied temp (T) in w,=0.005 mass 
fraction of aq. {3-CD 
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Figure IX.2: Plot of limiting apparent molar volume (;,~ ) '1-30 

for glycine (+), alanine(£ ), valine (• ), and l imiting molar 

isentropic compressibility r; ;) for g lycine (o), alanine 

(!!.), valine (o), against studied temp (T) in w,=0.0075 
mass fraction of aq. {3-CD. 

Figure IX.3 : Plot of limiting apparent molar volume r;,o) '+31 

for glycine (+), alanine ( Jt. ), valine (• ), and l imiting molar 

isentropic compressibili ty r¢J:) for g lycine (o), alanine 

(IJ.), valine (o), against studied temp (T) in w,=O.O 7 mass 
fraction of aq. {J·CD. 

Figure IX.4 . Plot of (r¢i.)/cT)P for glycine(+), alanine ( Jt. ), '+31 

valine (• ), and dB/ dT for glycine (o), alanine (IJ.), valine 
(o ), against studied temp (T) in w,=O.O 7 mass fraction of 
aq. {J-CD. 
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lls 

RTILs 

PILs 

AILs 

[Bu4PBF4) 

[Bu4PCH3S03) 

or [Bu4PMSJ 

[emim)N03 

(emim]CH3S03 

[emim)Tos 

[Bu4NBPh4) 

Bu4P+ 

CH3S03. or Ms· 

[emim( 

No3· 

CH3so3· 

Tos· 

ACN or 

CH3CN 

THF 

1,3-DO 

CH30H 

CH3N02 

HCONH2 

CH3NH2 

CTAB or CB 

Ionic liquids 

Room-temperature ionic liquids 

protic ionic liquids 

aprotic ionic liquids 

tetrabuty!phosphonium tetraftuoroborate 

tetrabutylphosphonium methanesulfonate 

J-ethyl-3-methylimidazolium nitrate 

! -ethyl-3-methylimidazofium methanesulfonate 

1-ethyl-3-methylimidazolium tosylate 

tetrabutylammonium tetraphenylborate 

tetrabutylphosphonium cation 

methanesulfonate anion 

1-ethyl-3-methylimidazolium cation 

nitrate anion 

methanesulfonate anion 

tosylate anion 

acetonitrile 

tetrahydrofuran 

I ,3-dioxolane 

methanol 

nitromethane 

formam ide 

methylamine 

Ncetyl-N,N,Ntrimethyl ammonium bromide or cetrimonium 

bromide 



CA 

CD 

~-CD 

Citric acid monohydrate 

Cyclodextrin 

~-cyclodextrin 
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RPM Speed, spindle multiplier constant and viscometer torque 

SMq0.327) , & constant of DV-111 pro viscometer. 

TK (0.09373) 

c 

K 

e 

y 

a 

f 

T 

f3 
0 

a= (r+ + r ) 

d 

M 

molar conductance 

limiting molar conductance 

association constant 

association diameter 

limiting ionic conductances 

molar concentration 

specific conductance 

relative permittivity 

relaxation field effect 

electrophoretic counter current 

radius of the ion atmosphere 

electron charge 

Boltzmann constant 

association constant of the contact-pairs 

association constant of the solvent-separated pairs 

fraction of solute present as unpaired ion 

fraction of contact pairs 

activity coefficient 

absolute temperature 

twice the Bjerrum distance 

minimum standard deviation 

crysta llographic radii of electrolyte. i.e.; sum of the 

crysta llographic radii of the cation ( '~ ) and anion ( r_) 

average distance corresponding to side occupied by solvent 

molecules 

molar mass 
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p density of the solution 

Mav average molar mass by the mole fraction 

W 1 & w 2 mass fraction of the first & second component of molar mass M 1 

&M2 

l] o solvent viscosity 

'7 Viscosity of solution 

'7-1 fluidity 

Jlo'7 Walden product 

rert effective solvated radius 

}.0 ± Limiting ionic conductance 

Ao±'l limiting ionic Walden product 

rs Stokes' radii 

rc crystallographic radii 

w mass fraction 

!:l c7 Gibbs energy changes 

R9 Gas constant 

Or diffusion coefficient 

k8 Boltzmann's constant 

1~ ionic mobility 

Zt ionic charge 

F Faraday constant 

A the0-coefficient lon-ion interactions from Debye-Huckel theory 

Vs Solvated volume of the ion 

Vo volume of the solvent molecules 

ns solvation number 

~ Limiting triple-ionic conductance 

KP ion-pair formation constant 

Kr triple-ion formation constant 

S limiting Onsager coefficient 

Cp ion-pair concentrations 

Cr triple-ion concentrations 

a fraction of ion-pairs present in the solution 

ar fraction of triple-ions present in the solution 



alP interionic distance parameter for ion-pair 

0( b) and b constant of Bjerrum·s theory 

art interionic distance parameter for triple ion 

/( b 3) a double integral tabulated in Bjerrum's theory 

b 3 & /( b 3) function of art 
<A Apparent molar volume 

a-coefficients Viscosity 8-coefficient 

I c square root of molar concentration 

¢,.0 partia l molar volume at infinite dilution 

or lim iting molar volume 

A orAv 

BorBv 

rJr = '7/rJo 

h 

m 

u 

s· 
A 

/on-ion or solute-solute interaction from Masson equation 

/on-solvent or solute-solvent interaction from Masson equation 

Relative viscosity 

partial molar volumes of the solvent 

partia l molar volumes of the solute 

free energy of activation per mole of solven t mixture of viscous 

flow 

free energy of activation per mole of the so lute of viscous flow 

Planck's constant 

Avogadro 's number 

Entropy of the solution 

Enthalpy of the solution 

Molality of the solution 

Ultrasonic speed 

adiabatic compressibility 

apparent molar adiabatic compressibility 

limiting apparent molar adiabatic compressib ilities 

experimental slopes 

limiting ionic apparent molar volumes 

ionic viscosity a-coefficients 
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¢~ 
B(NH3 +.COG) 

B(CHz) 

B(R) 

t1p0H 

n 1 & nz 

If 
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refractive index 

molar refraction 

speed of light in the medium 

speed of light 

alkyl chain group of the amino acid 

P cv g:e,t I '+1 

number of carbon atoms in the alky l chain of the amino acid 

zwitterionic end group to apparent molar volume 

methylene group contribution to ¢ ~! 

standard transfer volume for amino acid from H20 to aqueous ~

CD solution 

van der Waals volume 

volume associated with voids or empty space 

shrinkage volume due to electrostriction 

standard partial molar volumes of transfer of the zwitterionic end 

group 

standard partial molar volumes of transfer of other alkyl chain 

groups 

hydrated to the amino acids 

intrinsic partial molar volumes of the amino acids 

electrostriction partial molar volume resulting of hydration o f 

amino acid 

molar volume of crysta l 

lim iting apparent molar expansibilities 

zwitterionic end group to viscosity 8-coefficient 

methylene group to apparent molar volume 

side chain contributions to 8-coeffic ients 

total free energy of activation of viscous flow of the solution 

number o f moles of mixed solvent and solute, respectively 

squared correlation coefficient or linear regression coefficient 

Equation 

figure 



Some Important Dimensional Constants Used 

Viscosity of water 

Conductivity of wa ter 

Relative permittivity of water 

Boltzmann's Constant 

Faraday 

TT 

Avogadro number 

Universal Gas constant 

Plank Constant 

Volume of 1 kg H20 at its maximum 

density 

Speed of light 

Permeability of free space 

Relative permittivity of free space 

Electronic charge 

Useful Relations 

m =M/ No vN =Vj N 

R9 = Ra/M N = Wj M 

Ro= No ka 

'1 o 

f-lo 

ks 

F 

NA 

Rg 

h 

Vo 

Co 

f-lo 

Eo 

e 

eq. : equivalents h : hour 

mL : milliliter g : gram 

min. : minute mg : milligram 

: 0.890 mP s 

: < I x 10-6 S em - r 

: 78.30 

: 1.3806488 x I o-LJ mL kg s-L K-' 

: 96500 coulomb 

: 3.143 

: 6.023 x I oLJ mor' 

: 8.3 14x I o ' erg mol-' K-' 

: 6.63 x 1 o-34 J s-' 

: I 000.028 cm3 

: 3.00 x iO!J ms-l 

: 1.256637 x I 0-6 Henry m-1 

: 8.85416 x 10-'L Fm-' 

: 1.60 x lo-' -t c 

mol : mole ·c : degree Celsius 

mmol : millimole K : degree Kelvin 

IJmol : m icromole Hz : Hertz 

ppm : part per million 



NECESSITY OF THE RESEARCH WORK 

I. 1 SCOPE, OBJECTIVE AND APPLICATIONS OF THE RESEARCH 

WORK 

Thermophysical studies are of great importance, providing a wide range of 

services and products by modifying the inner properties of raw materials. Despite 

the great benefits obtai ned from these practices, a comprehensive understanding of 

t he properties of raw materials is essential to the success of process design. 

Ionic Liquids (ILs) are a new class of materials, which has attracted a lot 

attention in scientific and industrial research recently. Due to their combination of 

chemical and physical properties they s ignificantly differ from common molecular 

liquids. It is often defined as salts with low melting point, usually below 373 K. 1 1 

The simple combinato ry analysis indicates that about 10 18 !Ls can be possibly 

synthesized. This variety opens wide opportunities in the tailoring of ILs suitable for 

practical applications. The understanding of the behavior of ILs and their 

properties is crucial for any practical application. But the available chemical and 

physical data are unfortunately scarce in comparison to the amount of already 

commercially ava ilable !Ls. Moreover, the existing data are often inconsistent. In th is 

work we focused on the reliable determ ination of thermodynamic properties of I Ls 

using different independent methods. 

Ionic liquids have gained worldwide attention as green solvents in the last 

decade. This study explored the fundamental science and engineering of using ionic 

liquids as a new generation of solvents to replace the traditional organic solvents. 

They are presented as novel so lvents for the replacement of organic so lvents 

and the formation of smart liquids. The investigation also proposed nano- and 

atom-scale structuring of ion ic liqu ids, a feature that appears to totally underpin 

their unique behavioural characteristi cs a nd facilitate accurate predictions of trends. 
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Knowledge of the properties of the RT!Ls is required for choosing a suitable 

liquid for each of their envisaged industrial applications. Additionally, complete data 

sets of RTIL properties are used for validating and improving molecular interaction 

and property prediction methods,[I.ZJ which later will be applied to process 

interaction and process development and design. 

The idiom 'solution' is mostly used for the particular case of a mixture 

between different components, i.e., when a small amount of substance, solute (solid, 

liquid or gas) dissolves to a certain limit in a liquid or solid substance (pure, or a 

mixture itself), solvent. A solution may be considered, prima facie, as a large 

assembly of molecules held together by non-covalent interactions. An investigation 

of such interactions in physical systems of increasing complexity should start with 

dimmers, continue through larger clusters, and end with solutions. In general, 

solutions are more complex than assemblies of weakly interacting molecules and in 

particular, the study of reactivity in the presence of a solvent can't be diminished to 

that of non-covalent interactions. 

Solvent organisation is one of the most fundamental properties of any liquid 

as it determines more complex processes such as solvation and reaction dynamics. It 

is believed that unique ordering in ionic liquids results form a balance between 

anion-cation, cation-cation and most importantly, ion-pair formation. The final 

parameter has been found to be critical to the 'ionicity' or transport properties of the 

liquids and these atom-atom interactions mediate the dissociation of the ions and 

thus the ability to form solvation shells associated with the 'ionic liquid effect'. To 

probe ionic liquid behaviour, the effect of cation changes were examined 

experimentally and compared to that of model systems drawn for conventional 

molecular solvents. 

Both the physical and chemical properties of a solution Oiquid) is a result of 

the strength of their intermolecular forces and the forces between molecules arises 

from the same source: differing charges on adjacent molecules that lead to 

electrostatic attractions and governed by coulombs law. The molecules are acquired 

partial charges through the intermolecular forces, e.g., dipole-dipole forces, dipole

induced dipole forces, hydrogen bonding, Van der Waal forces and electrostatic 

interaction etc. Intermolecular forces in a solution control their 
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thermophysicalfthermodynamic properties and the understanding of the solvation 

thermodynamics is essential to the characterization and interpretation of any 

process performed in the liquid systems. These thermophysicalfthermodynamic 

properties are quantities which are either an attribute of an entire system or are 

functions of position which is continuous and does not vary rapidly over microscopic 

distances, except in cases where there are abrupt changes at boundaries between 

phases of the system. Therefore, the studies on the thermophysical along with the 

transport properties of solutions would provide a clear idea about the nature of the 

forces, interacting manner existing between the constituents of solution. 

It is thus, apparent that the real understanding of the molecular interactions 

is a difficult task. The aspect embraces a wide range of topics but we have embarked 

on a series of investigations based on the volumetric, viscometric, interferometric, 

refractometric, conductometric and spectroscopic behavior to study the chemical 

nature of the structure of electrolytesfnonelectrolytes and solvents and their mutual 

and specific interactions in solution systems. 

1.1.1 Objective 

Considering these conflicting results, the following questions arise: 

1. What is the reasonable inkling between experimental results and theory and 

the spread of the experimental results? 

2. Are the observations in the experimental and theoretical results depends on 

the alkyl chain length of ionic liquids, functional groups, shape, size and 

structure of cation and anion, a consequence of the ionic interactions? 

3. What makes the dependence and advantage of ionic liquids, different in 

comparison with the molecular liquids? 

4. How can be act amino acids in the molecular interaction with aqueous/non

aqueous solvents? 

5. How they can apply in academic, research area, industry and other 

sustainable chemistry, biochemistry and engineering? 

We attempted to answer of these questions using a combination of precise 

experimental measurements and derived thermophysicaljthermodynamic 

properties to examine the molecular interactions occurring in the solutions system. 
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The main objective of the present research work is to explore and to 

understand the molecular as well as ionic level of interactions prevailing in solutions 

by studying their thermophysical properties of ionic liquids and amino acids in some 

liquid systems. To avoid unnecessary effort in synthesis of ionic liquids taken 

from the huge pool of possible ion combinations, several approaches were tried for 

the prediction of physical properties. 

The study of molecular interaction in fluids by thermophysical, 

thermodynamic methods has attracted attention, as thermophysical parameters are 

convenient for interpreting intermolecular interaction patterns in non-electrolytic 

solvent mixtures involving both hydrogen bonding and non-hydrogen bonding 

solvents. The different sequence of solubility, difference in solvating power and 

possibilities of chemical or electrochemical reactions unfamiliar in aqueous 

chemistry have open vistas for chemists and interest in the organic solvents 

transcends the traditional boundaries of physical, inorganic, organic, analytical and 

electrochemistry.li.3J 

1.1.2 Importance ofThermophvsical Parameters 

The studied thermophysical, thermodynamic, transport, optical, acoustic and 

spectroscopic properties are of great importance in characterizing the properties and 

structural aspects of solutions. The nature of intermolecular interactions can be 

exposed from the interpretation of the derived properties through the 

thermophysical study. 

Density of solvent mixtures and related volumetric properties like apparent 

molar volume are of also immense significance in measured the properties and 

feature of solutions. The facts therefore encourage us to extent the study of binary or 

ternary solvent systems with some industrially important solvents: polar, weakly 

polar and non polar solvents as well as with some solutes/electrolytes. The sign and 

magnitude of partial molar volume ( ~Pn. a thermodynamic quantity, provides 

information about the nature and magnitude of ion-solvent interaction while the 

experimental slope (Sv ') provides information about ion-ion interactionsJL41 

Furthermore, the derivative parameters derived from experimental density, viscosity 

and speeds of sound data and subsequent interpretation of the nature and strength 
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of intermolecular interaction help in testing and development of various theories of 

solution. Thus the properties provide important information about the nature and 

strength of intermolecular forces operating among mixed components also. 

Precious information concerning the nature and strength of forces of 

electrolyresfnon-eletrolytes effective in solutions can be obtained from viscosity 

data. Recently the use of computer simulation of molecular dynamics has led to 

major development in the direction of a unbeaten molecular theory of transport 

properties in fluids and a proper understanding of molecular motions and 

interaction patterns in non-electrolytic solvent mixtures involving both hydrogen 

bonding and non-hydrogen bonding solvents has been establishedJLS.L6J 

The study of interactions like dissociation or association from ultrasonic 

speed measurements and from the calculation of isentropic compressibility has 

achieved a great deal. It can also be used for the test of various solvent theories, 

statistical models and are fairly responsive for alteration in ionic concentration in 

addition to useful in illuminating the solute-solvent interactions. 

The refractive index is also important optical physical property of liquids and 

liquid mixtures influence the solution of different problems in chemical engineering 

in order to develop industrial processes. Knowledge of refractive index of 

multicomponent systems provides decisive information regarding the molecular 

interactions occurring in the solutions,l'-7·'-91 that is essential for many 

thermophysical calculations counting the correlation of refractive index with 

density.ll.l 0·L12l 

The study of thermophysical behaviours like dissociation or association from 

acoustic measurements and from the calculation of isentropic compressibility has 

gained much importance. The acoustic measurements can also be used for the test of 

various solvent theories and statistical models and are quite sensitive to changes in 

ionic concentrations as well as useful in elucidating the solute-solvent interactions. 

Thermophysical properties involving excess thermodynamic functions have 

relevance in carrying out engineering applications in the industrial separation 

processes. The importance and use of the chemistry of electrolytes in non-aqueous 

and mixed solvents are well-recognised. However, the studies on properties of 

aqueous solutions have provided sufficient information on the thermodynamic 
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properties of different e lectro lytes and non-electrolytes, the effects of va ri a tion in 

ionic structure, ionic mobili ty and common ions along with a host of other 

prop erti es.\' HI 

The ou tcom e and application of the ch em istry of electro lytes (ionic 

liquids)jnon-electrolytes (amino acids) in non-aqueous and mixed solvents have 

been abridged by Meck, 11 14 Popovychll 1 'I Franks11 1 .. Batesll 1 1 1111 Parkerl1 1" Ilu Cri ss and 

Salomonii ~IJ Mercus u~J and othersl1 '' 1 '" . The ion-ion or so lute-so lute and ion-so lvent 

or solute- solvent interactions have been subject of am ple atte ntion and have been 

explicitly represented in Faraday Trans. of the Chemical Society.!' 21' Elementary 

research on non-aqueous electro ly te so lut ion has catalysed their wide technical 

application in many fields. They are r eall y challenging with other ionic condu ctors, 

especia lly a t ambient and a t low temperatures, due to their high fl exibility based on 

the choice of numerous so lvents, additives and electrolytes with widely va rying 

properti es. High energy primary a nd secondary batteries, wet doubl e-layer 

capacitors and super capacitors, e lectro-deposition and electroplating are some 

devices and processes for which the use of non-aqueous e lectrolytes solutions has 

brought the biggest success. 1127·1 241 Other fi e lds where the non-aqueous e lectro ly te 

so lutions are used broadly include electrochromic dis plays and smart windows, 

photoelectrochemical cell s, electro machining, etching, pol ishing and 

electrosynthesis. ln spite of the w ide technical applications, our understand ing of 

these systems at a quantita tive level is s till not clear. The main r eason for thi s is the 

abse nce of detai led info rmation abo ut the nature a nd strength of molecular 

in teractions a nd their influence on the structural a nd dynamic properties of non

aqueous electrolyte solution. 

Drug t ransport across bio logical cells and membranes is dependent on 

thermophysical properti es of drugs. But direct s tudy of the thermop hysica l 

properties in physio logica l media is diffi cult to realize. One of the well-organized 

approaches is the study of molecular interacti ons in fluids by thermodynamic 

methods as parameters are convenient for interpreting intermolecular interactions 

in so lution . Also the study of thermodynamic properties of drug in a su itable m ed ium 

can be correlated to its therapeuti c effects.\Ull, l 11\ 
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I. 2 CHOICE AND IMPORTANCE OF SOLUTES AND SOLVENTS USED 

A short description of the electro lytes (ionic liquids), non-eletrolytes (am ino 

acids), so lutes (electrolyte other than ionic liquid) and so lvents has been used 

throughout the research work is given below. The detailed description has been 

given in Chapter Ill. 

1.2.1 Electrolytes 

The most noteworthy ionic liquids have bee n used as e lectrolytes during the 

resea rch work are 

(a) Tetrabutylphos phonium tetratluoroborate, 

(b) tetrabu tylphosphonium metha nesul fo nate 

(c) 1-ethyl-3-methylimidazolium nitrate 

(d) 1-ethyl-3-methylimidazoli um methanesulfon ate 

(e) 1-ethyl-3-methylimidazolium tosylate 

(t) 1-ethyl-3-methylimidazol ium bromide etc. 

1.2.2 Non-Electrolytes 

a. Amino acids, viz. glycine, L-analine, L-valine, and L-l eucine 

b. N-cetyl-N,N,N-trimethyl ammonium brom ide or cetri monium bromide 

c. Citric acid monohyd rate 

d. P-cyclodextri n 

e. Fo lic Acid etc. 

1.2.3 Electrolytes other than ionic liquids 

'r Alkyl halide vi z. lithium chloride, lithium bromide, and lithium iodide, 

'r Tetrabutylammonium hexatl uorophosphate, 

'r Tetrabutylammonium tetraphenylborat e, etc. 

1.2.4 Solvents 

The indust r ially important so lvents have been used in the work are 

The universal solvent water has been used throughout the work and the non

aqueous so lvent e.g., acetonitr il e, tetrahydrofuran, 1,3-dioxolane, methanol, 
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nitromethane, forma m ide, methylamine, N,N-dimethylfor mamide, N,N-

dimethylacetamide, d imethylsulphoxide, formic acid, etc. 

The study of electrolytes (ionic liquids), no n-eletrolytes (amino acids), solu tes 

(electrolyte other tha n ionic liquid) and solvents is of great im porta nce because of 

their w ide use as solve nts, so lutes and solubilizing agents in many industries ranging 

from phar maceutical to cosmetics. 

I. 3 METHODS OF INVESTIGATION 

Existence of free ions, so lvated ions, ion-pa irs a nd tri ple-ions of the 

electrolytesjnon-elect rolytes in aqueo us and no n-aqueous media de pends upon the 

concentrations of the solution, size of ions, and in termolecular forces, e.g., 

electro negativity of the atom, d ipole-dipole forces, dipole- induced dipole fo rces, H

bonding, Van der Waal fo rces, co lum bic forces and electrostrict ion, +1, -1 effect, side 

chain effect et c. Hence, the study of assor ted interactions and equili brium of ions in 

d iverse concentration regions are of im mense importa nce to the technologist, 

theoretician, industria lis t, researchers as most of t he chemical processes take place 

in these systems. 

Interestingly the d ifferent experimental techniques have been employed to 

fi nd out a bette r understa nd ing t he occurrence of solvation and different interactions 

prevailing in so lut ion. Therefo re, we have employed the five s ignificant 

thermophysical methods, namely, conductometry, densitometry, viscometry, 

ultrasonic interfe rometry, a nd refractometry to explore the so lvation phenomena. 

Apparent molar volumes obtained from density measurements, ar e usually 

expedi ent parameters for interpreting ion-so lvent/solute-solvent and ion

io n/solute-solute interactions in solution. Ioni c apparent mola r volu me fo r the 

individual ions has been obtained w ith the help of "reference electrolyte" method. The 

com pressibili ty, a second derivative to Gibbs energy, is also a sensitive indicator of 

molecular interactions, which provide useful information in s uch cases w here par t ial 

molar volume data alone cannot provide an unequ ivocal interpretation of these 

interactions. 

The cha nge in vi scosity of so lutions by the additi on of electrolyte is a t tributed 

to inter-ionic and io n-solvent effects. The vi scosity B-coeffi cie nts a re also separated 
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into ionic components by the 'reference electrolyte' method and from the 

temperature dependence of ionic values, a satisfactory interpretation of ion-solvent 

interactions such as the effects of solvation, structure-breaking or structure-making, 

polarization, etc. has been given. 

The transport properties in most cases are studied using the conductance 

data, especially the conductance at infinite dilution. Conductance data obtained as a 

function of concentration can be used to study the ion-association with the help of 

appropriate equations. The limiting ionic conductance of the each ion has been 

calculated from the same method "reference electrolyte" using tetrabutylammonium 

tetraphenylborate. The ionic conductances are also play the crucial role to the 

interpretation of the ionic level of interaction, association or ion-solvent interactions 

of ions as well as molecules. 

The spectroscopic study has been established by the investigation of FTIR 

spectroscopy. The study has been taking into account to qualitative interpreting the 

molecular as well as ionic association of the electrolytes in the solutions. 

The total internal energy of a molecule in a first approximation can be resolved 

into the sum of rotational, vibrational and electronic energy levels. Infrared 

spectroscopy is the study of interactions between matter and electromagnetic fields 

in the IR region. In this spectral region, the EM waves mainly couple with the 

molecular vibrations. In other words, a molecule can be excited to a higher 

vibrational state by absorbing IR radiation. The probability of a particular IR 

frequency being absorbed depends on the actual interaction between this frequency 

and the molecule. In general, a frequency will be strongly absorbed if its photon 

energy coincides with the vibrational energy levels of the molecule. IR spectroscopy 

is therefore a very powerful technique which provides fingerprint information on the 

chemical composition of the sample. FTIR spectrometer is found in most analytical 

laboratories. 
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I. 4SUMMARY OF THE WORKS EMPHASIZE IN THE DISSERTATION 

CHAPTER-/ 

This chap ter contains the objective, utility and applications of the research work, 

the important electrolytes/solutes and solvents used and methods of investigation. 

This also occupies the summary of the works done allied with the dissertation. 

CHAPTER-II 

The chapter encloses the general introduction of the thesis and forms the strong 

background of the work embodied in the thesis. A brief review of noteworthy works 

in the field of molecular as well as ionic interaction has been given. The discussion 

includes ion-solvent/solute-solvent, ion-ion jsolute-solu te and solvent-solvent 

interactions in binary, ternary mixed so lvent systems and of electrolytes in pure a nd 

non-aqueous solvent systems at various temperatures in t erms of various derived 

parameters, estimated from the experimentally observed thermophysical properties 

viz., density, viscosity, ultrasonic speed, refractive index and conductan ce. Severa l semi

empirical models to estimate dyna mic viscosi ty of bina ry liquid mixtures have been 

di scussed . Ionic association and its dependence on ion-size parameters as well as 

relation between so lution viscosity a nd limiting conductance of an ion has been 

discussed using Stokes' law and Walden rule. Crucial assessment of different 

methods on the relative merits and demerits on the basis of various assumption 

employed from time to time of acquiring the single ion val ues (viscosity 8-coefficient 

and limiting equivalent conductance) and their implications have been discussed. 

The molecular interactions are interpreted based on various derived parameters. 

CHAPTER-/II 

The chapter comprises the experimental section which principally involves the 

basic information's, structure, source, purification and uses of the ionic liquids, 

electrolytes/non-electro lytes or solutes, and solvents have been used throughout the 

entire research work. It is also restrains the details of the inst ruments, procedure, 

working principle and equations that are employed to understand the 
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thermophysicalfthermodynamic, transport, acoustic, optical and spectroscopic 

properties. 

CHAPTER-IV 

The chapter deals precise measurements on electrical conductance (A) of 

solutions of an ionic liquid (IL) tetrabutylphosphonium tetrafluoroborate in 

acetonitrile (ACN), tetrahydrofuran (THF), 1,3-dioxolane (1,3-DO) and their binary 

mixtures have been reported at 298.151<. The conductance data have been analyzed 

by the Fuoss conductance equation (1978) in terms of the limiting molar 

conductance (Ao), the association constant (KA), and the association diameter (R) for 

ion-pair formation. The Walden product is obtained and discussed. However, the 

deviation of the conductometric curves (A vs ../c) from linearity for the electrolyte in 

THF and 1,3-DO and their binary mixtures indicated triple-ion formation and 

therefore corresponding conductance data have been analyzed by the Fuoss-Kraus 

theory of triple-ions. The limiting ionic conductances CA.:) have been estimated from 

the appropriate division of the limiting molar conductivity value of 

tetrabutylammonium tetraphenylborate [Bu4NBPh4] as the "reference electrolyte" 

method along with a numerical evaluation of ion-pair and triple-ion formation 

constants (Kp "' KA and KT). The results have been discussed in terms of solvent 

properties and configurational theory. Ionic association in the limiting molar 

conductances, as well as the single-ion conductivity values have been determined for 

the electrolyte in the solvent media. 

CHAPTER-V 

The chapter embraces the analysis of molecular interactions quantitatively by 

precise measurement of conductance (A) and qualitatively by the FTIR spectroscopy, 

in the solution systems between some imidazolium based ionic liquids ([emim]N03, 

[emim]CHJSOJ, [emim]Tos) and non-aqueous solvents (acetonitrile, methanol, 

nitromethane, methylamine solution) have been reported at 298.151<. Fuoss 

conductance equation (1978) and Fuoss-Kraus theory, for ion-pair and triple-ion 

formations respectively have been used for analysing the conductance data. Using 

the appropriate division of the limiting molar conductivity value of [Bu4NBPh4] as 
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"reference electrolyte", the limiting ionic conductances (A.:) for individual ions have 

been calculated and reported. Dipole-dipole interaction, hydrogen bonding 

formation, structural aspect, and configurational theory are the driving forces, have 

been employed for discussion ofthe results. FTIR spectroscopic studies of variational 

intensity of characteristic bands of the studied solvents have been undertaken and 

the solvation phenomenon is manifested by the change of these band intensities in 

the presence of ionic liquids. 

CHAPTER-VI 

Apparent molar volumes ( ¢r) and viscosity B-coefficients for citric acid in 

(0.001, 0.003, and 0.005) mol.dm·3 aqueous cetrimonium bromide (N-cetyl-N,N,N

trimethyl ammonium bromide, C19H4zNBr) solutions, determined from solution 

density and viscosity measurements at T = (298.15, 308.15, and 318.15) K and p = 

0.1 MPa as a function of the concentration of citric acid have been reported in this 

chapter. The apparent molar volumes have been extrapolated to zero concentration 

to obtain the limiting values at infinite dilution ( ¢;), using the Redlich-Meyer 

equation, and the obtained parameters have been interpreted in terms of solute

solvent interactions. The viscosity data were analyzed using the jones-Dole equation, 

and the derived parameters A and B have also been interpreted in terms of solute

solute and solute-solvent interactions, respectively, in the mixed solutions. The 

structure-making or -breaking ability of the electrolyte has been discussed in terms 

of sign of dB/dT. The activation parameters of viscous flow for the ternary solutions 

studied have also been calculated and explained by the application of transition state 

theory. 

CHAPTER-VII 

In this chapter physicochemical properties such as density (p), viscosity (I)), 

ultrasonic speed (u) of ionic liquid tetrabutylphosphonium tetrafluoroborate 

[Bu4PBF4] in acetonitrile (AN), tetrahydrofuran (THF), 1,3-dioxolane (1,3-DO) and 

their binaries, have been studied over the entire range of composition at 298.15 K. 

Apparent molar volumes ( ¢v) and viscosity B-coefficients supplemented with the 
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data of densities and viscosities respectively, have been interpreted in terms of ion

solvent interactions. The limiting apparent molar volumes ( ¢~ ), experimental 

slopes (s;) derived from the Masson equation and viscosity A and B coefficients 

analyzed by the Jones-Dole equation have also been interpreted. The adiabatic 

compressibility (/3) has been evaluated using the ultrasonic speed (u) values. 

Thereafter, limiting apparent molar adiabatic compressibilities ( ¢~ ) have been 

evaluated and discussed for the same. 

CHAPTER-Vlll 

Keeping in mind the uses of amino acids the apparent molar volume ( <Pv ), 

viscosity 8-coefficient, adiabatic compressibility ( ~) and molar refraction (RM) of 

glycine, L-alanine, L-valine and L-leucine have been determined in methanoic acid at 

298.15 K from density (p), viscosity (1]), speed of sound (u) and refractive index 

(no) respectively. The apparent molar volumes have been extrapolated to zero 

concentration to obtain the limiting values at infinite dilution using Masson equation. 

The limiting apparent molar volume (¢>~ ) and experimental slopes (S~) obtained 

from the Masson equation have been interpreted in terms of solute-solvent and 

solute-solute interactions, respectively. The viscosity data were analyzed using the 

Jones-Dole equation, and the derived parameters A and B have also been interpreted 

in terms of solute-solute and solute-solvent interactions, respectively in the 

solutions. Molar refraction ( RM) have been calculated using the Lorentz-Lorenz 

equation. Limiting apparent molar adiabatic compressibilities ( ¢>~) of these amino 

acids at infinite dilution were evaluated. 

CHAPTER-IX 

This chapter presents a study of the qualitative and quantitative analysis of 

molecular interaction prevailing in glycine, L-alanine, L-valine and aqueous solution 

of ~-cyclodextrin (~-CD), have been probed by thermophysical properties. Density 

(p), viscosity (IJ), ultrasonic speed (u) measurements have been reported at different 

temperatures. The extent of interaction (solute-solvent interaction) is expressed in 
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terms of the limiting apparent molar volume (¢;:),viscosity B-coefficient and limiting 

apparent molar adiabatic compressibility ( ( ). The changes on the enthalpy (Lllf) 

and entropy (L!S'), of the encapsulation analysis give information about the driving 

forces governing the inclusion. The temperature dependence behaviour of partial 

molar quantities and group contributions to partial molar volumes has been 

determined for the amino acids. The trends in transfer volumes, .1.¢-::, have been 

interpreted in terms of solute-cosolute interactions on the basis of a cosphere 

overlap model. The role of the solvent (aqueous solution of ~-CD), and the 

contribution of solute-solute and solute-solvent interactions to the solution 

complexes, have also been analyzed through the derived properties. 

CHAPTER-X 

This chapter contains the concluding remarks of the works related or detailed 

described in the thesis (dissertation). 
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GENERAL INTRODUCTION 
(REVIEW OF THE EARLIER WORKS) 

II. 1. IONIC LIQUIDS 

Ion ic liquids (I Ls) are salts in the liquid state/ phase. In some contexts, the 

term has been classified to ionic species existing in liquid state, whose melt ing point 

is below some arbitrary temperature, such as 100°C (212°F) . In general, Ionic 

Liqu ids (ILs) a re liquid salts tha t consist of combinations of organic-orga nic or 

organic- ino rganic cat ion or an ions (Figure II. 1 ) . 

/ 
Ionic 

crystal 

• + . 0. 
e0~8 G 

~ ~ cv•'i ~ s 
s 

G) + s 
s 

Figure 11.1: Difference between an ion ic solution and an ionic liquid. 

It is well known that by increas ing the s ize of t he ions and making them 

asymmetric, it is possib le to decrease the melting tempera ture.11 1 11 This is eas ily 
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expla ined as follows: given the nature of the ions in ionic liquids, they tend to 

attract each other due to electrostatic forces. If the ions are small and symmetric, as 

in the case of sodium chloride, the ions wi ll be close to each other and interact 

strongly. Moreover, due to their symmetry, the formation of crystals is favo rab le. If 

the s ize of the ions is increased, the dis tance between them will increase and as a 

result the electrostatic attractive force wi ll decrease. In this way the m elting point of 

the ionic liquid can be control led. Furthermore, if the ions are asymmetric, the 

melting point can be dimini shed even more or eventually be suppressed. The 

versatility of the ionic liquids li es in that it is possible to synthesize thousands of 

them by simply varying a functional group, and such variation will de termine the 

final macroscopic characteristics of that ionic liquid. In the last years, ionic 

liquids have found different app lications, e.g. as electroplating solvents, 

catalyzers, and electrolytes.l 11 21 For the specific case of electrolytes, the interest in 

ionic liquid has greatly increased and a lready some poss ible applications are 

found in sola r cells,JIUJ fuel cells, l· 1'-41 and lithium-ion batteries.! .JsJ Despite the 

already mentioned qualities of the ionic liquids, they a re re latively new as 

electro lytes, a nd as such, there are draw backs, s uch as, toxicity, compatibility 

with the actual materials used, production cost, a nd a ll the problems that come with 

the introduction of a new technology. 

In the last decades a new class of compounds came into the focus of many 

research gro ups around the world : ionic liquids (IL) . The count of publications with 

the topic "ionic liquids" grew s teadily over the last ten years. But what are ionic 

liquids and why are they so interesting? The following section gives a s hort 

overview over thi s wide field . A much more exhaus tive overview about the possible 

appli cations and properties of ionic liquids can be found in the recent book "Ionic 

Liquids in Syntheses", edited by Peter Wasserscheid and Tom Welton .l 1161 The 

commonly accepted definition of ionic liquids is that they are "ionic materials that 

are liquid below 373 K'.l 1'-71 However, the opinions about the definition of "ionic 

material" are more scattered. Many alternatives to organic solvents have been 

proposed over the last two decades. Ideally solvent-free conditions or the use of 

water as the ultimate green solvent can be considered. However, many organic 

compounds do not dissolve in water, and especially solids cannot be processed 
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withou t a solvent. Therefore s uitab le a lternatives have been sought and found in 

the classes of (i) ion ic liquids; ion ic liquids have gained a lot of attention as 

emerging environme nta lly benign so lvents.l 1161 They can replace conventional 

organic solvents in severa l applications due to their uniq ue features. Ionic liquids 

are sa lts w ith melting points below 373 K. They consist of an organic cation 

combined w ith an orga nic or inorganic a nion .111 ·61Ioni c liquids s how, in general, 

a very in te resting set of properti es to be used for different appl ications in 

chemical industry. The melting points of these organic salts ar e frequently found 

below 150 °( 1li.HI a nd occasionally as low as -96 °( 111 <~ Some ionic liquids are stable 

up to 500 K.l 11 101 At room tempe rature they have no measurable vapor pressure due 

to their ionic nature.! II" They normally have high solvency power fo r polar and non

polar compounds. Billions of ionic liquids can be designed and synthesized by 

selecting d ifferent ion pa ir combinations, wh ich enable them to possess specific 

properties. Furthermore, the ability to tune the so lvent properties of the ionic liquids 

is one of their outs tand ing features, which makes the m unique so lvents for various 

reactions and separations.111 111 Moreover ionic liquids a re al most nonflammable, 

highly thermally and (e lectro)chemica lly s ta ble and present a la rge li quid range. l 111 

The ma in cha lle nges to the large scale ap plication of ion ic liquids are their high 

cos ts, their high toxicity (many ionic liquids contain halogens), the unknown 

long term stabil ity and t heir relatively high viscosity compa red to most 

common molecular so lvents. The latte r decreases the mass tra nsfer rate during 

reaction a nd separation processes. However, the viscosity of ionic liquids can 

drop s ignificantly by add ition of co-solvents s uch as carbon dioxide (C02).I 11 ' 1 

An overall comparison between ioni c liq uids a nd orga ni c solvents is presented in 

Table 11. 1.1 11 121 
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Table 11.1. Comparison between organic solvents and ionic liquids.l111 n1 

Prop@rty Ofi<Jnk solvents tonk rlqulds 

Number of 
solvents 

> 1000 > 1000000 

Applicability Single function Multifunction 

Catalytic ability Rare Common and tunable 

Chirality RMe Common and tunable 

Vapor pressure 
Obeys the ClausJus-Ciapeyron Negligible vapor pressure under 

equation normal conditiOns 

Aamm~llity Usually flammable Usually nonfl.lmmable 

Solvation In many cases w eakly solvating Strongfy solvating 

Pobrtty 
Conventional polarity concepts 

Polarity concept QU4!Stlonable 
appty 

Tu~lltty Umitrd of sotvents available 
Virtually u nRmlted range means 

"des.gner solvent s" 

Cost Normally cheap 
Typteally between 2 and 100 times 

the cost of organk sol~ts 

RKydabiJity Green lmperat.lve Econorntc Imperative 

Viscosity (Pa .s) 0.0002-0.1 0 .022. 40 

~Jty(qm·~ 600. 1700 800 - 3300 

Refractive Index 1.3- 1.6 1.5- 2.2 

11.1.1 Room Temperature Ionic Liquids (RT/Ls) 

ILs w hich ar e liquid a t room temperature are called room temperature ionic 

liquid (RT IL). In the olde r (and some curre nt) li terature, ion ic liquids are sometimes 

ca lled liquid organic salts, fused salts, molten sa lts, ioni c me lts, NAlLs (non-aqueous 

ionic liquids), room-temperature molte n salts, OILs (orga ni c ionic liq ui ds) a nd ionic 

fluids.! II HI Heat ing normal s alts, s uch as sodium chloride (NaCl, mp 801°C), to high 

temperature produces a lso a liquid, that cons is ts entire ly of ions, but this is a molten 

sa lt and not defi ned as a n ionic liquid. 
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Table salt NaCl and ionic liquid 
(bmim]NTf2 at 27° C 

Usua lly ILs consist of a large bulky and asymmetric organic ca tions based on 1-alkyl-

3-methylimidazolium (abbreviated [Cnmim] +, where n =number of carbon atoms in a 

linear alkyl chain), N-alkylpyridinium (accord ingly abbreviated [C"py)+), 

tetraalkylam monium (Bu4N+) or tetraalkylphosphonium (Bu4P+) cations, and many 

others; and inorganic anions such as hexafluorophosphate [PF6]·, tetrafluoroborate 

[BF4]·, alkylsulfates [RS04)-, alkylsul fonates [RS03]·, ha lides as chloride [Cl]-, bromide 

[Br]- or iodide [1]-, nitrate [N03]-, su lfate [S04]-, aluminum chloride [AICI4]-, triflate 

([CF3S03]· = [TfO]-), bis(trifluoromethyls ulfonyl)imide ([(CF3S02)2N] · = [Tf2N] ·), 

etc.! II IS. II 161 Recently the amino acids are act as anionic part of the ionic liquids and 

that ionic liquids are called amino acid based ionic liquids (AAILs). 11 n Some 

commonly used ionic liquid systems are presented in Figure II. 2. 

Cht-II 



p CV fte,t I 66 1 

1\~o't commonh 
u~d cation' 

O.,onK' po,~•hk 

an1nns 

~ ,Ja:, J / ""-V ' R ., 

1 -all~ 1 -3-mcth~ 1-
nmdwolmm 

\-all)l -
\ -met h) 1-
Jl) rrul1duuum 

II' I , I 
I~ II ,J 

I HR IR,R,K. I 

[9] 
.\-all) 1-
p) ridmlllm 

I 2-d•all..\l 
puwolmm 

IHI·.I 

i< H 11 
I ~•< \J l, I 

[X] 
.\ -aJI.,, 1-
\ -m.:th~ 1-
p1pcndtn1um 

\-.til..\ 1-
thHvolmm 

[ R >~" ·J 
R: R, 

I etrnall) 1-
ammmu urn 

Tnall~ 1-
'\U I on IUIIl 

I< H,t <).j 

I< I P>:l- 1\JO.I
Hr. (') - 1· 

[")~(] 
R~ K, 

1 ctmall..' 1-
pho~phonmm 

I -\ 1:( I J 1·\ ICI. I ( J.:.:omp 1 

Figure II. 2 : Some commonly used ionic liquid systems. The abbreviation [Cnpyr] + 

rep resents the 1-alkyl-1-methylpyrrolidinium cation, where t he index n represents 

the number of carbon atoms in the linear a lkyl chain. [Pwxyz]+, [Nwxyz]+ a nd [Sxyz]+ a re 

normally used to represent tetraa lkylphos phonium, tetraa lkylammonium and 

trialkylsulfonium ca tions, respectively, where the indices w, x, y and z indicate the 

length of the corresponding linear alkyl chains. 

Ion ic liquids are eco-fri endly as green so lvents due to nonvolatili ty compared 

to conventional solvents, which a re often vo latile and contribute to air polluti on and 

the green house effect. ILs also results in less solvent consumption because of be ing 

suitable for reuse. But the commonly used ILs a re toxic in nature and a re hard ly 

biodegradable, w hich are characteristica lly not intrins ically green. In fact, ILs can be 

designed to be environmentally ben ign, w hich is the direction research a nd industry 

should steer towards. 
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11.1.3. Properties of Ionic Liquids: 

Asymmetry of the cation is be li eved to be responsib le for the low melting 

points of ionic liquids, w hile the nature of the a nion is conside red to be res pons ible 

for many of the physical properties of ionic liquids such as the ir miscibility with 

conventional solvents and hygroscopicity. II IBI They are freq uently referred to as 

"Green Solvents" due to their immeasurably low vapour pressure. A key feature of 

ionic li quids is that their physica l properties s uch as melti ng point, viscosity, dens ity, 

and hydrophobicity can be tai lored to design d ifferent ionic liquids with a particu lar 

end use in mind by selection of differe nt cation, anion, and s ubstituents. Therefore 

ionic liquids are also descr ibed as "Designer Solvent''. II 1<~ 1 Ionic liquids have a 

number of advantages as solvents over molecular so lvents s uch as negligible vapor 

pressure, high thermal s tability, non-fl a mmabi li ty, wide temperature range, Lewis 

acidity, hydrophobicity, gas so lubility and hydrogen-bonding capabil ity, therefore, 

these fluids have been proposed as an attractive alternative to volati le organic 

compounds (VOCs) for "g reen processing". Replacement of conventional so lvents 

with ionic liquids wo uld prevent the e mission of VOCs, a major source of 

environmenta l po llution. 11 20 1 

11.1.4. Generation of /Ls 

Ion ic Li quids can be divided into three cat egories: Firs t-generation; Second

generation; and Third-generation ionic liquids.l'llll 

First-generation ionic liquids cons is t of bulky cations s uch as 1, 3-dialkylim idazolium 

(or N, N'-d ialkylimidazolium) or 1-alkylpy ridinium (or N-a lkylpyridinium), and 

a nions based mos tly on ha loaluminate (Ill ) ; these have been studied extens ively. The 

merit of these ionic liquids is their tuneable Lewis acidi ty. The drawback of these 

systems is their great sens itivity towards water, wh ich forms hydroxoaluminate(l ll) 

species with the a lumi ni um(ll l) chloride a nd therefore decomposes the ionic liquid. 

The se nsitiv ity towards wate r necess itates their handl ing in a dry-box. 

The ion ic liquids of the second category, the so-ca ll ed second-generation ionic 

liq uids, a re us ua lly air-stable a nd water-stab le and can be used on the bench -top. 

However, it s hould be noted that water-stable does no t imply that there is no 
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interaction with water at all. Second-generation ionic liquids grad ua lly absorb water 

from the atmosphere. ! 112LI 

Recently, a third generation of "task-specifi c" ionic liquids have emerged.! 112 !1 

These novel ionic liquids feature chemical fun ctionaliti es wh ich have been designed 

for specific app li cations. Very little is known to date about their physical properties, 

preparative methods, etc, and the future will show if they can bring about an 

ecological or economic benefit; but that future does look bright. 

11.1.5. History and New Developments 

Ionic liquids have been known for a long time, but their exte nsive use as 

solvents in chemica l processes for synthesis, separation processes and catalysis has 

recently become s ignificant. The firs t low melting salt (ionic liquid), ethylammonium 

nitrate ([EtN H3]+[N03]·), with melting point of 1 2°( was synthesized by Paul Walden 

in 1914.111211 During 1940s, a luminum chloride-based molten sa lts were utilized for 

electroplating at temperatures of hundreds of degrees Celsius. In 1951, low melting 

salts w ith chloroaluminate ions fo r low-temperature electroplating of al uminum 

were deve loped.l 112'iJ During the 1970s and 1980s, these liquids were studied mainly 

for electrochemical applications in nuclea r warheads batteries.! II u,l In the early 

1970s, Wilkes tri ed to develop better batteries for nuclear wa rheads and space 

probes wh ich r equired molten sa lts to operate. These molten salts were hot enough 

to damage the nearby materials. Therefore, t he chemists sear ched for salts which 

remain liquid at lower temperatu res and eventually they identifi ed one which is 

liquid at room temperature. Wilkes and his colleagues continued to improve their ILs 

for use as battery electrolytes and then a s mall community of resea rchers began to 

make ILs a nd test the ir properties.! liZ?. 112BJ (n the mid 1980s, low me lting point ion ic 

liquids were proposed as so lvents for o rgan ic synthes is.! 112<J. II lDI In the late 1990s, 

ILs beca me one of the most promising che mica ls as so lven ts. Initia lly, new ionic 

liquids such as organa-aluminate, have limited range of a pplications because they 

were unstable to air and water. Furthermore, t hese ILs were not inert towards 

vario us organic compounds. In 1992, after the firs t reports on the synthesis and 

applications of water a nd a ir stab le ILs such as 1-n-butyl-3-methlyimidazolium 
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tetra fl uoroborate ([bmim][BF4]) and 1-n-butyl-3-methlyimidazolium 

hexaflu orophos phate ([bmim][PF6]), the num ber of air and water s table ILs have 

s tarted to increase ra pid ly. 

Inte rest in ionic liquids has now been grown dramati ca lly in the scientifi c 

communi ty (both in academia and indus try) wi th over 8000 papers having been 

publis hed in the last decade.I 111 51This growth can be observed in Figure 11.3. "'"I 

(number of publications per yea r) and Figure 11.4.111 I SJ (number of patents per year) , 

where the number of publicat ions and patents are increasing exponentially. There 

are about one mi ll ion (106) sim ple ionic liq uids that can be easily pre pa red in the 

la boratory by combinati on of d ifferent cations a nd a nions and t hi s total are just for 

simple prima ry systems (Figure 11.5). If ther e are one mill ion possible simple IL 

systems, then ther e are one bill ion (1012) poss ible binary combinations of these, and 

one trilli on (1018) terna ry possible IL systems that can be prepa red from the 

combina tion of a nions, ca t ions, and subs ti tue nts. At the moment only about 300 ionic 

liquids are commer cialized, so one ca n imagine how ma ny opportunities in this field 

are still und iscovered a nd why this fi e ld of chemistry is so tempting. 
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Figure II. 3: Growth rate of ionic liquid publications, 1986-2006. 
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Figure II. 4 : Annua l growth of ionic liquid pa te nts, 1996-2006 . 
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Figure II. 5 : Annual growth of ion ic liquid paper a nd pate nts, up to 2010 

Until1998, the number of e nt ries w ith the terms "ionic liquid" or "ionic liquids" in the 

Chemical Abstracts was below or around twenty per yea r, but this nu mber is 

increasing from 45 pe r year in 1999 to 1255 per year in 2005 and 1717 in 2006 w ith 

their different use in va r ious field.147 The to tal num ber of entries is over 8000 (in 
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2007) which show huge potential of ionic liquids applications in different a reas as 

shown in Figure 11.6. 
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Figure 11 .6: Growth in the number of IL publica tions and representa tive areas of 

interest. (Data obtained from SciFinder Scholar us ing the search terms "ionic l iquid" 

OR " ionic liquids" and then refined by publication year. The data for total publicat ions 

includes the number of patents, a nd the area of the particula r field does not 

represent the number of publications in the subfield). 

As the IL fie ld grew in the 2000s, three di stinct forces led toILs becomi ng the 

v ictim of ove rgeneralizations that still plague t he fie ld today, including a plethora of 

new researchers in many diverse discip lines with little or no background in t he IL 

fie ld (or often not even chemistry), the rise in societal importance of gree n chemistry 

and susta inability, and the interestin g new science and appli cations promised by 

study of ILs . As s hown in Figure II. 7 the tw in concepts of ILs as solvents and green 

chemistry propelled a d ramatic increase in publications in thi s fi e ld (which is no t yet 

s lowing down) and initia lly an increase in the citations to Fulle r e ta!.. 1131 1 
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Figure II. 7: The twin concepts of ILs as solvents and green chemistry propelled a 

dramatic increase in publications in this fie ld 

11. 1. 6. Potential Applications of Ionic Liquids 

In recent yea rs, ionic liquids have been used for a w ide variety of applications 

a t lab sca le, such as the recove ry of bio-fuel s, desulfurization of diesel oil and 

supercritical flu id extractions etc. Ion ic liquids a lso have potential as lubricants, in 

solar cells, for heat storage, in nuclea r fue l process ing, in membrane technology, as 

sol-gel templates and in the dissolution of cellulose. The diverse a pplication of ionic 

liquids is given in Figure 11.8a, ll.8b, and 11.8c. 
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Figure II . 8a : The diverse application of ionic liquids 
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Figure II. 8b: Selection of applications where ionic liquids have been used 
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Figure II.Bc: Important properties of ionic liquids and their correlation to 

possible fields of applications. 

II. 2 . AMINO ACIDS 

A brief description in ami no acids is given in Chapter: I. Here I give few utili ty 

of a mino acids. 

11.2.1 Occurrence and Functions in Biochemistry: 

A polypep tide is nothing but a n unbra nched chain of a mino acids. Amino acids 

are the structural units tha t make up proteins. They join together to form short 

polymer chains call ed peptides or longer chains called e ither polypeptides or 
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proteins. These polymers are linear and unbranched, with each amino acid within 

the chain attached to two neighboring amino acids. The order in wh ich the amino 

acids are added is read through the genetic code from an mRNA template, which is a 

RNA copy of one of the organism's genes. 

II. 2.2. Human Nutrition: 

When taken up into the human body from the diet, the 22 standard ami no 

acids ei ther are used to synthes ize proteins and other biomolecules or are oxidized 

to urea and carbon dioxide as a source of energy. 

Essential Nonessential 

Histidine Alanine Proline* 

Isoleucine Arginine* Selenocysteine* 

Leucine Asparagine Serine* 

Lys ine Aspartic acid Taurine* 

Methionine Cysteine* Tyrosine* 

Phenylalanine Glutamic acid 

Threonine Glutamine* 

Tryptophan Glycine 

Valine Ornithine* 

* Essential on ly m certain cases.! II 32, 'I llJ 
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Il.2.3. Uses in Technology 

Amino acids a re used for a va ri e ty of a pplications in indus try, but their mai n 

use is as additives to a nimal feed, s uch as soybeans, e ithe r have low levels or lack 

some of the essential a mino acids: The food industry is a lso a major cons ume r of 

am ino acids, in parti cular, glutamic acid, w hich is used as a fl avor enhancer a nd 

asparta me (aspa rtyl-phenyla lan ine-1-me thyl ester) as a low-calorie a rtifi cial 

sweetener. The che la ting a bili ty of amino acids has been used in ferti lize rs for 

agricul ture, to facilita te the delivery of mine ra ls to plan ts in order to cor rect minera l 

deficiencies, such as iron chlorosis. The remain ing production of amino acids is used 

in the synthesis of drugs and cosmetics. 

Il.2.4. Thermophysical Properties of Amino Acids 

The a mino acids e ncoded directly by the geneti c code can be d ivided into 

severa l groups based on their prope rti es. Important factors are charge, 

hydrophilicity o r hydrophobicity, size, and functional groups. These properti es are 

important for protei n structure and protein - protein interactions. The water-solu ble 

p roteins tend to have their hydrophobic residues (Leu, lie, Va l, Phe, a nd Trp) buri ed 

in the middle of the prote in, w hereas hydrophilic side-chains a re exposed to the 

aqueous so lvent. Some modi fica tions can produce hydrophobic lipoproteins, or 

hydroph il ic glycoprote ins. These typ es of modifi cati on allow the reve rs ible targeting 

of a protein to a membrane. For example, the additi on and removal of the fatty acid 

palmiti c acid to cysteine res idues in some signaling proteins causes the prote ins to 

attach a nd then detach from cell membra nes. 

J/.3. SOLUTION CHEMISTRY 

The branch of physical chem istry tha t stud ies the cha nge in properties that 

a rise w hen one substa nce d issolves in another is ca lled Solution chemis try. In 

'Solution Chemistry' broadl y three types of approaches have been made to estimate the 

ex tent of solvation. The first is the salvational approach involving the studies of viscosity. 

conductance. etc .. of e lectrolytes and the deri vati on of various factor associated with 

ioni c salvation,! 1111 the second i the thermodynamic approach by measuring the free 
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energies, enthalpies and entropies of solvation of ions from which factors associated with 

solvation can be elucidated,f:JI.3SJ and the third is to use spectroscopic measurements 

where the spectral solvent shifts or the chemical shifts determine their qualitative and 

quantitative nature.[IJI.36J 

The mixing of different solute or solvent with another solvent/solvent 

mixtures gives rise to solutions that generally do not behave ideally. This deviation 

from ideality is expressed in terms of thermodynamic parameters, by excess 

properties in case of liquid-liquid mixtures and apparent molar properties in case of 

solid-liquid mixtures. These thermodynamic properties of solvent mixtures 

corresponds to the difference between the actual property and the property if the 

system behaves ideally and thus are useful in the study of molecular interactions and 

arraangements. In particular, they reflect the interaction that take place between 

solute-solute, solute-solvent and solvent-solvent species. The addition of an ion or 

solute modifies the solvent structure to an extent whereas the solute molecules are 

also modified. The extent of ion-solvation is dependent upon the interactions taking 

place between solute-solute, solute-solvent, solvent-solvent species. The assesment 

of ion-pairing in these systems is important because of its effect on the ionic mobility 

and hence on the ionic conductivity of the ions in solution. These phenomenon thus 

paves the path for research in solution chemistry to elucidate the nature of 

interaction through experimental studies involving densitometry, viscometry, 

interferrometry, refractometry and other suitable methods and to interpret the 

experimental data collected. Complete understanding of the phenomena of solution 

chemistry will become a reality only when solute-solute, solute-solvent and solvent

solvent interactions are elucidated and thus the present research work is intimately 

related to the studies of solute-solute, and solvent-solvent interactions in some 

industrially important liquid systems. 

II. 4. VARIOUS DRIVING FORCES OF INTERACTION 

Intermolecular forces are forces of interaction (attraction or repulsion) which 

act between neighboring particles (atoms, molecules or ions). In a molecule the 

forces binding atoms are due to chemical bonding. The energy required to break a 

bond is called the bond-energy. For example the average bond-energy for 0-H bonds 
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in water is 463k)/mol. The forces holding molecules together are generally called 

intermolecular forces. The energy required to break molecules apart is much smaller 

than a typical bond-energy, but intermolecular forces play important roles in 

determining the properties of a substances. Intermolecular forces are particularly 

important in terms how molecules interact and form biological organisms or even 

life. This link gives an excellent introduction to the interactions between molecules. 

In general, intermolecular forces can be divided into several categories. The 

prominent types are: 

(a) Strong ionic interaction: It has relations to properties of solids. The more 

ionic compound has the higher lattice energy. The following result can be 

explained byway of ionic attraction: LiF, 1036; Lil, 737; KF, 821; MgF2, 2957 

kjjmol. 

(b) Intermediate dipole-dipole forces: Substances, whose molecules have 

dipole moment have higher melting point or boiling point than those of 

similar molecular mass, having no dipole moment. 

+ 
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(c) Weak London dispersion forces or van der Waa/'s force: These forces 

always operate in any substance. The force arisen from induced dipole and 

the interaction is weaker than the dipole-dipole interaction. In general, the 

heavier the molecule, the stronger the van der Waals force of interaction. For 

example, the boiling points of inert gases increase as their atomic masses 

increases due to stronger Landon dispersion interactions. 

London dispersion force (12 bond) 

(d) Hydrogen bonding: Hydrogen bonding is the attractive interaction of a 

hydrogen atom with an electronegative atom, such as nitrogen, oxygen or 

fluorine (thus the name "hydrogen bonding," which should not be confused 

with a covalent bond to hydrogen). The hydrogen must be covalently bonded 

to another electronegative atom to create the bond. These bonds can occur 

between molecules (intermolecular(y), or within different parts of a single 

molecule (intramo/ecularly). The hydrogen bond (5 to 30 k)/mole) is 

stronger than a van der Waals interaction, but weaker than covalent or ionic 

bonds. This type of bond occurs in both inorganic molecules such as water 

and organic molecules such as DNA. Certain substances such as H20, HF, NH3 

form hydrogen bonds, and the formation of which affects properties (m.p, 

b.p, solubility) of substance. 
_..__.bonding 

bebi een.~ rn~fes 

Hbond 

Other compounds containing OH and NH2 groups also form hydrogen bonds. 

Molecules of many organic compounds such as alcohols, acids, amines, and 
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amino acids contain these groups, and thus hydrogen bonding plays an 

important role in biological science. 

Intermolecular hydrogen bonding in a self-assembled dimer complex 

(e) Covalent bonding: Covalent is really intramolecular force rather than 

intermolecular force. It is mentioned here, because some solids are formed 

due to covalent bonding. For example, in diamond, silicon, quartz etc., the all 

atoms in the entire crystal are linked together by covalent bonding. These 

solids are hard, brittle, and have high melting points. Covalent bonding holds 

atoms tighter than ionic attraction. 

Covalent Bonding in Diamond 

(f) Metallic bonding: Forces between atoms in metallic solids belong to another 

category. Valence electrons in metals are rampant. They are not restricted to 

certain atoms or bonds. Rather they run freely in the entire solid, providing 

good conductivity for heat and electric energy. These behaviours of electrons 

give special properties such as ductility and mechanical strength to metals. 
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Metallic Bonding 

swarm of delocall.sed electrons 

All types can be present simultaneously for many substances. Usually, 

intermolecular forces are discussed together with "The States of Matter". 

Intermolecular forces also play important roles in solutions. A summary of the 

interactions is illustrated in the following diagram: 

IOI'Hlipole 

lon-lnduced dipole 

eO QliP 
MethanOl~···~ 
(CH,ClHl 

Hbond 

Dipole-Induced dipole 

~-···· ~OH ChiOroloon 
(CHCt_,l 

DipOle-dipole 

Octane 
(c,ti,,l 

Dispersion 

The majority of reactions occurring in solutions are of chemical or biological in 

nature. It was presumed earlier that the solvent only provides an inert medium for 

chemical reactions. The significance of ion-solvent interactions was realized after 

intensive studies in aqueous, non-aqueous and mixed solventsJIL37. u.3BJ 

Intermolecular forces are also important in determining the solubility of a substance. 
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"Like" intermolecular forces for solute and solvent will make the solute soluble in the 

solvent. In this regard lllfsoln is sometimes negative and sometimes positive. 

Furthermore, solubility is affected by 

(i) Energy of attraction (due Ion-dipole force) affects the solubility. 

(ii) Lattice energy (energy holding the ions together in the lattice). 

(iii) Charge on ions: larger charge means higher lattice energy. 

(iv) Size of the ion: large ions mean smaller lattice energy. 

II. 5. INTERACTIONS IN SOLUTION SYSTEMS 

There are three types of interactions in the solution systems: 

(a) Solvent-solvent interactions: energy required to break weak bonds 

between solvent molecules. 

(b) Solute-solute interactions: energy required to break intermolecular 

bonds between the solute molecules. 

(c) Solute-solvent interactions: L1H is negative since bonds are formed 

between them. 

Solvent-Solvent 

+ 

Solute -Solvent 

Solute ...:.Solute 

For liquid systems, the macroscopic properties are usually quite well known, 

whereas the microscopic structure is often much less studied. The liquid phase is 

characterized by local order and long-range disorder, and to study processes in 

liquids, it is therefore valuable to use methods that probe the local surrounding of 
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the constituent particles. The same is also true for solvation processes: a local probe 

is important to obtain insight into the physical and chemical processes going on. 

11. 6.1NVESTIGATION ON DIFFERENT KIND OF INTERACTIONS 

When salt is dissolved in water, the ions of the salt dissociate from each other 

and associate with the dipole of the water molecules. This result in a solution called 

an 'electrolyte'. 

NaCI(s) Hydrated cation, 
Na"(aq) 

This means that the forces of interaction (attraction or repulsion) depending on 

whether like or unlike charges are closer together. On average, dipoles in a liquid 

orient themselves to form attractive interactions with their neighbours, but thermal 

motion makes some instantaneous configurations unfavourable. 

Therefore, if a crystal salt is put in water, the polar water molecules are 

attracted to ions on the crystal surfaces. The water molecules gradually surround 

and isolate the surface ions. The ions become hydrated. They gradually move away 

from the crystal into solution. This separation of ions from each other is called 

'dissociation'. The surrounding of solute particles by solvent particles is called 

'solvation'. When the ions are dissociated, each ionic species in the solution acts as 

though it were present alone. Thus, a solution of sodium chloride acts as a solution of 

sodium ions and chloride ions. 
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The determination of thermodynamic, transport, acoustic and optical 

properties of different electrolytes in various solvents would thus provide an 

important step in this direction. Naturally, in the development of theories, dealing 

with electrolyte solutions, much attention has been devoted to 'ion-solvent 

interactions' which are the controlling forces in infinitely dilute solutions where ion

ion interactions are absent. It is possible by separating these functions into ionic 

contributions to determine the contributions due to cations and anions in the solute

solvent interactions. Thus ion-solvent interactions play a crucial role to understand 

the thermophysical, thermodynamic and physicochemical properties of solutions. 

One of the causes for the intricacies in solution chemistry is that the structure 

of the solvent molecule is not known with certainty. The introduction of a solute also 

modifies the solvent structure to an uncertain magnitude whereas the solute 

molecule is also modified and the interplay of forces like solute-solute, solute-solvent 

and solvent-solvent interactions become predominant, though the isolated picture of 

any of the forces is still not known completely to the solution chemist. 

The problems of ion-solvent interactions which are closely akin to ionic 

salvations can be studied from different angles using almost all the available 

thermophysical, thermodynamic and physicochemical techniques. 

The ion-solvent interactions can also be studied from the thermophysical, and 

thermodynamic point of view, where the changes of free energy, enthalpy and 

entropy, etc. associated with a particular reaction. Qualitatively and quantitatively 

evaluated various thermophysical parameters, from which concluded regarding the 

factors associated with the ion-solvent interactions occurred in the studied solutions. 

Similarly, the ion-solvent interactions can be studied using salvational 

approaches involving the studies of different properties such as, density, viscosity, 

ultrasonic speed, refractive index and conductance of electrolytes and various 

derived parameters, factors associated with ionic solvation. 

We shall particularly dwell upon the different aspects of these thermophysical, 

thermodynamic, transports, acoustic and optical properties as the present research 

work is warmly allied to the studies of ion-ion, ion-solvent and solvent-solvent 

interactions. 
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11.6.1. Ion-Solvent Interaction 

Ion-solvation is a phenomenon of primary interest in many milieu of 

chemistry because solvated ions are omnipresent on Earth. Hydrated ions occur in 

aqueous solution in many chemical and biological systems.! 11.39] Solvated ions appear 

in high concentrations in living organisms, where their presence or absence can 

fundamentally alter the functions of life. Ions solvation in organic solvents, mixtures 

with water and other organic solvents are awfully common. I 11.40] The exchange of 

solvent molecules around ions in solutions is fundamental clue to the understanding 

of the reactivity of ions in solution.! II.4tl Solvated ions also play a key role in 

electrochemical applications, where for instance the conductivity of electrolytes 

depends on ion-solvent interactions.! 11.42] 

The formation of mobile ions in s.lution is a basic aspect to electrochemistry. 

There are two distinct ways that mobile ions form in solution to create ionically 

conducting phases. For example first one is illustrated for aqueous acetic acid below. 

- + 
. P 1"

0
,H Proton-transfer 

· H3C· C, I + (, reaction 
I 0-H H 
Neutral acetro Neutrnl 
acid molecule water 

Acetate ion Hyllrooium ion 

_ll1~l~!L __ .. 

The chemical method of producing ionic solutions 

The second one involves dissociation of a solid lattice of ions such as the lattice 

of sodium chloride. In the ion formation, the solvent colliding with the walls of the 

crystal gives the ions in the crystal lattice is energetically a better deal than they have 

within the lattice. It entices them out and into the solution. Thus there is a 

considerable energy of interaction between the ions and the solvent molecules. 

These interactions are collectively termed as ion-solvent interactions. 
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Ions orient dipoles. The spherically symmetrical electric field of the ion may 

tear solvent dipoles out of the solvent lattice and orient them with appropriate 

charged end toward the central ion. Thus, viewing the ion as a point charge and the 

solvent molecules as electric dipoles, ion-dipole forces become the principal source 

of ion-solvent interactions. The majority of reactions occurring in solutions are 

chemical or biological in nature. It was presumed earlier that the solvent only 

provides an inert medium for chemical reactions. The significance of ion-solvent 

interactions was realized after extensive studies in aqueous, non-aqueous and mixed 

so I vents.IIIL43·lii.S2J 

Most chemical processes of individual and biological importance occur in 

solution. The role of solvent is so great that million fold rate changes take place in 

some reactions simply by changing the reaction medium. Our bodies contain 65 to 

70% water, which acts as a lubricant, as an aid to digestion and more specifically as a 

stabilizing factor to the double helix conformations of DNA. With the exceptions of 

heterogeneous catalytic reactions most reactions in technical importance occur in 

solutions. In addition, molecules not only have to travel through a solvent to their 

reaction partner before reacting, but also need to present a sufficiently unsolvated 

rate for collision. The solvent governs the movement and energy of the reacting 

species to such an extent that a reaction undergoes a several-million fold change in 

rate when the solvent is changed. As water is the most abundant solvent in nature 

and its major importance to chemistry, biology, agriculture, geology, etc., water has 

been extensively used in kinetic and equilibrium studies. But still our knowledge of 

molecular interactions. in water is extremely limited. 

Moreover, the uniqueness of water as a solvent has been questioned r·u.s3, ]1.54] 

and it has been realized that the studies of other solvent media like non aqueous and 

mixed solvents would be of great help in understanding different molecular 

interactions and a host of complicated phenomena. The organic solvents have been 

classified on the basis of dielectric constants, organic group types, acid base 

properties, or association through hydrogen bonding[39J donor-acceptor 

properties[.11.55, '11.56l hard and soft acid-base principles['II.S7J etc. As a result, the 

different solvents show a wide change in properties, ultimately influencing their 

thermophysical, thermodynamic, transport and acoustic properties qualitatively and 
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quantitatively, in presence of electrolytes and non-electrolytes in these solvents. The 

determination of thermophysical, thermodynamic, transport and acoustic properties 

for various electrolytes or non-electrolytes in a variety of solvents would thus 

provide important information in this direction. Henceforth, in the development of 

theories of electrolytic solutions, much attention has been devoted to the controlling 

forces 'ion-solvent interactions' in infinitely dilute solutions wherein ion-ion 

interactions are almost absent By separating these functions into ionic 

contributions, it is possible to determine the contributions of cations and anions in 

the ion-solvent interactions. One of the causes for the intricacies in solution 

chemistry is the uncertainty about the structure of the solvent molecules in solution. 

The introduction of a solute modifies the solvent structure to an uncertain 

magnitude, the solvent molecule and the interplay of forces like solute-solute, solute

solvent also modifY the solute molecule and solvent-solvent interactions become 

predominant, though the isolated picture of any of the forces is still not known 

completely to the solution chemist. 

Qualitative analysis of ion-solvent interactions can be studied by FTIR 

spectrometry.[ 11.58. 11.59] The spectral solvent shifts or the chemical shifts can 

determine the qualitative and quantitative nature of ion-solvent interactions. But 

even qualitative or quantitative apportioning of the ion-solvent interactions into the 

various possible factors is still an uphill task. It is thus apparent that the real 

understanding of the ion-solvent interaction is a difficult task. The aspect embraces a 

wide range of topics but we concentrated only on the measurement of transport 

properties like viscosity, conductance etc; thermophysical, thermodynamic 

properties as apparent or partial molar volumes, apparent molar adiabatic 

compressibility, and spectral properties as FTIR spectroscopy etc. 

II. 6.2. Ion-Ion Interaction: 

Ion-solvent interactions are only a part of the story of an ion related to its 

environment. The surrounding of an ion sees only other ions, no solvent molecules. 

The mutual interactions between these ions represent the essential part 'ion-ion 

interactions'. The degree ofion-ion interactions affects the properties of solution and 

depends on the nature of electrolyte under investigation. Ion-ion interactions, in 
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general, are stronger than ion-solvent interactions. Ion-ion interaction in dilute 

electrolytic solutions is now theoretically well understood, but ion-solvent 

interactions or ion-solvation still remains a complex process. While proton transfer 

reactions are particularly sensitive to the nature of the solvent, it has become cleared 

that the solvents significantly modify the majority of the solutes. Conversely, the 

nature of the strongly structured solvents, such as water, is substantially modified by 

the presence of solutes. Complete understanding of the phenomena of solution 

chemistry will become a reality only when solute-solute/ion-ion, solute-solvent/ ion

solvent and solvent-solvent interactions are elucidated. And thus the present thesis 

is affectionately related to the studies of solute-solute/ion-ion, solute-solvent/ ion

solvent and solvent-solvent interactions in some liquid systems. 

II. 6. 4. Solvent-Solvent Interactions (Theory of Mixed Solvents) 

As the mixed and non-aqueous solvents are increasingly used in 

chromatography, solvent extraction, in the elucidation of reaction mechanism, in 

preparing high density batteries, etc. a number of molecular theories, based on either 

the radial distribution function or the choice of suitable physical model, have been 

developed for mixed solvents. L. jones and Devonshirerll.60l were first to evaluate the 

thermodynamic functions for a single fluid in terms of interchange energy 

parameters. They used "Free volume" or "Cell model". Prigogine and Garikian[lll.61J 

extended the above approach to solvent mixtures. Prigogine and Bellemans[IIL62J 

developed a two fluid version of the cell model. They found that while excess molar 

volume (VE) was negative for ·mixtures with molecules of almost same size, it was 

large positive for mixtures with molecules having small difference in their molecular 

sizes. Treszczanowicz et. a/JII.63J suggested that VE is the result of several 

contributions from several opposing effects. These may be divided arbitrarily into 

three types, viz., physical, chemical and structural. 

Physical contributions contribute a positive term to VE. The chemical or 

specific intermolecular interactions result in a volume decrease and contribute 

negative values to VE. The structural contributions are mostly negative and arise 

from several effects, especially from interstitial accommodation and changes in the 
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free volume. The actual volume change would therefore depend on the relative 

strength of these effects. However, it is generally assumed that when J1E is negative, 

viscosity deviation (lllJ) may be positive and vise-versa. This assumption is not a 

concrete one, as evident from some studiesJIL64, i11.6SJ Rastogi et al.l n.66J therefore 

suggested that the observed excess property is a combination of an interaction and 

non-interaction part. The non-interaction part in the form of size effect can be 

comparable to the interaction part and may be sufficient to reverse the trend set by 

the latter. Pitzerl;ll.67J, L. Hugginsi•1L681 introduced a new approach in his theory of 

conformal solutions. Using a simple perturbation approach, he showed that the 

properties of mixtures could be obtained from the knowledge of intermolecular 

forces and thermophysical and thermodynamic properties of the pure components. 

Rowlinson et a/.1 '11.69- •a.7tJ reformulated the average rules for Vander Waal's 

mixtures and their calculated values were in much better agreement with the 

experimental values even when one fluid theory was applied. The more recent 

independent effort is the perturbation theory of Baker and Henderson.! !11.72] A more 

successful approach is due to Flory who made the use of certain features of cell 

theoryl'i1.73. 11.7SJ and developed a statistical theory for predicting the excess 

properties of binary mixtures by using the equation of state and the properties of 

pure components along with some adjustable parameters. This theory is applicable 

to mixtures containing components with molecules of different shapes and sizes. 

Patterson and Dilamasl'll.?6J combined both Prigogine and Flory theories to a unified 

one for rationalizing various contributions of free volume, internal pressure, etc. to 

the excess thermodynamic properties. HeintzJHL77· HL79l and coworkers suggested a 

theoretical model based on a statistical mechanical derivation and accounts for self

association and cross association in hydrogen bonded solvent mixtures is termed as 

Extended Real Associated Solution model (ERAS). It combines the effect of 

association with non-associative intermolecular interaction occurring in solvent 

mixtures based on equation of state developed originally by Flory. Subsequently the 

ERAS model has been successfully applied by many workersf'ILso- '11-821 to describe the 

excess thermodynamic properties of alkanol-amine mixtures. A new symmetrical 

reformation on the Extended Real Association (ERAS) model has been described in 

the literature.['ll.B3J The symmetrical-ERAS (S-ERAS) model makes it possible to 
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describe excess molar enthalpies and excess molar volumes of binary mixtures 

containing very similar compounds described by extremely small mixing 

functions.JIII.B4l Gepert et a/J<li.BSJ applied this model for studying some binary systems 

containing alcohols. 

II. 7. DENSITY 

The thermophysical properties of liquid mixtures have attracted much 

attention from both theoretical and engineering applications points of view. Many 

engineering applications require quantitative data on the density of liquid systems. 

They also provide information about the nature and molecular interactions between 

electrolyte or non-electrolyte and liquid components. 

The volumetric property 'Density' is a function of weight, volume and mole 

fraction and excess volumes of mixing. One of the well-recognized approaches to the 

study of molecular interactions in fluids is the use of thermophysical, 

thermodynamic methods. Thermophysical properties are generally convenient 

parameters for interpreting solute-solvent/ion-solvent and ion-ion/solute-solute 

interactions occurring in the solution phase. Fundamental properties such as 

enthalpy, entropy and Gibbs energy represent the macroscopic state of the system as 

an average of numerous microscopic states at a given temperature and pressure. An 

interpretation of these macroscopic properties in terms of molecular phenomena is 

generally difficult. Sometimes higher derivatives of these properties can be 

interpreted more effectively in terms of molecular interactions. The volumetric 

information may be of immense importance in this regard. Various concepts 

regarding molecular interaction in solutions is electrostriction,l•H.B6J hydrophobic 

hydration,fHI.B71 micellization,fiii.BBJ and co-sphere overlap during ion-solvent/solute

solvent interactionsf.II.B9J have been derived and interpreted from the partial molar 

volume data for electrolytes and non-electrolytes. 
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/1. 7.1. Apparent and Partial Molar Volumes 

Density data can be used for the calculation of molar volume of a pure 

substance. In complex multi-component systems such as solutions, it is easier to 

describe a system in terms of the intrinsic or molal properties rather than the 

extensive properties. Any extensive property of a system can be calculated as the 

sum of the respective partial molal properties if all components have a known 

concentration. Although the additive definition of partial molal properties is 

convenient, direct measurement of these solution properties are difficult, because 

interactions with other species contribute to partial molal properties. When dealing 

with solutions it is more common to measure the apparent molal quantities, ¢r, 

which can be defined as the change in property, Y, due to a known amount of solute 

in a known amount of solvent, assuming the contribution by the solvent is the same 

as that of the pure species. In other words, all changes in the state properties can be 

attributed to the presence of the solute, even if these changes contribute to a change 

in partial molal property of the solvent The apparent molal property of any solute, 

l/!2.r, can be defined as 

(II. la) 
n, 

where, n1 and nz represent the mole of the solvent and solute respectively, in the 

-o 
system. 1/Jr, denotes the partial molal property of the pure solvent Because the 

solvent is assumed to contribute a definite, constant quantity for all solute 

concentrations at fixed temperature and pressure, the partial derivative of the 

extensive property with respect to the number of moles of solute can be defined in 

terms of the apparent molal quantity: 

(II. lb) 

Eqs (II.la) and (II.lb) shows that if the apparent molal property and its derivative 

with respect to moles of solute is known, the partial molal property can be 

calculated. In other words, if any appropriate Eq. for the apparent molal property 

with respect to any concentration scale, which is in good .agreement with 
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experimental data is known, the apparent molal property at infinite dilution can also 

be found out. Theoretically, as the concentration approaches zero, the apparent 

molal property approaches the partial molal property of the solute at infinite 

dilution, because by definition the solvent is already assumed to be in its pure form. 

If the apparent molal property is assumed to reflect the apparent molal property of 

the solute only and not the solute-solvent complex, then the apparent molal property 

at infinite dilution, ¢,_~"' would be equal to the standard state molal property of the 

solute, as defined by Henry's law. Ignoring the previous equality, equation of state 

developed for standard state partial molal variables have been used successfully to 

describe partial molal quantities at infinite dilution. 

Molar volume =(dVjdn2) 
(Vmfcm3moJ1) 

Moles of solute (n2jmole) 

Figure II. 9a: A diagram for the explanation of molal volume 

The easiest way to explain this is in terms of the molal volume, Vm, shown in the 

Figure 11.9a, where the volume increases with respect to the amount of solute added. 

A dissolved solute has its own property, referred to as partial molal property. Figure 

11.9b shows an extremely large tank containing 1 mol·L-1 solution of a solute with a 

certain volume, shown at position (a). If lmole of solute is added to the solution in 

the tank, the volume will increase to (b); however the concentration of the other 

species of the solution will not change by any detectable amount 
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Figure 11.9b: A diagram to assist in the explanation of a partial molal volume 

Therefore for a two component system, where one component is the solvent and the 

other is solute, the total volume of the system can be represented as the sum of the 

partial molal volumes of the solvent, V~, and the solute, V,: 

(II. lc) 

Dividing Eq. (II. lc) by nt+ nz, the molal volume of the solution is obtained as: 

(II. ld) 

where, x1 and xz represent the mole fraction of the solvent and the solute, 

respectively. The partial molal property of a solute is defined as the change in the 

total property of the system with respect to the change in the number of moles of 

solute added, with all other variables (T, P, and the amount of the solvent) are held 

constant. An alternative, widely used property of the solute is the apparent molal 

property. The apparent molal volume is the volume that should be attributed to the 

solute in solution if it is assumed that the solvent contributes the exact volume it 

would if it was in its pure state. 

Under this assumption, the apparent molal volume of the solute, ¢2.v, as defined by 
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Harned and Owen, is the difference between the total volume (or the total molal 
-0 

volume) and the partial molal volume of the pure solvent (V1) divided by the 

number of moles (or the mole fraction) of the solute present: 

(II. 1e) 

(II. 1f) 

-0 
In experimentation, V1 is generally considered to be constant over the range of 

solute concentration at constant temperature and pressure. Hence, ¢, v, can be easily 

calculated using Eq. (II. 1e) or (II. 1f) when the total volume or molal volume is 

known. Eq. (II. 1e) can be modified in order to find out the apparent molal volume of 

a solute using density of the solution containing the solute and the density of the 

pure solvent, p and po, respectively. Assuming there is 1 kilogram (kg) of solvent: 

therefore, 
-o 
VI 

V=-+m-·f/1, M ··-z •. v 
I 

where, Mt is the molal mass of the solvent. 

-o 

Since p1 = V 1 
, Eq. (II. 1g) becomes: 

Ml 

I 
V=-+m2 ·f/12 v 

PI . 

(II. 1g) 

(II. 1h) 

where, mz is the molality of the solute (which is equivalent to nt if 1kg of solvent is 

present). The entire mass of the solution will be composed of the mass of the solvent 

(1kg) and the mass of the solute (mz-Mz). Since volume is the ratio of mass to density, 

the equation for Vbecomes: 

l+m, ·M2 I ¢ 
P 

-+m,· 2.V 
I pi 

(II. 1i) 

By rearranging this Eq. (II. 1h) and solving for¢,.v, an equation for apparent molal 

volume for 1 kg of the solute is obtained: 
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However, the volume contributed to a solvent by the addition of one mole of 

an ion is difficult to determine. This is so because, upon entry into the solvent, the 

ions change the volume of the solution due to a breakup of the solvent structure near 

the ions and the compression of the solvent under the influence of the ion's electric 

field, i.e., electrostriction. Electrostriction is a general phenomenon and whenever 

there are electric fields of the order of 109-1010 V·m·l, the compression of ions and 

molecules is likely to be significant. The effective volume of an ion in solution, the 

partial molar volume, can be determined from a directly obtainable quantity 

apparent molar volume ( t/Jv ). Thus the apparent molar volumes of the solutes can be 

calculated by using the following relation;! 11-90l 

or 

~ = M 1000(P-Po) 

Po CPa 

M lOOO(p- Po) 
~=-

p mppo 

(II.lk) 

(11.11) 

where M is the molar mass of the solute, c is the molarity, m is the molality of the 

solution; Po and p are the densities of the solvent and the solution respectively. The 

partial molar volumes, ¢,,. can be obtained from the equation;P'-91l 

_ + (1000-c¢,.) cYz(iJtPvl ) 
¢,v - tPv y, (a¢,. I ) I a.Jc 

2000+c ' la.Jc 
(II. 2) 

The extrapolation of the apparent molar volume of electrolyte to infinite 

dilution and the expression of the concentration dependence of the apparent molar 

volume have been made by four major equations over a period of years- the Masson 

equation,1'11.92J the Redlich-Meyer equation,lll·93l the Owen-Brinkley equation,l.l'-94l and 

the Pitzer equationJ11.64J Masson found that the apparent molar volume of 

electrolyte, ¢v, vary with the square root of the molar concentration by the linear 

equation: 

(II. 3a) 
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¢v = ¢v + Sv-vm (II. 3b) 

where, ¢~ is the apparent molar volume (equal to the partial molar volume) at 

infinite dilution and s; the experimental slope. The majority of ¢v data in wated11L95l 

and nearly all ¢v data in non-aqueous[IIL96·.1LtooJ solvents have been extrapolated to 

infinite dilution through the use of equation (II. 3a) or (Il.3b ). 

The temperature dependence of ¢~ or various investigated electrolytes in 

various solvents can be expressed by the general equation as follows: 

(II. 4) 

where a0 , a" a2 are the coefficients of a particular electrolyte and T is the 

temperature in Kelvin. 

The limiting apparent molar expansibilities ( ¢~) can be obtained by the 

following equation: 

(II. 5) 

The limiting apparent molar expansibilities ( ¢~) change in magnitude with 

the change of temperature. During the past few years it has been emphasized by a 

number of workers that s; is not the sole criterion for determining the structure

making or breaking tendency of any solute. HelperfiLtotJ developed a technique of 

examining the sign of (8¢~/8 T )P for the solute in terms of long-range structure

making and breaking capacity of the electrolytes in the mixed solvent systems. The 

general thermodynamic expression used is as follows: 

(II. 6) 

If the sign of (8¢~ /8 T )P is positive or small negative the electrolyte is act as 

structure maker and when the sign of (8¢~ /8 T )Pis negative, it is a structure 

breaker. Redlich and Meyerl'11.93] have shown that an equation (II. 3a) or (II. 3b) 
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cannot be any more than a limiting law where for a given solvent and temperature, 

the slope Sv' should depend only upon the valence type. They suggested the equation: 

¢,. = ¢.? + S,, ..Jc + b,.c (ll. 7) 

where 
3/ 

S =Kw12 ,. (ll. 8) 

Sv is the theoretical slope, based on molar concentration, including the 

valence factor where 

j 

w= o.s~):z,' (ll. 9) 
; 

and K = N' e2 Sll' 
2 

CJ In E - f3 y, [( ) ] 
( 1000E3 RT) dp T 3 

(II. 10) 

In equation (ll. 10), K is the compressibility of the solvent and the other 

terms have their usual significance. 

The Redlich-Meyer's extrapolation equationi•IL93J adequately represents the 

concentration dependence of many 1:1 and 2:1 electrolytes in dilute solutions; 

however, studiesri1.93-'IL104J on some 2:1, 3:1 and 4:1 electrolytes show deviations 

from this equation. Thus, for polyvalent electrolytes, the more appropriate Owen

Brinkley equation[•II.94J can be used to aid in the extrapolation to infinite dilution and 

to adequately represent the concentration dependency of ¢v . The Owen-Brinkley 

equation[.II.94J which includes the ion-size parameter, 'a' (em), is given by: 

(ll.ll) 

where the symbols have their usual significance. However, this equation is not 

widely used for non-aqueous solutions. 

Recently, the Pitzer formalism has been used by Pogue and Atkinson[III.lOSJ to 

fit the apparent molal volume data. The Pitzer equation for the apparent molar 

volume of a single salt M )X is : 

9t =~+ViZMZxiAvi2bin(l +bA )+2yM YxRT[ mBi., +m'(rM Yx )~ C~] (ll.12) 

where the symbols have their usual significance. 
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11. 7. 2. Limiting Ionic Partial Molar Volumes 

The individual partial ionic volumes provide information relevant to the 

general question of the structure near the ion, i.e., its solvation. The calculation of the 

ionic limiting partial molar volumes in organic solvents is, however, a difficult one. At 

present, however, most of the existing ionic limiting partial molar volumes in organic 

solvents were obtained by the application of methods originally developed for 

aqueous solutions to non aqueous electrolyte solutions. In the last few years, the 

method suggested by Conway eta/.[ 11.106] has been used more frequently. The authors 

used the method to determine the limiting partial molar volumes of the anion for a 

series of homologous tetra-alkyl ammonium chlorides, bromides and iodides in 

aqueous solution. They plotted the limiting partial molar volume¢~ • NX , for a series 
' 

of these salts with a halide ion in common as a function of the formula weight of the 

cation, MR4N• and obtained straight-lines for each series. Therefore, they suggested 

the following equation: 

(II. 13) 

The extrapolation to zero cationic formula weight gave the limiting partial 

molar volumes of the halide ions¢Sx- . Uosaki et a/J•II.l07J used this method for the 

separation of some literature values and of their own ¢S.,Nx values into ionic 

contributions in organic electrolyte solutions. Krumgalz [ 11.10BJ applied the same 

method to a large number of partial molar volume data for non-aqueous electrolyte 

solutions in a wide temperature range. 

11.7.3. Excess Molar Volumes 

The excess molar volumes, VE are calculated from the molar masses M1 and the 

densities of pure liquids and the mixtures according to the following equation;[!11.109, 

:11.110] 

n 

VE =I x.M.( 1..-.l..) 
i=l I ' p P; 

(II. 14) 

where p1 and p are the density of the i'h component and density of the 

solution mixture respectively. VE is the resultant of contributions from several 
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opposing effects. These may be divided arbitrarily into three types, namely, chemical, 

physical and structural. Physical contributions, which are nonspecific interactions 

between the real species present in the mixture, contribute a positive term to VE. The 

chemical or specific intermolecular interactions result in a volume decrease, thereby 

contributing negative VE values. The structural contributions are mostly negative and 

arise from several effects, especially from interstitial accommodation and changes of 

free volumeJ;n.49l These phenomena are the results of difference in energies of 

interaction between molecules being in solutions and packing effects. Disruption of 

the ordered structure of pure component during formation of the mixture leads to a 

positive effect observed on excess volume while an order formation in the mixture 

leads to negative contribution. 

11.8. VISCOSITY 

As fundamental and significant property of liquids is viscosity, provide a lot of 

information on the structures and molecular interactions in liquid systems. Viscosity 

and volume are different types of properties of one liquid, and there is a certain 

relationship between them. So by measuring and studying them together, relatively 

more realistic and comprehensive information could be expected to be gained. The 

viscometric information includes 'Viscosity' as a function of composition on the basis 

of weight, volume and mole fraction; comparison of experimental viscosities with 

those calculated with several equations and excess Gibbs free energy of viscous flow. 

Viscosity, one of the most important transport properties is used for the 

determination of ion-solvent interactions and studied extensivelyJlll.ll!, :u.uz] It is not 

a thermodynamic quantity, but of an electrolytic solution along with the 

thermophysical property, the partial molar volume ¢~2 , gives a lot ofinformation and 

insight regarding ion-solvent interactions and the nature of structures in the 

electrolytic solutions. 
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11.8.1. Viscosity of Pure Liquids and Liquid Mixtures 

Since the molecular motion in liquids is controlled by the influence of the 

neighbouring molecules, the transport of momentum in liquids takes place, in sharp 

contrast with gases at ordinary pressures, not by the actual movement of molecules 

but by the intense influence of intermolecular force fields. It is this aspect of the 

mechanism of momentum transfer which forms the basis of the procedures for 

predicting the variations in the viscosity of liquids and liquid systems. 

11.8.2. Early Theoretical Considerations on Liquid Viscosity 

The theoretical development of liquid viscosity in early stages has been 

reviewed Andrade [111.113] and FrenkeJJIII.114J By considering the forces of collision to 

be the only important factor and assuming that at the melting point, the frequency of 

vibration is equal to that in the solid state and that one-third of the molecules are 

vibrating along each of the three directions normal to one another. Andrade [111.113] 

developed equations which checked well against data on mono atomic metals at the 

melting point. Frenkel 111 1.1141 considered the molecules of a liquid to be spheres 

moving with an average velocity with respect to the surrounding medium and using 

Stokes' law and Einstein's relation for self diffusion-coefficient, arrived at a 

complicated expression for liquid viscosity with only limited applicability. 

Furthlt11.11SJ assumed the momentum transfer to take place by the irregular Brownian 

movement of the holesii!L116l which were linked to clusters in a gas and thus, in 

analogy with the gas theory of viscosity and with assumption of the equipartition law 

of energy, showed that for liquids: 

R T( ) A 1]=0.915 ~ ~ eR,T (II. 15) 

where TJ, V and M are viscosity, volume and mass, respectively, T is the 

temperature, R9 is the universal gas constant, cr is the surface tension and A is the 

work function at the melting point. He compared his theory with experiment as well 

as with the theories of Andradei'IL114l and Ewell & Eyring.lt11.117J Auluck, De & 

Kotharii•IL11BJ further modified the theory and successfully explained the variations of 
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the viscosity with pressure. A critical review of these simple theories and their 

abilities to explain momentum transport in liquids is given by Eisenschitz. [.11.119] 

11.8.3. The Cell Lattice Theory and Liquid Viscosity 

A model related to in the literature by various names such as cell, lattice, cage, 

free volume or one particle model was introduced by Lennard- jones and 

Devonshire[.l!.12o. 11.1211 and further expanded by PopleJII.122J Eisenschitz employing 

this model developed a theory of viscosity by considering the motion of the 

representative molecules to be Brownian and their distribution according to the 

Smoluchowski equation. Even with certain assumptions, the final expression showed 

shortcomings most of which were later overcome in a subsequent publicationJII.123J 

11.8.4. Statistical Mechanical Approach to Liquid Viscosity 

The distribution functions for the liquid molecules were obtained on the basis 

of statistical mechanical theory mainly by the efforts of Kirkwoodldl.124· "11.125] Mayer 

and Montroll,f•II.126J Mayer,! lii.127J Born and Green[lii.12BJ and the considerations on the 

basis of the general kinetic theory led Born and Green[i11.12B. JI.I29J to develop a 

viscosity equation which provided explanation for several empirical equationsl'll.l12. 

·11.113. 111.115] proposed for liquid viscosity. In this connection the theoretical 

contributions of Kirkwood and coworkersli!L116. 11.130· ·11.136] Zwanzig et al.,l 11.137] Rice 

and coworkersl'II.13B-II.141J Longuet- Higgins and Valleau[ill.142l and Davis and 

Coworkers [11.143. '11.144] are worth mentioning. 

11.8.5. Principle of Corresponding States and Liquid Viscosity 

The principle of the corresponding states has been applied to liquids in the 

same way as to gasesl11 L145l the basic assumption being that the intermolecular 

potential between two molecules is a universal function of the reduced 

intermolecular separation. This assumption is a good approximation for spherically 

symmetric mono atomic non-polar molecules. In general, more parameters are 

introduced in the corresponding state correlations on somewhat empirical grounds 

in the hope that such modification in some way compensates the shortcomings of the 
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above stated assumption. In this connection the studies by Rogers and 

Brickwedde,l 11.146] Boon and Thomaes[III.147·'IL149l Boon, Legros and Thomaes,111L150l 

and Hollman and Hijmans[II.151l are worth mentioning. 

11.8.6. The Reaction Rate Theory for Viscous Flow 

Considering viscous flow as a chemical reaction in which a molecule moving 

in a plane occasionally acquires the activation energy necessary to sleep over the 

potential barrier to the next equilibrium position in the same plane. Eyring!IIL1S2J 

showed that the viscosity of the liquid is given by: 

2,hF, LiE." 11- exp--=~ 
- d 2 2 2 F" kT 

2 3 a 

(II. 16) 

where .1t is the average distance between the equilibrium positions in the 

direction of motion, A1 is the perpendicular distance between two neighbouring 

layers of molecules in relative motion, A2 is the distance between neighbouring 

molecules in the same direction and A3 is the distance from molecule to molecule in 

the plane normal to the direction of motion. The transmission coefficient (K) is the 

measure of the chance that a molecule having once crossed the potential barrier will 

react and not recross in the reverse direction, Fn is the partition function of the 

normal molecules, F; that of the activated molecule with a degree of freedom 

corresponding to flow, LJE"', is the energy of activation for the flow process, h is 

Planck's constant and k is Boltzmann constant. Ewell and Eyring argued that for a 

molecule to flow into a hole, it is not necessary that the latter be of the same size as 

the molecule. Consequently they assume that LJE." is a function of LJE,.P for viscous 

flow because LJE,.P is the energy required to make a hole in the liquid of the size of a 

molecule. Utilizing the idea and criteria, certain relations 1'11.117, 'H.1S3J finally gets 

.!.. .!.. 
N Ah(2KmkT) 2 bRTV 3 

'1 = Vh 1 

NJLJEVap 

LJ Evap 
exp 

nRT 
(II. 17) 

where n and b are constant. It was found that the theory could reproduce the trend in 

temperature dependence of 11 but the computed values are greater than the observed 
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values by a factor of 2 or 3 for most liquids. Kincaid, Eyring and Stearnl•ll.t54J have 

summarized all the working relations. 

11.8. 7. The Significant Structural Theory and Liquid Viscosity 

Eyring and coworkerst:n.tss- n.1SBJ improved the "holes in solid" model 

theoryl' 11•154·' 11•159l to picture the liquid state by identifYing three significant 

structures. In brief, a molecule has solid like properties for the short time it vibrates 

about an equilibrium position and then it assumes instantly the gas like behaviour on 

jumping into the neighbouring vacancy. The above idea of significant structures leads 

to the following relation for the viscosity of liquid; [ill.t6o, '11.161] 

v v -v 
11=\tTJs+ V ·'11, (II. 18) 

where Vs is the molar volume of the solid at the melting point and V is the molar 

volume of the liquid at the temperature of interest while l)s and 1)9 are the viscosity 

contributions from the solid-like and gas-like degrees of freedom, respectively. The 

expressions for l)s and 1)9 are given by Carlson, Eyring and Ree.l-11.161] Eyring and 

Reel>'~.t62J have discussed in detail the evaluation of l)s from the reaction rate theory 

of EyringPIL162J assuming that a solid molecule can jump into all neighbouring empty 

sites. The expression for l)s takes the following form;l'II.lS3J 

N Ah ( V ) 6 ( I ) ] ( aE,V, ) 17--- -- -- exp · · 
- ZK Vs 2~ v-v_,. (1-e)f (V-Vs)RT 

(II. 19) 

where NA is Avogadro's number, Z is the number of nearest neighbours, (} is the 

Einstein characteristic temperature, Es is the energy of sublimation and a' is the 

proportionality constant. On the other hand, the term l)g is obtained from the kinetic 

theory of gases[:II.163J by the relation: 

I 

2 (MkT )' 11 • = 3d 2 Jr
3 

(II. 20) 

where dis the molecular diameter and M is the molecular mass. 
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11.8.8. Viscosity of Electrolytic Solutions 

The viscosity relationships of electrolytic solutions are highly complicated. 

Because ion-ion and ion-solvent interactions are occurring in the solution and 

separation of the related forces is a difficult task. But, from careful analysis, vivid and 

valid conclusions can be drawn regarding the structure and the nature of the 

solvation of the particular system. As viscosity is a measure of the friction between 

adjacent, relatively moving parallel planes of the liquid, anything that increases or 

decreases the interaction between the planes will raise or lower the friction and thus, 

increase or decrease the viscosity. lflarge spheres are placed in the liquid, the planes 

will be keyed together in increasing the viscosity. Similarly, increase in the average 

degree of hydrogen bonding between the planes will increase the friction between 

the planes, thereby viscosity. An ion with a large rigid co-sphere for a structure

promoting ion will behave as a rigid sphere placed in the liquid and increase the 

inter-planar friction. Similarly, an ion increasing the degree of hydrogen bonding or 

the degree of correlation among the adjacent solvent molecules will increase the 

viscosity. Conversely, ions destroying correlation would decrease the viscosity. In 

1905, Griineisen["L164l performed the first systematic measurement of viscosities of a 

number of electrolytic solutions over a wide range of concentrations. He noted non

linearity and negative curvature in the viscosity concentration curves irrespective of 

low or high concentrations. In 1929, jones and Dole! IJ.t6SJ suggested an empirical 

equation quantitatively correlating the relative viscosities of the electrolytes with 

molar concentrations (c): 

.!]_ =TJ, =I+ A.fc +Be 
1/o 

The above equation can be rearranged as: 

11:j/ =A+ B* 

(II. 21) 

(II. 22) 

where A and B are constants specific to ion-ion and ion-solvent interactions. The 

equation is applicable equally to aqueous and non aqueous solvent systems where 

there is no ionic association and has been used extensively. The term A..Jc, originally 

ascribed to Griineisen effect, arose from the long-range coulombic forces between 

the ions. The significance of the term had since then been realized due to the 
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development Debye-Hiickel theoryf: 11•166l of inter-ionic attractions in 1923. The A -

coefficient depends on the ion-ion interactions and can be calculated from interionic 

attraction theory [111.167·.11.1691 and is given by the Falkenhagen Vernon [•11.169] equation: 

..t = 0.2577A, [l-Q_6863(4=4~ )
2

] 
''17.eo 71 (ET)0.5 40 40 A 

•to + - 11 

(II. 23) 

where the symbols have their usual significance. In very accurate work on 

aqueous solutions, !'11.1701 A -coefficient has been obtained by fitting '7r to equation (II. 

22) and compared with the values calculated from equation (II. 23), the agreement 

was excellent. The accuracy achieved with partially aqueous solutions was however 

poorer.l· 11-171l A-coefficient suggesting that should be calculated from conductivity 

measurements. Crud den eta/. [•11-1721 suggested that if association of the ions occurs to 

form an ion pair, the viscosity should be changed and thus analysed by the equation: 

(1-a) B,+Bp a (II. 24) 

where A, B; and Bp are characteristic constants and a is the degree of dissociation of 

17 -1-A.Jac (1-a) (1-a) ion-pair. Thus, a plot of ' ac VS a ' when extrapolated to a = 0 

give the intercept B;. However, for the most of the electrolytic solutions both aqueous 

and non-aqueous, the equation (II. 22) is valid up to 0.1 (M)I .11.173, 11.174] within 

experimental errors. At higher concentrations the extended jones-Dole equation (II. 

25), involving an additional coefficient D, originally used by Kaminsky,l'll.175l has been 

used by several workers [:11.176, ·11.177] and is given below: 

.!1_=17 =I+A../c+Bc+Dc' 
17. ' 

(II. 25) 

The coefficient D cannot be evaluated properly and the significance of the 

constant is also not always meaningful and therefore, equation (II. 22) is used by the 

most of the workers. 

The plots of (17 / J~- I) against ..J c for the electrolytes should give the value of 

A-coefficient. But sometimes, the values come out to be negative or considerably 

scatter and also deviation from linearity occur.I'IL174, '11-178- '11-1791 Thus, instead of 
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determining A-coefficient from the plots or by the least square method, the A

coefficient are generally calculated using Falkenhagen-Vernon equation (11. 23). A

coefficient should be zero for non-electrolytes. According to jones and Dole, the A

coefficient probably represents the stiffening effect on the solution of the electric 

forces between the ions, which tend to maintain a space-lattice structureJiiL165l The 

B-coefficient may be either positive or negative and it is actually the ion"solvent 

interaction parameter. It is conditioned by the ions and the solvent and cannot be 

calculated a priori. The B-coefficients are obtained as slopes of the straight lines 

using the least square method and intercepts equal to the A-coefficient. 

The factors influencing B-coefficients are: [•11.180, :11.181] 

(a) The effect of ionic solvation and the action of the field of the ion in producing 

long-range order in solvent molecules, increase 17 orB-value. 

(b) The destruction of the three dimensional structure of solvent molecules (i.e., 

structure breaking effect or depolymeriation effect) decreases 17 values. 

(c) High molal volume and low dielectric constant, which yield high B-values for 

similar solvents. 

(d) Reduced B-values are obtained when the primary solution of ions is sterically 

hindered in high molal volume solvents or if either ion of a binary electrolyte 

cannot be specifically solvated. 

11.8.9. Viscosities at Higher Concentration 

It had been found that the viscosity at high concentrations (1M to saturation) 

can be represented by the empirical formula suggested by Andrade: 

b 

T{ = A exp T (II. 26) 

The several alternative formulations have been proposed for representing the 

results of viscosity measurements in the high concentration range[fii.181-:11.187J and the 

equation suggested by Angeli[iii.188-.11.189J based on an extension of the free volume 

theory of transport phenomena in liquids and fused salts to ionic solutions is 

particularly noteworthy. The equation is: 

CI11-II 



_!_ = Aexp[ K, ] 
1) N

0 
-N 

(II. 27) 

where N represents the concentration of the salt in eqv·litre·t, A and K1 are constants 

supposed to be independent of the salt composition and No is the hypothetical 

concentration at which the system becomes glass. The equation was recast by 

Majumder eta/. [lii.190-III.t92J introducing the limiting condition, that is N ->0, 17-> 1'/o ; 

which is the viscosity of the pure solvent. Thus, we have: 

(II. 28) 

Equation (II. 28) predicts a straight line passing through the origin for the plot of 

In 1) Rei vs. Nj(No-N) if a suitable choice for No is made. Majumder eta/. tested the 

equation (II. 28) by using literature data as well as their own experimental data. The 

best choice for No and Kt was selected by a trial and error methods. The set of K1 and 

No producing minimum deviations between 11;:/ and 17i::,;o was accepted. 

In dilute solutions, N <<No and we have: 

_ (K,NJ-1 (K'JN 1/Rel-exp N; = + N; (II. 29) 

Equation (II. 29) is nothing but the jones-Dole equation with the ion-solvent 

interaction term represented as B= Kt/No2. The arrangement between 8-values 

determined in this way and using jones-Dole equation has been found to be good for 

several electrolytes. 

Further, the equation (II. 28) can be written in the form: 

N _N;_(No)N 
ln'f/Rel K 1 K 1 

(II. 30) 

It closely resembles the Vand's equation[ll.t85J for fluidity (reciprocal for 

viscosity): 

2.5c 

2.3log'f/Ref 

1 
--Qc 
10. 

(II. 31) 

where c is the molar concentration of the solute and Vh is the effective rigid molar 

volume of the salt and Q is the interaction constant. 
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II.B.1 0. Division of B-Coefficient into Ionic Values 

The viscosity B-coefficients have been determined by a large number of 

workers in aqueous, mixed and non-aqueous solvents.[ :11.193-·11·2231 However, the B

coefficients as determined experimentally using the jones-Dole equation, does not 

give any impression regarding ion-solvent interactions unless there is some way to 

identify the separate contribution of cations and anions to the total solute-solvent 

interaction. The division of B-values into ionic components is quite arbitrary and 

based on some assumptions, the validity of which may be questioned. The following 

methods have been used for the division of B-values in the ionic components: 

[1]. Cox and Wolfendeni111.224J carried out the division on the assumption that B;on 

values of Li• and 103- in Lii03 are proportional to the ionic volumes which are 

proportional to the third power of the ionic mobilities. The method of 

GurneyPL22SJ and also of KaminskyPLt7SJ is based on: 

(II. 32) 

The argument in favour of this assignment is based on the fact that the B

coefficients for KCl is very small and that the motilities' of K• and Cl- are very 

similar over the temperature range 288.15-318.15K. The assignment is 

supported from other thermodynamic properties. Nigh tingle,! 11.226] however 

preferred RbCl or CsCl to KCl from mobility considerations. 

[2]. The method suggested by Desnoyers and Perron! 11.176] is based on the 

assumption that the E4N+ ion in water is probably closest to be neither 

structure breaker not a structure maker. Thus, they suggest that it is possible to 

apply with a high degree of accuracy of the Einstein's equation,I'IJ.227J 

B == 0.0025V0 (II. 33) 

and by having an accurate value of the partial molar volume of the ion, V
0

, it is 

possible to calculate the value of 0.359 forB. • in water at 298.15 K. Recently, 
'ht4N 

Sacco eta/. proposed the "reference electrolytic" method for the division of B

values. 

Thus, for tetraphenylphosphonium tetraphenylborate in water, we have: 
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B =B =B 12 

BPh4 - PPh/ BPh~PPh4 (II. 34) 

B11p1,,pp1,, (Scarcely soluble in water) has been obtained by the following method: 

B -B +B -B lJPh4PPh4 - Na/lPh4 PPh4llr Nu/Jr (II. 35) 

The values obtained are in good agreement with those obtained by other methods. 

The criteria adopted for the separation of B-coefficients in non-aqueous solvents 

differ from those generally used in water. However, the methods are based on the 

equality of equivalent conductances of counter ions at infinite dilutions. 

(a) Criss and Mastroianni assumed B K• = B cr- in ethanol based on equal mobilities 

of ionsJII.226] They also adopted s:,,N. = 0.25 as the initial value for 

acetonitrile solutions. 

(b) For acetonitrile solutions, Tuan and Fuossl11L229J proposed the equality, as they 

thought that these ions have similar mobilities. However, according to Springer 

et aJ.l.IL230J ~ (Bu4N+) = 61.4 and ~ (Ph4B-) = 58.3 in acetonitrile. 

(II. 36) 

(c) Gopal and RastogiPL1B0l resolved the B -coefficient in N-methyl propionamide 

solutions assuming thatB. • = B
1

_ at all temperatures. 
Ct4 N 

(d) In dimethyl sulphoxide, the division of B -coefficients were carried out by Yao 

and Beunionl111.179J assuming: 

(II. 37) 

at all temperatures. 

Wide use of this method has been made by other authors for dimethyl 

sulphoxide, sulpholane, hexamethyl phosphotriamide and ethylene carbonate[ n.23tJ 

solutions. The methods, however, have been strongly criticized by KrumgalzJ'Il.23ZJ 

According to him, any method of resolution based on the equality of equivalent 

conductances for certain ions suffers from the drawback that it is impossible to 

select any two ions for which it; =it,~ in all solvents at all temperatures. Thus, 

thoughit; =it~, at 298.15 Kin methanol, but is not so in ethanol or in any other 
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solvents. In addition, if the mobilities of some ions are even equal at infinite dilution, 

but it is not necessarily true at moderate concentrations for which the B - coefficient 

values are calculated. Further, according to him, equality of dimensions of 

(i- pe)3 BuN+ or (i- Am)3 BuN+ and Ph4B- does not necessarily imply the equality of 

B-coefficients of these ions and they are likely to be solvent and ion-structure 

dependent. Krumgalz ['11.232· :II.233l has recently proposed a method for the resolution 

of B -coefficients. The method is based on the fact that the large tetraalkylammonium 

cations are not solvated[;II.234, II.23SJ in organic solvents (in the normal sense involving 

significant electrostatic interaction). Thus, the ionic B-values for large 

tetraalkylammonium ions, R4N+ (where R > Bu) in organic solvents are proportional 

to their ionic dimensions. So, we have: 

(II. 38) 

where a= Bx-B and b is a constant dependent on temperature and solvent nature. 

The extrapolation of the plot of BR.Nx (R > Pr or Bu) against r3 toR4N to zero cation 

dimension gives directly Bx- in the proper solvent and thus B-ion values can be 

calculated. 

The B -ion values can also be calculated from the equations: 

B -B. =BRNX-B' R N+ R N+ 4 R NX 
4 4 4 

(II. 39) 

(11.40) 

The radii of the tetraalkylammonium ions have been calculated from the 

conductometric dataJII.236J Gill and Sharma[!IL214l used Bu4NBPh4 as a reference 

electrolyte. The method of resolution is based on the assumption, like Krumgalz, that 

Bu4N+ and Ph4B- ions with large R - groups are not solvated in non-aqueous solvents 

and their dimensions in such solvents are constant. The ionic radii of Bu4N+ (5.00A) 

and Ph4B (5.35 A) were, in fact, found to remain constant in different non-aqueous 

and mixed non-aqueous solvents by Gill and co-workers. They proposed the 

equations: 
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(II. 41) 

(II. 42) 

The method requires only the B -values of Bu4NBPh4 and is equally applicable 

to mixed non-aqueous solvents. The B -ion values obtained by this method agree well 

with those reported by Sacco eta/. in different organic solvents using the assumption 

as given below: 

(II. 43) 

Recently, Lawrence and SaccoPL217l used tetrabutylammonium 

tetrabutylborate (Bu4NBBu4) as reference electrolyte because the cation and anion in 

each case are symmetrical in shape and have almost equal Van der Waals volume. 

Thus, we have: 

(II. 44) 

(II. 45) 

A similar division can be made for Ph4PBPh4 system. 

Lawrence et a/. also made the viscosity measurements of tetraalkyl (from propyl to 

heptyl) ammonium bromides in DMSO and HMPT. 

The B-coefficients BR
4
NBr = B

8
r_ + a[fxR4N+]were plotted as functions of 

the Vander Waal's volumes. The B
1 

_ values thus obtained were compared with the 
1r 

accurately determined B Br- value using Bu4NBBu4 and Ph4PBPh4 as reference salts. 

They concluded that the 'reference salt' method is the best available method for 

division into ionic contributions. 

Jenkins and Pritcheit[ 1L237l suggested a least square analytical technique to 

examine additivity relationship for combined ion thermodynamics data, to effect 
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apportioning into single-ion components for alkali metal halide salts by employing 

Fajan's competition principle! n.23BJ and 'volcano plots' of Morris.! ·ll·239l The principle 

was extended to derive absolute single ion B coefficients for alkali metals and halides 

in water. They also observed that B cs• = Br suggested by Krumgalz[lll.234l to be more 

reliable than B K• = B cr in aqueous solutions. However, we require more data to test 

the validity of this method. 

It is apparent that almost all these methods are based on certain 

approximations and anomalous results may arise unless proper mathematical theory 

is developed to calculate 8 -values. 

II.8.11. Temperature Dependence of Ionic Viscosity B-Values 

Regularity in the behaviour of 8± and dB±/ dT has been observed both in 

aqueous and non-aqueous solvents and useful generalizations have been made by 

Kaminsky. He observed that (i) within a group of the periodic table the B -ion values 

decrease as the crystal ionic radii increase, (ii) within a group of periodic system, the 

temperature co-efficientof B1on values increase as the ionic radius. The results can be 

summarized as follows: 

(i) A and dA /dT> 0 

(ii) B1on < 0 and dB'"" I dT > 0 

characteristic of the structure breaking ions. 

(iii) B1on > 0 and dB, •• I dT < 0 

characteristic of the structure making ions. 

(I!. 46) 

(II. 47) 

(II. 48) 

An ion when surrounded by a solvent sheath, the properties of the solvent in the 

salvational layer may be different from those present in the bulk structure. This is 

well reflected in the 'Co-sphere' model of Gurney,! ·11•2401 A, B, C Zones of Frank and 

Wenf'II.241J and hydrated radius ofNightingleJH.226J 

Stokes and Mills gave an analysis of the viscosity data incorporating the basic 

ideas presented before. The viscosity of a dilute electrolyte solution has been 

equated to the viscosity of the solvent ('lo) plus the viscosity changes resulting from 
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the competition between various effects occurring in the ionic neighborhood. Thus, 

the Jones-Dole equation: 

(II. 49) 

where 11*, the positive increment in viscosity is caused by coulombic interaction. 

Thus, 

(II. 50) 

B -coefficient can thus be interpreted in terms of the competitive viscosity effects. 

Following Stokes, Mills and Krumgalz(:u.z3ZJ we can write: 

(II. 51) 

whereas according to Lawrence and Sacco: 

(II. 52) 

B~=st is the positive increment arising from the obstruction to the viscous flow of 

the solvent caused by the shape and size of the ions (the term corresponds tor/ or 

Bshape ). B7o~ent is the positive increment arising from the alignment or structure 

making action of the electric field of the ion on the dipoles of the solvent molecules 

(the term corresponds to IIA or Bard ). B~: is the negative increment related to the 

destruction of the solvent structure in the region of the ionic co-sphere arising from 

the opposing tendencies of the ion to orientate the molecules round itself 

centrosymetrically and solvent to keep its own structure (this corresponds to liD or 

Bo;sord ). B:0:'"1 is the positive increment conditioned by the effect of 'reinforcement 

of the water structure' by large tetraalkylammonium ions due to hydrophobic 

hydration. The phenomenon is inherent in the intrinsic water structure and absent in 

organic solvents. Bw and Bsolv account for viscosity increases and attributed to the 

Van der Waals volume and the volume of the solvation of ions. Thus, small and highly 

charged cations like Li+ and Mg2+ form a firmly attached primary solvation sheath 

around these ions ( B7o~ent or liE positive). At ordinary temperature, alignment of the 
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solvent molecules around the inner layer also cause increase in ton 11 • ton 

(TID) is small for these ions. Thus, Bton will be large and positive as 

Bmnsl + BOriem > B 5" However, BlEu;,n·n.<l and Bl(hienl would be small for ions of 
Jon /rm /on on 

greatest crystal radii (within a group) like Cs• or I- due to small surface charge 

densities resulting in weak orienting and structure forming effect. BJ,;: would be 

large due to structural disorder in the immediate neighbourhood of the ion due to 

competition between the ionic field and the bulk structure. Thus, 

B~';;·" + B~~:em < B7,;;, and B10,. is negative. Ions of intermediate size (e.g., K• and Cl·) 

h l b I f < h · · BEinst + BOrient __ BStr ave a c ose a ance o viscous ,orces in t e1r VICinity, i.e., ton ton ton so 

that B is close to zero. 

Large molecular ions like tetraalkylammonium ions have large Bt,:;w because 

f I . b BOriem d BStr Jd b JJ . BEirut BOriem BStr Jd b 0 arge SIZe Ut Ion an /on WOU e sma , I.e., Jon + Jon >> Ion WOU e 

positive and large. The value would be further reinforced in water arising from 

B~:inf due to hydrophobic hydrations. 

The increase in temperature will have no effect onB;;;st. But the orientation 

of solvent molecules in the secondary layer will be decreased due to increase in 

thermal motion leading to decrease in B~;, . BZ:1
'"' will decrease slowly with 

temperature as there will be less competition between the ionic field and reduced 

solvent structure. The positive or negative temperature co-efficient will thus depend 

on the change of the relative magnitudes of BZ:ient and B~;, . 

In case of structure-making ions, the ions are firmly surrounded by a primary 

solvation sheath and the secondary solvation zone will be considerably ordered 

leading to an increase in B10, and concomitant decrease in entropy of solvation and 

the mobility of ions. Structure breaking ions, on the other hand, are not solvated to a 

great extent and the secondary solvation zone will be disordered leading to a 

decrease in B10, values and in~reases in entropy of solvation and the mobility of 

ions. Moreover, the temperature induced change in viscosity of ions (or entropy of 
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solvation or mobility of ions) would be more pronounced in case of smaller ions than 

in case of the larger ions. So, there is a correlation between the viscosity, entropy of 

solvation and temperature dependent mobility of ions. Thus, the ionic 8 -coefficient 

and the entropy of solvation of ions have rightly been used as probes of ion-solvent 

interactions and as a direct indication of structure making and structure breaking 

character of ions. The linear plot of ionic 8-coefficients against the ratios of mobility 

viscosity products at two temperatures (a more sensitive variable than ionic 

mobility) by Gurney[:II.Z40l clearly demonstrates a close relation between ionic 8-

coefficients and ionic mobilities. Gurney also demonstrated a clear correlation 

between the molar entropy of solution values with 8 -coefficient of salts. The ionic 8-

values show a linear relationship with the partial molar ionic entropies or partial 
-o 

molar entropies of hydration (S") as: 

-o -o -o 

s" =s •• -s, (II. 53) 

-u -u -u 
Where, S •• = S ,! + L1S" , S, is the calculated sum of the translational and rotational 

entropies of the gaseous ions. Gurney obtained a single linear plot between ionic 

entropies and ionic 8-coefficients for all mono atomic ions by equating the entropy of 

the hydrogen ion cs;.) to -5.5 cal. mol-1 deg-1. Asmus[.ll.z4zJ used the entropy of 

hydration to correlate ionic 8 values and Nightingaler 11-226l showed that a single 

linear relationship could be obtained with it for both monoatomic and polyatomic 

ions. The correlation was utilized by Abraham et a/.[; 11·2431 to assign single ion 8-

coefficients so that a plot of ..1s; ['11.244, l!I.Z4SJ the electrostatic entropy of solvation 

or L1S;,11 the en tropic contributions of the first and second solvation layers of ions 

against 8 points (taken from the works of Nightingale) for both cations and anions lie 

on the same curve. There are excellent linear correlations between ..1s; and ..1s; and 

the single ion 8 - coefficients. Both entropy criteria ( ..1s; and L1S;,11 ) and 8 - ion 

values indicate that in water the ions Li+, Na+, Ag+ and F- are not structure makers, 

and the ions Rb•, Cs+, Cl-, Br-, rand Cl04-are structure breakers and K+ is a border 

line case. 
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11.8.12. Thermodynamics of Viscous Flow 

Assuming viscous flow as a rate process, the viscosity (IJ) can be represented 

from Eyring's[III.246] approaches as: 

E. ( ) &" ( ) ('1H' &;) TJ=Ae;; = h~A eRT = h~A e RT R (II. 54) 

where E,.,, = the experimental entropy of activation determined from a plot of 

In 1J against 1/T. LIG', LIH' and LIS' are the free energy, enthalpy and entropy of 

activation, respectively. 

Nightingale and Benckl;H.Z47l dealt in the problem in a different way and 

calculated the thermodynamics of viscous flow of salts in aqueous solution with the 

help of the jones-Dole equation (neglecting the A c term). Thus, we have: 

(II. 55) 

(II. 56) 

LIE; can be interpreted as the increase or decrease of the activation energies 

for viscous flow of the pure solvents due to the presence of ions, i.e., the effective 

influence of the ions upon the viscous flow of the solvent molecules. Feakins et 

a/.l11L248l have suggested an alternative formulation based on the transition state 

treatment of the relative viscosity of electrolytic solution. They suggested the 

following expression: 

B 
Cf/J., -f/J.,) + 0 (LIJ4.' -Lif.L,0') 

1000 ¢,': '2 1 OOORT 
(II. 57) 

where ¢,~ 1 and ¢~2 are the partial molar volumes of the solvent and solute 

respectively and Ll,u~· is the contribution per mole of solute to the free energy of 

activation for viscous flow of solution. Ll,u,"' is the free energy of activation for 

viscous flow per mole of the solvent which is given by: 

11!1,"' =t:.G,"' =RTln(Tlo¢,~,/hNA) (II. 58) 
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Further, if B is known at various temperatures, we can calculate the entropy 

and enthalpy of activation of viscous flow respectively from the following equations 

as given below: 

d(LJ.J.t:.') 

dT 

11.8.13. Effects of Shape and Size 

LIS"~ 
2 (II. 59) 

(II. 60) 

Stokes and Mills have dealt in the aspect of shape and size extensively. The 

ions in solution can be regarded to be rigid spheres suspended in continuum. The 

hydrodynamic treatment presented by Einstein!:II.227Jleads to the equation: 

!]_ = 1 + 2.5¢ 
Tfo 

(II. 61) 

where t/J is the volume fraction occupied by the particles. Modifications of the 

equation have been proposed by (i) Sinhar il.249J on the basis of departures from 

spherical shape and (ii) Vand on the basis of dependence of the flow patterns around 

the neighboring particles at higher concentrations. However, considering the 

different aspects of the problem, spherical shapes have been assumed for 

electrolytes having hydrated ions of large effective size (particularly polyvalent 

monatomic cations). Thus, we have from equation (11. 61): 

2.5¢ = A,/c +Be (II. 62) 

Since A,/c term can be neglected in comparison with Be and t/J = c ¢,~, where ¢,~ 1 is 

the partial molar volume of the ion, we get: 

2.5¢,~, = B (II. 63) 

In the ideal case, the B -coefficient is a linear function of partial molar volume 

of the solute, t/J~.t with slope to 2.5. Thus, B± can be equated to: 

B. = 2.5t/JZ 
2.5x 4 { nR!N) 

3 1000 
(II. 64) 

assuming that the ions behave like rigid spheres with a effective radii, R± 

moving in a continuum. R±, calculated using the equation (11. 64) should be close to 
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crystallographic radii or corrected Stoke's radii if the ions are scarcely solvated and 

behave as spherical entities. But, in general, Rt values of the ions are higher than the 

crystallographic radii indicating appreciable solvation. 

The number n• of solvent molecules bound to the ion in the primary solvation 

shell can be easily calculated by comparing the jones-Dole equation with the 

Einstein's equation: 

2.5 
(II. 65) 

where ¢, is the molar volume of the base ion and ¢., , the molar volume of the 

solvent. The equation (II. 65) has been used by a number of workers to study the 

nature of solvation and solvation number. 

II. 8. 14. Viscosity of Non-Electrolytic Solutions 

The equations of Vand,r·n.zso] Thomas,[.n.zst] and MouiikFII.252-.II.254J proposed 

mainly to account for the viscosity of the concentrated solutions of bigger spherical 

particles have been also found to correlate the mixture viscosities of the usual 

nonelectrolytes. These equations are: 

Vand equation: 

Thomas equation: 

Moulik equation: 

ln7l =~= 2.5V,c 
r l-Q l-Qv.c 

17, = l+2.5V• +10.0ScV.2c 

172 =I +Mc2 

(II. 66) 

(11. 67) 

(II. 68) 

where 11, is the relative viscosity, a is constant depending on axial ratios of 

the particles, Q is the interaction constant, v. is the molar volume of the solute 

including rigidly held solvent molecules due to hydration, c is the molar 

concentration of the solutes; I and Mare constants. The viscosity equation proposed 

by Eyring and coworkers for pure liquids on the basis of pure significant liquid 

structures theory, can be extended to predict the viscosity of mixed liquids also. The 

final expression for the liquid mixtures takes the following form: 
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11m= A L 1-exp _; exp all/ Sm Sm 6N h [ " { (-8 )}-''] [ E V ] 
.fir,, (V,, - V,,'") , T RT (Vm - V,, 

+ V,, -Vsm [t ~(m,~T)~ x,] 
V,, i 3d, 1C 

(II. 69) 

where n is 2 for binary and 3 for ternary liquid mixtures. The mixture 

parameters, r,,, Esm' V,,, V,,'" and a'" were calculated from the corresponding pure 

component parameters by using the following relations: 

" 
':11 = LX;2

lj + 'L2x;xjxij 
ie# j 

" 
Esm = 'Lx,~Es;+ 'L2x1xiESii 

i¢j 

" V,, = 'Lx,v, 
I 

r;j = (r;rj )2 

" 
V:'im = LX;Vs; 

I 

and Es-· = (E,.£, .. ) 1 
I} d •'./ 

(} =-h (!!._)~ 
K2JC m 

2 

b = 2Ze[22.106(NA0'
2 

)

4 

-10.559(NA0'
3 

)

2

]-
1

-
2 

(NArY')' 
V, V, .firY V, 

(II. 70) 

(II. 71) 

(II.72) 

(II. 73) 

(II. 7 4) 

(II. 75) 

where a and Er are Lennard-jones potential parameters and the other symbols 

have their usual significance. 

For interpolation and limited extrapolation purposes, the viscosities of 

ternary mixture can be correlated to a high degree of accuracy in terms of binary 

contribution by the following equations.PILzss-:n.z61J 

3 

Tim= LX1T/1 +X1X,[~2 +B12 (X1 -x2)+C12 (~ -x2 )
2

] 

i 

+x2x,[A, + B23 (X2 - x,)+C23 (x2 -x,)2
] 

+x3x1[A,1 +B31 (X, -x1)+C31 (x, -x1)
2

] 

The correlation of ternary is modified to the following form: 

C'hrii 
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3 

rJm = LX;rJ; +x,x2[A12 +B12 (x1 -x2)+C12 (x1-x2 )
2

] 

; 

+ x
2
x,[A,3 + B23 (x2 -x3)+C23 (x2 -x,)2

] 

+ x3x1[A,, + B31 (x3 -x,)+C31 (XJ -x,)2
] 

+ A123 (x1x2x,) 

However, a better result may be obtained using the following relation: 

3 

rJm = LX;7]; +x,x2[A12 +B12 (x1-x2)+C12 (x1-x2 )
2

] 

+x2x3[A, + B23 (x, -x3)+C23 (x2 - x,)2
] 

+x,x,[A31 +B31 (x3 -x1)+C31 (x, -x1)
2

] 

+x,x2x,[A,23 + B123x?Cx2 -x,)2 +C, 23x:(x2 -x,)3
] 

(II. 76b) 

(II. 76c) 

where A1:z. B1:z. Cn Az3, Bz3, Cn A31, 831 and C31, are constants for binary mixtures; 

A123, 8123 and C123 are constants for the ternaries; and the other symbols have their 

usual significance. 

II.8.15. Viscosity Deviation 

Viscosity of liquid mixtures can also provide information for the elucidation of 

the fundamental behaviour of liquid mixtures, aid in the correlation of mixture 

viscosities with those of pure components, and may provide a basis for the selection 

of physico-chemical methods of analysis. Quantitatively, as per the absolute reaction 

rates theory,f"'-2621 the deviations in viscosities ( Ll7]) from the ideal mixture values 

can be calculated as: 

j 

Ll7] = 7]- L (X;7];) (77) 
i=l 

where 7] is the dynamic viscosities of the mixture and x;rJ; are the mole fraction and 

viscosity of jth component in the mixture, respectively. 
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11.8.16. Gibbs Excess Energy of Activation for Viscous Flow 

Quantitatively, the Gibbs excess energy of activation for viscous flow LIG' can 

be calculated as:[•li.263J 

(II. 78) 

where TJ and V are the viscosity and molar volume of the mixture; TJ· and V are the 
' ' 

viscosity and molar volume of 11h pure component, respectively. 

II. 9. ULTRASONIC SPEED 

Ultrasonic or ultrasound, derived from the Latine words "ultra," meanibg 

beyond, and "sonic," meanings sound, is a term used to describe sound waves that 

vibrate more rapidly than the human ear can detect. Ultrasonic waves thus have 

frequencies avove 20,000 Hz. During the 1880s, Curie brothers discovered the 

phenomenon of piezoelectricity. It may be defined as the ability of some materials 

like crystals (e.g. Quartz, Rochelle salt) and certain ceramics to generate an electric 

Field or electric potential in response to applied mechanical stress. 

11.9.1. Apparent Molal Isentropic Compressibility 

In recent years, there has been considerably progress in the determination of 

thermophysical, thermodynamic, acoustic and transport properties of working 

liquids from ultrasonic speeds, density and viscosity measurement. The study of 

ultrasonic speeds and isentropic compressibilities of liquids, solutions and liquid 

mixtures provide useful information about molecular interactions, association and 

dissociation. Various parameters like molar isentropic and isothermal 

compressibilities, apparent molal compressibility, isentropic compressibility, 

deviation in isentropic compressibility from ideality, etc. can very well be evaluated 

and studied from the measurement of ultrasonic speeds and densities in solutions. 

Isentropic compressibilities play a vital role in characterization of binary and ternary 
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liquid mixtures particularly in cases where partial molar volume data alone fail to 

provide an unequivocal interpretation of the interactions. 

Although for a long time attention has been paid to the apparent molal 

isentropic compressibility for electrolytes and other compounds in aqueous 

solutionsl•II.Z64-·n.z6BJ measurements in non-aqueous solvents are still scarce. It has 

been emphasized by many authors that the apparent molal isentropic 

compressibility data can be used as a useful parameter in elucidating the solute

solvent and solute-solute interactions. The most convenient way to measure the 

compressibility of a solvent/solution is from the speed of sound in it. 

The isentropic compressibility (,8.) of a solvent/solution can be calculated 

from the Laplace's equation;l'II.269J 

fJ =_I_ 
s ll 2 p (II. 79) 

where p is the solution density and u is the ultrasonic speed in the solvent/solution. 

The isentropic compressibility (/3,) determined by equation (11. 79) is adiabatic, not 

an isothermal one, because the local compressions occurring when the ultrasound 

passes through the solvent/solution are too rapid to allow an escape of the heat 

produced. 

The apparent molal isentropic compressibility ( ¢K) of the solutions was 

calculated using the relation: 

¢K = M /3, + IOOO(fJ,p0- fJ0p) 
p mppo 

(II. 80) 

where Po is the isentropic compressibility of the solvent mixture, M is the molar 

mass of the solute and m is the molality of the solution. 

The limiting apparent isentropic compressibility ¢~may be obtained by 

extrapolating the plots of ¢K versus the square root of the molal concentration of the 

solutes by the computerized least- square method according to the equation. 

(II. 81) 

The limiting apparent molar isentropic compressibility ( ¢~) and the 

experimental slope S~ can be interpreted in terms of solute-solvent and solute-
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solute interactions respectively. It is well established that the solutes causing 

electrostriction leads to the decrease in the compressibility of the solutionJII.27o.m.m] 

This is reflected by the negative values of ¢;of electrolytic solutions. Hydrophobic 

solutes often show negative compressibilities due to the ordering induced by them in 

the water structure. The compressibility of hydrogen-bonded structure, however, 

varies depending on the nature of the hydrogen bonding involved. However, the poor 

fit of the solute molecules['ll.272. ]1.273] as well as the possibility of flexible hydrogen 

bond formation appear to be responsible for causing a more compressible 

environment and hence positive ¢; values have been reported in aqueous non

electrolyte[!II.274J and non-aqueous non-electrolyte[ 11.275] solutions. 

II. 9.2. Deviation in Isentropic Compressibility 

The deviation in isentropic compressibility can be calculated using the 

following equation:r:u.276·'11.277J 

j 

llfls = fls- 'f.x,{J,_, (II. 82) 
i==l 

where x,, fls.; are the mole fraction and isentropic compressibility of i'h component 

in the mixture, respectively. The observed values of !ifJ5 can be qualitatively 

explained by considering the factors, namely 

(i) the mutual disruption of associated species present in the pure liquids 

(ii) the formation of weak bonds by dipole-induced dipole interaction 

between unlike molecules 

(iii) Geometrical fitting of component molecules into each other structure. 

The first factor contributes to positive ll{J, values, whereas the remaining 

two factors lead to negative !i{J, valuesJ"L279l The resultant values of llfls for 

the mixtures are due to the net effect of the combination of (i) to (iii). r:11·280l 

Moreover, the excess or deviation properties (V,:', !lTJ, !iGE and lifls) have been 

fitted to Redlich-Kister~ H.28tJ polynomial equation using the method of least squares 

involving the Marquardt algorithm[ 11.2821 and the binary coefficients, a; were 

determined as follows: 
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where yr: refers to an excess or deviation property and x, and x, are the mole 
'-J 

fraction ofthe solvent 1 and solvent 2, respectively. In each case, the optimal number 

of coefficients was ascertained from an approximation of the variation in the 

standard deviation (cr). The standard deviation (cr) was calculated using. 

17 = 
E E 2 

(Y"p-Ycal) (II. 84) 
n - m 

where n is the number of data points and m is the number of coefficients. 

11.10. CONDUCTANCE 

One of the most precise and direct technique available to determine the extent 

of the dissociation constants of electrolytes in aqueous, mixed and non-aqueous 

solvents is the "conductimetric method." Conductance data in conjunction with 

viscosity measurements, gives much information regarding ion-ion and ion-solvent 

interaction. 

,--
1 

i 
I 

J' ------.-
--.'\. . .. f ··t;' 
~~---~·.~. "\ .. ;:-,_-.- ~\ 

---~ :,; ···-i( ·) -., Ba""'"7 

~,-,:!--.::::_;za 

, c1- a ._ CJ> Na-.-

-0 Na~ CJ- 0-

Dissolved Ions Conduct Electricity 

The studies of conductance measurements were pursued vigorously during 

the last five decades, both theoretically and experimentally and a number of 

important theoretical equations have been derived. We shall dwell briefly on some of 

these aspects in relation to the studies in aqueous, non-aqueous, pure and mixed 
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solvents. The successful application of the Debye-Hiickel theory of interionic 

attraction was made by Onsager,[:ll.283l to derive the Kohlrausch's equation 

representing the molar conductance of an electrolyte. For solutions of a single 

symmetrical electrolyte the equation is given by: 

where, 

A=A" -s..ft 

S=aA"+fJ 

a _ _ ____cC:;;z',.:..l::..k --.= 

- 3(2+.fi)e,kT..ft 
82.406xl04 z3 

3 

(e,T)' 

82.487z3 

77N 

(II. 85) 

(II. 86) 

(II. 87a) 

(II. 87b) 

The equation took no account for the short-range interactions and also of 

shape or size of the ions in solution. The ions were regarded as rigid charged spheres 

in an electrostatic and hydrodynamic continuum, i.e., the solventJ1L284J In the 

subsequent years, Pitts (1953)[!11.285] and Fuoss and Onsager (1957)[:11.286] 

independently worked out the solution of the problem of electrolytic conductance 

accounting for both long-range and short-range interactions. However, the ~ values 

obtained for the conductance at infinite dilution using Fuoss-Onsager theory differed 

considerably from that obtained using Pitt's theory and the derivation of the Fuoss

Onsager equation was questionedJ'II.287, ·11·2881 The original Fuoss-Onsager equation 

was further modified by Fuoss and Hsia[.IL289l who recalculated the relaxation field, 

retaining the terms which had previously been neglected. 

The results of conductance theories can be expressed in a general form: 

A A"-aA"..ft(l+m) p.,ft +G(m) 
(I + Tal') .fi (I + Tal') 

(II. 88) 

where G(m) is a complicated function of the variable. The simplified form: 

A=A0 -s..ft +Eclnc+J1c+J2~ (II. 89) 

However, it has been found that these equations have certain limitations, in 

some cases it fails to fit experimental data. Some of these results have been discussed 

elaborately by Fernandez-Prini.l :11.290. ·n.291J Further correction of the equation (II. 89) 
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was made by Fuoss and Accascin. They took into consideration the change in the 

viscosity of the solutions and assumed the validity of Walden's rule. The new 

equation becomes: 

where, 

A= Au- s.Jc + Ecln c+ J 1c+ 12~- F Ac 

Fe= 4:;rR'NA 
3 

(II. 90) 

(II. 91) 

In most cases, however, J 2 is made zero but this leads to a systematic 

deviation of the experimental data from the theoretical equations. It has been 

observed that Pitt's equation gives better fit to the experimental data in aqueous 

solutions.f'11.292J 

11.1 0.1. Ionic Association 

The equation (II. 90) successfully represents the behaviour of completely 

dissociated electrolytes. The plot of A against .Jc (limiting Onsager equation) is 

used to assign the dissociation or association of electrolytes. Thus, if A. ... is greater 

than A.'"", i.e., if positive deviation occurs (ascribed to short range hard core 

repulsive interaction between ions), the electrolyte may be regarded as completely 

dissociated but if negative deviation CA. ... < A.,,"") or positive deviation from the 

Onsager limiting tangent ( aA" + p) occurs, the electrolyte may be regarded to be 

associated. Here the electrostatic interactions are large so as to cause association 

between cations and anions. The difference in A. ... and A.'"" would be considerable 

with increasing association.[ 11.293] 

Conductance measurements help us to determine the values of the ion-pair 

association constant, KA for the process: 

(II. 92) 

(11.93) 

(II. 94) 

where r± is the mean activity coefficient of the free ions at concentration ac. 
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For strongly associated electrolytes, the constant KA and A,, have been determined 

using Fuoss-Kraus equation! II.Z94J or Shedlovsky's equation.f'11.29SJ 

T(z) I KA cr,'A 
--=-+-·---

A A. A,~ T(z) 
(II. 95) 

where T(z) = F(z) (Fuoss-Kraus method) and 1/T(z)=S(z) (Shedlovsky's method). 

I I 

F(z)=I-z(l-z(l- ... ) 2 ) 2 (II. 96a) 

and 
1 z2 z' 

T(z) =S(z)=1+z+2+8+ ...... (II. 96b) 

A plot of T(z) I A against eftA I T(z) should be a straight line having II A,, for 

its intercept and K A I A; for its slope. Where K A is large, there will be considerable 

uncertainty in the determined values of A., and K A from equation (II. 95). 

The Fuoss-Hsial II.296J conductance equation for associated electrolytes is 

given by: 

3 

A= A., -s.Jac +E(ac)1n(ac)+J1 (ac)-J2 (ac)2 -K.Af.(ac) (II. 97) 

The equation was modified by JusticeJ1L297l The conductance of symmetrical 

electrolytes in dilute solutions can be represented by the equations: 

3 

A =a(A, -s.Jac +E(ac)1n(ac)+J1R(ac)-J2R(ac)2 (II. 98) 

(1-a) _ K 
azc'ft - A 

(II. 99) 

(II. 100) 

The conductance parameters are obtained from a least square treatment after 

2 

setting. R = q =-e- (Bjerrum's critical distance). 
2c:kT 

According to Justice the method of fixing the ]-coefficient by setting. R = q 

clearly permits a better value of KA to be obtained. Since the equation (II. 98) is a 

series expansion truncated at the c312 term, it would be preferable that the resulting 

errors be absorbed as must as possible by ]2 rather than by KA, whose theoretical 

interest is greater as it contains the information concerning short-range cation-anion 
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interaction. From the experimental values of the association constant KA, one can use 

two methods in order to determine the distance of closest approach, 'a', of two free 

ions to form an ion-pair. The following equation has been proposed by Fuoss;[JL2971 

K _ 4tcNAa' ex (~J 
A - 3000 P aekT 

(II. 101) 

In some cases, the magnitude of KA was too small to permit a calculation of a. 

The distance parameter was finally determined from the more general equation due 

to BjerrumJU.29BJ 

(II. 102) 

The equations neglect specific short-range interactions except for solvation in 

which the solvated ion can be approximated by a hard sphere model. The method has 

been successfully utilized by DouheretJ!L299J 

11.10.2.Ion Size Parameter and Ionic Association 

For plotting, equation (II. 90) can be rearranged to the' A' function as: 

A, =A+S--k -Eclnc =A. +11c+J2~ =<"\, +J1c (11.103) 

with J 2 term omitted. 

Thus, a plot of A., vs. c gives a straight line with A. as intercept and]t as slope 

and 'a' values can be calculated from]t values. The 'a' values obtained by this method 

for DMSO were much smaller than would be expected from sums of crystallographic 

radii. One of the reasons attributed to it is that ion-solvent interactions are not 

included in the continuum theory on which the conductance equations are based. 

The inclusion of dielectric saturation results in an increase in 'a' values (much in 

conformity with the crystallographic radii) of alkali metal salts (having ions of high 

surface charge density) in sulpholane. The viscosity correction leads to a larger value 

of 'a' [:11.300J but the agreement is still poor. However, little of real physical significance 

may be attached to the distance of closest approach derived from ]tJai.30l] Fuoss[:u.302J 

in 1975 proposed a new conductance equation. Latter he subsequently put forward 

another conductance equation in 1978 replacing the old one as suggested by Fuoss 

and co-workers. 
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He classified the ions of electrolytic solutions in one of the three categories. 

(i) Ions finding an ion of opposite charge in the first shell of nearest 

neighbours (contact pairs) with ni =a. The nearest neighbours to a contact 

pair are the solvent molecules forming a cage around the pairs. 

(ii) Ions with overlapping Gurney's co-spheres (solvent separated pairs). For 

them rij = a+ns, where n is generally 1 but may be 2, 3 etc.; 's' is the 

diameter of sphere corresponding to the average volume (actual plus 

free) per solvent molecule. 

(iii) Ions finding no other unpaired ion in a surrounding sphere of radius R, 

the diameter of the co-sphere (unpaired ions). 

Thermal motions and interionic forces establish a steady state, represented by the 

following equilibria: 

W·············B-) = AB (II. 104) 

Solvent separated ion-pair Contact ion-pair Neutral molecule 

Contact pairs of ionogens may rearrange to neutral molecules A •s- = AB, e.g., 

H30+ and CH3coo-. Let y be the fraction of solute present as unpaired (r > R) ions. If 

cy is the concentration of unpaired ion and a is the fraction of paired ions(r s R), then 

the concentration of unpaired ion and c(l- a) (I- r) and that of contact pair 

isac(l-y). 

The equation constants for Eq. (II. 104) are: 

(I -a)(l- y) 

cff' 

a (-E.) Ks=I-a=exp k; =e-e 

(II. 105) 

(II.106) 

where KR describes the formation and separation of solvent separated pairs by 

diffusion in and out of spheres of diameter R around cations and can be calculated by 

continuum theory; Ks is the constant describing the specific short-range ion-solvent 

and ion-ion interactions by which contact pairs form and dissociate. Es is the 
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difference in energy between a pair in the states (r = R) and (r =a); e is Es measured 

in units of kT. 

Now, 

I 
(1-a)=--

I+Ks 

and the conductometric pairing constant is given by: 

(1-a) K. =K (I+K) 
crf2 )-a R S 

(II. 107) 

(II. 108) 

The equation determines the concentration, cy of active ions that produce 

long- range interionic effects. The contact pairs react as dipoles to an external field, X 

and contribute only to changing current. Both contact pairs and solvent separated 

pairs are left as virtual dipoles by unpaired ions, their interaction with unpaired ions 

is, therefore, neglected in calculating long-range effects (activity coefficients, 

relaxation field LIX and electrophoresis ( LIX · LIA,. ). The various patterns can be 

reproduced by theoretical fractions in the form: 

A= p[ A,c+:XJ+LIA, ]= P[ A,(I+Rx )+EJ (II. 109) 

which is a three parameter equation A= A(c, A,, R, Es ), LIX f X (the relaxation 

field) and LIA,. (the electrophoretic counter current) are long range effects due to 

electrostatic interionic forces and p is the fraction of Gurney co-sphere. 

The parameters KR (orEs) is a catch-all for all short range effects: 

p=1-a(l-y) (II. 110) 

In case of ionogens or for ionophores in solvents of low dielectric constant, r;& 

is very near to unity (-Es/k7J » 1 and the equation becomes: 

A= [A (I+LIXJ]+LIA r (J x I! 
(II. 111) 

The equilibrium constant for the effective reaction, A+ + B-+ AB , is then 

(1-y) 
KA = cr !2 ~ K.K.,. (II. 112) 

as Ks >>I . The parameters and the variables are related by the set of equations: 
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r=l K.crf 
(1-a) 

-lnf= (JK , fJ=_i_ 
2(1 + KR) Elff 

r = 87iflrr7 = ;r(JNAyc 
125 

-E = In[_!!___] 
1-a 
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(II. 113) 

(II. 114) 

(II. 115) 

(II. 116) 

(II. 117) 

The details of the calculations are presented in the 1978 paper.['II.302J The 

shortcomings of the previous equations have been rectified in the present equation 

that is also more general than the previous equations and can be used for higher 

concentrations (0.1 N in aqueous solutions). 

11.10.3. Extension of Fuoss Conductance Equation 

As Fuoss 1978 conductance equation contained a boundary condition 

error,f-11.303. "11.304] Fuoss introduced a slight modification to his modelf'II.3os. :11.306J. 

According to him, the ion pairs (ion approaching with their Gurney co-sphere) are 

divided into two categories- contact pairs (with no contribution to conductance) and 

solvent separated ion pairs (which can only contribute to the net transfer of charge). 

To rectifY the boundary errors contained in Fuoss 1978 conductance equation, Lee

Wheatonf11130?(a)J in the same year described in the derivation of a new conductance 

equation, based on the Gurney co-sphere model and henceforth the new equation is 

referred to as the Lee-Wheaton equationJ11.3o7(bJJ The conductance data were 

analyzed by means of the Lee-Wheaton conductance equationf.II.30BJ in the form: 

The mass action law association' 11.309J is 
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(II. 118) 
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and the equation for the mean ionic activity coefficient: 

r. = exp [-__!!!!___] 
- I+KR 

(II. 120) 

where C1 to Cs are least square fitting coefficients as described by Pethybridge and 

Tabara.3to], A, is the limiting molar conductivity, KA.c' is the association constant, 

a, is the dissociation degree, q is the Bj errum parameter and y the activity 

coefficient and {3= 2q . The distance parameter R is the least distance that two free 

ions can approach before they merge into ion pair. The Debye parameter K, the 

Bjerrum parameter q and pare defined by the expressions: ';L3tOJ 

(II. 121) 

(II. 122) 

Fe 
p=----

299.79X3Jn7 
(II. 123) 

where the symbols have their usual significanceJ1L311l 

The equation (II. 115) was resolved by an iterative procedure. For a definite R 

value the initial value of A" and KA,c' were obtained by the Kraus-Bray method.[:ll.3t2J 

The parameter A, and KA,,· , were made to approach gradually their best values by a 

sequence of alternating linearization and least squares optimizations by the Gauss -

Siedel method['IL313J until satisfYing the criterion for convergence. The best value of a 

parameter is the one when equation (II. 115) is best fitted to the experimental data 

corresponding to minimum standard deviation ( CTA) for a sequence of 

predetermined R value and standard deviation (CTA) was calculated by the following 

equation: 

2 Ln [-'\(calc)- .-'\(oh.-)]
2 

0' -A-
i=l n-m 

(II. 124) 

where n is the number of experimental points and m is the number of fitting 

parameters. The conductance data were analyzed by fixing the distance of closest 

approach R with two parameter fit (m=2). For the electrolytes with no significant 
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minima observed in the O"A versus R curves, the R values were arbitrarily preset at 

the centre to centre distance of solvent-separated pair: 

R =a + d (II. 125) 

where a = r,• + r;_~ ,i.e., the sum of the crystallographic radii of the cation and anion 

and dis the average distance corresponding to the side of a cell occupied by a solvent 

molecule. The definitions of d and related terms are described in the literatureJII.314J 

R was generally varied by a step 0.1 A and the iterative process was continued with 

equation (115). 

11.10.4. Limiting Ionic Conductance 

The limiting ionic conductance of an electrolyte can be easily determined 

from the theoretical equations and experimental observations. At infinite dilutions, 

the motion of an ion is limited solely by the interactions with the surroundings 

solvent molecules as the ions are infinitely apart. Under these conditions, the validity 

of Kohlrausch's law ofindependent migration of ions is almost axiomatic. Thus: 

(II. 126a) 

At present, limiting ionic conductance is the only function which can be 

divided into ionic components using experimentally determined transport number of 

ions, i.e., 

(11.126b) 

Thus, from accurate value of .& of ions it is possible to separate the 

contributions due to cations and anions in the solute-solvent interactions. However, 

accurate transference number determinations are limited to few solvents only. 

In the absence of experimentally measured transference numbers it would be 

useful to develop indirect methods to obtain the ionic limiting equivalent 

conductances in solvents for which experimental transference numbers are not yet 

available. Various attempts were made to develop indirect methods to obtain the 

limiting ionic equivalent conductance, in ionic solvents for which experimental 

transference numbers are not yet available. 

The method has been summarized by KrumgalzPL315l and some important 

points are mentioned as follows: 
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(i) Walden equation1' 11•316l 

(/i:)~ater ·1Jo.water = (/t:)~~etone ·7Jo.acetone 

(ii) (/l.o.pio ·1]
0

) =0.267, 1!. • ·rz =o.269 r•ll.316. !1.317] 
o.Et4N o 

based on A., Et N . = 0.563 
' .J J>IC 

(II. 127) 

(II. 128) 

Walden considered the products to be independent of temperature and solvent. 

However, the A., Et N . values used by Walden were found to differ considerably from 
' 4 piC 

the data of subsequent more precise studies and the values of (ii) are considerably 

different for different solvents. 

(II. 129) 

The equality holds good in nitrobenzene and in mixture with CCl4 but not 

realized in methanol, acetonitrile and nitromethane. 

(II. 130) 

The method appears to be sound as the negative charge on boron in the Bu4B

ion is completely shielded by four inert butyl groups as in the Bu4W ion while this 

phenomenon was not observed in case ofPh4B-. 

(v) The equation suggested by Gilli.II.319] is: 

/!,25(R.N+) = zF2 
" 6nNA1].,[r,-(0.0103t:.,+r,.)] 

(II. 131) 

where Z and r, are the charge and crystallographic radius of proper ion, 

respectively: 1]. and t:., are solvent viscosity and dielectric constant of the medium, 

respectively; r, = adjustable parameter taken equal to 0.85 A and 1.13 A for dipolar 

non-associated solvents and for hydrogen bonded and other associated solvents 

respectively. 

However, large discrepancies were observed between the experimental and 

calculated values.! !IL31S[aJJ In a paper,~II.30 1 S[bJJ Krumgalz examined the Gill's approach 
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more critically using conductance data in many solvents and found the method 

reliable in three solvents e.g. butan-1-ol, acetonitrile and nitromethane. 

(vi) A.,;' [(i- Am )3 BuW] =A.;' ( Ph4 B-) f.11.32oJ (11. 132) 

It has been found from transference number measurements that the 

A.;' [ ( i- Am )
3 

BuN+ J and A,;' ( Ph4B-) values differ from one another by 1%. 

(vii) A,;' ( Ph4B-) = I.OIA,;' [ (i- Am )
4 

B-J f 1!.321] (II. 133) 

The value is found to be true for various organic solvents. 

Krumgalz suggested a method for determining the limiting ion conductance in 

organic solvents. The method is based on the fact that large tetraalkyl (aryl) onium 

ions are not solvated in organic solvents due to the extremely weak electrostatic 

interactions between solvent molecules and the large ions with low surface charge 

density and this phenomenon can be utilized as a suitable model for 

apportioning.!\, values into ionic components for non-aqueous electrolytic solutions. 

Considering the motion of solvated ion in an electrostatic field as a whole, it is 

possible to calculate the radius of the moving particle by the Stokes equation: 

(II. 134) 

where A is a coefficient varying from 6 (in the case of perfect sticking) to 4 (in 

case of perfect slipping). Since the r5 values, the real dimension of the non-solvated 

tetraalkyl (aryl) onium ions must be constant, we have: 

A,~T/o = constant (II. 135) 

This relation has been verified using A: values determined with precise 

transference numbers. The product becomes constant and independent of the 

chemical nature of the organic solvents for the i-Am4B-, Ph4As+, Ph4B- ions and for 

tetraalkylammonium cation starting with E4W. The relationship can be well utilized 

to determine A,~ of ions in other organic solvents from the determined 1\, values 
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II.10.5. Solvation 

Various types of interactions exist between the ions in solutions. These 

interactions result in the orientation of the solvent molecules towards the ion. The 

number of solvent molecules that are involved in the solvation of the ion is called 

solvation number. If the solvent is water, this is called hydration number. Solvation 

region can be classified as primary and secondary solvation regions. Here we are 

concerned with the primary solvation region. The primary solvation number is 

defined as the number of solvent molecules which surrender their own translational 

freedom and remain with the ion, tightly bound, as it moves around, or the number 

of solvent molecules which are aligned in the force field of the ion. 

If the limiting conductance of the ion i of charge Z; is known, the effective 

radius of the solvated-ion can be determined from Stokes' law. The volume of the 

solvation shell is given by the equation. 

(II. 136) 

where rc is the crystallographic radius of the ion. The solvation number ns would 

then be obtained from 

Vs ns :::-
Vo 

(II. 137) 

Assuming Stokes' relation to hold well, the ionic solvated volume can be 

obtained, because of the packing effects,I111.322J from 

v; =4.35r:i (II. 138) 

where v; is expressed in mol-lir-1 and r:, in angstroms. However, this method is not 

applicable to ions of medium size though a number of empirical and theoretical 

corrections [aL323·'1l.326J have been suggested in order to apply it to most of the ions. 

II.10.6. Stokes' Law and Walden's Rule 

The starting point for most evaluations of ionic conductances is Stokes' law 

that states that the limiting ionic Walden product (the product of the limiting ionic 

conductance and solvent viscosity) for any singly charged, spherical ion is as function 

only of the ionic radius and thus, under normal conditions, is constant The limiting 
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conductances A-,; of a spherical ion of radius R, moving in a solvent of dielectric 

continuum can be written, according to Stokes' hydrodynamics, as 

A,'= jz,ejeF 0.819jz,j 

(J 67tTJ(,R; 1JoRi 
(II. 139) 

where TJ. = macroscopic viscosity by the solvent in poise, R, is in angstroms. If the 

radius R, is assumed to be the same in every organic solvent, as would be the case, 

in case of bulky organic ions, we get: 

,, 0.819z. 
"' n = ' =constant o•t,, R. 

' 
(II. 140) 

This is known as the Walden ruleJII.327J The effective radii obtained using this 

equation can be used to estimate the solvation numbers. However, Stokes' radii 

failed to give the effective size of the solvated ions for small ions. 

Robinson and Stokes,[~II.32BJ Nightingalef:H.326J and others£:11.32° '11.331] have 

suggested a method of correcting the radii. The tetraalkylammonium ions were 

assumed to be not solvated and by plotting the Stokes' radii against the crystal radii 

of those large ions, a calibration curve was obtained for each solvent. However, the 

experimental results indicate that the method is incorrect as the method is based on 

the wrong assumption of the invariance of Walden's product with temperature. The 

idea of microscopic viscosityl11L332J was invoked without much success 1'11.333, TII.334J but 

it has been found that: 

A;T/o = constant (II. 141) 

where i is usually 0.7 for alkali metal or halide ions and i = 1 for the large ions. l 11.335· 

'11.336] Gill[III.337J has pointed out the inapplicability of the Zwanzig theoryPL338l of 

dielectric friction for some ions in non-aqueous and mixed solvents and has 

proposed an empirical modification of Stokes' Law accounting for the dielectric 

friction effect quantitatively and predicts actual solvated radii of ions in solution. 

This equation can be written as: 

lziF2 

...-!.:L___,..,.. +0.0103D+ r, 
6:rrNATJ)-.: . 

(II. 142) 

where 'i is the actual solvated radius of the ion in solution and r, is an empirical 

constant dependent on the nature of the solventJ'11.337, .11.338] 
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The dependence of Walden product on the dielectric constant led Fuoss to 

consider the effect of the electrostatic forces on the hydrodynamics of the system. 

Considering the excess frictional resistance caused by the dielectric relaxation in the 

solvent caused by ionic motion, Fuoss proposed the relation: 

or, 
R 

R.=R +-
• 00 

00 

(II. 143) 

(II. 144) 

where Roo is the hydrodynamic radius of the ion in a hypothetical medium of 

dielectric constant where all electrostatic forces vanish and A is an empirical 

constant. 

Boyd~II.324J gave the expression: 

Feiz,l (II. 145) 

by considering the effect of dielectric relaxation in ionic motion; -r is the Debye 

relaxation time for the solvent dipoles. Zwanzig[.II.32SJ treated the ion as a rigid 

sphere of radius r; moving with a steady state viscosity, v, through a viscous 

incompressible dielectric continuum. The conductance equation suggested by 

Zwanzig is: 

(II. 146) 

where s; and E~ are the static and limiting high frequency (optical) dielectric 

constants. A, = 6 and A/) = 3/8 for perfect sticking and A, = 4 and A, = 3/4 for 

perfect slipping. It has been found that Born's and Zwanzig's equations are very 

similar and both may be written in the form: 

.A!= Ar;' 
.. • B r; + 

(II. 147) 
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The theory predictsr:u339l that A-,; passes through a maximum of 2ii A 1484 at 

'i = (38)
114

• The phenomenon of maximum conductance is well known. The 

relationship holds good to a reasonable extent for cations in aprotic solvents but fails 

in case of anions. The conductance, however, falls off rather more rapidly than 

predicted with increasing radius. For comparison with results in different solvents, 

the equation (II. 146) can be rearranged as:l!H.340J 

~1eF AyJrr; ;A0 z1
2

• :,.~~£~:~;(TJ") 
,,T]o lj r r o 

(II. 148) 

• A,,z' 
L = A Jrr. +--' "Y I 3p• 

'i 
(II. 149) 

In order to test Zwanzig's theory, the equation (II. 148) was applied for 

Me.Wand Et.W in pure aprotic solvents like methanol, ethanol, acetonitrile, butanol 

and pentanol. ('IL339·'IL344J Plots of L against the solvent function p' were found to be 

straight line. It is noted that relaxation effect is not the predominant factor affecting 

ionic mobility and these mobility differences could be explained quantitatively if the 

microscopic properties of the solvent, dipole moment and free electron pairs were 

considered the predominant factors in the deviation from the Stokes' law. 

It is found that the Zwanzig's theory is successful for large organic cations in 

aprotic media where solvation is likely to be minimum and where viscous friction 

predominates over that caused by dielectric relaxation. The theory breaks down 

whenever the dielectric relaxation term becomes large, i.e., for solvents of high P* 

and for ions of small r;. Like any continuum theory Zwanzig has the inherent 

weakness of its inability to account for the structural features,['IL340J e.g., 

(i) It does not allow for any correlation in the orientation of the solvent 

molecules as the ion passes by and this may be the reason why the equation is not 

applicable to the hydrogen-bonded solventsJ11.34IJ 

(ii) The theory does not distinguish between positively and negatively 

charged ions and therefore, cannot explain why certain anions in dipolar aprotic 

media possess considerably higher molar concentrations than the fastest cations. 

The Walden product in case of mixed solvents does not show any constancy 

but it shows a maximum in case of DMF + water and DMA + waterf:IL339·i1L349J 
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mixtures and other aqueous binary mixtures. [iiL350·.IL353l To derive expressions for 

the variation of the Walden product with the composition of mixed polar solvents, 

various attempts1'11.354J have been made with different models for ion-solvent 

interactions but no satisfactory expression has been derived taking into account all 

types of ion-solvent interactions because 

(i) it is difficult to include all types of interactions between ions as well as 

solvents in a single mathematical expression, and 

(ii) it is not possible to account for some specific properties of different kinds 

of ions and solvent molecules. 

Ions moving in a dielectric medium experience a frictional force due to 

dielectric loss arising from ion-solvent interactions with the hydrodynamic force. 

Though Zwanzig's expression accounts for a change in Walden product with solvent 

composition but does not account for the maxima. According to Hemmes[IIL355l the 

major deviations in the Walden products are due to the variation in the 

electrochemical equilibrium between ions and solvent molecules of mixed polar 

solvent composition. In cases where more than one types of solvated complexes are 

formed, there should be a maximum and/or a minimum in the Walden product. This 

is supported from experimental observations. Hubbard and Onsagerl 11.356] have 

developed the kinetic theory of ion-solvent interaction within the framework of 

continuum mechanics where the concept of kinetic polarization deficiency has been 

introduced. However, quantitative expression is still awaited. Further, 

improvements!JL357. :11.358] naturally must be in terms of (i) sophisticated treatment of 

dielectric saturation, (ii) specific structural effects involving ion-solvent interactions. 

From the discussion, it is apparent that the problem of molecular interactions is 

intriguing as well as interesting. It is desirable to explore this problem using different 

experimental techniques. We have, therefore, utilized four important methods, viz., 

volumetric, viscometric, interferometric and conductometric for the physico

chemical studies in different solvent media. 
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11.10.7. Thermodynamics of Ion-Pair Formation 

The standard Gibbs energy changes ( LIG") for the ion- association process 

can be calculated from the equation 

LIG" = -RT InK A (11. 150) 

The values of the standard enthalpy change, LIH" and the standard entropy 

change. LIS", can be evaluated from the temperature dependence of values as 

follows; 

LIH" =-T' [d(LIG" IT)] 
dT " 

(II. 151) 

LIS"= -T' [d(LIG")] 
dT P 

(11. 152) 

The values can be fitted with the help of a polynomial of the type: 

LIG" = c0 +c1(298.15- T)+c2 (298.15- T) 2 (11. 153) 

And the coefficients of the fits can be compiled together with the a % values 

of the fits. The standard values at 298.15 K are then: 

(11. 154) 

(II. 155) 

(II. 156) 

The main factors which govern the standard entropy of ion-association of 

electrolytes are: 

(i) the size and shape of the ions, 

(ii) charge density on the ions, 

(iii) electrostriction of the solvent molecules around the ions, 

(iv) penetration of the solvent molecules inside the space of the ions, and 

the influence of these factors are discussed later. 

The non-columbic part of the Gibbs energy LIG" can also be calculated using 

the following equation: 

(II. 157) 
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(II. 158) 

where the symbols have their usual significance. The quantity 2q/r is Columbic part 

of the interionic mean force potential and w. is its non-columbic part. 

11.10.8 Triple-/on Formations from Electrical Conductance 

While solutions of electrolytes in solvents of high and of intermediate 

dielectric constant have been studied extensively, similar solutions in solvents of 

very low dielectric constant have not been investigated systematically. We know only 

that such solutions generally are poor conductors and that the equivalent 

conductance falls rapidly with decreasing concentration. In addition to a number of 

isolated observations on the conductance of solutions in benzene! 11.3591 and several 

series of measurements relating to the conductance of complex compounds in 

various solvents at relatively high concentrations,IHI.360J the literature includes two 

important papers by Walden and his co-workers,FII.361] who investigated the 

conductance of a variety of salts in benzene, ether, carbon tetrachloride and similar 

solvents. In solvents of somewhat higher dielectric constant, the conductance passes 

through a minimum at moderate concentration and thereafter increases. 

The influence of the dielectric constant on conductance is satisfactorily 

accounted for by the interionic attraction theory in solvents of high dielectric 

constant, it is not known to what extent interionic forces are primarily concerned in 

solvents of low dielectric constant. Due to the deviation of the conductometric curves 

from linearity in case of low dielectric constant solvents, the conductance data have 

been analyzed by the classical Fuoss-Kraus theory of triple-ion formation [ill.362, 'IL363J 

in the form 

(ILl 59) 

where g{c) is a factor that lumps together all the intrinsic interaction terms and is 

defined by 
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exp { -2.303 /]1 (cA)05 j ~ 5 J 

g (c) = -::-~~;;7=,.c.-;-;~'--..!._:,..J!..--',;.;-
{1- S(cA)os / ~5 }(1- Aj Ao)os 

(11.160) 

fl' = 1.8247 x 106
/ (e,T)'-5 

(11.161) 

S 0.8204 X 106 82.501 
- a Ao + fJ - Ao + ~----;;7 
- - (e,T)J.' 1J(e,T)o.5 (11.162) 

In all the above usable equations, the A. term signifY the sum of the molar 

conductance of the simple ions at infinite dilution, the ~ is the sum of the 

conductance value of the two possible formation of triple-ions. Where the constants 

as Kp and KT are implies that the ion-pair and triple-ion formation constants 

respectively and S is the limiting Onsager coefficient. If Kp is greater than KT, 

indicates the electrolytes are exists as ion-pair with a major portion and as triple-ion 

with a minor portion. We know that the electrostatic ionic interactions are very large 

due to the higher force field effect, for very low relative permittivity solvents, i.e., e,. < 

10. Therefore the formed ion-pairs were attracted by the free movable cations or 

anions present in the solution medium; as the distance of the closest approach of the 

ions becomes minimum, these results in the formation of triple-ions, which acquires 

the charge of the respective ions, attracted from the solution bulk[.II.363. :11.364] i.e.; 

M+ + k +-+ M•········k +-+ MA (ion-pair) 

MA + M• +-+ MAM• (triple-ion) 

MA + k +-+ MAk (triple-ion) 

where the symbols M• and k are implies for the cation and anions respectively. The 

effect of ternary association[·11·365l thus clearly explained the non-linearity of the 

conductometric curve. According to the consequence of this ternary association, 

some formative non-conducting species MA, removed from solution and replaces by 

triple-ions which increase the conductance values evident by non-linearity observed 

in conductance curves. 

Additionally, the ion-pair and triple-ion concentrations, Cp and c,, respectively, 

at the minimum molar concentration of the salt solution have also been calculated 

using the Kp and KT value by following set of equations[.II.366J 
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a= I 1 ( K~2 
• C

112
) 

a,=( Kr I K~2)C112 

Cp=C(I-a-3a,) 

CT =( Kr I K~z) c3'2 

(11.163) 

(11.164) 

(11.165) 

(11.166) 

At this point, the fraction of ion-pairs (a) and triple-ions (aT), present in the salt

solutions. From the appraisal of comparison of the Cp and CT values, if Cp is higher 

with respect to CT; indicates the major portion of ions are present as ion-pair even at 

high concentration and a small fraction exist as triple-ion. 

Using the Kp values, the interionic distance parameter UIP has been calculated 

with the aid of the Bjerrum's theory of ionic associationliii.365J in the form 

K = 4JTNA [~]3 Q(b) 
P 1000 e,KT 

Q(b) = J: y_, exp(y)dy 

The Q(b) and b values have been calculated by the literature procedureJII.36ZJ 

(11.167) 

(1!.168) 

(II.169) 

The interionic distance UTI for the triple ion can be calculated using the 

expressionsi'~L364l 

(1!.170) 

(Il.171) 

I(b3) is a double integral tabulated in the literaturei'II.363J for a range of values of 

h Since I(b3) is a function of UTI, the an values have been calculated by an iterative 

computer program. These values also suggested the small fraction exist as triple-ion 

formation compared to the ion-pair. 

11.10.9. Solvation Models (Some Recent Trends) 

The interactions between particles in chemistry have been based upon 

empirical laws- principally on Coulomb's law. This is aiso the basis of the attractive 

part of the potential energy used in the SchOdinger equation. Quantum mechanical 
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approach for ion-water interactions was begun by Clementi in 1970. A quantum 

mechanical approach to salvation can provide information on the energy of the 

individual ion-water interactions provided it is relevant to solution chemistry, 

because it concerns potential energy rather than the entropic aspect of salvation. 

Another problem in quantum approach is the mobility of ions in solution affecting 

salvation number and coordination number. However, the Clementi calculations 

concerned stationary models and cannot have much to do with the dynamic salvation 

numbers. Covalent bond formation enters little into the aqueous calculations; 

however, with organic solvents the quantum mechanical approaches to bonding may 

be essential. The trend pointing to the future is thus the molecular dynamics 

technique. In molecular dynamic approach, a limited number of ions and molecules 

and Newtonian mechanics of movement of all particles in solution is concerned. The 

foundation of such an approach is the knowledge of the intermolecular energy of 

interactions between a pair of particles. Computer simulation approaches may be 

useful in this regard and the last decade (1990-2000) witnessed some interesting 

trends in the development of solvation models and computer software. Based on a 

collection of experimental free energy of solvation data, C.). Cramer, D.G. Truhlar and 

co-workers from the University of Minnesota, U.S.A. constructed a series of solvation 

models (SM1-SMS series) to predict and calculate the free energy of solvation of a 

chemical compoundJ<n.367-'1L371l These models are applicable to virtually any 

substance composed of H, C, N, 0, F, P, S, Cl, Brand/or I. The only input data required 

are, molecular formula, geometry, refractive index, surface tension, Abraham's a 

(acidity parameter) and b (basicity parameter) values, and, in the latest models, the 

dielectric constants. The advantage of models like SMS series is that they can be used 

to predict the free energy of self-solvation to better than 1 KClfmole. These are 

especially useful when other methods are not available. One can also analyze factors 

like electrostatics, dispersion, hydrogen bonding, etc. using these tools. They are also 

relatively inexpensive and available in easy to use computer codes. 

A. Galindo eta/.[ n.Jn. <~~-3731 have developed Statistical Associating Fluid Theory 

for Variable Range (SAFT-VR) to model the thermodynamics and phase equilibrium 

of electrolytic aqueous solutions. The water molecules are modeled as hard spheres 

with four short-range attractive sites to account for the hydrogen-bond interactions. 
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The electrolyte is modeled as two hard spheres of different diameter to describe the 

anion and cation. The Debye-Hiickel and mean spherical approximations are used to 

describe the interactions. The relative permittivity becomes very close to unity, 

especially when the mean spherical approximation is used, indicating a good 

description of tbe solvent. E. Bosch et a/.['11.3741 of the University of Barcelona, Spain, 

have compared several "Preferential Solvation Models" specially for describing the. 

polarity of dipolar hydrogen bond acceptor-cosolvent mixture. 

11.10.10. Conductance Some Recent Trends 

Recently Blum, Turq and coworkersPI.375, .!1.3761 have developed a mean 

spherical approximation (MSA) version of conductivity equations. Their theory starts 

from the same continuity and hydrodynamic equations used in the more classical 

treatment; however, an important difference exists in the use of MSA expressions for 

the equilibrium and structural properties of the electrolytic solutions. Although the 

differences in the derivation of the classical and MSA conductivity theories seem to 

be relatively small, it has been claimed that the performance of MSA equation is 

better with a much wider concentration range than that covered by tbe classical 

equations. However, no through study of the performance of the new equation at the 

experimental uncertainty level of conductivity measurement is yet available in the 

literature, except the study by Bianchi et a[.[.II.377J They compared the results 

obtained using the old and new equations in order to evaluate their capacity to 

describe the conductivity of different electrolytic solutions. In 2000, Chandra and 

BagchH"I.37BJ developed a new microscopic approach to ionic conductance and 

viscosity based on the mode coupling theory. Their study gives microscopic 

expressions of conductance and viscosity in terms of static and dynamic structural. 

factors of charge and number density of the electrolytic solutions. They claim that 

their new equation is applicable at low as well as at high concentrations and it 

describes the cross over from low to high concentration smoothly. Debye-Huckel, 

Onsager and Falkenhagen expressions can be derived from this self-consistent 

theory at very low concentrations. For conductance, the agreement seems to be 

satisfactory up to 1 (M). 
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11.11. REFRACTIVE INDEX 

Optical data (refractive index, no) provide interesting information related to 

molecular interactions and structure of the solutions, as well as complementary data 

on practical procedures, such as concentration measurement or estimation of the 

extent of salvation of electrolytesjnon-electrolytes in liquid systems.f:I1.369J 

The light bending property is a result of variation of the velocity with which 

light is transmitted. Refractive index (no) of liquid, changes not only with the wave 

length of light used but also with the temperature. Molar refractions are influenced 

by the arrangement of atoms in the molecule or by factors like unsaturation, ring 

closure etc. linear optical properties of liquids and liquid mixtures have been widely 

studied to obtain information on their physical, chemical, and molecular properties. 

Fialkov et. a].['II.379, 'II.3BoJ stated that the refractive index is an additive properties of 

pure components when composition is expressed in terms of volume fraction. 

Several researchers have estimated the refractivity of liquid systems using the well 

known mixting rules viz. Arago-Biot, Newton, Heller, Gladstone-Dale, Eyring-John, 

Eykman, Lorentz-Lorenz, Weiner and Oster relations.f<~I.3Bl-III.3B4J These empirical 

approaches for calculating the excess properties attempt to explain the non-ideality 

in terms of specific and non-specific intermolecular interactions. Refractive index or 

refractivity is a property of intrinsic interest in the fields of pharmaceutical research 

such as formulation of eye preparations, in optoelectronic and photonic applications. 

The ratio of the speed of light in a vacuum to the speed of light in another 

substance is defined as the index of refraction ( n0 ) for the substance. 

,r, . 
1 

d Speed of light in vacuum 
Re1 ractlve n ex (nD) 

Speed of light in solution systems 

Whenever light changes speed as it crosses a boundary from one medium into 

another, its direction of travel also changes, i.e., it is refracted. The relationship 

between light's speed in the two mediums (VA and Vs), the angles of incidence 

(sin OA) and refraction (sin 00 ) and the refractive indexes of the two mediums ( nA 

and n11 ) is shown below: 
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v. sin 0 11 

Thus, it is not necessary to measure the speed of light in a sample in order to 

determine its index of refraction. Instead, by measuring the angle of refraction, and 

knowing the index of refraction of the layer that is in contact with the sample, it is 

possible to determine the refractive index of the sample quite accurately. 

The refractive index of mixing can be correlated by the application of a 

composition-dependent polynomial equation. Molar refractivity, was obtained from 

the Lorentz-Lorenz relationl'li.3B5, .JI.3B6J by using, no experimental data according to 

the following expression 

RM = (n~ -I) ( M ) 
(n 0 +2) p 

(II. 173) 

where M is the mean molecular weight of the mixture and p is the mixture density. 

n0 can be expressed as the following: 

where A is given by: 

(2A+ I) 

(1-A) 
(II. 174) 

(II. 175) 

where nt and 112 are the pure component refractive indices, Wj the weight fraction, p 

the mixture density, and Pt and pz the pure component densities. 

The molar refractivity deviation is calculated by the following expression: 

(II. 176) 

where ¢, and ¢2 are volume fractions and R, Rt, and Rz the molar refractivity of the 

mixture and of the pure components, respectively. 

The deviations of refractive index were used for the correlation of the binary 

solvent mixtures: 

(II. 177) 

where !J.no is the deviation of the refractive index for this binary system and no, n01, 

and noz are the refractive index of the binary mixture, refractive index of component-

1, and refractive index ofcomponent-2, respectively, 'x' is the mole fractions. 



The computed deviations of refractive indices of the binary mixtures are fitted 

using the following Redlich-Kister expression.I<IL3B7J 

s 
Lln/Jew = w,w.,.l:BP(w,w.,.Y 

P=ll 

(II. 178) 

where Bp are the adjustable parameters obtained by a least squares fitting method, w 

is the mass fraction, and Sis the number of terms in the polynomial. 

In case of salt-solvent solution the binary systems were fitted to polynomials 

of the form: 

N 

n = n + "'\' .i.m; Ds,sol Dsol L...,. s. "i (Il.179) 
i=l 

where nos,sol is the refractive index of the salt + solvent system and nosol is the 

refractive index of the solvent respectively, m is the molality of the salt in the 

solution, A; are the fitting parameters, and N is the number of terms in the 

polynomial. 

For the ternary systems of the salt + solvent-1 + solvent-2 solutions a 

polynomial expansionPL388l has been employed, similar to that obtained for the salt+ 

solvent solutions was used to represent ternary refractive indices: 

p 

n/J = n/Jw + L C;m; 
i=l 

(II. 180) 

where no is the refractive index of the ternary solution, C; are the parameters, and P 

is the number of terms in the polynomial. 

There is no general rule that states how to calculate a refractivity deviation 

function. However, the molar refractivity is isomorphic to a volume for which the 

ideal behavior may be expressed in terms of mole fraction: in this case smaller 

deviations occur but data are more scattered because of the higher sensitivity of the 

expression to rounding errors in the mole fraction. For the sake of completeness, 

both calculations of refractivity deviation function, molar refractivity deviation was 

fitted to a Redlich and Kister-type expressionFII-387] and the adjustable parameters 

and the relevant standard deviation 6 are calculated for the expression in terms of 

volume fractions and in terms of mole fractions, respectively. 
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11.12 FTIR SPECTROSCOPY 

The spectroscopic study has been established by the investigation of FTIR 

spectroscopy. The study has been taking into account to qualitative interpreting the 

molecular as well as ionic association of the electrolytes in the solutions. FTIR 

spectroscopy is one of the most appropriate optical properties which qualitatively 

interpreted the nature, mode, manner of the electrolytes and non-electrolytes in the 

solution system, eventually it also is able to give information about the 

configarational structure of the solute or solvents present in the solutions. 

Infrared (IR) spectroscopy is one of the most common spectroscopic 

techniques used by organic and inorganic chemists. Simply, it is the absorption 

measurement of different IR frequencies by a sample positioned in the path of an IR 

beam. The main goal of IR spectroscopic analysis is to determine the ·chemical 

functional groups in the sample. Different functional groups absorb characteristic 

frequencies of IRradiation. Using various sampling accessories, IR spectrometers can 

accept a wide range of sample types such as gases, liquids, and solids. Thus, IR 

spectroscopy is an important and popular tool for structural elucidation and 

compound identification. 

Infrared radiation spans a section of the electromagnetic spectrum having 

wave numbers from roughly 13,000 to 10 cm-1, or wavelengths from 0. 78 to 1000 

f!m. It is bound by the red end of the visible region at high frequencies and the 

microwave region at low frequencies. 

IR absorption positions are generally presented as either wavenumbers (v) 

or wavelengths (/). Wavenumber defines the number of waves per unit length. Thus, 

wavenumbers are directly proportional to frequency, as well as the energy of the IR 

absorption. The wavenumber unit (cm-1, reciprocal centimeter) is more commonly 

used in modern IR instruments that are linear in the cm-1 scale. In the contrast, 

wavelengths are inversely proportional to frequencies and their associated energy. 

At present, the recommended unit of wavelength is f!m, (micrometers), but f! 

(micron) is used in some older literature. Wavenumbers and wavelengths can be 

interconverted using the following equation: 
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IR absorption information is generally presented in the form of a spectrum with 

wavelength or wavenumber as the x-axis and absorption intensity or percent 

transmittance as the y-axis. 

Transmittance, T, is the ratio of radiant power transmitted by the sample (/)to 

the radiant power incident on the sample (Io). Absorbance (A) is the logarithm to the 

base 10 of the reciprocal of the transmittance (1]. 

A= log10 (I IT)= -log 10 (T) = -/og10 ( ~ J (II.182) 

The transmittance spectra provide better contrast between intensities of 

strong and weak bands because transmittance ranges from 0 to 100% T whereas 

absorbance ranges from infinity to zero. The analyst should be aware that the same 

sample will give quite different profiles for the IR spectrum, which is linear in 

wavenumber, and the IR plot, which is linear in wavelength. It will appear as if some 

IR bands have been contracted or expanded. 

The IR region is commonly divided into three smaller areas: near IR, mid IR, and far 

IR 

Wavenumber 
Wavelength 

Near IR 
13,000-4,000 cm-1 
0.78-2.5 [liD 

Mid IR 
4,000-200 cm-1 
2.5-50 [liD 

Far IR 
200-10 cm-1 
50-1,000 [liD 

This chapter focuses on the most frequently used mid !R region, between 4000 and 
400 cm-1 (2.5 to 25 f!ID). 

From the discussion, it is apparent that the problem of molecular interactions is 

intriguing as well as interesting. It is desirable to attack this problem using different 

experimental techniques. We have, therefore, utilized five important methods, viz., 

volumetric, viscometric, interferometric, conductometric and refractometric as the 

quantitative and FT-IR spectroscopy as the qualitative analysis for the studies of the 

thermophysica/, physicochemical, thermodynamics, transport properties occurring in 

different studied liquid systems. Utilizing the theoretical and experimental results we 

have employed all the studies for application in different fields. 
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EXPERIMENTAL SECTION 

III. 1 NAME, STRUCTURE, PHYSICAL AND CHEMICAL PROPERTIES, 

PURIFICATION AND APPLICATIONS OF THE CHEMICALS USED 

IN THE RESEARCH WORK 

lll.1.1 SOLVENTS 

The details of the aqueous and non-aqueous solvents used in the research 

work are given below: 

Water (HzO): 

Water is an omnipresent chemical substance is composed of hydrogen and 

oxygen and is essential for all known forms of life. In typical usage, water refers only 

to its liquid form or state, but the substance also exists as solid state, ice, and a 

gaseous state, water vapour or steam. WATER 

Water is a good solvent and is often [ H/0':'H) referred to as the universal solvent. 

Source: Distilled water, distilled from Appearance ·Liquid 

fractional distillation method in Lab. Molecular Formula ·H20 

Purification: Water was first deionised 
Molecular Weight ·18.02 g·mol·1 

Density ·0.99713 g·cm3 
and then distilled in an all glass distilling Viscosity ·0.891 mP·s 
set along with alkaline KMn04 solution to Refractive Index ·1.3333 

remove any organic matter therein. The Ultrasonic Speed ·1500.0 m·s-1 

doubly distilled water was finally distilled Dielectric Constant ·78.35 at 298.15K 



using an all glass distilling set. Precautions were taken to prevent contamination 

from C02 and other impurities. The triply distilled water had specific conductance 

less than 1 x 10·6 S·cm·1• 

Application: Water is widely used in chemical reactions 

as a solvent or reactant and Jess commonly as a solute or 

catalyst. In inorganic reactions, water is a common solvent, 

dissolving many ionic compounds. Supercritica\ water has 

recently been a topic of research. Oxygen saturated 

supercritical water combusts organic pollutants efficiently. It is also use in various 

industries. It is a superb solvent, generally taken as the universal solvent, due to the 

marked polarity of the water molecule and its tendency to form hydrogen bonds with 

other molecules. Life on earth totally depends on water. Not only a high percentage 

of Jiving things, both plants and animals are found in water, all life on earth is 

thought to have arisen from water and the bodies of all living organisms are 

composed largely of water. About 70 to 90 percent of all organic matter is water. 

The chemical reactions in all plants and animals that support life take place in a 

water medium. Water not only provides the medium to make these life sustaining 

reactions possible, but water itself is often an important reactant or product of these 

reactions. In short, the chemistry of life is water chemistry. 

Acetonitrile (ACN): 

1+---J 
Acetonitrile is the colourless 

Acetonitrile 

(MP -N_) liquid and of the simplest organic 

nitrile. It is produced mainly as a Appearance ·Colourless Liquid 
byproduct of acrylonitrile manufacture. Molecular Formula ·CH3CN 

Source: Merck, India. Molecular Weight ·41.05g·mo/'1 

Purification: Acetonitrile (ACN) Densit;y ·0.77668 g·cm3 

obtained from Merck, India was used Viscosit;y ·0.344 mP·s 

after further purification. It was distilled Refractive Index ·1.3418 

from PzOs and then from CaHz in an all-
Ultrasonic Speed ·1282.6 m·;z 

Dielectric Constant ·35.95 at 298.15 K 
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glass distillation apparatus.l111 ·11 The middle fraction was collected. About 99% 

purified acetonitrile with specific conductivity 0.8 - l.Oxl0-8 S cm-3 was obtained. 

The purity of the liquid was checked by measuring it's density and viscosity which 

were in good agreement with the literature valuesiiiJ.l, 11 1.21 as shown in Table lV.l. 

Application: It is widely used in battery applications because of its relatively high 

dielectric constant and ability to dissolve electrolytes. For similar reasons it is a 

popular solvent in cyclic voltammetry. Its low viscosity and low chemical reactivity 

make it a popular choice for liquid chromatography. Acetonitrile plays a significant 

role as the dominant solvent used in the manufacture of DNA oligonuleotides from 

monomers. Industrially, it is used as a solvent in the purification of butadiene and in 

the manufacture of pharmaceuticals and photographic film. Acetonitrile is a common 

two-carbon building block in organic synthesis as in the production of pesticides to 

perfumes. 

To,.ahydro}Uron {THF)' I ~I 
Tetrahydrofuran (THF) is an organic 

compound with the formula (CH2)40. The 

compound is classified as heterocyclic 

compound, specifically a cyclic ether. It is a 

colorless, water-miscible organic liquid 

with low viscosity. THF has an odor similar 

to acetone. It is mainly used as a precursor 

to polymers. Being polar and having a wide 

liquid range, THF is a versatile solvent. 

Source: Merck, Indian. 

Purification: Tetrahydrofuran (THF), 

Tetrahydrofuran 

[s;;?] 
Appearance · -Colourless Liquid 

Molecular Formula ·C4HoO 

Molecular Weight ·72.11 g·mol-1 

Density ·0.88074 g-cm3 

Viscosity -0.463mP·s 

Refractive Index ·1.4072 

Ultrasonic Speed ·1279.0 m·s-1 

Dielectric Constant ·7.58 at 298.15 K 

Merck, Indian was kept several days over potassium hydroxide (KOH), refluxed for 

24 h and distilled over lithium aluminium hydride (LiAIH4) described earlier.fiV.3J The 

purified solvent had a boiling point of 339 Kanda specific conductance of 0.81 x 10-6 

S cm-3. The density and viscosity of the purified solvent were in good agreement with 
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the literature data[IIl.4, Ill.SJ as shown in Table IV.1. The purity of the 

solvent was ;::98.9%. 

Application: The main application of THF is as an industrial 

solvent for PVC and in varnishes. It is an aprotic solvent with a 

moderately polar solvent and can dissolve a wide range of non

polar and polar chemical compounds. THF is a popular solvent in the laboratory 

when a moderately higher-boiling ethereal solvent is required and its water 

miscibility is not an issue. Hence, like diethyl ether, THF can be used 

in hydroboration reactions to synthesize primary alcohols, and as a solvent for 

organometallic compounds such as organolithium and Grignard reagents. THF is 

often used in polymer science as dissolve polymers prior to determining their 

molecular mass using gel permeation chromatography, to PVC as well and thus it is 

the main ingredient in PVC adhesives. It can be used to liquefy old PVC cement, and is 

often used industrially to degrease metal parts. THF is also used as a component in 

mobile phases for reversed-phase liquid chromatography. 

1,3-Dioxo/ane {1,3-DO): ~"'_ i 
Dioxolane or 1,3-dioxolane is a 

heterocyclic acetal. No unusual toxic effects 

have been associated with the use of 1,3-

dioxolane. The product is not explosive, not 

spontaneously flammable and has no 

disagreeable odour. Dioxolanes are a group 

of organic compounds sharing the 

dioxolane ring structure. 

Source: Merck, India. 

Purification: It is dried with KOH and 

then distilled from sodiumJIII.6J 

113 -Dioxolane 

' [QJ 
Appearance ·Colourless Liquid 

Molecular Formula ·C3H60 

Molecular Weight ·74.08g·mol-1 . 

Density ·1.05873 g·cm3 

Viscosity ·0.589mP·s 

Refractive Index ·1.3980 

Ultrasonic Speed :1338.8 m·s-1 

Dielectric Constant ·7.34 at 298.15 K 

Application: It is a very good solvent for pharmaceutical manufacturing, it is used 

as a replacement for many chlorinated solvents, in lithium battery electrolyte solvent 

• 
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component, as a copolymerization agent with trioxane and formaldehyde for 

manufacturing polyacetal resins, paint stripper, glue stabilizer, water solubilizing 

agent for pesticides, herbicides and wood preservatives. 

Methanol V4~H): tl ~~~ 
Methanol, also known as methyl 

alcohol, wood alcohol, wood naphtha or 

wood spirits, is the simplest alcohol, and is a 

light, volatile, colourless, flammable, liquid 

with a distinctive odour that is very similar 

to but slightly sweeter than ethanol 

(drinking alcohol). 

Source: Merck, India. 

Purification: It was passed through 

Linde A molecular sieves and then 

distilledJIII.6J 

Application: The largest use of methyl 

alcohol by far is in making other chemicals. 

Methanol 

1-:! H 
H ...... :~ / . C.,-C> 

·H' 
""" .• 

Appearance ·Colourless Liquid 

Molecular Formula ·CH40 

Molecu_lar Weight ·32.04 g·mol-1 

Density ·0. 7866 g·cm3 

Viscosity . ·0.5445 mP·s · 

Refractive Index ·1.3284 

Ultrasonic Speed . :11o3.o m·s-1 

Dielectric Constant ·32.6 at 298.15 K 

About 40% of methanol is converted to formaldehyde, and from there into products 

as diverse as plastics, plywood, paints, explosives, and permanent press textiles. 

Methanol is a traditional denaturant for ethanol, thus giving the term methylated 

spirit. Methanol is also used as a solvent, and as an antifreeze in pipelines. In some 

waste water treatment plants, a small amount of methanol is added to waste water to 

provide a food source of carbon for_ the denitrifying bacteria, which converts nitrates 

to nitrogen to reduce the denitrification of sensitive aquifers. Methanol is used on a 

limited basis to fuel internal combustion engines. Methanol is also useful as 

an energy carrier. It is easier to store than hydrogen, burns cleaner than fossil fuels, 

and is biodegradable . 

C'fv.III 
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Nitromethane (NM): 

Nitro methane is one of the simplest 

organic nitro compounds. It is a slightly 

viscous, highly polar liquid. 

Source: S.D. Fine Chemicals Ltd., 

Mumbai, India. 

Purification: It is dried with Caso. and 

then distilledJIII.6J 

Application: The principle use of 

nitromethane is as a stabilizer for 

chlorinated solvents, which are used in dry 

cleaning, semiconductor processing, and 

Nitromethane 

l' H o· H.....:::,_ / , .c-wJ I / ~ 
I 1::1 o 

Appearance ·Colourless Liquid 

Molecular Formula ·CH3NOz 

Molecular Weight ·61.04 g·mof·l 

Density ·1.13045 g·cm3 

Viscosity ·0.614mP·s 

Refractive Index ·1.3260 

Ultrasonic Speed ·1317.0 Til·s-1 

Dielectric Constant ·35.87 at 298.15 K 

degreasing. It is also used most effectively as a solvent or dissolving agent for 

acrylate monomers, such as cyanoacrylates. In more specialized organic synthesis, 

nitromethane serves as a Michael donor, adding to a, ~-unsaturated carbonyl 

compounds via 1,4-addition in the Michael reaction. Its acidicity allows it to undergo 

deprotonation, enabling condensation reactions analogous to those of carbonyl 

compounds. 

Nitrobenzene rNBI: '-~ 
{' :J 1~1 

Nitrobenzene is a colorless to pale yellow oily liquid with an odour 

resembling that of bitter almonds or "shoe polish." It represents a fire hazard, with a 

flash point (closed cup method) of 88 oc and an explosive limit (lower) of 1.8% by 

volume in air. Nitrobenzene can undergo degradation by both photolysis and 

microbial biodegradation. 

Source: Sd. Fine Chemicals, India 

Purification: It is distilled in presence of dil. H2S04 then dried with CaCh followed 

by distillation from P20 5JIIL6J 



Application: Nitrobenzene, one of the 

major uses for nitrobenzene is for the 

production of aniline,IIII.7J which is a 

chemical intermediate used during the 

manufacture of polyurethane. Nitrobenzene 

is also used industrially in the manufacture 

of some pharmaceuticals, dyes and rubbers, 

as a constituent in some polishes and paint 

solvents and as a solvent in the refining of 

petroleum. More specialized applications 

include the use of nitrobenzene as a 

precursor to rubber chemicals, pesticides, 

P cvg:e- /189 

Nitrobenzene 

::>-o 
Appearance ·Pale Yellow Liquid 

Molecular Formula ·C6HsNOz 

Molecular Weight ·123.06 g·mo/"1 

Density ·1.19836 g·cm3 

Viscosity ·1.815mP·s 

Refractive Index ·1.5474 

Ultrasonic Speed ·1460.8 m·S"l 

Dielectric Constant ·34.82 at298.15 K 

dyes, explosives, and pharmaceuticals. Nitrobenzene is also used in shoe and floor 

polishes, leather dressings, paint solvents, and other materials to mask unpleasant 

odors. Redistilled, as oil of mirbane, nitrobenzene has been used as an inexpensive 

perfume for soaps. A significant merchant market for nitrobenzene is its use in the 

production of the analgesic paracetamo].IIII.SJ 

Formamide (F): 

Fonnamide, also known 

as methanamide, is an amide derived 

from formic acid. It is a clear liquid which is 

miscible with water and has an ammonia 

like odor. It is chemical feedstock for the 

manufacture of sulfa drugs, other 

pharmaceuticals, herbicides, pesticides and 

the manufacture of hydrocyanic acid. 

Source: Sigma Adrich, Germany 

Purification: The Spectrographic grade 

formamide used as procured, without 

Formamide 

0 
II 

H,....C,NHJ 
. . . 

Appearance ·Colourless Liquid 

Molecular Formula ·HCONHz 

Molecular Weight ·45.04 g·mol-1 

Density ·1.13300 g·cm3 

Viscosity ·3.304mP•s 

Refractive Index ·1.4475 

Ultrasonic Speed ·1626.3 m·S"l 

Dielectric Constant ·109.5 at 298.15 K 

further purification. The purity of the solvent is 99.5%. 
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Application: It has been used as a softener for paper and fiber. It is a solvent for 

many ionic compounds. It has also been used as a solvent for resins and plasticizers. 

Formamide will begin to partially decompose into carbon monoxide and ammonia at 

180°C. When heated strongly, formamide decomposes to hydrogen cyanide (HCN) 

and water vapor. It is also a constituent of cryoprotectant vitrification mixtures used 

for cryopreservation of tissues and organs. Formamide is also used as an RNA 

stabiliser in gel electrophoresis by deionizing RNA. In capillary electrophoresis, it is 

used for stabilizing (single) strands of denatured DNA. Another use is to add it in sol

gel solutions in order to avoid cracking during sintering. Formamide, in its pure 

state, has been used as an alternative solvent for the electrostatic self-assembly of 

polymer nano-films. It is used to prepare primary amines directly from ketones via 

their N-formyl derivatives, using the Leuckart reaction. 

Methylamine (CHJNHz): ~ 

Methylamine is the organic 

compound with a formula of CH3NHz. This 

colourless gas is a derivative of ammonia, 

but with one H atom replaced by a methyl 

group. It is the simplest primary amine. It is 

sold as a solution in methanol, ethanol, THF, 

and water, or as the anhydrous gas in 

pressurized metal containers. Industrially, 

methylamine is transported in its 

anhydrous form in pressurized railcars and 

tank trailers. It has a strong odour similar to 

fish. 

Source: Sigma Aldrich, Germany 

Methylamine 

1\ H 

! J'--<?--H 
I H I 

Appearance ·Colourless Liquid 

Molecular Formula ·CH3NHz 

Molecular Weight ·31.06 g·mo/"1 

Boiling Point ·266.5-267.1 K 

Melting Point ·180.05K 

Density ·0.89703 g·cm·J 

Viscosity ·0.178mP·s 

Dielectric Constant ·9.10 at298.15 K 

Purification: The solvent was used as purchased without further purification. 

Application: Methylamine is used as a building block for the synthesis of many 

other commercially available compounds. Methylamine is a good nucleophile as it is 
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highly basic and unhindered, although, as an amine it is considered a weak base. Its 

use inorganic chemistry is pervasive. 

MethanoicAcid (Formic Acid): I~ I 
Formic acid (systematically 

acid) is the 
Formic Acid 

called methanoic 

simplest carboxylic acid. Its chemical 

formula is HCOOH or HCOzH. It is an 

important intermediate in chemical Appearance ·Colourless Liquid 

synthesis and occurs naturally, most notably Molecular Formula ·HCOOH 

in ant venom. Its name comes from Molecular Weight ·46.03 g·moJ-1 

the Latin word for ant,formica, referring to Density ·1.21405 g·cm3 

its early isolation by the distillation of ant Viscosity ·1.532 mP·s 

bodies. Esters, salts, and the anions derived Refractive Index ·1.3694 

from formic acid are referred to as formates. Ultrasonic Speed ·1283.0 m·s-1 

Formic acid is a colorless liquid having a pKa ·3. 77 

highly pungent, penetrating odour at room 

temperature. It is miscible with water and 

most polar organic solvents, and is 

somewhat soluble in hydrocarbons. In 

hydrocarbons and in the vapor phase, it 

0----H-0 

H---< }-H 
0-H----0 

Cyclic dimer of formic add; dashed green 
lines represent hydrogen bonds 

consists of H-bonded dimers rather than individual molecules. 

Solid formic acid (two polymorphs) consists of an effectively 

endless network of hydrogen-bonded formic acid molecules. 

This relatively complicated compound also forms a low

boiling azeotrope with water (22.4%) and liquid formic acid 

also tends to supercool. 

Source: Sigma Aldrich, Germany 

Purification: Used as parched without further purification. The purity is >98.9%. 

Application: A major use of formic acid is as a preservative and antibacterial agent 

in livestock feed. Formic acid is also significantly used in the production of leather, 

C'hriii 
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including tanning, and in dyeing and finishing of textile because of its acidic nature. 

Formic acid is also used in place of mineral acids for various cleaning products, such 

as limescale remover and toilet bowl cleaner. Some formate esters are artificial 

flavourings or perfumes. The use of formic acid in fuel cells is also under 

investigation. Formic acid is a source for a formyl group for example in 

the formylation of methylaniline to N-methylformanilide in toluene. In synthetic 

organic chemistry, formic acid is often used as a source of hydride ion. It, or more 

commonly its azeotrope with triethylamine, is also used as a source of hydrogen 

in transfer hydrogenation. Like acetic acid and trifluoroacetic acid, formic acid is 

commonly used as a volatile pH modifier in HPLC and capillary electrophoresis. 

~N-Dimethylformamide (DFM): -~:, 
N, N, Dimethylformamide is an o 

ic compound with the formula (CH3)2N 

H. Commonly abbreviated as DMF (th 

rgan 

C(O) 

ough 

this acronym is sometimes used 

uid is for dimethylfuran), this colourless liq 

miscible with water and the majori 

organic liquids. DMF is a common so 

for chemical reaction. Pure dim 

formamide is odorless whereas tech 

grade or degraded dimethylforma 

often has a fishy smell due to impur 

dimethylamine. Its name is derived fro 

ty of 

lvent 

ethyl-

nical 

mide 

ity of 

m the 

N,N-Dimethylformamide 

H3C'-.,_ ~0 
N ! / ; 

H3C H ! 
) 

Appearance ·Colourless Liquid 

Molecular Formula ·(CH3)2NCHO 

Molecular Weight :73.09 g·mol·1 

Density ·0.94450 g·cm3 

Viscosity ·0.796 mP·s 

Refractive Index ·1.4305 

Ultrasonic Speed ·1451.3 m·s·1 

Dielectric Constant ·36.71 at 298.15 K 

fact that it is a derivative of formam ide, the amide of formic acid. DMF is a polar 

(hydrophilic) aprotic solvent with a high boiling point. It facilitates reactions that 

follow polar mechanisms, such as SN2 reactions. 

Source: Thomas Baker, India 

Purification: It was dried by passing through Linde 4A molecular sieves and then 

distilled)lll.6l 

/ 
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Application: The primary use of dimethylformamide is as a solvent with low 

evaporation rate. DMF is used in the production of acrylic fibers and plastics. It is 

also used as a solvent in peptide coupling for pharmaceuticals, in the development 

and production of pesticides, and in the manufacture of adhesives, synthetic leathers, 

fibers, films, and surface coatings.[llL9l It is used as a reagent in the Bouveault 

aldehyde synthesis and in the Vilsmeier-Haack reaction, another useful method of 

forming aldehydes. It is also a common catalyst used in the synthesis of acyl halides, 

in particular the synthesis of acyl chlorides from carboxylic acids using oxalyl 

or thionyl chlorideJill.10l DMF penetrates most plastics and makes them swell. This 

property makes it very suitable for solid phase peptide synthesis. It also frequently 

occurs as a component of paint strippers for this purpose. DMF is very effective at 

separating and suspending carbon nanotubes, and is recommended by the NIST for 

use in near infrared spectroscopy of such. DMF can be utilized as a standard in 

proton NMR allowing for a quantitative determination of an unknown chemical. DMF 

is used as a solvent to recover olefins such as 1,3-butadiene via extractive distillation. 

It is also used in the manufacturing of solvent dyes as an important raw material. It is 

consumed during reaction. Pure acetylene gas cannot be compressed and stored 

without the danger of explosion. Industrial acetylene gas is, therefore, dissolved in 

dimethylformamide and stored in metal cylinders or bottles. The casing is also filled 

with agamassan, which renders it safe to transport and use. 

NIN-Dimethylacetamide (DMA): rl ~-~ '1py:::~';:)j _' 
.. {~ '· 

·--. :··"""'· •• -- ---~~::_)' I 

~~--~====~----------------~ 
N,N-Dimethylacetamide is the organic N~N-Dimethylacetamide 

compound with the formula (CH,),NCOCH,. H,c'-..N-----'(0 I 
This colorless, water-miscible, high boiling H~c~ · _ cH.3 ) 

liquid is commonly used as a 

polar solvent in organic synthesis. DMA, as 

it often abbreviated, is miscible with most 

other solvents, although it is poorly soluble 

in aliphatic hydrocarbons. 

Source: Thomas Baker, India 

Purification: It was dried by passing 

through molecular sievesJllL6l 
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Appearance :Colourless Liquid 

Molecular Formula :(CH3)zNCOCH3 

Molecular Weight :87.12 y·mol-1 

Density :0.93680 g·cm3 

Viscosity :0.923 mP·s 

Refractive Index · 1.4384 

Ultrasonic Speed ·1458.5 m·s-1 

Dielectric Constant :37.78 at 298.15 K 
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Application: DMA is useful solvent for reactions involving strong bases such 

as sodium hydroxide. Dimethylacetamide is commonly used as a solvent for fibers 

(e.g., polyacrylonitrile, spandex) or in the adhesive industry)lll.llJ It is also employed 

in the production of pharmaceuticals and plasticizers as a reaction medium. 

Dimethylsulfoxide (DMSO): ~·~ j 
··'-""" 

Dimethyl 

an organosulfar 

sulfoxide 

compound 

(DMSO) is 

with 

less liquid the formula (CH3)zSO. This color 

is an important polar aprotic s 

dissolves both polar and 

compounds and is miscible in a w 

of organic solvents as well as 

penetrates the skin very readily 

the unusual property for many 

of being secreted onto the surf 

tongue after contact with the 

causing a garlic-like taste in t 

olventthat 

non-polar 

ide range 

water. It 

, giving it 

individuals 

ace of the 

skin and 

he mouth. 

Dimethylsulfoxide 

H3C" 

/S=O 
H3C 

Appearance ·Colourless Liquid 

Molecular Formula ·(CH3)2SO 

Molecular Weight ·78.13 g·moJ-1 

Density ·1.09602 g·cm3 

ViscositY ·1.946mP·s 

Refractive Index ·1.4783 

Ultrasonic Speed ·1490.4 m·s·l 

Dielectric Constant ·46.7 at 298.15 K 

Although it has some niche medicinal uses it also has significant known side effects. 

It has been promoted as a fake cure for cancer and other conditions. 

Source: Thomas Baker, India 

Purification: It was dried by passing through Linde 41\. molecular sieves. 

Application: DMSO is frequently used as a solvent for chemical reactions involving 

salts, most notably Finkelstein reactions and other nucleophilic substitutions. It is 

also extensively used as an extractant in biochemistry and cell biology. Because of its 

ability to dissolve many kinds of compounds, DMSO plays a role in sample 

management and high-throughput screening operations in drug design. DMSO is 

used in PCR to inhibit secondary structures in the DNA template or the DNA primers. 

It is added to the PCR mix before reacting, where it interferes with the self

complementarity of the DNA, minimizing interfering reactions. In medicine, DMSO is 

predominantly used as a topical analgesic, a vehicle for topical application of 
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pharmaceuticals, as an anti-inflammatory, and an antioxidantJ111·12l Because DMSO 

increases the rate of absorption of some compounds through organic tissues, 

including skin, it can be used as a drug delivery system. It is frequently compounded 

with antifungal medications, enabling them to penetrate not just skin but also toe 

and fingernails. It is also used as veterinary medicines. 

Ethfiene gycm (EG]• ~~~ 
Ethylene glycol is a colourless, 

practically odourless, low-volatility, low

viscosity, hygroscopic liquid. It is completely 

miscible with water and many organic 

liquids. The hydroxyl groups on glycols 

undergo the usual alcohol chemistry, giving 

a wide variety of possible derivatives. 

Source: Merck, India. 

Purification: lt was dried with 

anhydrous CaS04 and distilled under 

vacuum. The distillate was passed through 

Linde type 4 A molecular sieves.l111·6l 

Ethylene Glycol 

H H 

~OH HO 
H H 

Appearance ·Colourless Liquid 

Molecular Formula ·CzH,Oz 

Molecular Weight ·62.07 g·moJ-1 

Density ·1.10980 g·cm3 

Viscosity ·16.9mP·s 

Refractive Index ·1.4002 

Ultrasonic speed ·1660.0 m·s-1 

Dielectric Constant ·40.7 at 298.15 K 

Application: The major uses of ethylene glycol are as antifreeze, which accounts 

for over 50% of ethylene glycol's commercial uses, and as raw material in the 

production of polyester fibers, mainly PET, which accounts for 40% of total ethylene 

glycol consumption. Because this material is cheaply available, it finds many niche 

applicationsJm.t3J It is widely used as an intermediate in the synthesis of many 

varieties of organic chemical compounds. Industrially it is employed in the 

manufacture of synthetic drugs and dyes. 

Chriii 
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lll.1.2 ELECTROLYTES AND NON-ELECTROLYTES 

The electrolytes ionic liquids, and non-electrolytes amino acids, respectively, 

and other chemicals than these two categories that are used in the research work 

have been describing follow: 

lll.1.2.1Ionic Liquids 

Tetrabutylphosphonium tetrafluorob 

Tetrabutylphosphonium tetrafluorobotrate 

is the phosphonium based ionic liquid, 

containing bulky alkyl ( n-butyl) group of 

molecular formula [(C.H9)4PBF.], exists as a 

molten solid phase (white crystalline) with 

the melting point 96-99°C. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The 

purity of the chemical is >99.0% 

Application: Tetrabutylphosphonium 

otrate [Bu.PBF.]: ~I I 
[Bu.PBF4] 

("-"CH, 
H,c~p· 

, ~~cHI i H3C BF4 
3

. 

Appearance ·White Crystalline 

Molecular Formula ·C16H36BF<P 

¥olecular Weight ·346.24 g·mof'l 

Melting Point ·369-372 K 

Relative Densit;y ·No data available 

Ionic radii · 4.42 (A) of Bu.f>+ 

2.78 (A.) ofBF4 

tetrafluoroborate is widely used as electrolytes m electrochemical windows when 

control of electrode potentials is required source. The ionic liquid may be used in 

organic synthesis and bio-catalysis, dye sensitized-cells, batteries, electrochemical 

application and phase transfer catalyst, etc. 

Tetrabutylphosphonium methanesulfonate [Bu.PCH3S03]. ~~ 1 

Tetrabutylphosphonium methanesulfonate is the also phosphonium based ionic 

liquid, containing bulky alkyl (n-butyl) group of molecular formula [(C4H9)4PCH3S03], 

exists as a molten solid phase (white crystalline) with the melting point 96-99°C. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is >99.0% 



Application: Tetrabutylphosphonium 

methanesulfonate is perhaps used as same 

as tetrabutylphosphonium tetrafluoro

borate as electrolytes in electrochemical 

windows when control of electrode 

potentials is required source. The ionic 

liquid may be used in organic synthesis and 

bio-catalysis, dye sensitized-cells, batteries, 

electrochemical application and phase 

transfer catalyst, etc 

[Bu4PCH3S03) 

t('.? ,-\-'"· 
'•'~--s 

Appearance ·White Crystalline 

Molecular Formula ·C11H39PS03 

Molecular Weight ·354.53 g·mol·l 

Melting Point ·369-372 K 

Relative Densit;y ·No data available 

Ionic radii ·4.42 (A) ofBu4p+ 

2.83(A) ofCHJSOJ· 

emimN03): 1-ethyl-3-methylimidazolium nitrate[< ~4() . l' '· . ..... I 
1-ethyl-3-methylimidazolium nitrate is 

the imidazolium based ionic liquid, of 

molecular formula C6HuNJ0J, containing 

methyl, ethyl group with two active nitrogen 

atoms in the imidazole or five member ring. 

exist as a molten liquid phase with the 

melting point 2! 40°C. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The 

purity of the chemical is >98.0% 

Application: The ionic liquid are good 

examples of neoteric solvents, new types of 

[emimN03) 

..,.CHs 

~~~ NOs-

~"cy I 
Appearance · Beige Crystalline 

Molecular Formula ·C6H11N303 

Molecular Weight ·173.17 g·mol·l 

Melting Point · 2!313.15 K 

Relative Densit;y · No data avilable 

Ionic radii ·1.33(A)of{emim}+ 

1.99 (A) ofN03 

solvents, or older materials that are finding new applications as solvents, which is 

environmentally friendly (or eco-friendly) because they are Jess hazardous for 

human body as well as less toxic for living organisms, used as recyclable solvents for 

organic reactions and separation processes, lubricating fluids, heat transfer fluids 

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells). 

C'fv.III 
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1-ethyl-3-methylimidazolium methanesulfonate [emimCH3S03 ~ 

1-ethyl-3-methylimidazolium methane

sulfonate is the also imidazolium based 

ionic liquid, of molecular formula 

C6H11N303, containing methyl, ethyl group 

with two active nitrogen atoms in the 

imidazole or five member ring, exists as a 

molten liquid phase with the melting point?: 

30"C. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The 

purity of the chemical is >95.0% 

Application: The ionic liquid are new types 

[emimCH3S03} 

-r o :-o 
H 3 C --N ,.....;---....~- • ---C H 3 

\____Jf 

Appearance ·Odourless solid 

Molecular Formula ·C7HuN203S 

Molecular Weight ·206.26 g·mof·l 

Melting Point ·303.15K 

Relative Derisit;y ·1.247 g·cm·3 

Ionic radii ·1.33(A)of {emim]• 

2.83(A)ofCHJS03· 

of solvents, or older materials that are finding new applications as solvents, which is 

environmentally friendly (or eco-friendly) because they are less hazardous for 

human body as well as less toxic for living organisms, used as recyclable solvents for 

organic reactions and separation processes, lubricating fluids, heat transfer fluids 

for processing biomass and electrically conductive liquids as electrochemical device 

in the field of electrochemistry (batteries and solar cells) and so forth . 

1-ethyl-3-methylimidazolium tosylate [emimTos]: .;:1~ -:c··'! ~ \ 
1-ethyl-3-methylimidazolium tosylate is also the imidazolium based ionic liquid, 

of molecular formula C13H11N303, containing methyl, ethyl group with two active 

nitrogen atoms in the imidazole or five member ring, exist as a molten liquid phase 

with the melting point?: 25-30°C. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The purity of the chemical is >98.0% 



Application: The ionic liquid are good 

examples of neoteric solvents, new types of 

solvents, or older materials that are finding 

new applications as solvents, which is 

environmentally friendly (or eco-friendly) 

because they are less hazardous for human 

body as well as less toxic for living 

organisms, used as recyclable solvents for 

organic reactions and separation processes, 

lubricating fluids, heat transfer fluids for 

processing biomass and electrically 

conductive liquids as electrochemical device 
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[emimTos] 

H3C'\. O\~CH3 
N\ HO_\, ~ /, v· " N~o 

CH, 

Appearance ·Crystalline 

Molecular Formula ·C13H1eN2035 

Molecular Weight ·282.36 g·mo[-1 

Melting Point · 298.15-303.15 K 

Relative Density ·1.231 g·cm-3 

Ionic radii ·1.33(A)of [emim]' 
3.16 (A) ofTos · 

in the field of electrochemistry (batteries and solar cells) and so forth. In the modern 

technology, industry, and also in academic research field, the vast application is 

frequently increases. 

1-ethy/3-methylimidazolium bromide [emimBr]: 

1-ethyl 3-methylimidazolium bromide 

is an ionic liquid. The cation consists of a 

five-membered ring with two nitrogen and 

three carbon atoms, i.e. a derivative 

of imidazole, with ethyl and methyl groups 

substituted at the two nitrogen atoms. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The 

purity of the electrolyte is 99.8%. 

Application: 1-ethyl-3-methylimidazoli

um salts are used in cellulose processing. 

They are also used as use as non-aqueous 

electrolytes in electrochemical applications. 

Ch--III 

[emimBr] 

-e, 
H3C-- ................ _..............CH 

\ __ } 3 

Appearance ·Light yellow Cryst 

Molecular Formula ·C6H11BrN2 

Molecular Weight ·191.07 g·mol·l 

Melting Point ·<373.15 K 

Relative Density · No data available 

Ionic radii ·1.33(A)of[emim)+ 

1.95 (A) o[Br· 
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Tetrabutylammonium Hexajluorophosphate [Bu4NPF6]: 

~ I Tetrabutylammonium hexaflurophosphate 

,. 

is also the ammonium based ionic liquid, of 
/Bu~PF6l 

r· molecular formula C16H36NPF6, exist as a .:~< 
molten solid phase. .. ,~~"· 

Source: Sigma Aldrich, Germany '·' 

Purification: Used as purchased. The Appearance ·Off-white Power 

mass fraction purity of Bu4NPF6 was ;:,0.99. Molecular Formula ·C16H36NPF6 

Application: It is used as reference Molecular Weight ·387.43 g·moi-1 

electrolyte because both ions have about the Melting Point ·517.15- 519.15 K 
same volume and half the limiting Relative Densit;y ·No data available 
conductance is assumed to give the single 

Ionic radii ·5.00(A)of [Bu4N}+ 
ion conductances of8u4N+ and PF6·. 1.95 (A) ofPF6· 

ll/.1.2.2 Electrolytes other than Ionic Liquids 

Tetrabutylammonium tetraphenylborate [Bu4NBPh4]: ~~ 
Tetrabutylammonium tetraphenylborate is 

the most popular electrolyte, containing the [Bu4NBPh4] 

approximately same ionic radii of cation "•'< ~--0 
(Bu4N+) and anion (Ph.B·) as well as same 

"·'~\0 ionic conductance; for the reason the "·' ~ 
"· 

electrolyte commonly used as 'reference 

electrolyte' method. 
Appearance ·White Power 

Source: Sigma Aldrich, Germany Molecular Formula ·C40Hs.BN 

Purification: Used as purchased. Molecular Weight 561.69 g·mol-1 

Application: It is widely used as Melting Point ·506.15-510.15 K 

supporting electrolytes in electrochemical Relative Density ·No data available 

measurements when control of electrode Ionic radii ·5.00 (A) of [Bu4N]• 
potentials is required. 5.33 (A) of{BPh4]· 
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Lithium Hexajluoroarsenate [LiAsF6]: 

Lithium hexafluoroarsenate is the most prominent lithium-ion battery is a 

member of a family of rechargeable battery in which lithium ions moves from the 

negative electrode to the positive electrode during discharge and back when 

charging. Chemistry, performance, cost and safety characteristics vary across 

lithium-ion battery (LIB) type. Handheld electronics mostly use L!Bs based on the 

electrolyte, which offers high energy density, but presents safety risks, especially 

when damaged. 

Source: Sigma Aldrich, Germany 

Purification: Used as purchased. The 

mass fraction purity of the salt is 0.98. 

Application: Used as electrolytes in 

lithium-ion batteries. It is used an 

intercalated lithium compound as the 

electrode material, compared to the metallic 

lithium used in non-rechargeable lithium 

battery. Such batteries provide lightweight, 

high energy density power sources for a 

variety of devices, are widely used for 

electric tools, medical equipment and other 

roles. 

Cfv-III 

[LiAsF6] 

F F 
+ ........... I -~F 

Li /As "'-F 
F \ 

F 

Appearance ·White Power 

Molecular Formula ·LiAsF6 

Molecular Weight ·195.85 g·mol·I 

Purity • ,? 99.0% 

M~lting Point ·622.15K 

Relative Density ·No data available 

Ionic radii ·1.33 (A) ofLi+ 

· 1.95 (A) of Ash 



111.1.2.3 Amino Acids 

Glycine (abbreviated as Gly or G) is 

an organic compound with the formula 

NHzCHzCOOH. Having a hydrogen 

substituent as its side-chain, glycine is the 

smallest of the 20 amino acids commonly 

found in proteins. Its codons are GGU, GGC, 

GGA, GGG of the genetic code. Glycine is a 

colourless, sweet-tasting crystalline solid. It 

is unique among the proteinogenic amino 

acids in that it is not chiral. It can fit into 

hydrophilic or hydrophobic environments, 

Glycine 

H2N~O 
OH 

'Appearance ·White Solid . 

Molecular Formula ·CzHsNOz 

MolecularWeight ·75.07 g·moP 

Melting Point ·506.15K 

Relative Density ·1.607 g·cm'3 

pKa ·2.34 (carboxyl]; 

9.6 (amino) 

due to its minimal side chain of only one hydrogen atom. 

Source: Sigma Aldrich, Germany 

Purification: Used as parched without further purification. The purity is 99.99%. 

Application: Pharmaceutical grade glycine is produced for or some 

pharmaceutical applications, as intravenous injections. Technical grade glycine is 

solid for use in industrial applications, e.g. as an agent in metal complexing and 

finishing. For humans, glycine is solid as a sweetner /taste enhancer. Certain food 

supplements and protein drinks containing glycine, for drug formulations it used to 

improve gastic absoption. Glycine serves as a buffering agent in antacids, analgesics, 

antiperspirants, cosmetics, and toiletries. Many miscellaneous products use glycine 

or its derivatives, such as the production of rubber sponge products, fertilizers, metal 

complexants. 



L-Alanine (Ala): /. . . . '\ 
. 

' 
' 

' ' 
\;,, :· ' · ... ~l-\:~~;!1<;::// I 

Alanine (abbreviated as Ala or A) is an 

a-amino acid with the chemical formula 

CHJCH(NHz)COOH. The L-isomer is one of 

the 20 amino acids encoded by the genetic 

code. Its codons are GCU, GCC, GCA, and 

GCG. It is classified as a nonpolar amino 

acid. L-Alanine is second only to leucine in 

rate of occurrence, accounting for 7.8% of 

the primary structure in a sample of 1,150 

Alanine 

0 

H3C0 OH 

H2N 

Appearance ·White Powder 
Molecular Formula · C3H7NOz 

Molecular Weight ·89.09 g·moJ-1 
Melting Point ·531.15 K 

Relative Densit;y ·1.424 g·cm·3 

pKa ·2.35 (carboxyl); 
9.69 (amino) 

proteins_IIIL3J D-Aianine occurs in bacterial cell walls and in some peptide antibiotics. 

Application: alanine is used in dosimetric measurements in radiotherapy. Alanine 

plays a key role in glucose-alanine cycle between tissues and liver. In muscle and 

other tissues that degrade amino acids for fuel, amino groups are collected in the 

form of glutamate by transamination. 

L-Valine (Val): 

Valine is an a-amino acid with the 

chemical formula HOzCCHCH(CH3)2. L

valine is one of 20 proteinogenic amino 

acids. Its codons are GUU, GUC, GUA, and 

GUG. This essential amino acid is classified 

as nonpolar. Human dietary sources are any 

proteinaceous foods such as meats, dairy 

products, soy products, beans and legumes. 

Along with leucine and isoleucine,'valine is a 

branched-chain amino acid. It is named after 

the plant valerian. In sickle-cell disease, 
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L-V aline 

"'?r;' H ,,, OH 
', 

H N . 
2 0 

Appearance White Solid 

Molecular Formula ·CsH11NOz 

Molecular Weight ·117.15 g·mol-1 

Melting Point ·506.15K 

Relative Densit;y ·1.316 g·cm·3 

pKa ·2.32 (carboxyl); 

9.62 (amino) 



valine substitutes for the hydrophilic amino acid glutamic acid in hemoglobin. 

Because valine is hydrophobic, the hemoglobin is prone to abnormal aggregation. 

Source: Sigma Aldrich, Germany 

Purification: Used as parched without further purification. The purity is 99.99%. 

Application: Valine is an essential amino acid; hence it must be ingested, usually 

as a component of proteins. It is used for some pharmaceutical applications, 

industrial applications, food supplements and protein drinks, give out as a buffering 

agent in antacids, analgesics, antiperspirants, cosmetics, toiletries, production of 

rubber sponge products, fertilizers, metal complexants etc. 

L-Leucine (Leu): 

Leucine (abbreviated as Leu or L) is 

a branched-chain a-amino acid with the 

Chemical formula HOzCCH(NH2)CH2CH(CH3)z. 

Leucine is classified as a hydrophobic amino 

acid due to its aliphatic isobutyl side chain. 

It is encoded by six codons (UUA, UUG, CUU, 

CUC, CUA, and CUG) and is a major 

component of the subunits in ferritin, 

astacin and other 'buffer' proteins. Leucine 

is an essential amino acid, meaning that the 

human body cannot synthesize it, and it 

therefore must be ingested. 

Source: Sigma Aldrich, Germany 

L-Leucine 

~"' H 0 H 

H 2N 
0 

\, 

Appearance -white Solid 

Molecular Formula ·C6H13N02 

Molecular Weight · ·131.17 g·mal·l 

Melting Point ·>573.15 K 

Relative Densit;y ·1.167 g·cm·3 

pKa ·2.36 (carboxyl); 
9.60 (amino) 

Purification: Used as parched without further purification. The purity is 99.99%. 

Application: Leucine is utilized in the liver, adipose tissue, and muscle tissue, for 

formation of sterols. Leucine is the only dietary amino acid that has the capacity to 

stimulate muscle protein synthesis. Leucine potently activates the mammalian target 

of rapamycin kinase that regulates cell growth. In yeast genetics, mutants with a 

defective gene for leucine synthesis (leu2) are transformed with a plasmid that 
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contains a working leucine synthesis gene (LEU2) and grown on minimal media. 

Leucine synthesis then becomes a useful selectable marker. 

P-Cyclodextrin (p-CD): 

P-Cyclodextrin is finely made from 

pure provision material-starch and translate 

enzyme, which is white powder and whose 

molecule structure is like a cylinder 

compounded from 7 glucose group with a 

key of 2-1.4. The function of ~-Cyclodextrin 

depends on its cylinder molecule structure 

which can be easy to integrate other 

materials. That feature is applied widely in 

industry. 

Source: Sigma Aldrich, Germany 

Purification: Used as parched. The purity 

is 99.98%. 

Application: ~-Cyclodextrin is a new stuff 

p-Cyclodextrin 

/ 

-~0~->:f· 
,. ~ 
,.~:~. 0 ., ., 

tW OH 

\,_ j 

Appearance ·Crystalline Powder 

Molecular Formula C42H7o03s 

Molecular Weight ·1134.98g·mo[-1 

Melting Point ·563.15-573.15 K 

Boiling Point ·1814.33 K 

Relative Density ·1.44 g·cm-3 at 20•C 

Refractive Index ·1.59 (nn20) 

which can be widely applied in production of medicine and food. It can be applied 

widely in production of medicine, food and cosmetics, whose function is improved 

stability, solubility and good smelled. In the production of medicine, it can strengthen 

the stability of medicine without being oxidized and resolving. On the other hand, it 

can improve the solubility. And the effect on living of medicine, lower the toxic and 

side-effect of medicine and cover the strange and bad smell. In the production of 

food, it can mainly cover strange and bad smell of food, improve the stability of 

perfume and condiment and keep food dry or wet at will. {J-CD with a cavity diameter 

C'hriii 
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of 6.4-7.5 A, is the most interest because its cavity size allows for the best special fit 

for many common guest moieties. For this reason, ~-cyclodextrin is most commonly 

used as a complexing agent in hormones, vitamins, and many compounds frequently 

used in tissue and cell culture applications. This capability has also been of assistance 

for different applications in medicines, cosmetics, food technology, pharmaceutical, 

and chemical industries as well as in agriculture and environmental engineering as 

an encapsulating agent to protect sensitive molecules in hostile environment. 

Cetrimonium bromide ((Ct6H33)N(CH3)3Br, 

cetyltrimethylammonium bromide, 

hexadecyltrimethylammonium bromide, 

CTAB) is one of the components of the 

topical antiseptic cetrimide. The 

cetrimonium (or hexadecyltrimethyl

ammonium) cation is an effective 

antiseptic agent against bacteria and fungi. 

It is a cationic surfactant. Its uses include 

providing a buffer solution for the 

Cetrimonium bromide 

t~G-J 
Appearance ·White powder 

Molecular Formula ·C19H4zNBr 

Molecular Weight ·364.45 g·mol·l 

Melting Point ·521.15-524.15K 

pH ·5.0-7.0 at298.15K 

extraction of DNA. It has been widely used in synthesis of gold nanoparticles (e.g., 

spheres, rods, bipyramids). It is also widely used in hair conditioning products. As 

any surfactant, it forms micelles in aqueous solutions. At 303 K (30 °C) it forms 

micelles with aggregation number 75-120 (depending on method of determination, 

usually average -95) and degree of ionization a (fractional charge) 0.2-0.1 (from 

low to high concentration). The standard constant of Br- counterion binding to the 

micelle at 303 K (30 °C) is K" "' 400. This value is calculated from Br- and CTA+ ion 

selective electrode measurements and conductometry data by using literature data 

for micelle size (r = -3 nm), extrapolated to the critical micelle concentration of 1 

mM. However, it varies with total surfactant concentration so it is extrapolated to the 



point at which the concentration of micelles is zero) The closely related compounds 

cetrimonium chloride and cetrimonium stearate are also used as topic antiseptics, 

and may be found in many household products such as shampoos and cosmetics, 

while cetrimonium bromide, due to its high cost, is only found in select cosmetics. 

Source: Thomas Baker, India. 

Purification: Used as without further purification. The mass fraction purity is 0.99. 

Application: Cetrimonium bromide is one of the components of the topical 

antiseptic cetrimide. It is also widely used as an active ingredient for hair 

conditioners, etergent sanitizers, disinfection agents, and softener for textiles and 

paper products. Understanding the behavior of citric acid in cetrimonium bromide 

solution will be of the utmost importance in the biological and pharmaceutical 

science (e.g., advanced lice treatment, etc.). Cetrimonium bromide forms micelles in 

water. Depending on the temperature and concentration of the cetrimonium 

bromide, water is forced to attain a specific structural form. Because of the broad 

distribution of negative charges in glycoproteins, these form broad, fuzzy bands in 

SDSPAGE (Laemmli-electrophoresis). This can be avoided by using positively 

charged detergents like CTAB instead of the negatively charged SDS. Proteins can be 

blotted from CTAB-gels in analogy to western blots ("eastern blot"), and CTAB-PAGE 

can be used as second dimension after IEF. Myelin-associated high hydrophobic 

protein can be analyzed using CTAB 2-DE. 

Citric Acid (CA): 

Citric acid, (C6Hs07·3Hz0), that is, 2-hydroxypropane-1,2,3-tricarboxylic acid, is a 

tribasic, environmentally acceptable, and versatile chemical. It is a natural 

preservative/conservative and is also used to add an acidic or sour taste to foods and 

drinks. In biochemistry, the conjugate base of citric acid, citrate, is important as an 

intermediate in the citric acid cycle, which occurs in the metabolism of all aerobic 

organisms. It consists of 3 carboxyl (R-COOH) groups. Citric acid is a commodity 

chemical, and more than a million tonnes are produced every year by fermentation. 

Chriii 
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It is used· mainly acidifier, 
Citric Acid 

as an as a 
_,.·;__ ~ -..... ' 

f!- ·~ .. "- ~~--- ';:-

flavoring, and as a chelating agent. ·-·.::.....,.- ;-_~ 

;~~2i~t~,~~~;;~~d:~~£~ Source: Citric acid monohydrate (CA) 
r·..-~-.::.t.~t.c.~;..'1'\'}._t!;~""~'~-~~i.¥·:·h'l!··.:.·~~Jl 

was purchased from HiMedia. - -· - . -

Appearance ·Crytalline 
Purification: Its mass purity as supplied 

Molecular Formula · C6Ha07 
is 0.99. The reagent was always placed in 

Molecular Weight ·192.124 g·mol·l 
the desiccator over PzOs to keep them in 

Melting Point ·523.15 K 
dry atmosphere. 

Application: The dominant use of citric 
Relative Density ·1.66 g·cm·3 

acid is as a flavoring and preservative in Boiling Point ·448.15K 

food and beverages, especially soft drinks. Solubility . · Water soluble 

Citric acid can be added to ice cream as an emulsifYing agent to keep fats from 

separating, to caramel to prevent sucrose crystallization, or to recipes in place of 

fresh lemon juice. Citric acid is used with sodium bicarbonate in a wide range of 

effervescent formulae. Citric acid is also often used in cleaning products and sodas or 

fizzy drinks. Citric acid is an excellent chelating agent, binding metals. It is used to 

remove limescale from boilers and evaporators. Citric acid can be used in shampoo 

to wash out wax and coloring from the hair. It can be used to soften water, which 

makes it useful in soaps and laundry detergents. Citric acid is widely used as a pH 

adjusting agent in creams and gels of all kinds. Citric acid is an alpha hydroxy acid 

and used as an active ingredient in chemical peels. Citric acid is commonly used as a 

buffer to increase the solubility of brown heroin. Citric acid is used as one of the 

actiye ingredients in the production of antiviral tissues. Citric acid can be used in 

food coloring to balance the pH level of a normally basic dye. It is used as an 

odourless alternative to white vinegar for home dyeing with acid dyes. Citric acid can 

be used as a successful alternative to nitric acid in passivation of stainless steel. Citric 

acid can be used as a lower-odor stop bath as part of the process for developing 

photographic film. As it occurs in metabolism of almost all living beings, its 

interactions in an aqueous solution is of great value to the biological scientists. In the 

pharmaceutical industry, citric acid is used as a stabilizer in various formulations, as 

a drug component and as an anticoagulant in blood for transfusions and also used as 

an acidifier in many pharmaceuticals. Citric acid can be used in food colouring to 
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balance the pH level of the normally basic dye. Citric acid's ability to chelate metals 

makes it useful in soaps and laundry detergents, as well as water softening. 

Folic Acid (FA): ~2~ l ;l:E:I'! . 
'!I '!' ' 

-r .;" i I"'Y IIIII 
5VV"IICD~nrnv ... , 

Folic Acid 
Be (or folacin), pteroyl-L- / " N N H,NYQ('Jt teroyl-L-glutamate, and :ziA7 coo-

N
3N 5~ D 

1 1 
N CfH2 CH2 

c acid) are the water- OH HN'O- I 
Pleridine 10 r I H cr2 ' 

Folic acid (FA) 
~ C-N-CH 

9. is I PABA g ~-

Folic acid (also kn 

vitamin B9, vitamin 

glutamic acid, p 

pteroylmonoglutami 

soluble vitamin B 

composed of three 

pteridine ring syste 

benzoic acid (PABA 

acid glutamic acid 

vitamin that is ye 

reported to be pr 

I Glutamic acid 
components: an aromatic PteroyC (pteroic acid) 

'\. 
m (Pteridine ), a p-amino 

Appearance Yellow-orange 
) portion and the amino 

Cryta[line 
(Glu). It is an essential 

Molecular Formula ·C19H19N7{h 
How-orange in color, is 

esent in photosensitive 
Molecular Weight ·441.40 g·moJ-1 

organs, various mammalian metabolic 
Melting Point ·523.15K 

pathways, and possibly involved in Relative Density ·1.66 g·cm·3 

photosynthesis. The electrochemical behavior Solubility ·Water soluble 

of folic acid has been well studied. Folic acid is itself not biologically active, but its 

biological, importance is due to tetrahydrofolate and other derivatives after its 

conversion to dihydrofolic acid in the liver. 

Resource of the folic acid: The best natural sources of folic acid are: Leafy 

vegetables such as spinach, asparagus, turnip greens, lettuce, peas, whole grains, 

nuts; Legumes such as dried or fresh beans, peas and lentils egg yolk; liver, kidneys, 

yeast, sunflower seeds, certain fruits (orange juice, canned pineapple juice, 

cantaloupe, honeydew melon, grapefruit juice, banana, raspberry, grapefruit and 

strawberry). Folate is also necessary for the production and maintenance of new 

cells, for DNA synthesis and RNA synthesis, and for preventing changes to DNA; and, 

thus, for preventing cancer. 

Source: Sigma-Aldrich, Germany. 
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Purification: The mass purity as supplied is 0.99. The salts were dried from 

moisture at 353K for 24 h, and then they were cooled and store in a desiccator prior 

to use. 

Application: Vitamin B9 (folic acid and folate) is essential for numerous bodily 

functions. Humans cannot synthesize folate de novo; therefore, folate has to be 

supplied through the diet to meet their daily requirements. The human body needs 

folate to synthesize DNA, repair DNA, and methylate DNA as well as to act as a 

cofactor in certain biological reactions. It is especially important in aiding rapid cell 

division and growth, such as in infancy and pregnancy, and reproduction of cells, 

particularly red blood cells. Children and adults both require folic acid to produce 

healthy red blood cells and prevent anemia. 

III. 2 EXPERIMENTAL METHODS 

111.2.1 PREPARATION OF SOLUTIONS 

A sock solution for each salt was prepared by mass (digital electronic 

analytical balance, Mettler Toledo, AG 285, Switzerland), and the working solutions 

were obtained by mass dilution of the stock solution. The uncertainty of 

concentration (molarity or molality) of different working solutions was evaluated to 

be ±0.0002. 

111.2.2. PREPARATION OF MULTICOMPONENT LIQUID MIXTURES 

The binary and multicomponent liquid mixtures can be prepared by any one 

of the methods discussed below: 

(a) Mole fraction 

(b) Weightfraction 

(c) Volume fraction 
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(a) Mole fraction: The mole fraction (x;) of the multicomponent liquid mixtures 

can be prepared using the following relation: 

(w;IM;) 
x. = 

' n L (w; I M;) 
i= 1 

where w;, and M;are weight and molecular weight of jth component, 

respectively. The values of i depends on the number of components involved 

in the formation of a mixture. 

(b) Weight fraction: The mole fraction (w;) of the multicomponent liquid 

mixtures can be prepared using the following relation: 

(x; I M;) 
n 

L (x;M;) 
i= I 

(c) Volume fraction: The volume fraction (¢;) of the multicomponent liquid 

mixtures can be prepared by following employing three methods: 

C'fv.III 

i. Using volume: The volume fraction ( ¢;) of the multicomponent liquid 

mixtures can be prepared by following relation 

q, ; = V; 

t v 
i = I 

where V;, is the volume of pure liquid i. 

ii. Using molar volume: The volume fraction (¢;1) of the 

multicomponent liquid mixtures can be prepared by following relation 

tPi = 

where V mi is the molar volume of pure liquid i. 

iii. Using excess volume: The volume fraction (cp;ex) of the 

multicomponent liquid mixtures can be prepared by following relation 

X;V; 

:t(xy;)+VE 
i= I 

where VEis the excess volume of the liquid mixture. 
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111.2.3. PREPARATION OF SOLVENT MIXTURES (MIXED SOLVENTS) 

The research work has been carried out with binary or ternary solvent systems 

with acrylonitrile, tetrahydrofuran, methanol, ethylene glycol, 1,3-dioxolane etc. as 

primary solvents with some polar, weakly polar and non-polar solvents as well as 

with some electrolytes (ionic liquids & other electroluytes) and non-electrolytes 

(amino acids and other solutes). 

For the preparation of solvent mixture, pure components were taken 

separately in glass stoppered bottles and thermostated at the desired temperature 

for sufficient time. When the thermal equilibrium was ensured, the required volumes 

of each component were transferred in a different bottle which was already cleaned 

and dried thoroughly. Conversion of required mass of the respective solvents to 

volume was accomplished by using experimental densities of the solvents at 

experimental temperature. It was then stoppered and the mixed contents were 

shaken well before use. While preparing different solvent mixtures care was taken to 

ensure that the same procedure was adopted throughout the entire work. The 

physical properties of different pure and mixed solvents have been presented in the 

respective chapters. 

The following different binary and ternary solutions have been prepared and 

used for my research studies. 

Binary Solutions: 

Formic acid + Glycine 

Formic acid + L-Aianine 

Formic acid+ L-V aline 

Formic acid + L-Leucine 

- Tetrabutylphosphonium methanesulfonate +itcetonftrile 

: Tetrabutylphosphonium methanesulfonate +Methanol 
1 

! Tetrabutylphosphonium methanesulfonate + Nitromethane 

' Tetrabutylphosphonium methanesu/fonate + Water 

Tetrabutylphosphonium methanesulfonate + Formamide 



j"Fetfiyl-3-met:hyiimidazoiium nitrate+ itcetonitrife- - -- --- -- - -

i 1-ethyl-3-methy/imidazo/ium nitrate +methanol 

11-ethyl-3-methy/imidazolium nitrate + nitromethane 

/1-ethyl-3-methy/imidazolium nitrate +methylamine 

1-ethy/-3-methy/imidazolium methanesulfonate +Acetonitrile 

, 1-ethyl-3-methy/imidazolium methanesulfonate + methanol 

; 1-ethyl-3-methy/imidazolium methanesulfonate + nitromethane 

I 1-ethyl-3-methy/imidazolium methanesulfonate + methylamine 

1-ethyl-3-methylimidazolium tosylate +Acetonitrile 

1-ethy/-3-methy/imidazolium tosy/ate + methanol 

1-ethyl-3-methy/imidazolium tosylate + nitromethane 

1-ethyl-3-methy/imidazolium tosylate + methylamine 

Ternary Solutions: 
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- ·~-----··---, 

-ietrabur;)J/phasp!Wniumteti-afluo.roborate. + Acetoniti-tle(w~;;1.iio) + feiTahydrofuran(wl"=o.ooj -

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(wF0.75) + Tetrahydrofuran(w1=0.25) 

· Tetrabutylphosphoniumtetrafluoroborate + Acetonitrile(w1=0.50) + Tetrahydrofuran (w1=0.50) 

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(w1=0.25) + Tetrahydrofuran (w1=0. 75) 

Tetrabutylphosphoniumtetrafluoroborate + Acetonitrile(wl=O.OO) + Tetrahydrofuran (w1=1.00) 

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(wF1.00) + 1,3-Dioxolane (w1=0.00) 

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(w1=0.75) + 1,3-Dioxo/ane (WF0.25) 

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(w1=0.50) + 1,3-Dioxolane (w1=0.50) 

Tetrabutylphosphoniumtetrafluoroborate + Acetonitrile(w1=0.25) + 1,3-Dioxolane (w1=0. 75) 

Tetrabutylphosphoniumtetrajluoroborate + Acetonitrile(w1=0.00) + 1,3-Dioxolane (wF1.00) 

Tetrabutylphosphoniumtetrajluoroborate+ Tetrahydrofuran(WF1.00)+ 1,3-Dioxolane(wl=O.OO) 

Tetrabutylphosphoniumtetrajluoroborate+ Tetrahydrofuran(w1=0.75)+ 1,3-Dioxolane(w1=0.25) 

Tetrabutylphosphoniumtetrajluoroborate+ Tetrahydrofuran(w1=0.50)+ 1,3-Dioxolane(w1=0.50) 

Tetrabutylphosphoniu m tetrajluoroborate+ Tetrahydrofu ran ( W1 =0.2 5) + 1,3-Dioxolan e( WFO. 7 5) 

Tetrabutylphosphoniumtetrajluoroborate+ Tetrahydro[uran(w1=0.00)+ 1,3-Dioxolane(WF1.00) 

Cetrimonium bromide+ 0.001 {M) aqueous mixture of Citric acid 

Cetrimonium bromide+ 0.003 {M) aqueous mixture of Citric acid 

Cetrimonium bromide+ 0.005 (M) aqueous mixture of Citric acid 
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Lithium chloride+ Acetonitrile(wl=l.OO) + 1,3-Dioxolane (w1=0.00) 

1 Lithium chloride+ Acetonitri/e(wF0.75) + 1,3-bioxo/ane (wF0:25) 

I Lithium chloride+ Acetonitrile(wF0.50) + 1,3-Dioxo/ane (w1=0.50) 

l
Lithium chloride+ Acetonitrile(w1=0.25) + 1,3-Dioxo/ane (w1=0. 75) 

L~th~m-~hloride ~Acet~n~trile(w_l~O._OO) _: __ l,~'~i~-x~l~n_e_ (w1_=!·0o_}_ 

Lithium bromide+ Acetonitrile(wl=l.OO) + 1,3-Dioxolane (WFO.OO) 

Lithium bromide+ Acetonitrile(wl=0.75) + 1,3-Dioxo/ane (w1=0.25) 

Lithium bromide+ Acetonitrile(w1=0.50) + 1,3-Dioxolane (w1=0.50) 

Lithium bromide+ Acetonitrile(wF0.25) + 1,3-Dioxolane (WF0.75) 

Lithium bromide+ Acetonitrile(WFO.OO) + 1,3-Dioxolane (wF1.00) 

· Lithium iodide+ Acetonitrile(wF1.00) + 1,3-Dioxo/ane (w1=0.00) 

Lithium iodide+ Acetonitrile(w1=0.75) + 1,3-Dioxolane (wl=0.25) 

Lithium iodide+ Acetonitrile(w1=0.50) + 1,3-Dioxo/ane (w1=0.50) 

Lithium iodide+ Acetonitrile(wF0.25) + 1,3-Dioxo/ane (w1=0. 75) 

Lithium iodide+ Acetonitrile(wl=O.OO) + 1,3-Dioxo/ane (w1=1.00) 
-- - -
w1=0.005 mass fraction of aqueous {3-cyc/odextrin mixtures+ Glycine 

W1=0.005 mass fraction of aqueous {3-cyc/odextrin mixtures+ L-Alanine 

WF0.005 mass fraction of aqueous {3-cyclodextrin mixtures+ L-Valine 
,.--------------- ---------

W1=0.075 mass fraction of aqueous {3-cyc/odextrin mixtures+ Glycine 

WI=0.075 mass fraction of aqueous {3-cyc/odextrin mixtures+ L-Alanine 

WI=0.075 mass fraction of aqueous {3-cyc/odextrin mixtures+ L-V aline 
- - _. - -

w1=0.01 mass fraction of aqueous {3-cyc/odextrin mixtures+ Glycine 

w1=0.01mass fraction of aqueous [3-cyc/odextrin mixtures+ L-Alanine 

' WF0.01 mass fraction of aqueous {3-cyc/odextrin mixtures+ L-Valine 

! Wl;,O.O(J01 mass fraction of aqueous folic acid mixtures+ Glycine 

I WI=0.0001 mass fraction of aqueous folic acid mixtures+ L-Alanine 
I 
i WF0.0001 mass fraction of aqueous folic acid mixtures+ L-Valine 
I 

W1=0.0003 mass fraction of aqueous folic acid mixtures+ Glycine 

: W1=0.0003 mass fraction of aqueous folic acid mixtures+ L-Alanine 

WF0.0003 mass fraction of aqueous folic acid mixtures+ L-Valine 

w1=0.0005 mass fraction of aqueous folic acid mixtures+ Glycine 

WF0.0005 mass fraction of aqueous folic acid mixtures+ L-Alanine 

WF0.0005 mass fraction of aqueous folic acid mixtures+ L-Valine 

l 
I 
I 
I 

-- "l 
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lll.2.4 MEASUREMENTS OF EXPERIMENTAL PROPERTIES 

lll.2.4.1 MASS MEASUREMENT 

Mass measurements were made on 

digital electronic analytical balance 

(Mettler Toledo, AG 285, Switzerland). 

It can measure mass to a very high 

precision and accuracy. The weighing 

pan of a high precision (0.0001g) is 

inside a transparent enclosure with 

doors so that dust does not collect and 

so any air currents in the room do not 

affect the balance's operation. 

Instrument Specification: 

Readability 

[ Maximu~ ~opacity 

Taring range 

!Repeatability . , 

Linearity 

I Stabilization tinie . 

Adjustment with external weights 

1 SensJtiliit,t 

Mettler Toledo. AG 285 

: 0.1 mgj 0.01mg 

___ ·_jz_i_o~of~B-ig~/-41_9_. ______ ___j 
:0 .... 210g 

: 0:'1 mgj O.OSmg 

: :!:0.2 mg/:!:0.1 mg 

:200g 

::t:o:oo3% 

:LCD Display 

~iface.··· 

Weighing 

':Loco/CAN u'!iversa/ interface 
~---~--------------------~------~ : If> 85 mm, stainless steel 

!.Effective _height above pan :240mm l 
Dimensions(w/d/h) : 205x330x310 mm 

I Net wt(witi( packaging 
' :-· : 4.9 kg/7.25 kg 

CJl,.-III 
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lll.2.4.2 CONDUCTIVITY MEASUREMENT 

Conductivity measurement was done using Systronics Conductivity TDS meter-

308. It can provide both automatic and manual temperature-compensation. 

meter 

308 is a microprocessor based 

instrument used for measuring 

specific conductivity of solutions. It 

can provide both automatic and 

manual temperature compensation. 

The instrument shows the 

conductivity of the solution under 

test at the existing temperature or 

with temperature compensation. 

Provision for storing the cell 

constant and the calibrating solution 

type. Is provided with the help of 

battery back-up. This data can be 

further used for measuring the 

conductivity of an unknown 

solution. without recalibrating the 

instrument even after switching it 

Svstronic-308 Conductivity Bridqe 

The conductance measurements were carried out on this conductivity bridge of 

accuracy ±0.01 o/o, using a dip-type immersion conductivity cell, CD-10 having a cell 

constant of approximately (0.1±0.001) cm·l. Measurements were made in a 

thermostate water bath maintained at T = (298.15 ± 0.01) K. The cell was calibrated 

by the method proposed by Lind et a!J1V·14l and cell constant was measured based on 

0.01 M aqueous KCI solutionJIV.lSJ During the conductance measurements, cell 

constant was maintained within the range 1.10-1.12 cm-1• The conductance data 

were reported at a frequency of 1kHz and the accuracy was ±0.3%. The conductivity 

cell was sealed to the side of a 500 cm3 conical flask closed by a ground glass fitted 

with a side arm through which dry and pure nitrogen gas was passed to prevent 

admission of air into the cell when solvent or solution was added. The measurements 
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were made in a thermostatic water bath maintained at the required temperature 

with an accuracy of± 0.01 K by means of mercury in glass thermoregulator.I1Y·161 

Instrument Specifications: 

Frequency 

.Conductivity ·. 

Range 

Accuracy· 

Resolution 

TDS 

Range 

Accuracy 

Temperature 
-~--- -·-- __ ,_. 
Range 

Accuracy 
'R.esaiution ________ -

Cell Constant 
- -- -- - -- - --- - - - -. . . -
Auto Temp. Compensation 

Manual Temp. Compensation 

·caniluctiliitiitemp.'i:o:effi.Cieni 

Display 

Printer Port Tower- ------ --- -· 
Dimensions 
'Weight-- · 

Accessories 

Clv-III 

:100 Hz or 1 KHz Automatic 

:0.1 J1S to 100 mS. (6 decadic range) 

::!:1% ofJ:_S. :1:1 digit 

: 0.001 JlS 

:0.1 ppm to 100 ppt (6 decadic range) 
-:ti%ofF.s.±idiiJii -- ·-- ---- -- -----

::!: 0.2 oc :!:1 digit 

:0.1 oc 
:Acceptable from 0.1 to 5.0 

: O•C to lOO•Cwith PT 100 sensor 
' 

: o•c to 60•C user selectable 

: ·o.o% to 9,9%-usersiiiecl:alil"ii ·-
: 7 digits, 7 segment LEDs 

(3 digits for TEMP/TEMPCO 

4 digits for Conductivity /TDS) 

With automatic decimal point selection 
: iJ.OO to 9.99 user!Jeiectilbk-- .. -.- - ----
: Epson compatible 80 Column Dot Matrix 

:i~OVAC, ±id%, 50 Hz 
- - . . -- ----

: 250(W)x 205(D)x 75(H) 

: 1.25 Kg .(Approx.j' · · -
. -- . - -- - -~ .. 

: i) Conductivity cell, cell constant 0.1 

ii) Conductivity cell, cell constant 1.0 

iii) Temp. Probe (PT-1 00 sensor) 

iv) Stand & Clamp 



Solutions were prepared by weight precise to ± 0.02 %. The weights were 

taken on a Mettler electronic analytical balance (AG 285, Switzerland). The molarity 

being converted to molality as required. Several independent solutions were 

prepared and runs were performed to ensure the reproducibility of the results. Due 

correction was · made for the specific conductance of the solvents at desired 

temperatures. The following figure shows the Block diagram of the Systronics 

Conductivity-TDS meter 308. 

1~1~<~ 
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Block Diagram ofthe Instrument 
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111.2.4.3 DENSITY MEASUREMENT 

The density measurement was performed with the help of Anton Paar DMA 

4500M digital density-meter with a precision of ±0.0005 g·cm-3. 

In the digital density meter, the 
mechanic oscillation of the U
tube is e.g. electromagnetically 
transfonned into an alternating 
voltage of the same frequency. 
The period r can be measured 
with high resolution and stands 
in simple relation to the density 
p of the sample in the oscillator 

Anton Paar DMA 4500M digital density-meter 

In the digital density meter, the mechanic oscillation of the U-tube is e.g. 

electromagnetically transformed into an alternating voltage of the same frequency. 

The period r can be measured with high resolution and stands in simple relation to 

the density p of the sample in the oscillator: 

p =A· r 2 - B (III.l) 

A and B are the respective instrument constants of each oscillator. Their 

values are determined by calibrating with two substances of the precisely known 

densities Pl and pz. Modern instruments calculate and store the constants A and B 

after the two calibration measurements, which are mostly performed with air and 

water. They employ suitable measures to compensate various influences on the 

measuring result, e.g. the influence of the sample's viscosity and the non-linearity 

caused by the measuring instrument's finite mass. The instrument was calibrated by 

triply-distilled water and dry air . 

C'fv-III 
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Instrument Specification: 

Density : 0 to 1.5 g.cm·3 
- --

Temperature .. : 15°C to 25°C 

Pressure :0 to 6 bar 

Repeatability Stanilard Deviation 

Density 

Temperature 

Additional information 

Minimum sample volume 

Dimensions(LxWxHJ 

Weight 

Automatic bubble detection 

Interfaces 

Power 

111.2.4.4 VISCOSITY MEASUREMENT 

The kinematic viscosities 
were measured by means of 
a suspended-level Ubbelohde 
viscometer. The time of flow 
was measured with a stop 
watch. The viscometer was 
always kept in a vertical 
position in the water- bath. 
The viscometer needed no 

: 0.00001 g.cm·3 

:0.01 oc 

: approx. 2 ml 

: 400x225x231 mm 

: approX. 15 kg 
. -

:yes 

:2xCAN 

:Supplied by the master instrument 

Liquid 
level ->f-----1 

~t.Hquid 

correction for kinetic energy. ~~~iaiiil!~~~~=-

Suspended-level Uhhelohde Viscometer 

Start mark 

Expt. liquid 

End mark 

Cap Wary 



By Ubbelohde-type --~--~-~ Instrument specification:_ 
-viscometer: Initially Solution 

viscosity (lJ) was measured by means 

of suspended Ubbelohde type 

viscometer, calibrated with triply 

distilled water, purified methanol 

and dry air with dryer. A thoroughly 

cleaned and perfectly dried 

viscometer filled with experimental 

solution was placed vertically in a 

Universal size number· 

Product Type 

Accuracy 

Approximate constant 

Sample volume needed 

Range 

Model 

Brand 

: 1 

: Glass Capillary 

: :t0.2% 

: 0.01 cStjsec 

:11mL 

:2to10cSt 

: 9721-R59 

:Cannon 

glass-walled thermostat (Bose Panda Instruments Pvt. Ltd.) maintained to ±O.OlK of 

the desired temperature. After attaining thermal equilibrium, efflux times of flow 

were recorded with a stop watch. The flow times were accurate to ±O.ls. At least 

three repetitions of each data reproducible to ± O.ls were taken to average the flow 

times. Adequate precautions were taken to minimize evaporation loses during the 

actual measurements. 

The absolute viscosity (y) and the kinematic viscosity (77) are given by the 

following equations. 

(II1.2) 

7J=y.p (111.3) 

where, t is the time of flow, p is the density of experimental liquid K and L are the 

characteristic constants of the particular viscometer. The precision of the viscosity 

measurement was± 0.003 %. In all cases, the experiments were performed in at least 

three replicates and the results were taken as the average of the triplicates. 

Relative viscosities (lJr) were obtained using the equation: 

1J pt 
1Jr =-=--

1Jo Polo 
(III.4) 

where 7], l]o, p, po and t, to are the absolute viscosities, densities and flow times for the 

experimental solution and solvent respectively. 

C"fv.III 



By Brookfield DV-lll Ultra Programmable Rheometer: The viscosities (IJ) were 

measured using a Brookfield DV-111 Ultra Programmable Rheometer with fitted 

spindle size-42. The viscosities were obtained using the following equation 

IJ = (100 I RPM) x TK x torque x SMC 

where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque 

constant and spindle multiplier constant, respectively. The instrument was 

calibrated against the standard viscosity samples supplied with the instrument, 

water and aqueous CaCh solutions.f1V·171 The temperature was maintained to within± 

0.01 oc using Brookfield Digital TC-500 thermostat bath. The viscosities were 

measured with an accuracy of ± 1 %. Each measurement reported herein is an 

average of triplicate reading with a precision of 0.3 %. 

Instrument Specifications: 

Speed Range : 0-250 RPM, 0.1 RPM increments 

Viscosity Accuracy : :tl.O% of full scale range for a specific spindle running 

at a specific speed. 

Temperature sensing range : -loooc to 300°C (-148°Fto 572°F) 

Temperature accuracy : :tl.0°Cfrom -loooc to 150°C 

:t2.0°C from + 150°C to 300°C 

Analog Torque Output : 0-1 Volt DC (0 -100% torque) 

Analog Temperature Output : 0-4 Volts DC (10mv I °C) 
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li/.2.4.5 ULTRASONIC SPEED MEASUREMENT 

The ultrasonic speed was measured with an accuracy of 0.2o/o using single

crystal variable-path ultrasonic interferometer (Model M-81 Mittal Enterprises, New 

Delhi) operating at 4MHz which was calibrated with water, methanol and benzene at 

required temperature. 

Ultrasonic speeds were 
measured, with an accuracy of 0.2 
%, using a single-crystal variable
path ultrasonic interferometer 
(Model M-81, Mittal Enterprise, 
New Delhi) operating at 4 MHz, 
which was calibrated with water, 
methanol and benzene at 
required temperature. The 
temperature stability was 
maintained within ± 0.01 K by 
circulating thermostatic water 
around the cell by a circulating 
pump. 

Multifrequencv Ultrasonic lnter(erometer 

Insrument Specification: 

High Frequency Generator 

Model No. 

Measuring Cell 

Shielded Cable Impedance 

C'l-v-III 

:Single and Multi-frequency 

. : ' .,- .. _,. - . - . - .... --:.;~ ~ 

:!M-_AB, ~Wlt!if/1§_11..,_ t§!jfl"_•!§l!s_ .}4i\ · 
_-.,...,.,..,._ ...... -;"':- • C f~·P'··-.<;"'.';•t-,":"...,,~-""'r- · • 

j:Fourcel/[1,2,3,&4M~z) J 

j:~.@r{lifn·_ ~-·· A~b'~;· f:.; · ] 
j: 10c.c. j 



Working Principle of Ultrasonic Interferometer 

The principle used in the measurement of the ultrasonic speed (u) is based on 

the accurate determination of the wavelength (A.) in the medium. Ultrasonic waves of 

known frequency (fJ are produced by a quartz crystal fixed at the bottom of the cell. 

These waves are reflected by a movable metallic plate kept parallel to the quartz 

crystal. If the separation between these two plates is exactly a whole multiple of the 

sound wavelength, standing waves are formed in the medium. This acoustic 

resonance gives rise to an electrical reaction on the generator driving the quartz 

crystal and the anode current of the generator becomes a maximum. 

If the distance is now increased or decreased and the variation is exactly one 

half of wave length (AJ2) or integral multiples of it, anode current becomes 

maximum. From the knowledge of the wave length (A.), the speed (u) can be obtained 

by the relation. 

Ultrasonic speed (u) = Wave Length (A.) x Frequency (f) (111.5) 

Experimental set-up - ultrasonic interferometer consists of the following 

parts, 

a. One high frequency generator. 

b. Measuring cell, 1, 2, 3 and 4 MHz. 

c. Shielded cable 

The measuring cell is connected to the output terminal of the high frequency 

generator through a shielded cable. The cell is filled with the experimental liquid 

before switching on the generator. The ultrasonic waves move normal from the 

quartz crystal till they are reflected back from the movable plate and the standing 

waves are formed in the liquid in between the reflector plate and the quartz crystal. 

The micrometer is slowly moved till the anode current on the meter on the high 

frequency generator shows a maximum. A number of maxima readings of anode 

current are passed and their number (n) is counted. The total distance (d) thus 

moved by the micrometer gives the value of the wavelength (A.) with the following 

relation. 

d = n x A./2 (J11.6) 
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Further, the velocity is determined from which the isentropic compressibility 

(/3s) is calculated by the following formula: 

{Js= 1 I (u 2.p) 

where pis the density of the experimental liquid. 

(II1.7) 

The following Figure shows the Multifrequency Ultrasonic Interferometer i.e. 

(a) Cross-section of the measuring cell, 

(b) Position of reflector vs. crystal current (Note: The extra peaks in between 

minima and maxima occurs due to a number of reasons, but these do not 

effect the value of J./2) and) 

(c) Electronic circuit diagram of the instrument 

The Multifrequency Ultrasonic Interferometer 

Micrometer 

Figure l(a): Cross-Section of 
the 
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Figure l(b): Position of Reflector 
versus Crystal Current 
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Figure III.l(c): Electronic Circuit Diagram of the Instrument 



lll.2.4.6 REFRACTIVE INDEX MEASUREMENT 

Refractive index was be measure with the 

help of Digital Refractometer (Mettler Toledo 

30GS). 

Calibration was performed by measuring 

the refractive indices of double-distilled water, 

toluene, cyclohexane, and carbon tetrachloride 

at defined temperature. The accuracy of the 

instrument is ±0.0005. 2-3 drops of the sample 

was put onto the measurement cell and the 

reading was taken. The refractive index of a 

sample depends on temperature. During 

measurement, refractometer determines the 

temperature and then corrects the refractive 

index to a temperature as desired by the user. 

Specifications-Refracto 30GS- extended Rl 

measuring range 

Model : Refracto 30GS 

Measurement range 

1 iiesoiU.tion -

:1.32-1.65 

:0.0001 
I 1.--- -------. 
Accuracy : +/- 0.0005 ,- ------ - --· --- --- ---- - --- ---· ·- -------

i _f'!easu:e~ent range ~Rl~ __ ~ 0- 85 Brix% 

Resolution : 0.1 Brix% 

;·Accuracy 

Temperature range 

; ·Resolution ofi:emperai:ure · 
' 
display 

1 Trade Name 

- -
: +/- 0.2 Brix% 

:10-40° 

:0.1° 
: oc or oj:'.";.:~--

:51324660 

The ratio of the speed of light in a vacuum to the speed of light in another substance 

is defined as the index of refraction (aka refractive index or no) for the substance. 
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. . Speed of light ina vacuum 
Refractive mdex of the substance ( n0 ) = -'---'--=----

Speed of light in substance 

Whenever light changes speed 
as it crosses a boundary from 
one medium into another its 
direction of travel also changes, 
i.e., itis refracted (Figure 1). (In 
the special case of the light 
traveling perpendicular to the 
boundary there is no change in 
direction upon entering the new 
medium.) The relationship 
between light's speed in the two 
mediums (vA and VB). the angles 
of incidence (qA) and refraction 
(qB) and the refractive indexes 
of the two mediums (nA and nB) 
is shown below: 

Light moving 
at speed 'A 

Medium~ &l l 
Refrtlcti,: lnde~:.., 
MediumB .. . -·~· - ., 
Refi"<!cti~ Index n8 1 1

• 
I : : 
i I ' 

·ea , 
J . . ---· ki~:g: 
Figure 1. Light 
crossing from any 
transparent medium 
into another in which 
it has a different 
speed, is refracted, i.e., 
bent from its original 
path (except when the 
direction of travel is 
perpendicular to the 
boundary). In the case 
shown, the speed of 
light in medium A is 
greater than the speed 
of light in medium B 

(II1.8) 

VA sin()A nn 
-=--=- (II1.9) 

Thus, it is not necessary to measure the speed of light in a sample in order to 

determine its index of refraction. Instead, by measuring the angle of refraction, and 

knowing the index of refraction of the layer that is in contact with the sample, it is 

possible to determine the refractive index of the sample quite accurately.flll-18! Nearly 

all refractometers utilize this principle, but may differ in their optical design. 

A light source is projected through the illuminating prism, the bottom surface of 

which is ground (i.e., roughened like a ground-glass joint), so each point on this 

surface can be thought of as generating light rays traveling in all directions. 
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Inspection of Figure 2 shows that light traveling from point A to point B will have the 

largest angle of incidence ( qi) and hence the largest possible angle of refraction ( qr) 

for that sample. All other rays of light entering the refracting prism will have smaller 

qr and hence lie to the left of point C. Thus, a detector placed on the back side of the 

refracting prism would show a light region to the left and a dark region to the right. 

lll.2.4.7 FTIR MEASUREMENT 

Infrared spectra were recorded in 8300 FTIR spectrometer (Shimadzu, 

japan). 

It measures the intensity ci 

light passing through the blank 

and measures the intensity of 
light passing through the 
sample. It is useful to calculate 
the transmittance and the 

absorbance 

The intensity of light (/o) passing through a blank is measured. The intensity is 

the number of photons per second. The blank is a solution that is identical to the 

sample solution except that the blank does not contain the solution that absorbs 

light The intensity of light (I) passing through the sample solution is measured. (In· 

practice, instrument measures the power rather than the intensity of the light. The 

power is the energy per second, which is the product of the intensity (photons per 

second) and the energy per photon. The experimental data is used to calculate two 

quantities: the transmittance (TJ and the absorbance (A). 

Ch--III 

I 
T=-; 

Io 
A =-log10 T (lll.lO) 
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The transmittance is simply the fraction of light in the original beam that passes 

through the sample and reaches the detector. 

Other Instruments Used: 

lll.2.4.8 WATER DISTILLER 

Water diStillation units 
produce highly treated and 
disinfected water for 
laboratory usage. The 
distillation process removes 
minerals and microbiological 
contaminants and can reduce 
levels of chemical 
contaminants. A water 
distiller works by boiling 
water into water vapour, 
condensing it and then 
returning it to its liquid state. 
It is collected in a storage 
container. 

Municipal or well water is manually or automatically fed into the distiller unit's 

boiling chamber. A heating element in the boiling chamber heats the water until it 

boils. The steam rises from the boiling chamber. Volatile contaminants {gases) are 

discharged through a built-in vent Minerals and salts are retained in the boiling 

chamber as hard deposits or scale. The steam enters a coiled tube {condenser), 

which is cooled by cool water. Water droplets form as condensation occurs. The 

distilled water is collected in a storage tank. If the unit is an automatic model, it is set 

to operate to fill the storage tank. The distillation apparatus consists of flask with 

heating elements embedded in glass and fused in spiral type coil internally of the 

bottom and tapered round glass, joints at the top double walled condenser with B-

40/B-50 ground glass joints, suitable to work on 220 volts, 50 cycles AC supply. 
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Fractional Distillation Apparatus 

Thennorneter 

Fractionating col untn 

lll.2.4. 9 THERMOSTAT WATER BATH (Science India, Kolkata): 

The measurements were carried out in thermostatic water bath maintained 

with an accuracy of± 0.01 K of the desired temperature. 

C'fv.III 
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Laboratory water bath is a system in which a vessel containing the material to be 

heated is placed into or over the one containing water and to quickly heat it. These 

laboratory equipment supplies are available in different volumes and construction 

with both digital and analogue controls and greater temperature uniformity, 

durability, heat retention and recovery. The chambers of water bath lab products are 

manufactured using rugged, leak proof and highly resistant stainless steel and other 

lab supplies. 
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Conductance, a Contrivance to Explore 
/on Association and Solvation Behavior of 
an Ionic Liquid (Tetrabutylphosphonium 
Tetrafluoroborate) in Acetonitrile, 
Tetrahydrofuran, 1,3-Dioxolane and Their 
Binaries 

Precise measurements on 

electrical conductance (A) of solutions 

of an ionic liquid (IL) 

tetrabutylphosphonium 

tetrafluoroborate in acetonitrile 

(ACN), tetrahydrofuran (THF), 1,3-

dioxolane (1,3-DO) and their binary mixtures have been reported at 298.15K The 

conductance data have been analyzed by the Fuoss conductance equation (1978) in 

terms of the limiting molar conductance (Ao). the association constant (KA), and the 

association diameter (R) for ion-pair formation. The Walden product is obtained and 

discussed. However, the deviation of the conductometric curves (A vs ../c) from 

linearity for the electrolyte in THF and 1,3-DO and their binary mixtures indicated 

triple-ion formation and therefore corresponding conductance data have been 

analyzed by the Fuoss-Kraus theory of triple-ions. The limiting ionic conductances ( 

A.!) have been estimated from the appropriate division of the limiting molar 

conductivity value of tetrabutylammonium tetraphenylborate [Bu4NBPh4] as the 

"reference electrolyte" method along with a numerical evaluation of ion-pair and 

triple-ion formation constants (Kp "' KA and KT). The results have been discussed in 

terms of solvent properties and configurational theory. Ionic association in the 

limiting molar conductances, as well as the single-ion conductivity values have been 

determined for the electrolyte in the solvent media. 
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IV.1. INTRODUCTION 

In recent years, ionic liquids (ILs) have been considered attractive 

compounds due to their unique intrinsic properties, such as negligible vapour 

pressure, large liquid range, ability of dissolving a variety of chemicals, high thermal 

stability, large electrochemical window and their potential as 'designer solvents' and 

'green' replacements for volatile organic solvents!JV.HV.3J used in reactions involving 

inorganic and bio-catalysis etc. They are also used as heat transfer fluids for 

processing biomass and as electrically conductive liquids in electrochemistry 

(batteries and solar cells)JIV.4· JV.GJ In the modern technology, the application of the 

salt is well understood by studying the ionic solvation or ion association. 

Consequently, a number of conductometrici1V-7l and related studies of electrolytes 

in non-aqueous solvents, especially mixed organic solvents, have been made for their 

optimal use in high-energy batteriesiiV.BJ and for further more understanding organic 

reaction mechanisms.1 1V·9l Ionic association of electrolytes in solution depends upon 

the mode of solvation of its ions[Jv.to- JV.t3J which in turn depends on the nature of the 

solvent/solvent mixtures. Such solvent properties as viscosity and the relative 

permittivity have been taken into consideration as these properties help in 

determining the extent of ion association and the solvent-solvent interactions. The 

non-aqueous system has been of immense importancei1V·14· JV.ISJ to the technologist 

and theoretician as many chemical processes occur in these systems. Thus, extensive 

studies on electrical conductance in various mixed organic solvents have been 

performed in recent yearsiiV.l6· JV.20J to examine the nature and magnitude of ion-ion 

and ion-solvent interactions. 

In continuation of our investigations on electrical conductance,! JV.l7, JV.IB, JV.21J an 

attempt has been made in the present study, to ascertain the nature of ion-solvent 

interactions of ionic liquid (IL) Tetrabutylphosphonium Tetrafluoroborate [Bu.PBF•] 

in polar aprotic solvents pure acetonitrile, tetrahydrofuran, 1,3-dioxolane and their 

binary mixtures, as literature survey reveals that very scarce work has been carried 

out in concerned with the binary mixtures. 
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IV.Z. EXPERIMENTAL 

IV.2.1 Source and purity of samples 

[Bu4PBF4] of puriss grade was procured from Sigma-Aldrich, Germany and 

was used as purchased. The mass fraction purity of [Bu4PBF4] was~ 0.99. 

Acetonitrile (ACN) obtained from Merck, India was used after further 

purification. It was distilled from P20s and then from CaH2 in an all-glass distillation 

apparatus,IIV.22J The middle fraction was collected. About 99% purified acetonitrile 

with specific conductivity 0.8- 1.0 x 10·8 S cm·3 was obtained. The purity of the liquid 

was checked by measuring it's density and viscosity which were in good agreement 

with the literature valuesliV.22,IV.23l as shown in Table IV.1. 

Tetrahydrofuran (THF), Merck, Indian was kept several days over potassium 

hydroxide (KOH), refluxed for 24 h and distilled over lithium aluminium hydride 

(LiAIH4) described earlier.I 1V·13l The purified solvent had a boiling point of 339 K and 

a specific conductance of 0.81 x 10·6 S cm·3• The density and viscosity of the purified 

solvent were in good agreement with the literature dataliY.24· IV.2SJ as shown in Table 

IV.l. The purity of the solvent was ;:: 98.9 %. 

1,3-dioxolane (1,3-DO) from Merck, containing 0.3 % water and 0.005 % 

peroxides and sterilized with butylated hydroxytoluene (BHT) was purified by 

heating under reflux with Pb02 for 2 h, then cooled and filtered. After adding xylene 

to the filtrate;the mixture was fractionally distilled.I 1V·26l The solvent obtained after 

purification had a boiling point of 348 K. The density and viscosity of the purified 

solvent were in good agreement with the literaturel1V·271 as shown in Table IV.1. The 

purity of the solvent finally obtained was~ 99.0 %. 

W.2.2 Apparatus and Procedure 

All the binary solvent mixtures were prepared by mixing the required volume 

of ACN, THF and 1,3-DO using the appropriate conversion of the required mass of 

each solvent into volume at 298.15 K using experimental densities,IIV.2BJ For the 

preparation of the solvent mixtures required weighted amount of solvent was 

transferred to a volumetric flask and the flask was filled up to the mark. The stock 

solutions of the salt in binary solvent mixtures were prepared by mass (Mettler 

Toledo AG-285 with uncertainty 0.0003g). For conductance the working solutions, 
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were obtained by mass dilution of the stock solutions. The densities of the solvents 

and solutions were measured with vibrating-tube density meter (Anton Paar, DMA 

4SOOM), maintained at ±0.01K of the desired temperature and calibrated at the 

experimental temperature with doubly distilled water and dry air. The uncertainty in 

density was estimated to be ± 0.00001 g cm-3 and the viscosity was measured by 

means of a suspended Ubbelohde type viscometer, calibrated at 298.15±0.01K with 

doubly distilled water and purified methanol using density and viscosity value from 

the literature and the efflux time of flow were recorded with a digital stopwatch 

correct to ±0.01s. The uncertainty of the viscosity measurements was ±0.003mPas. 

The details of the methods and experimental techniques had been described 

elsewhereJIV.2B,IV.30J 

The conductance measurements were carried out in a Systronics-308 

conductivity bridge of accuracy ±0.01 %, using a dip-type immersion conductivity 

cell, CD-10 having a cell constant of approximately (0.1±0.001) cm·1. Measurements 

were made in a thermostate water bath maintained at T = (298.15 ± 0.01) K. The cell 

was calibrated by the method proposed by Lind et a1.11V31l and cell constant was 

measured based on 0.01 M aqueous KCl solution.i'V32l During the conductance 

measurements, cell constant was maintained within the range 1.10-1.12 cm-1. The 

conductance data were reported at a frequency of 1 kHz and the accuracy was 

±0.3%. During all the measurements, uncertainty of temperatures was ±0.01 K. 

The values of relative permittivity (er) of the solvent mixtures were assumed to 

be an average of those of the pure liquids and calculated using the procedure as 

described by Rohdewald and MoldnerJIV.33J 



IV.3. RESULTS AND DISCUSSION 

IV.3.1 Electrical Conductance 

IV.3.1.1lon-pair formation 

The electrolyte was freely soluble in all proportions of the solvent/solvent 

mixtures. The physical properties of the pure and binary solvent mixtures in 

different mass fractions at 298.15 K are reported in Table 1V.1, where appropriate 

corrections were made by the specific conductance of the solvents at that 

temperature. 

The specific conductance (K, ~S cm-1) of salt solutions under investigation with a 

molar concentration within the range of 1.05x1o-s - 1.42x10-2 M in different mass 

fractions (w = 0.00, 0.25, 0.50, 0.75, 1.00) were measured. The molar conductance 

(A) for all studied system was calculated using following equationJ1V.34J 

A = 1000 K 

c 
(IV.1) 

where cis the molar concentration and K is the measured specific conductance of the 

studied solution. The molar conductances (A) of [Bu4PBF4] in different binary 

solvent mixtures were calculated at the corresponding molar concentrations (c) in 

solvent systems (ACN + THF), (ACN + 1,3-DO) and (THF + 1,3-DO) and given in Table 

IV.2. For the solvent and solvent mixtures as the range of higher to moderate relative 

permittivity (Er = 35.95 to 14.47), the conductance curves (A versus Vc) were linear, 

depicted in Figure IV.1 and extrapolation of vc = 0 evaluated the starting limiting 

molar conductance for the electrolytes; however, as the relative permittivity (Er) 

dropped to s, (10 for pure THF (7.58),1,3-DO (7.31) and their binary mixture, non-

linearity in Figure IV.2, was observed in conductance curves. Thus the conductance 

data, in (ACN + THF) and (ACN + 1,3-DO) solvent mixtures have been analyzed using 

the Fuoss conductance equationJ1Y·35• IV.36l For a given set of conductivity values 

(cj, Aj, j=l .... n) three adjustable parameters, the limiting molar conductance (I\, 

), the association constant (KA) and the distance of closest approach of ions (R) are 

derived from the following set of equations. 



A=PA.[(l +Rx )+EL] (IV.2) 

P=1-a(1-y) (IV.3) 
2 2 

r =1-KAcr I (IV.4) 

-1nf= fllc 
2(1+/CR) 

(IV.S) 

f3 
e2 

(IV.6) 
(e,kBT) 

KA 
KR KR 

(IV.7) 
(1-a) (1 + Ks) 

where Rx is the relaxation field effect, EL is the electrophoretic counter current, k 1 is 

the radius of the ion atmosphere, Sr is the relative permittivity of the solvent mixture, 

e is the electron charge, cis the molarity of the solution, ks is the Boltzmann constant, 

KAis the overall paring constant, Ks is the association constant of the contact-pairs, KR 

is the association constant of the solvent-separated pairs, y is the fraction of solute 

present as unpaired ion, a is the fraction of contact pairs,f is the activity coefficient, 

Tis the absolute temperature and {3 is twice the Bjerrum distance. The computations 

were performed using a program suggested by Fuoss. The initial 1\, values for the 

iteration procedure were obtained from Shedlovsky extrapolation of the data. Input 

for the program is the set (cj,Aj,j=l, ... n),n,s,q,T, initial values ofJ\,, and an 

instruction to cover a pre-selected range of R values. 

The best value of a parameter is the one when equations is best fitted to the 

experimental data corresponding to minimum standard deviation 8 for a sequence of 

predetermined R values, and standard deviation 8 was calculated by the following 

equation 

82 = L [A/cal)-A/obs)f 
(n-m) 

(JV.8) 

where n is the number of experimental points and m is the number of fitting 

parameters. The conductance data were analyzed by fixing the distance of closest 

approach R with two parameter fit (m = 2). As for the electrolytes studied in various 

mass fractions (Wt = 0.25, 0.50, 0.75, 1.00) of ACN, no significant minima were 

observed in the 8 versus R curves, whereas the R values were arbitrarily preset at the 
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centre to centre distance of solvent-separated ion pairJIV.2Il Thus, R values are 

assumed to be 

R=a+d (IV.9) 

where a=(r+ +r_) is the sum of the crystallographic radii of the cation (r+) and 

anion (r_) and dis the average distance corresponding to the side of a cell occupied 

by a solvent molecule. The distance, dis given by!IV.37J 

( )

113 

d(A) = 1.183 ~ (IV.10) 

where M is the molar mass of the solvent and pis its density. For mixed solvents, M is 

replaced by the mole fraction average molar mass (Mav) which is given by 

M = M,M, 
"'' (w1M 2 + w,M,) 

(IV.ll) 

where WI & wz is the mass fraction of the first and second component of molar mass 

M1 and M2 respectively. The values of A0 , KA and R obtained by this procedure are 

represented in Table IV.3. Perusal of Table IV.3 reveals that the limiting molar 

conductances (Aa) of the electrolytes increases with the increase of content of ACN in 

the solvent mixture with THF and 1,3-DO. The Table also reveals that the association 

of the [Bu4PBF4] is more in 1,3-DO, than THF and ACN, which is in order 1,3-DO > 

THF > ACN, and its value decreases with increasing content of ACN in their binary 

mixtures. Hence the ion-solvent interaction increases with the increase in the 

amount of 1,3-DO and THF in their binary mixtures with ACN, leading to a lower 

conductance of [Bu4PBF4]. The lower viscosity of ACN also supports the above fact 

because with lower viscosity, the A, value should increase. The fact is also in line with 

the increases of the relative permittivity (Er) of the solvents/solvent mixtures. 

Although the decreasing trend of viscosity for the solvent mixtures with increasing 

content of ACN suggests concomitant increase in limiting molar conductancesi1V.37, 

IV.39J for the electrolyte. The trend suggests solvent viscosity (IJa) is predominance, 

over the relative permittivity (Er), in effecting the electrolytic conductance of the 

electrolyte under the studied media. 

The trend in A, values can be discussed through another characteristic 

function called the Walden product (AaTJ), given in Table IV.3. The decreasing trend of 
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Walden products with the decreasing amount of ACN in solvent mixture given in 

Table JV.3 and Figure IV.4 are in accordance with the concomitant increase of 

viscosity and decreasing limiting molar conductance of the electrolyte in the 

solvent/solvent mixtures. This is justified as the Walden product of an ion or solute 

is inversely proportional to the effective solvated radius (reff) of the ion or solute in a 

particular solvent/solvent mixtureJIV.4DJ 

(IV.12) 

This points out to the fact that the electrostatic ion-solvent interaction is 

strong in these cases. The variation of the Walden product reflects the change of 

solvation.r1v·12·1v·411 Though the variation of the Walden product with solvent 

composition is difficult to interpret quantitatively, its variation with solvent 

composition can still be explained by preferential salvationJIV.?. IV.42l of the electrolyte 

by ACN, THF and 1,3-DO molecules. At low concentration of ACN, the electrolyte are 

preferentially solvated in THF, 1,3-DO rather than by ACN. 

The starting point for most evaluations of ionic conductance is Stokes' law 

which states that the limiting ionic Walden product (.\o•lj), (the limiting ionic 

conductance-solvent viscosity product) for any singly charged, spherical ion is a 

function only of the ionic radius and thus, under normal conditions, is a constant. The 

limiting ionic conductances .\a• (for the Bu.P+ cation and BF.- anion) in different 

solvent mixtures, mass fraction (w1 = 0.25, 0.50, 0.75, 1.00) of ACN with THF and 1,3-

DO, were calculated using tetrabutylammonium tetraphenylborate (Bu4NBPh4) as a 

'reference electrolyte' following the scheme as suggested by B. Das et a!JIV.43J We 

have calculated the limiting ionic conductances .\a', in our solvent compositions by 

interpolation of conductance data from the literatureJIV.441 using cubic spline fitting. 

The .\o± values were in turn utilized for the calculation of Stokes' radii (r,) according 

to the classical expressionJIV.4SJ 

p2 
rs =----,--

6nN AA.!rc 
(IV.13) 

Ionic Walden products .\o•lj, Stokes' radii r,, and crystallographic radii r, are 

presented in Table JV.4. The trends in Walden products Aolj and ionic Walden 

products .\o•TJ for the electrolytes in the solvents/solvent mixtures of ACN with THF 
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and 1,3-DO are depicted in Table 1V.3 & 1V.4 and Figure 1V.4 & lV.S respectively. It 

shows that both the ionic Walden products A,±T] and Walden products Aol"f for the 

electrolyte increase almost linearly as the ACN content increases in the solvent 

mixtures. For Bu4P• and BF4· ion, the Stokes' radii rs are either lower or comparable 

to their crystallographic radii rc, this suggests that the ion are comparatively less 

solvated than alkali metal ions due to its intrinsic low surface charge density. The 

distance parameter R, shown in Table IV.3, is the least distance that two free ions can 

approach before they merge into ion pair. R values have been found to increase with 

increase in mass fraction of ACN ( wr) in the solvent mixture. 

The nature of the curve for the Gibbs energy changes for ion-pair formation, 

!'J.G0 , clearly predicts the tendency for ion-pair formation. The Gibbs energy change 

!'J.Go is given by the following relationship1IV.4GJ and is given in Table IV.3. 

!'J.G0 =- R9T1n KA (IV.14) 

The negative values of !'J.G0 can be explained by considering the participation 

of specific covalent interaction in the ion-association process. The increase in the 

value of !'J.G0 of [Bu4PBF4] with increasing amount of ACN in the solvent mixtures 

leads to the decrease in the ion-solvent interaction. 

There are marked characteristic behaviours in the KA values, which generally 

decrease as the quantity of ACN is increased in mixtures; the thermal motion 

probably destroys the solvent structure. However, ion-association for the electrolyte 

increases as the concentration ofTHF and 1,3-DO increases in the mixtures. 

The schematic representation of ion-solvation, for the particular ion in the 

studied solvent mixtures (ACN+THF, ACN+1,3-DO), in view of various derived 

parameters is depicted in Scheme IV.l, where w1 is mass fraction of ACN. 

IV.3.1.2 Triple-ion formation 

Figure IV.2 presents the graphical representation of A vs .Jc; which shows 

that, the salt follows the same trend, i.e. decreases with increasing concentration, 

reaches a minimum and then increases. Due to the deviation of the conductometric 

curves from linearity in case of Bu4PBF4 in THF (Er = 7.58), 1,3-DO (Er = 7.31) and 

their binary mixtures, the conductance data have been analyzed by the classical 

Fuoss-Kraus theory of triple-ion formation in the form1IV.37.IV.46J 

I cJv.rv I P~IKI! J. P~~chetnimy "B, 2012, 116, 11687-11694. 1 



Ag(c)../c =~+ AJKr (~-~Jc 
F: F: Ao 

(IV.l5) 

where g(c) is a factor that lumps together all the intrinsic interaction terms and is 

defined by: 

c _ exp{-2.303 j11 (cA) 0
"
5 

/ Ag·5
} 

g( )- {1-S(cAt·sj~s}(l-A/Aa)o.s 
1.8247 X 106 

p' 
(sT)I.5 

S=a Ao+ j1 = 0.8204xl0
6 Aa+ 82.501 

(sT)I.5 Tf(&T)o.s 

(IV.l6) 

(IV.17) 

(IV.18) 

In the above equations, A, is the sum of the molar conductance of the simple ions at 

infinite dilution, A,; is the sum of the conductance value of the two triple-ions 

[(Bu4P)2]•BF4 and Bu4P[(BF4)2]· for [Bu4PBF4] salt; Kp "'KA and KT are the ion-pair and 

triple-ion formation constants respectively and S is the limiting Onsager coefficient. 

To make equation JV.15 applicable, the symmetrical approximation of the two 

possible formation constants of triple-ions, 
[(Bu,P),J BF4 

Kn = ~"-'-----'o;-:-'-='-----'-::;- and 
{[ Bu,r ][ Bu,PBF,J} 

Bu,P[(BF.) J 
{[ J 

2 
} equal to each other has been adopted, i.e. Kn = KT2 = KTIIV.47J 

BF.- [ Bu,PBF,] 

and A, values for the studied electrolyte have been calculated following the scheme 

as suggested by Krumgalz [1983]JIV.4BJ The calculated values are listed in Table IV.S. 

A,T has been calculated by setting the triple-ton conductance equal to j 1\, JIV.49J 

The ratio 1\i was thus set equal to 0.667 during linear regression analysis of 
A. 

equation IV.15. Table IV.S shows the calculated limiting molar conductance of simple 

ion (A,), limiting molar conductance of triple ion ( 1\i ), slope and intercept of 

equation 1V.15 for [Bu4PBF4] in THF, 1,3-DO and their binary mixture at 298.15 K. 

The linear regression analysis of equation IV.15 for the electrolytes with an average 
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regression constant, R2 = 0.9653, gives intercepts and slopes. These values permit 

the calculation of other derived parameters such as Kp and KT listed in Table 1V.6. A 

perusal of Table lV.S shows that the major portion of the electrolytes exists as ion

pairs with a minor portion as triple ions. The tendency of triple ion formation can be 

judged from the ( ~:) ratios and log(~:). which are highest in 1,3-DO. These ratios 

suggest that strong association between the ions is due to the coulombic interactions 

as well as to covalent forces in the solution. These results are in good agreement with 

those of Hazra et al.fiV.SDJ At very low permittivity of the solvent, i.e., &r < 10, 

electrostatic ionic interactions are very large. So the ion-pairs attract the free cations 

or anions present in the solution medium as the distance of the closest approach of 

the ions becomes minimum. These results in the formation of triple-ions, which 

acquires the charge of the respective ions, attracted from the solution bulki1V.44. IV.46J 

i.e.; 

M+.tfBM··········ABMA 

MA+MBMAM 

MA+.tfB MA.tf 

(ion- pair) 

(triple-ion) 

(triple- ion) 

(IY.l9) 
(IY.20) 
(IY.21) 

where M• and k are Bu4P• and BF4- respectively. The effect of ternary 

associationi1V·411 thus removes some non-conducting species, MA, from solution, and 

replaces them with triple-ions which increase the conductance manifested by non

linearity observed in conductance curves for the electrolyte in THF, 1,3-DO and their 

binary mixtures. The Scheme IV.2, depicts the pictorial representation of triple-ion 

formations for the electrolyte, as an example in THF+1,3-DO binaries. 

Furthermore, the ion-pair and triple-ion concentrations, Cp and CT, 

respectively of the [Bu4PBF4] in THF, 1,3-DO and their binary mixture have also been 

calculated using the following equationsiiV.SIJ 
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1 
(N.22) 

a (K~z·C"z) 

~=(~2 )cl'2 (N.23) 

Cp=C(!-a-3£lr) (N.24) 

~=(~z)c/2 (N.25) 

Here, a and UT are the fraction of ion-pairs and triple-ions present in the salt

solutions are given in Table IV.?. Thus, the values of Cp and CT given in Table IV.?, 

indicates that the ions are mainly present as ion-pairs even at high concentration and 

a small fraction existing as triple-ions. It is also observed that the fraction of the 

triple-ions in the solution increases with the increasing concentration, in the studied 

mixed solvent media. 

IV.4. CONCLUSIONS 

The present work reveals an extensive study on the ion-solvation behaviour 

of the tetrabutylphosphonium tetrafluoroborate [Bu.PBF•] in ACN + THF, ACN + 1,3-

DO, and THF + 1,3-DO mixtures through the conductometric measurements. It 

becomes clear that the electrolyte exists as ion-pairs for former two cases and as 

triple-ions for latter one. The tendency of the ion-pair and triple-ion formation 

depends on the size and the charge distribution of the ions. The effective size of the 

electrolyte increases in THF, 1,3-DO and their binary mixtures due to preferential 

solvation in such a way that the sizes of the solvated ions follow their 

crystallographic radii. The degree of ion-solvent interaction also indicates that the 

salt prefers cyclic ether THF and 1,3-DO than ACN in their solvation or coordination 

sphere. 
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TABLES 

Table IV.1: Values of Density (p), Viscosity (q) and Relative Permittivity (Er) of 

ACN, THF, 1,3-DO and their binary mixtures where Wt, wz and w3 are the mass 

fraction ofACN, THF and 1,3-DO respectively at T= 298.15 K 

p x10·3 TJ 

Solvents /kg·m·3) /mPa·s E:r 

Expt Lit Expt Lit 

Wt := 1.00 0.77668 0.77667[IV.ZZ] 0.344 0.3446[1V.22] 35.95[IV.3B] 

wz== 1.00 0.88074 0.88072[1V.24] 0.463 0.4630[1V.25] 7.58[1V.3B] 

W3" 1.00 1.05873 1.05873[IV.Z7] 0.589 0.5892[IV.27] 7.31[1V.3B] 

ACN(1) + THF(2) 

Wt := 0.25 0.85473 0.433 14.67• 

Wt := 0.50 0.82871 0.404 21.77• 

Wt := 0.75 0.80269 0.374 28.86• 

ACN(1) + 1,3-00(3) 

Wt := 0.25 0.98822 0.528 14.47• 

Wt := 0.50 0.91770 0.467 21.63• 

Wt := 0.75 0.84719 0.406 28.79• 

THF(2) + 1,3-00(3) 

wz := 0.25 1.01423 0.558 7.38• 

wz := 0.50 0.96974 0.526 7.45• 

wz := 0.75 0.92524 0.495 7.51• 

a Obtained by interpolation of literature data from Ref. [JV.33]. 
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Table IV.Z: Molar conductance (11.) and the corresponding concentration (c) of 

Bu4 PBF4 in ACN, THF, 1,3-DO and their binary mixtures where Wt, wz and W3 

are the mass fraction of ACN, THF and 1,3-DO respectively at T= 298.15 K 

cx104 Ax104 cx104 Ax104 cx104 Ax104 

fmol·dm-3 S·m2·moi-1 fmol·dm-3 S·m2·moi-1 /mol·dm-3 S·m2·moi-1 

Acetonitrile Tetrahydrofuran 1,3-Dioxolane 

9.32 167.16 0.25 27.73 0.11 19.95 

17.09 165.08 0.38 24.18 0.21 16.50 

23.66 163.92 0.55 20.96 0.30 14.08 

29.29 162.75 0.70 18.54 0.39 12.25 

34.18 162.07 0.90 16.27 0.46 10.75 

42.22 160.81 1.01 15.08 0.57 9.42 

48.57 160.00 1.16 13.71 0.69 8.62 

55.93 158.89 1.34 12.65 0.83 8.23 

63.10 158.13 1.48 12.15 0.94 9.52 

70.49 157.26 1.66 12.06 1.03 10.99 

77.52 156.45 1.91 13.03 1.12 13.41 

82.98 155.90 2.16 15.48 1.20 15.65 

ACN(1) + THF(2) 

Wt= 0.25 Wt- 0.50 Wt- 0.75 

27.01 81.80 19.57 109.89 13.63 137.12 

36.30 79.80 28.81 107.06 22.35 134.91 

47.16 77.75 37.21 105.Q7 29.98 132.90 

58.07 75.80 47.75 103.04 39.11 130.92 

67.75 74.81 56.65 101.35 46.40 129.87 

76.67 73.41 64.12 100.31 54.82 128.41 

88.57 72.26 70.46 99.50 60.77 127.81 

97.17 71.15 78.78 98.07 68.66 126.46 

103.98 70.25 86.34 96.91 76.00 125.35 

112.17 69.10 93.74 95.96 81.43 124.46 

I cn....rv I Pulil4hedd"''' J. P~.licliltc~ 13, 2012, 116, 11687 -1169LI-. I 
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118.59 68.40 103.53 95.00 88.93 123.75 

125.73 68.02 109.94 94.05 94.38 123.14 

ACN(1) + 1,3-00(3) 

W1= 0.25 W1"' 0.50 W1= 0.75 

31.42 77.22 22.56 104.82 15.81 133.75 

40.07 75.70 31.58 102.30 21.09 132.20 

48.72 74.27 41.34 100.41 28.84 130.19 

57.46 72.88 49.70 98.81 37.45 128.38 

68.06 71.39 60.53 96.90 45.70 126.99 

77.26 70.10 70.73 95.22 54.46 125.29 

89.11 68.56 80.46 93.60 62.73 123.98 

100.60 66.89 88.55 92.42 70.73 122.70 

113.42 65.53 97.81 91.30 77.44 121.79 

121.88 64.61 108.58 89.77 85.43 120.76 

131.79 63.72 117.87 88.80 91.81 119.82 

14o.42 62.89 124.19 88.00 99.76 118.84 

THF(2) + 1,3-00(3) 

W2= 0.25 W2= 0.50 W2= 0.75 

0.13 22.52 0.16 23.87 0.20 25.56 

0.22 19.28 0.26 20.86 0.31 22.25 

0.32 16.63 0.35 18.65 0.42 19.89 

0.45 14.10 0.44 16.63 0.58 16.96 

0.58 12.28 0.56 14.72 0.71 15.30 

0.73 10.77 0.70 13.09 0.88 13.46 

0.87 9.84 0.84 11.77 1.08 11.95 

1.01 9.67 1.03 10.67 1.27 11.13 

1.14 10.02 1.23 10.82 1.44 10.96 

1.23 10.85 1.39 11.74 1.57 11.63 

1.38 13.99 1.52 13.73 1.70 13.09 

1.48 17.09 1.64 16.84 1.84 15.98 
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Table IV.3: Limiting molar conductivity (A.), the association constant (KA), the 

distance of closest approach of ions (R), Standard Deviations 6 of Experimental 

A from Equation (1V.1), Walden Product ( J\,7]) and free energy change (LI.G•) of 

Bu4PBF4 in ACN and its binary mixtures with THF, 1,3-DO, where Wt are the 

mass fraction of ACN at T = 298.15 K 

Aox104 KA x10·4 R Aol] x104 LIG0 

Solvents 0 
/S·m2·mol-1 /dm2·mol·1 /A jS·m2·mol·l.mPa·s /k)·moJ-1 

Wt = 1.00 167.99 10.42 12.14 0.36 57.85 -2.86 

ACN(1) +THF(2) 

Wt = 0.25 87.88 30.65 12.10 0.22 38.09 -3.13 

Wt= 0.50 114.26 24.33 11.91 0.36 46.13 -3.07 

Wt = 0.75 139.56 16.59 11.76 0.38 52.21 -2.98 

ACN(1) + 1,3-D0(3) 

Wt = 0.25 88.95 34.09 11.89 0.24 44.86 -3.15 

Wt= 0.50 110.44 26.14 11.77 0.17 51.55 -3.09 

Wt = 0.75 136.93 18.04 11.69 0.32 55.54 -3.00 

I CJv.IVI p~!,wJ. p~~C~'B, 2012,116, 11687-1169'1-.1 



Table IV.4: Limiting Ionic Conductance ( A.:J, Ionic Walden Product P-:11 ), 

Stokes' Radii (Ts) and Crystallographic Radii (Tel of Bu,PBF, in ACN and its 

binary mixtures with THF, 1,3-DO, where Wt are the mass fraction of ACN at T = 

298.15 K 

A_± A-;17 rs h·rc 
Solvents Ion 

0 

/S·m2·moi·1 jS·m2·mol·1·mPa·s ;A /A 

Bu p+ 
4 

64.86 22.34 3.67 4.42 

WI= 1.00 BF-
4 103.12 35.52 2.31 2.78 

ACN(1) + THF(2) 

Bu p+ 
4 

33.93 14.71 5.57. 4.42 

WI= 0.25 BF-
4 53.95 23.38 3.50 2.78 

Bu p+ 
4 

44.12 17.81 4.60 4.42 

WI= 0.50 BF-
4 70.15 28.32 2.89 2.78 

Bu p+ 
4 

53.89 20.16 4.06 4.42 

WI= 0.75 BF-
4 85.67 32.05 2.56 2.78 

ACN(1) + 1,3-00(3) 

Bu p+ 
4 

32.80 17.32 4.73 4.42 

Wt = 0.25 BF-
4 52.15 27.54 2.98 2.78 

Bu p+ 
4 

42.64 19.91 4.12 4.42 

WI= 0.50 BF-
4 67.80 31.65 2.59 2.78 

Bu p+ 
4 

52.87 21.44 3.82 4.42 

WI= 0.75 BF-
4 84.06 34.10 2.40 2.78 

b Crystallographic radii of cation and anion from Ref. [IV.52] and [IV.53] respectively. 



Table IV.S: The calculated limiting molar conductance of ion-pair (!\,), 

limiting molar conductance of triple-ion (A,'"), slope and intercept of Equation 

(IV.15) of Bu4PBF4 in THF, 1,3-00 and their binary mixture, where wz and WJ 

are mass fraction ofTHF and 1,3-DO at T = 298.15 K 

Solvents 
1\, x104 A,'" x 1 o• 

Slopex10·2 Intercept : 
/S·mZ·mol-1 /S·m2·mol-1 

wz = 1.00 74.93 49.98 0.82 0.15 

WJ= 1.00 43.85 29.25 6.19 0.07 

THF(2) + 1,3-00(3) 

wz= 0.25 46.98 31.34 4.64 0.09 

wz= 0.50 52.78 35.20 3.81 0.10 

wz= 0.75 61.36 40.93 1.70 0.12 

Table IV.6: Salt concentration at the minimum conductivity (Cmin) along with 

the ion-pair formation constant (Kp), triple-ion formation constant (KT) of 

Bu.PBF. in THF, 1,3-00 and their binary mixture, where w2 and WJ are mass 

fraction ofTHF and 1,3-00 at T= 298.15 K 

Solvent Cminx104 log Kp x10-4 KTx10-3 (~:) 
log 

/solvent mixture jmol·dm~3 jml·mol-1 /m3·moJ-l (~:) Cmin x103 

wz= 1.00 1.66 -3.78 25.36 0.83 3.27 -2.49 

WJ= 1.00 0.83 -4.08 45.35 14.26 31.43 -1.50 

THF(2) + 1,3-00(3) 

wz= 0.25 1.01 -3.99 28.99 7.98 27.53 -1.56 

wz= 0.50 1.03 -3.98 25.76 5.49 21.32 -1.67 

wz=0.75 1.44 -3.84 23.92 2.03 8.50 -2.07 
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Table IV.7: Salt concentration (Cmin) at the minimum conductivity (Amin), the 

ion-pair fraction (a), triple-ion fraction (aT), ion-pair concentration (CP) and 

triple-ion concentration (Or) of Bu4PBF4 in THF, 1,3-DO and their binary 

mixture, where wz and W3 are mass fraction ofTHF and 1,3-DO at T = 298.15 K 

Solvent Cminx104 Cp ><105 CTx106 

Aminx104 a llT 
I solvent mixture fmol·dm-3) /mol·dm-3 fmol·dm-3 

W2" 1.00 1.66 12.06 0.153 0.021 15.14 3.54 

W3" 1.00 0.83 8.23 0.162 0.193 11.78 16.06 

THF(2) + 1,3-00(3) 

W2" 0.25 1.01 9.67 0.184 0.149 12.77 15.09 

W2" 0.50 1.03 10.67 0.193 0.110 11.75 11.38 

W2" 0.75 1.44 10.96 0.170 0.049 14.04 7.15 

Publ@uuHI'\I ]. p~.l{.m.l,C~13. 2012, 116, 11687-1169'+. I C'hriV I 
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Figure IV.1: Plot of molar conductance (A) and the square root of concentration (.,fc) ofBu4PBF4 in Wt=0.25 (•), Wt=0.50 (.6.), 

Wt=0.75 (•), w1=1.00 (+)of ACN in THF and Wt=0.25 (o), Wt=0.50 (A), Wt,;0.75 (o), Wt=1.00 (+)of ACN in 1,3-DO at T= 298.15K 
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Figure IV.2: Plot of molar conductance (A) and the square root of concentration (../c), of Bu4PBF4 in wz=O.OO (•), w2=0.25 

(.A.), wz=0.50 (•), wz=0.75 (o), wz=1.00 (+) ofTHF in 1,3-DO at T= 298.15K 
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Figure IV.3: Plot of the free energy change (AG•) vs mass fraction (w), ofBu4PBF4 in ACN (•), ACN+ THF (+), ACN+1,3-DO (A), 

and log(KT/KP) vs mass fraction ofBu4PBF4 in THF (o), in 1,3-DO (0) and their binary mixture (A) at T= 298.15 K 
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Scheme IV.l: The schematic representation of ion-solvation, for the particular ion in the studied solvent mixtures (ACN+THF, 

ACN+1,3-DO), in view of various derived parameters is depicted in, where w1 is mass fraction of ACN 
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Quantitative and Qualitative Analysis 
of Ionic Solvation of Individual Ions of 
lmidazolium Based Ionic Liquids • 1n 
Significant Solution Systems 
Conductance and FTIR Spectroscopy 

Analysis of molecular 

interactions quantitatively by 

precise measurement of 

conductance (A) and qualitatively 

by the FTIR spectroscopy, in the 

solution systems between some 

imidazolium based ionic liquids 

by 

([emim]N03, [emim]CH3S03, [emim]Tos) and non-aqueous solvents (acetonitrile, 

methanol, nitromethane, methylamine solution) have been reported at 298.15K. 

Fuoss conductance equation (1978) and Fuoss-Kraus theory, for ion-pair and triple

ion formations respectively have been used for analysing the conductance data. 

Using the appropriate division of the limiting molar conductivity value of [Bu4NBPh4] 

as "reference electrolyte", the limiting ionic conductances p..:J for individual ions 

have been calculated and reported. Dipole-dipole interaction, hydrogen bonding 

formation, structural aspect, and configurational theory are the driving forces, have 

been employed for discussion of the results. FTIR spectroscopic studies of variational 

intensity of characteristic bands of the studied solvents have been undertaken and 

the solvation phenomenon is manifested by the change of these band intensities in 

the presence of ionic liquids. 

Cht-V Pr..W:U~heddHII'R.SC AcW~201'f, /f, 19831-19845. 
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V.l INTRODUCTION 

Ionic liquids (!Ls) have been actively tested as innovative non volatile 

compound and they are used in many academic and industrial research areas. Most 

of the ionic liquids are good examples of neoteric solvents (new types of solvents, or 

older materials that are finding new applications as solvents), which is 

environmentally friendly (or eco-friendly) because they are less hazardous for 

human body as well as less toxic for living organisms. Room-temperature ionic 

liquids (RT!Ls) are salts in liquid state with relatively low melting points (below 

100QC) that usually consist of an organic cation or anion and a counter-ion. 

Generally, an ideal electrolyte should has high ionic conductivity (>10-4 S cm·l), fast 

ion mobility (>10-14m2 V·l s·l), large electrochemical potential windows (>1 V), and 

low volatility. RT!Ls exhibit most of these properties and characteristics. Recently, 

ionic liquids (!Ls) have been well thought-out as the innovative compound, owing to 

their inimitable inherent characteristics, such as negligible vapour pressure, large 

liquid range, ability of dissolving a variety of chemicals, non-volatility, high thermal 

stability, large electrochemical window and their potential as 'designer solvents' and 

'green' replacements for volatile organic solventsJV.lJ They have been intensively 

investigated for various applications such as recyclable solvents for organic reactions 

and separation processes,JV.2J lubricating fluids,JV.3J heat transfer fluids for 

processing biomass and electrically conductive liquids as electrochemical device in 

the field of electrochemistry (batteries and solar cells )IV·4• V.SJ and so forth. By 

modifying the cations and anions, the physical properties (such as the melting point, 

viscosity, density, hydrophobicity, or hydrophilicity) of ionic liquids can be 

customized.IV-61 In the modem technology, industry, and also in academic research 

field, the vast application of the !Ls is frequently increases, and this is well 

understood by studying the ionic solvation or ion-association. 

!Ls can be classified into two groups: protic !Ls (P!Ls) and aprotic !Ls (A!Ls)JV.7J 

Generally, P!Ls are synthesized with equimolar amounts of a Bnmsted acid and a 

Bnmsted baseJV.BJ Because of the recent interest in proton-conducting 

electrolytes,JV.BJ P!Ls appear as promising materials for aqueous batteries, fuel cells, 

double-layer capacitors, solar cells, or actuators.IV-91 The selected ionic liquids are 

one of the AILs. 
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There are several imidazolium, pyridinium, ammonium and phosphonium based 

cation ionic liquids commercially available. Ionic liquids based on imidazolium 

cations have been demonstrated to exhibit AILs and has greater thermal stability and 

are commercially available in large quantityJV.tOJ 

The ionic liquids with functional groups or polar anions (here, N03-, CH3S03·, and 

Tos·) are capable for additional interactions with polar solvents. Given their 

structure and diversity of functionality, they are capable of most types of interactions 

(i.e., hydrogen bonding, ion-dipole, dipole-dipole, van der Waal forces etc)JV.l1. v.t2J 

A plenty of works in conductometricJV.t3, v.t4J and allied study of potential 

electrolytes in non-aqueous common solvents have been equipped for their supreme 

use in high-energy batteriesfV.tSJ and for furthermore understanding organic reaction 

mechanisms.IV·16• v.nJ Ionic level of association of the individual ions of the 

electrolytes in studied solution systems depends on the manner of solvation of it's 

ions, which in turn depends on the characteristics of the solvent or solvent mixtures. 

The solvent properties such as viscosity and the relative permittivity have been 

taken into deliberation as these properties are excellently assist in determining the 

extent of ion-solvent interaction as well as the ion association occurring in the 

solution systems. On the other hand the non-aqueous solution systems have also 

been of massive importanceJV.tBI to the industrialist, technologist and theoretician (in 

industry as well as academic chemistry), to examine the nature, mode and magnitude 

of ion-ion and ion-solvent interactions, for the reason that many chemical processes 

take place in these systems. 

As the literature review divulge that very scant work have been accomplished in 

studied binary solution systems and keeping in mind the vast application of the 

studied systems; in continuation of the present study on electrical conductance, an 

endeavour has been made to explore the nature of ion-solvation of 1-ethyl-3-

methylimidazolium based ionic liquids {1-ethyl-3-methylimidazolium nitrate 

[emim]N03, 1-ethyl-3-methylimidazolium methanesulfonate [emim]CH3S03, and 1-

ethyl-3-methylimidazolium tosylate [emim]Tos (Scheme V.1) in non-aqueous polar 

solvents, acetonitrile (CH3CN), methanol (CH30H), nitromethane (CH3N02), and 

methylamine solution (CH3NH2). The solvation phenomenon is evident by the 

shifting of the vibrational intensity of characteristic bands (functional group) of the 

ChrV 



studied solvents in FTIR spectroscopy due to the presence of the ionic liquids in the 

solution. 

Scheme V.t: 1-ethyl-3-methylimidazolium based ionic liquids; 

(where Y= N03·, CH3S03· and Tos·) 

V.2 EXPERIMENTAL 

V.2.1 Source and purity of materials 

The RT!Ls selected for the present work puriss grade was procured from 

Sigma-Aldrich, Germany and was used as purchased. The mass fraction purity of 

[emim]N03, [emim]CH3S03, and[emim]Tos}was;;, 0.99, 0.98, and 0.98 respectively. 

All the solvents of spectroscopic grade were procured from Sigma-Aldrich, 

Germany and were used as procured. The purities of acetonitrile, methanol, 

nitromethane, and methylamine solution were 99.8%, 2:99.8%, 2:98.5%, and <:40% 

wt. in water respectively. The purity of the solvents were checked by measuring their 

density, viscosity and conductivity values, which were in good agreement with the 

literature valuesJV.19l as shown in Table V.l. 

V.2.2 Apparatus and Procedure 

Prior of the start of the experimental work we have been precisely checked, the 

solubility of the selected ionic liquids; the selected room temperature ionic liquids 

(RT!Ls) were liberally soluble in all proportion of the solvents. All the mother 

solutions of the electrolytes (!Ls) in studied solvents were prepared by mass 

(weighed by Mettler Toledo AG-285 with uncertainty 0.0003g). For the conductance 

data the working solutions, were obtained by mass dilution of the prepared mother 

solutions. 

The specific conductance data have been measured by means of a Systronics-308 

conductivity bridge of accuracy ±0.01 o/o, using a dip-type immersion conductivity 

cell, CD-10 having a cell constant of approximately (0.1±0.001) cm·l. The 
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measurements have been made in a thermostat water bath maintained at the 

experimental temperature T = (298.15 ± 0.01) K. The cell was calibrated by the 

method proposed by Lind et auv.20J and cell constant was measured based on 0.01 M 

aqueous KCI solution. The conductance data have been reported at a frequency of 1 

kHz and the accuracy was ±0.3%. During all the measurements, uncertainty of 

temperatures was ±0.01 K. 

For analysing the conductance data, the density and viscosity of the solvents are 

required. So, the densities ( p) of the solvents were measured by means of vibrating 

u-tube Anton Paar digital density meter (DMA 4500M) with a precision of ±0.00005g 

cm·3 maintained at ±0.01K of the desired temperature. It was calibrated by triply

distilled water and passing dry air. 

The viscosities (I)) were measured using a Brookfield DV-lll Ultra Programmable 

Rheometer with fitted spindle size-42. The viscosities were obtained using the 

following equation 

1] = u~: J X TK X torque X SMC 

where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque 

constant and spindle multiplier constant, respectively. The instrument was 

calibrated against the standard viscosity samples supplied with the instrument, 

water and aqueous CaC]z solutionsJV.21l The temperature was maintained to within ± 

0.01 oc using Brookfield Digital TC-500 thermostat bath. The viscosities were 

measured with an accuracy of ± 1 %. Each measurement reported herein is an 

average of triplicate reading with a precision of 0.3 %. 

Infrared spectra have been recorded in 8300 FTIR spectrometer (Shimadzu, 

Japan). The details of the instrument have already been previously described.[V.221 

The concentration of the studied solutions used in theIR study is 0.05M. 
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V.3 RESULTS AND DISCUSSION 

V.3.1lon-pair formation from electrical conductance 

In comparison with the literature data, the experimentally measured 

physicochemical properties of the pure solvents at 298.15 K are reported in Table 

V.1, where appropriate corrections were made by the specific conductance of the 

solvents at desired temperature and apt precaution has been taken during the 

measurement. 

The experimentally measurable quantity specific conductance (K, ~S cm-1) of the 

electrolytes (ILs) solutions in chosen solvents were measured by Systronics-308 

Conductivity Bridge. The measurement have been made within a molar 

concentration range of 1.13x10-4- 1.04x10-3 (M) at the experimental temp. Using 

the specific conductance data, the molar conductances (A) for all studied solution 

systems (ionic liquid + solvent) have been calculated by the appropriate 

equationJV.23J 

The determined molar conductances (A) values of the solutions of studied ionic 

liquids in different chosen solvents (IL+solvent) at the corresponding molar 

concentrations (c) were represented in Table V.2. The linear variation of the molar 

conductance data against the square root of concentration (A versus ..,[c) have been 

found for the range of higher to moderate relative permittivity for the solvents 

acetonitrie (cr = 35.95), methanol (cr = 32.70), and nitromethane (cr = 35.87) and 

depicted in Figure V.l. The extrapolation of ..fc = 0 (i.e; at the infinite dilution), it 

appraise the starting limiting molar conductance for the electrolytes. However, the 

non-linearity in Figure V.2 has been found in the conductance curves vs square root 

of concentration, in case of the low relative permittivity ( s, (I 0 ) solvent 

(methylamine solution, cr = 9.10). The Fuoss conductance equation (1978)1V·24· v.2s] 

has been used for analyze the linear variation conductance data in higher or 

moderate relative permittivity solvents. For a given set of conductivity values 

( c j, A j, j =I, ..... n), for each of the electrolyte in the solvents, the three adaptable 

parameters, the limiting molar conductance (A,). the association constant (KA), and 

the distance of closest approach of ions (R) are derived from the following set of 

equations 
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A=PAJ(I+Rx)+EL] (V.1) 

P=1-a(l-y) (V.2) 

y =1-KAcyzfz (V.3) 

-lnf= j3K 
2(1+KR) 

(V.4) 

f3 
ez 

(V.5) 
(s,kBT) 

K K K - R - R (V.6) 
A- (1-a)- (l+Ks) 

where Rx is the relaxation field effect, EL is the electrophoretic counter current, k ·1 is 

the radius of the ion atmosphere, lir is the relative permittivity of the solvent mixture, 

e is the electron charge, cis the molarity of the solution, ks is the Boltzmann constant, 

KA is the overall paring constant, Ks is the association constant of the contact-pairs, KR 

is the association constant of the solvent-separated pairs, y is the fraction of solute 

present as unpaired ion, a is the fraction of contact pairs,f is the activity coefficient, 

Tis the absolute temperature and Pis twice the Bjerrum distance. The computations 

were performed using a program suggested by FuossJV.ZSJ The introductory values of 

the limiting molar conductance A., for the iteration procedure were obtained from 

Shedlovsky extrapolation of the conductance data. Input for the program is the set 

( c j' Aj, j =I, ... n) ,n,li ,,1] ,T, initial values of A,, and an instruction to cover a pre-

selected range of R values. 

The best value of the observable parameters have been taken those one, when 

the equations is best fitted to the experimental data corresponding to minimum 

standard deviation o for a sequence of predetermined R values. The standard 

deviation 6 was calculated by the following equation 

02 = L [A/cal)-A/obs)f 

(n-m) (V.7) 

where n is the number of experimental points and m is the number of fitting 

parameters. The conductance data were evaluated by fixing the distance of closest 

approach R of ions with fitting two parameter (i.e.; m = 2). No significant minima 

were found in the curve of 6 versus R for the studied ionic liquids (!Ls) in the 
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solvents (acetonitrile, methanol, nitromethane), whereas the R values were 

arbitrarily preset at the centre to centre distance of solvent-separated ion pair. Thus, 

theoretically the R values are assumed to be R = (a +d); where a= (1~ + r_) is the sum 

of the crystallographic radii of the cation (r.) and anion (r_) and dis the solvent 

effect parameter, which is the average distance corresponding to the side of a cell 

occupied by a solvent molecule. The average distance, dis given bylV·261 

( )

1/3 

d(A) = !.183 ~ (V.8) 

where M and pis the molar mass and density of the solvent respectively. 

The programmable values of Ao, KA, and R obtained by this procedure for all the 

studied ionic liquids in selected solvents are represented as a tabular form in Table 

V.3. Perusal of Table V.3 discloses that the observed limiting molar conductances (Ao) 

for each of the electrolytes (!Ls) gradually decrease from acetonitrile to 

nitromethane among the studied solvents. Thus the observed trend of the Ao values 

is; 

The order is the converse of the order of the viscosities of these solvents. As 

expected, limiting molar conductance values should decreases when the viscosity of 

the solvents increases, because the ionic mobility is diminished in viscous medium. 

Interestingly, it is seen from Figure V.3, a linear relationship exists between the 

limiting molar conductivities for each of !Ls and the reciprocal of the viscosity (l/IJ) 

(or the fluidity,1]·1) for the solvents. From the Table V.l and Table V.3, we have seen 

that the association constant (KA) as well as the log(KA) values were linearly vary 

with the viscosity values of the solvents; which also shows that the viscous medium 

diminished fluidity of the ion, and this is obviously due to the association of the ions 

as well as electrolyte by the solvent molecules in the solution systems. This suggests 

that the fluidity (w1) ofthe solvents played a predominant role in the limiting molar 

conductivities, in addition to the association of the !Ls. The similar observation has 

been observed by Huiyong Wang and co-workersJV.27J 

From the willpower of ion-association constants (KA) of the studied !Ls, some 

characteristics may be concluded from the present results. We have examined the 
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consequence of the solvent properties on the ion-association behaviour of the 

selected ILs. It is interesting to note from Table V.3 that the association constant (KA) 

of the ionic liquids (ILs) is just inverse of the limiting molar conductance, 

(i.e.,K. oc_!__ ). The magnitudes of the KA are lower in acetonitrile and higher in case 
Ao 

ofnitromethane for each of the electrolyte, which is in following order; 

KA(CH,NO,)> KA(CH,OH) > KA(CH,CN) 

As the idea, literature inspection and experimental results indicates that the 

association constant (KA) are represent the ion-solvent interaction or ion

association. The interactions between the electrolytes (as well as ions) and solvent 

molecules in the binary solutions, are increases from acetonitrile to nitromethane 

among the chosen solvents, leading to a lower conductance of ionic liquids. In 

comparison between the Table V.l and V.3, we can see that the association constant 

values follow the same trend as viscosity value of the solvents. Thus the viscosity 

values also support the above facts, i.e. the electrolytes (!Ls) in the lower viscous 

solvent, the A. value should increase or mobility of the ion should increase. But the 

fact is not in line with the relative permittivity (Er) of the solvents. Although the 

decreasing trend of viscosity for the solvents suggests concomitant increase in 

limiting molar conductancesrv.zs, v.Z 91 for the electrolytes. The trend suggest the 

solvents viscosity (71o) is predominance over the relative permittivity (Er), in effecting 

both of the electrolytic conductance and association constant of the electrolytes (\Ls) 

under the studied solution media. This also suggests that the solvent effect for ion

association of ILs is similar to that of typical electrolytes, and electrostatic 

interaction between the cation and anion is mainly responsible for their association. 

The data in Table V.3 allow us to evaluate the ion-association ability of anions of the 

!Ls with comparison of KA values for [emim]N03, [emim]CH3S03, and [emim]Tos in 

chosen solvents. It is clear that the anion species dependence of the association 

constants for the common imidazolium based ionic liquids, is of the following order: 

Tos· > CH3S03· > N03· 

This trend suggests that the high solvation of the Tos· anion significantly 

enhance its association relative to CH3S03· and N03· in the molecular solvents, which 

concordat the similar shape observed experimentally. Therefore, it is apt to state that 
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the net result of good alliance between the intrinsic interactions of cations with 

anions and the ion-solvation. 

The Walden product (Aol)) (product of the limiting molar conduactance and 

solvent viscosity) and it is a constant under normal condition, is the another 

characteristic function for discussion and validating the trend obtained in limiting 

molar conductance ( AJ and ion-association and given in Table V.3. From Table V.3 

and Figure V.4, the falling trend of Walden product from acetonitrile to 

nitromethane, is excellent agreement with the concomitant raise in the solvents 

viscosity and falling limiting molar conductance of the electrolytes (!Ls) in the 

studied solvents. This is warranted as the Walden product of an ion or solute is 

inversely proportional to the effective solvated radius (rerr) of the ion or solute in a 

particular solventJV.30J and have been estimated from the following equation; 

(V.9) 

The variation of the Walden product reflects on the degree of solvation.JV·12l It is 

difficult to interpret quantitatively the variation of the Walden product with solvent 

composition. However, the part of a set of information arise from the results that the 

electrostatic ion-solvent interactions or ion-associations is stronger in these cases. 

The variation with solvent composition the solvation phenomenon can be explained 

by the following aspect: 

(i) Preference of solvation of the electrolytes (ILs) for solvent molecules. Taking 

into consideration of the conductance and association constant value of ionic 

liquids in deferent solvents, we can say that the studied ILs mostly prefer the 

nitromethane compared to the other two solvents and the order of preference 

of solvation by the ILs in the chosen solvents is as follows: 

nitromethane > methanol > acetonitrile 

(ii) With considering the structural aspect of the solvents, 

(a) In case of acetonitrile (CH3CN), the interaction present between negatively 

charged nitrogen atom of acetonitrile and positively charged N atom of 

[emim]• moiety, shown in (I) of Scheme V.2, i.e., the interaction occurs 

through the ion-dipole interaction. Dimerization of acetonitrile, in CH3C•N

most of the positive charge is on the nitrile carbon, i.e., "inside" the 



molecule, evidence that acetonitrile tends to associate and forming the 

antiparallel dimer(V.3tJ represent in Scheme V.3. The existence of 

antiparallel dimerization in acetonitrile or interaction of the acetonitrile 

molecules itself (solvent-solvent interaction), leads to the formation of less 

ion-solvent interaction with the ionic liquids. 

H3C-C N 
+ -
- + 
N C CH3 

Scheme V.3: Antiparallel dimerization of acetonitrile (CHJCN) 

(b) The interaction of the ionic liquids is present in case of methanol are 

shown in (II), where the interaction is more intense due to the presence of 

more negative oxygen atom in molecular structure of methanol, making it 

stronger interaction with ILs either it interact with electrostatic, ion-dipole 

interaction between negatively charge oxygen atom and the positively 

charged nitrogen atom of the imidazole centre of the [emimJ• moiety or H

bond interaction of methanol and NOJ-, CH3S03-, Tos-. 

(c) In case ofnitromethane, where three nucleophilic centres are present (two 

electronegative oxygen atoms and one nitrogen), show in (III); gives the 

more number of interacting centre to interact with the studied ionic 

liquids. Thus in the solution of ILs+nitromethane, the nitromethane 

strongly interact with more number of attacking centres with the ionic 

liquids through H-bond/ion-dipole interaction etc. Hence gives the highest 

value of ion-association constant as well as higher aggregation. 

The schematic representation of plausible ion-solvent interaction, for the 

particular ion in the studied solvents (i.e.; ILs+solvents), in view of various derived 

parameters is depicted in Scheme V.2. 

To investigate the role of the individual ions of the !Ls in the ion-solvation 

phenomenon, we have to split the limiting molar conductance values into their ionic 
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contributions. The ionic conductances Ao• for the [emim]• cation and N03·, CH3SQ3·, 

Tos· anion in different solvents, were calculated using tetrabutylammonium 

tetraphenylborate (Bu4NBPh4) as a 'reference electrolyte' using the following scheme 

as suggested by B. Das et aJ.lV.32J We have premeditated the ionic limiting molar 

conductances Jto•, in studied solvents by interpolation of conductance data from the 

literature[V.33J using cubic spline fitting. The determined ionic conductance values are 

given in Table V.4. Perusal of Table V.4 illustrates that the degree of ionic 

conductance is higher for [ emim ]+ ion than that of the N03·, CH3SQ3·, Tos·, which 

suggested the greater share in the ionic association come out from the anions (N03·, 

CH3S03·, Tos·) than the common imidazolium cation [ emim ]•. The prime clue for the 

most part estimation of ionic contribution in the conductance came out from the 

Stokes' law, which provide the valuable inkling about limiting ionic Walden product. 

The law states that the limiting ionic Walden product (Jto•l)), (the product of the 

limiting ionic conductance and solvent viscosity) for any singly charged, spherical ion 

is a function of the ionic radius (crystallographic radius) and thus under normal 

condition, is a constant. The contribution of anions (N03·, CH3SQ3·, Tos·) for the 

common cation [emim]•, in both the limiting ionic conductance (Jto•), and limiting 

ionic Walden product (ito•l)) are shown in Figure V.S. From the Figure V.S, it has been 

seen that both the Jto•, and .lto•l), are decreases from acetonitrile to nitromethane for 

each of the studied ionic liquids (lLs), which also implied that ion-solvent interaction 

of ions increases from acetonitrile to niromethane. For a particular solvent the order 

of limiting ionic conductance of anions are as follow: 

This indicates the greater shape of Tos· ion, in the interaction with solvent molecules 

than other two ions. Since the intrinsic radius of a given anion is constant in the 

different solvents, a smaller value of the limiting molar conductivity of an anion in a 

solvent suggests enhanced solvation of this anion in that medium. Therefore, it may 

be possible to state that the degree of solvation of the anions in the solvents is as 

following order: 

nitromethane > methanol > acetonitrile 
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The stronger solvation of the anions in nitromethane is believed to be 

attributable to the stronger hydrogen-bonding interaction between the anions and 

the nitromethane molecules relative to methanol, whereas the difference in the 

degree of solvation of the anions in acetonitrile is attributed to the difference in 

dipole moment of the solvents. The ion-dipole interactions decrease with an increase 

of the intrinsic radius of the anions because of their much decreased charge 

densities. This result is supported by the molecular dynamic simulation result that in 

hydrogen bonding solvents; !Ls was mainly solvated by the hydrogen bonding 

interactions between the anion and the solvent moleculesJY.34J 

The ;v values were in turn utilized for the calculation of Stokes' radii (rs) 

according to the classical expressionfV.3SJ 

p2 
rs = -----;--

6nN)c!rc 
(V.lO) 

where the symbols are usual meanings. The limiting ionic Walden products (Ao±IJ), 

Stokes' radii (rs), and crystallographic radii (rc) are presented in Table V.4. The 

trends in Walden products (Aol)) and ionic Walden products (.f.o±l)) for the selected 

electrolytes (!Ls) in the chosen solvents are depicted in Table V.3 and V.4 and in 

Figure V.4 and V.S respectively. It shows that both the Walden products (Aol)) and 

ionic Walden products (.f.o±l)) for the ionic liquids (!Ls) approximately linear 

variation from acetonitrile to nitromethane. For the employed ions i.e; [emim]•, NOJ-, 

CH3S03-, and Tos· ions, the determined Stokes' radii (rs) are higher than their 

crystallographic radii (rc); this suggests that the ion are comparatively more solvated 

due to its intrinsic surface charge density. These results also support the fact of 

higher association of the ions by the solvent molecules in the experimental solutions. 

The distance parameter R, shown in Table V.3, is the least distance that two free ions 

can approach before they merge into an ion-pair in the studied madia. The marked 

characteristic behaviours in the association constant (KA) values, which generally 

increase from acetonitrile to nitro methane; indicates that the thermal motion of the 

ions were probably destroy in the solvents. However, from the Table V.3 and Figure 

V.6, as increasing trend of KA values, ion-association for the electrolytes (!Ls) 

increases from acetonitrile to nitromethane among the studied solvents. 
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The Gibbs energy changes is also a key parameter to interpretation of the nature 

of ion-pair formation, if we inspect the /1G0
, we can be able to clearly forecasts the 

propensity for ion-pair formation taking place in the solution systems. The 

association constant (KA) values have been utilized to calculating the Gibbs energy 

change /1G0 , by the following relationshipJV.361 and are arranged in Table V.3. 

!1G• = - RT In KA (V.ll) 

It has been found the negative values of f1Go for all the electrolytes in solvents, and 

the observed results can be explicated in view of the participation of definite 

interaction in the ion-association phenomena. It is observed from the Table V.3 and 

Figure V.6 that the values of the Gibbs free energy are negative, entire all over the 

solutions and the negativity increases from acetonitrile to nitromethane for each 

electrolyte; The increasing negativity in the value of !1G0 of ionic liquids leads to the 

more feasible in the ion-solvent interaction. This result indicates the extent of 

solvation of selected ionic liquids by the following order: 

CH3NOz > CH30H > CH3CN 

There have another distinguishing factor, which is A-coefficient. The significance 

of the term had since then been realized due to the development Debye-Hiickel 

theoryJV.37J of inter-ionic attractions in 1923. The A-coefficient depends on the ion

ion interactions (self interaction of the employed ions in solution) and can be 

calculated from interionic attraction theory as given by the Falkenhagen and 

VernonJV.381 equation: 

A = O.lS7? A. [1- 0.6863(/l:/l~ )
2

] 
Theo ( T)o.s /l o /l o A 17o sr + - 0 

(V.12) 

where the symbols have their usual significance. A-coefficient suggesting that should 

be calculated from conductivity measurements and given in the Table V.S. From the 

table A-coefficient is negative and very small, shows that the existence of the ion-ion 

interactions is negligible, as compared to the ion-solvent interactions for all the 

selected ionic liquids in the studied solvents. Consequently, it is very clear to declare 

that the ion-solvent interactions dominant over the ion-ion interactions; the similar 

shape has been established in our previous paper,JV.l4J by Banik and Roy,JV.t7J and 

Wang and co-worker.JV.27J 
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Various types of interactions exist between the ions and solvent molecules in 

solutions. These interactions result in the orientation of the solvent molecules 

towards the effective ions. The greater number of the solvent molecules oriented 

sequentially around the effective ion, increases the ion-solvation. The number of 

solvent molecules that are involved in the solvation is called solvation number (ns). 

Solvation region can be classified as primary and secondary solvation regions. Here 

we are concerned with the primary solvation region. The primary solvation number 

is defined as the number of solvent molecules which surrender their own 

translational freedom and remain with the molecule, tightly bound, as it moves 

around, or the number of solvent molecules which are aligned in the force field of the 

ion as well as electrolyte (ionic liquid). 

If the limiting conductance of the ions (J.o•) of charge Z; is known, the effective 

radius of the solvated ion can be determined from Stokes' law and the volume of the 

solvation shell is given by the equation. 

(V.13) 

where r, and rs is the crystallographic and Stokes' radius of the ions. The solvation 

number ns would then be obtained from 

Vs 
ns = -

Vo 
(V.14) 

where Vo is the volume of the solvent molecules. The solvation number ns is given in 

the Table V.S. From the table we have seen that the order of the solvation number is 

methanol > nitromethane > acetonitrile 

suggests that the number of solvent molecules which are aligned in the force field is 

increases, which leads to the increasing trend of ion-solvent interaction. 

Using the solvent viscosity and the estimated Stokes' radii, the diffusion 

coefficient (D,) of the ions can be determined by the Stokes-Einstein relation: 

D+ = kaT 
- 67rTJors 

(V.lS) 

where ko is the Boltzmann's constant, Tis the temperature. 

The diffusion coefficient (D,) in turn utilized to obtained the ionic mobility (i,) 

for the individual ions using the following equation 



i = z±F D 
± R T ± 

g 
(V.16) 

where z,, F, R9, T and D, is the ionic charge, Faraday constant, universal gas constant, 

temperature and diffusion co-efficient respectively. Diffusion co-efficient (D,) and 

ionic mobility (i,) for the individual ions [emim]•, NOJ·, CHJSOJ-, and Tos· in the 

studied solvents is given in Table V.6. Scrutiny of Table V.6 revels that the 

contribution of diffusion coefficient of the anions (NOJ-, CHJSOJ-, Tos·) is less than the 

cation [emim]• in all the studied solvents, which indicates that [emim]• ions diffuses 

more through the solvents. If we see for the each of ions in solvents, we observed 

that the diffusion coefficient decrease from acetonitrile to nitromethane. As indicated 

in Table V.6, the employed [ emim ]•, NQ3·, CH3SQ3·, and Tos· ions showing the greater 

diffusion in acetonirile. Table V.6, also shows that the mobility of anions (N03·, 

CH3S03·, and Tos·) is lower than [ emim ]• in all the investigated solvents, indicating 

greater share of conductance by [emim]• ions mentioned earlier in conductance 

measurement. The observation indicates the diffusion coefficient (D±) is directly 

proportional to the ionic mobility (i,) and these are the driving force to conduct 

electricity by !Ls or ions in solutions. From the same table we have seen that the 

diffusion as well as mobility the ions decrease from acetonitrile to nitromethane, and 

the deceasing order in ionic mobility of the anions are as follow: 

N03· > CH3S03· > Tos· 

The results are reciprocal to the density and viscosity of the solventsJV.39J Lower the 

diffusivity and mobility is obviously higher the ion-solvent interaction or ion

solvation, which is evident from the association constant values, and reported in 

Table V.3. A graphical comparison of diffusion coefficient (D,) and ionic mobility (i,), 

for anions (NOJ-, CH3S03·, and Tos·) is given in Figure V.7. These findings may find 

applications in the modulation of the conductance performance of the !Ls by using 

solvents. 

V.3.2 Triple-ion formation from electrical conductance 

The graphical representation of molar conductance corresponding to the 

square root of concentration (A vs ~c) of the selected ionic liquids in methylamine 

solution (CH3NH2) have been presented Figure V.Z. The figure show that the 

I P~Uit'RSCAcVvet-l'lC(W2014, 4,19831-19845. ChrV 



electrolytes (IL) follows the same sketch, i.e. the conductance value gradually 

decreases with increasing concentration, reach a minima and then increases. Due to 

the deviation of the conductometric curves from linearity in case of ionic liquids (!Ls) 

in methylamine solution (Er = 9.10), the conductance data have been analyzed to 

determine the limiting molar conductance and triple ion conductance by the classical 

Fuoss-Kraus theory of triple-ion formationJV.26. V.36J in the form 

(V.17) 

where g(c) is a factor that lumps together all the intrinsic interaction terms and is 

defined by 

exp{-2.303 [3
1 (cA.)05

/ Ag 5
} 

g(c)= {1-S(cA.)o.s;~.s}(l-A./Ao)o.s 
[31 = 1.8247 X 10

6 

(e,TY"5 

S=aAo+.B=0.8204x10
6 Aa+ 82.501 

(eJY"5 1J(E,T)05 

(V.18) 

(V.19) 

(V.20) 

In all the above usable equations, the A. term signifY the sum of the molar 

conductance of the simple ions at infinite dilution, the A{ is the sum of the 

conductance value of the two possible formation of triple-ions [(emim)2]•[Y] and 

[ emim] [Y2]· for the imidazolium ionic liquids, [ emim] [Y] (where Y= N03·, CH3SQ3· and 

Tos·). Where the constants as Kp "'KA and KT are implies that the ion-pair and triple

ion formation constants respectively and S is the limiting Onsager coefficient. On 

employing the applicability of the equation (V.17), the symmetrical approximation of 

the two possible formation of triple-ions constants, Kn = {[ [ ( emiJ),]' [Y] } and 
( emim f [emim ][Y] 

Kn = { [(emim)][Y];} equal to each other has been assumed as Kn = KT2 = KT.lv·401 
[Y] [ emim ][Y] 

The A. values for the studied electrolytes in methylamine solution have been 

determined using the scheme as recommended by Krumgalz in 1983.JV.4!J The values 

of A: have been calculated with the help of A
0 

values by fitting the triple-ion 
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conductance equal to ~A, JV·42l Thus the ratio 
3 

linear regression analysis of equation (V.17). 

A,; was set equal to 0.66 7 during 
A, 

The obtained limiting molar conductance of simple ion ( 1\, ), limiting molar 

conductance of triple ion (A,;), slope and intercept of equation (V.17) for selected 

ionic liquids (!Ls) in methylamine solution at 298.15 K are represented in Table V.7. 

The intercept and slope have been obtained by employing the linear regression 

analysis of equation (V.17) for the electrolytes with an average regression constant, 

R2 = 0.9989. Thereafter these values utilized to calculation of other derived 

parameters such as Kp and KT and listed in Table V.8. Read-through of Table V.8 

demonstrates that the degree of ion-pair constant KP is larger than that of the triple

ion formation constant KT, which indicates the major portion of the electrolytes (lLs) 

exists as ion-pair with a minor portion as triple-ion. This is due to the fact that the 

electrolytes is exist as ion-pair with a major portion in with the interaction of water 

molecules and as triple-ion with a minor portion interacting with methylamine 

molecules of methylamine solution (40% wt. methylamine +60% wt. water). The 

propensity of triple ion formation with respect to ion-pair, can also be judged from 

the ratio of ( ~: J and the values of log(~:} which are shown in Table V.8. The 

ratios and logarithm values recommend that strong ion-association between the ions 

and solvent molecules are owing to the coulombic interactions in addition to 

covalent forces in the solution. The observed grades are in excellent accord with 

those obtained by Hazra et a!JV·43l We know that the electrostatic ionic interactions 

are very large due to the higher force field effect, for very low relative permittivity 

solvents, i.e., &r < 10. Therefore the formed ion-pairs were attTacted by the free 

movable cations or anions present in the solution medium; as the distance of the 

closest approach of the ions becomes minimum, these results in the formation of 

triple-ions, which acquires the charge of the respective ions, attracted from the 

solution bulk1V.33. v.36J i.e.; 
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M++ £B M···········£B MA 

MA + M+B MAM+ 

MA+£B MA£ 

(ion- pair) 

(triple- ion) 

(triple- ion) 

where the symbols M• and A' are implies for the [emim]• and Y- (where Y= N03-, 

CH3S03- and Tos·) ions respectively. The effect of ternary associationiV-441 thus clearly 

explained the non-linearity of the conductometric curve. According to the 

consequence of this ternary association, some formative non-conducting species MA, 

removed from solution and replaces by triple-ions which increase the conductance 

values evident by non-linearity observed in conductance curves for the ionic liquids 

in methylamine solution. The pictographic depiction of triple-ion formations for the 

selected ionic liquids(!Ls) in methylamine solution has been depicted in Scheme V.4. 

Additionally, the ion-pair and triple-ion concentrations, Cr and CT, respectively, 

at the minimum molar concentration of the salt solution have also been calculated 

using the Kr and KT value by following set of equationsiV-421 

1 
(V.21) a (K~z.ci'z) 

a,=( :Jz) cvz (V.22) 

Cp=C(!-a-3a,) (V.23) 

C,=(:Jz)cJ'Z (V.24) 

At this point, the fraction of ion-pairs (a) and triple-ions (aT), present in the salt-

solutions are shown in Table V.9. The calculated values of Cr and CT are also 

presented in Table V.9. From the appraisal of comparison of the Cr and CTvalues, it's 

found that the Cr is higher with respect to CT; which indicates that the major portion 

of ions are present as ion-pair even at high concentration and a small fraction exist as 

triple-ion. The conductance value decreases with increasing concentration, reach a 

minimum is called A,,., and the concentration at which the conductance value reach 

minimum is termed as Cmin; after the Cmin, fraction of the triple-ions in the solution 

increases with the increasing concentration, in the studied solution media 

{[ emim] [Y] +methylamine solution}. 
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Using the Kp values, the interionic distance parameter alP has been calculated 

with the aid of the Bjerrum's theory of ionic association!V.44J in the form 

Kp = 4nNA [___:l_J Q(b) 
1000 c,KT 

Q(b)= J>_, exp(y)0' 

b 

(V.25) 

(V.26) 

(V.27) 

The a1P values obtained are given in Table V.10. The Q(b) and b values have been 

calculated by the literature procedureJV·451 The Table reveals the a1p values for all the 

ionic liquids (ILs) lies within the range the actual ionic sizes (or crystallographic 

radii) varied by (3.33 to 4.49) A.. This may be due to easy penetration by the anions 

(N03·, CH3S03· and Tos·) to some extent into the void spaces between the alkyl chain 

of the [emim]•, as suggested by Abbott and SchiffrinJV.46J Again, the UIP values have 

found within the crystallographic radii (rc), suggesting probable contact ion-pair 

formation in solution.lV·281 This will cause a decrease in the degree of freedom for the 

ions in the ion-pair formation, which results in their loss of configurational entropy 

of the contact-pair. Generally, Kp values do not change significantly for imidazolium 

ionic liquids with the alkyl chain consisting of less carbon atoms. The small changes 

in the Kp may thus be related to entropic contributions. 

The interionic distance an for the triple ion can be calculated using the 

expressionsJV.33l 

(V.28) 

~c,KT 
(V.29) 

J(b3) is a double integral tabulated in the literature!V-361 for a range of values of hJ, 

Since /(b3) is a function of UTI, the an values have been calculated by an iterative 

computer program. From Table V.10, the UTI values for the ionic liquids (ILs) are 

greater than the corresponding a1P values but are much less than the expected 

theoretical value l.Sa1P. This is probably due to repulsive forces between the two 

anions or cations in the triple ions [Bu4P(MS)2]· and [(Bu4P)2•MS] as suggested by 
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Hazra et aiJV·431 These values also suggested the small fraction exist as triple-ion 

formation compared to the ion-pair. 

V.3.3 FTIR Spectroscopic Study 

With the help of FTIR spectroscopy the molecular interaction existing between 

the ionic liquid and the solvents have been presented qualitatively and used as 

supportive evidence for the study of bond breaking and bond formation 

(electrostatic bond) due to the ion-solvent and solvent-solvent interactions. The IR 

spectra of the pure solvents as well as the solutions of {[emim][Y]+Solvents} have 

been studied and the stretching frequencies of the functional groups and mixed with 

ionic liquids are given in Table V.ll and Figure V.8- V.11 within the range of wave 

number 400-4000 cm-1. 

The IR spectra of acetonitrile show a sharp peak at Yo = 2253.8 cm-1 which is 

attributed to the C=N stretching vibration range (2210-2260 cm-1). When the ionic 

liquids (ILs) is added to acetonitrile (i.e; [emim][Y]+CHJCN), the peak shifts to Vs = 

2278.9 cm-1, 2291.2 cm-1, and 2307.6 cm-1 for [emim]NOJ, [emim]CH3S03, and 

[emim]Tos respectively. This is due to the disruption of dipole-dipole interaction 

present in acetonitrilelV·311 leading to the formation of ion-dipole interaction between 

[emim]•, N03-, CHJSOJ-, Tos· ions with C=N bond leading to the shift in the C=N 

stretching frequency. Negligible change in stretching frequency of C-H bond (3.6cm·1, 

4.2 cm-1, 4.6 cm-1) of CHJCN, shows thatC-H bond does not contribute in interaction. 

In case of methanol, a broad peak is obtained at Yo = 3384.7 cm-1 which is 

attributed to hydrogen bonded (H-bond) 0-H stretching vibration (within the range 

3200-3600 cm-1). But when the IR spectra of {[emim][Y]+CHJOH} solutions was 

taken, the broad peak are shifted to Vs = 3418.5 cm-1, 3430.8 cm-1, 3447.1 cm-1. This 

indicates that the H-bonding existing between the methanol moleculeJV-471 is 

disrupted by the addition of the ionic liquids [emim][Y]. This is due to the interaction 

of ions ([emim]+, N03-, CH3S03-, Tos·) of the studied ionic liquids with the -OH gr of 

CH30H leading to the shift in the 0-H bond stretching frequency. Negligible change 

in stretching frequency of C-H bond (2.7 cm-1, 3.4 cm-1, 4.1 cm-1) of CHJOH shows 

negligible contribution C-H group. 
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In case of nitromethane, two bands are obtained in the regions vo = 1564.1 cm·1 

and 1362.9 cm·1, former for the asymmetric stretching vibration (vas) of N-0 (1500-

1570 cm·1) and the latter for symmetric stretching vibration (vs) of N-0 (1300-1370 

cm·1) respectively shown in Table V.11. When we added ionic liquids in 

nitromethane, the asymmetric stretching vibration (Vas) of N-0 shift to 1604.7 cm·1, 

1619.9 cm·1, 1634.0 cm-1 and symmetric stretching vibration (vas) shift to 1401.9cm·1, 

1411.7 cm·1, 1430.5 cm·1, for the ionic liquids [emim]N03, [emim]CH3S03, and 

[emim]Tos respectively. The shift in the bands is due to the rupture of the H-bonding 

interaction present in the CH3NOz moleculesJv.•aJ The ionic liquids also interact via 

ion-dipole interaction with the solvent molecules. The C-H stretching of the -CH3 

group in CH3NOz occurs at 2961.4 cm·1 attributing to asymmetric vibration (vas) and 

2872.9 cm·1 attributing to symmetric vibration (vs)· From the same Table V.11, 

negligible change in asymmetric or symmetric stretching frequency of C-H bond in 

CHJNOz, when the ionic liquids (ILs) is added to it, shows the interaction is negligible 

between C-Hand ions of ionic liquids (ILs). 

The higher interaction is seen between [emim]M (Y= N03·, CH3S03· and Tos·) 

and methylamine solution as evident from the values of the KA obtained from the 

conductivity study as described above. Here the peaks for hydroxyl-OH, C-N, and C-H 

bonds of methylamine solution were at 3446.3 cm·1, 1283.4 (1000-1360 cm-1), and 

2914.9 (2850-2950 cm-1) respectively. The peak is shifts to 3492.6 cm·1, 3503.1 cm-1 

and 3521.0 cm-1 for -OH group, respectively when [emim]NOJ, [emim]CH3S03, and 

[emim]Tos is added to methylamine solution. The shifting figure has been given in 

the Table V.11. This is due to the disruption of weak H-bonding interaction present in 

CH3NH21V.49J and HzO molecules of methylamine solution and formation of ion-dipole 

interaction with the [emim]•, N03·, CH3S03-, Tos· ions. In the aqueous solutions of 

amines are basic; and the -NH groups less interact because the protons attached to 

nitrogen are less acidic than the HzO. In methylamine solution (pKb=3.36) the 

unshared pair of electrons on nitrogen forms a new covalent bond with hydrogen 

and displaces hydroxyl ion. 
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It should be recognized at this point that the presence of !Ls, leads to the generation 

of considerable intensity increases and that increases is due to occurrence in 

association of CH3NH3+, -OH and additional [emim]•, NOJ·, CHJSOJ·, Tos· ions. Figure 

V.ll summarizes results for the -OH intensity increases for all the electrolytes in the 

methylamine solution. The shifting of the C-N and C-H bonds in the (!Ls+solvents) 

mixture is negligible. 

The overall schematic representation of the interaction or ion-solvation 

occurring in studied solution systems {[emim][Y]+Solvent} have been represented in 

Scheme V.S in view of the observed derived parameters. 

V.4 CONCLUSIONS 

The extensive qualitative and quantitative analysis on the ion-solvation 

phenomenon of the typical 1-ethyl-3-methylimidazolium based ionic liquids 

{[emim][Y]; where Y= N03·, CH3SQ3· and Tos-} in industrially important non-aqueous 

polar solvents acetonitrile (CHJCN), methanol (CH30H), nitromethane (CH3NOz), 

methylamine solution (CHJNHz) with the help of conductometric and FTIR 

measurements. Precise examine on all the observed conductometric consequence, it 

has been obvious that studied ionic liquids (!Ls) exists as ion-pair in acetonitrile, 

methanol, nitromethane, and as triple-ion in methylamine solution. The ionic size, 

the charge distribution of the anions (N03·, CH3SQ3· and Tos·) for the common cation 

([emim]•), and structural aspects, i.e: functional group of the solvents, are the key 

factor in formation of ion-pair and triple-ion. The decreasing tendency of the 

transport properties as fluidity, diffusion coefficient (D.) and ionic mobility (i±) from 

acetonitrile to nitromethane for ions {[emim]+, N03·, CH3S03· and Tos·}, suggests the 
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greater extent of ion-solvent interaction or ion-association in nitromethane than the 

other two studied solvents. For a particular solvent the order of ion-association of 

anions for the common cation [emim]+ are as follow: 

N03· > CH3S03· > Tos· 

In all the chosen solvents, the selected ionic liquids interact with hydrogen 

bonding and ion-dipole interactions as evident from the FTIR spectroscopic studies. 

After all, it is very clear to state that the ion-solvent interactions dominant over 

the ion-ion interactions. All the derived parameters determined by analyzing 

different valid equations enhancement with experimental data uphold the same 

climax as discussed and explained in this text, which challenging the distinctiveness 

of the effort and such information is particularly pertinent to the design of the 

appropriate (IL+molecular solvent) binary system for a diligent application. 
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TABLES 

Table V.1: Values of density (p), viscosity (11) and relative permittivity (c,) of 

studied solvents at T= 298.15 K• 

·Solvents 
P x 1 0·3 /kg·m ·3 17 /mPa·s 

Er 
Expt Lit Expt Lit 

CH3CN 0.77668 0.77667[V.SO] 0.35 0.3446[V.SO] 35.95[V.19] 

CH30H 0.78661 0.78660[V.l9J 0.55 0.545[V.19] 32.70[V.19] 

CH3N02 1.13015 1.13015[V.20] 0.62 0.614[Y.20] 3 5.8 7 [V.20] 

CH3NH2 0.89703 0.89700[V.Sl] 0.18 0.178[V.S2] 9.10b 

"standard uncertainties u are: u (p) = ZxlO·• kg m-3, u (IJ) = 0.02 mPa s, and u (T) = 0.01 K. 

hAssume and extrapolation of the values of the Ref. [V.S3] 



Table V.Z: Molar conductance (11) and the corresponding concentration (c) of 

the studied ILs in different solvents at T = 2 98.15 K• 

cx104 Ax10• cx104 Ax10• cx10• Ax104 cx10• Ax10• 

fmol·dm-3 jS·m'·moJ-1 fmol-dm-3 /S·m'·moJ-1 fmol·dm-3 /S·m'·moJ-1 fmol-dm-' /S·m'·mol 

[emim]NO, 

CH3CN CH30H CH,NO, CH,NH, 

10.39 154.51 7.26 82.53 6.53 76.82 1.13 16.30 

19.05 151.33 12.11 80.42 13.48 73.11 2.08 14.17 

26.37 149.08 17.22 79.21 19.60 71.43 2.88 12.67 

32.65 147.32 22.80 77.82 24.94 68.81 3.56 11.50 

38.09 145.91 29.16 76.14 29.61 67.42 4.15 10.75 

44.09 144.43 35.40 74.72 33.73 66.30 4.67 10.25 

50.84 143.04 41.81 73.21 37.39 65.23 5.13 9.91 

59.86 141.22 47.06 72.43 43.59 63.72 5.90 9.35 

68.57 139.41 53.73 71.22 52.81 62.01 6.80 8.80 

77.42 137.61 63.52 69.71 59.34 60.84 7.84 8.52 

84.98 136.34 75.00 68.04 66.20 59.42 8.90 8.61 

92.72 135.23 85.93 66.72 77.13 58.33 9.86 9.06 

[ emim] CH,so, 

CH,CN CH,OH CH,NO, CH,NH, 

9.62 148.93 6.76 74.04 8.01 65.53 1.25 14.03 

17.64 145.26 11.29 71.72 12.89 63.64 2.08 12.00 

24.42 141.97 17.14 69.43 19.01 61.72 2.79 10.89 

30.24 140.24 22.75 67.61 24.50 59.81 3.45 9.86 

35.28 138.27 27.35 66.51 29.16 58.43 4.07 9.28 

43.58 135.85 32.95 65.44 34.81 57.02 4.72 8.63 

50.13 134.12 39.82 63.52 41.60 55.21 5.57 8.05 

57.72 132,07 47.06 61.43 49.42 53.44 6.35 7.73 

65.12 130.64 55.80 60.04 58.83 51.57 7.06 7.64 

72.76 128.84 65.45 58.82 68.89 49.73 7.85 7.65 

80.63 127,01 75.17 57.43 76.74 47.52 8.70 7.81 

86.93 125.64 84.46 54.41 82.08 46.73 9.68 8.30 



[emim]Tos 

CH,CN CH,OH CH,NOz CH,NHz 

9.62 116.22 7.84 59.50 8.70 51.04 1.18 11.70 

17.64 109.32 14.38 57.11 14.98 48.81 1.94 9.91 

24.42 106.14 19.91 54.92 21.16 47.12 2.63 8.57 

30.24 103.56 24.65 53.30 28.62 44.93 3.33 7.80 

35.28 101.67 28.76 52.22 34.57 43.82 3.94 7.35 

43.58 98.40 32.36 51.08 41.06 42.84 4.62 6.71 

50.13 96.57 38.35 50.03 48.67 40.51 5.39 6.65 

55.43 95.20 43.14 48.45 54.75 39.23 6.23 6.40 

61.73 93.61 48.77 48.06 61.89 38.04 6.94 6.58 

68.03 92.02 55.47 46.32 68.95 36.82 7.78 6.80 

74.70 90.67 62.32 45.64 77.30 36.01 8.59 6.87 

80.63 89.71 66.68 44.74 85.17 34.03 9.60 7.53 

"standard uncertainties u are: u (c) = 2x10-6 mol-dm-3, u (A) = 1x10·6 S·mZ·moJ-1, and 

u (1] = 0.01 K 

Table V.3: Limiting molar conductivity (A.,), the association constant (KA), the 

distance of closest approach of ions (R), standard deviations 8 of 

experimental A, Walden product ( .1\,1]) and Gibb's energy change (4G•) of ILs in 

different studied solvents at T = 298.15 K 

Aox104 KA R Aol} x104 . LIG0 

Solvents 
/A. 

8 Log(KA) 
/S·m2·mol·1 /dm3·moJ-1 /S·mz·moJ·l·mPa·s /kJ·moi·1 

[emim]NOJ 

CH3CN 162.17 28.6 8.26 0.18 55.85 3.35 -0.83 

CH30H 87.53 59.0 7.89 0.21 47.66 4.08 -1.01 

CHJNOz 82.34 98.5 8.29 0.27 50.56 4.59 -1.14 

[emim]CHJSOJ 

CH3CN 157.35 42.9 9.10 0.18 54.19 3.76 -0.93 

CH30H 79.78 96.2 8.73 0.22 43.44 4.57 -1.13 

CH3NOz 73.23 128.1 9.13 0.31 44.96 4.85 -1.20 

[emim]Tos 

CH3CN 125.62 90.8 9.43 0.14 43.26 4.51 -1.12 

CH30H 66.17 135.2 9.06 0.27 36.03 4.91 -1.21 

CH3NOz 58.85 169.7 9.46 0.33 36.13 5.13 -1.27 

CJv.V p~[.,yv'RSCAdN~201'1-, /f, 19831-19845. 
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Table V.4: Limiting ionic conductance (ll;), ionic Walden product (A.;q), Stokes' radii (Ts) and crystallographic radii (Tc) of 

imidazolium based ionic liquids in different studied solvents at T = 298.15 K 

./l± x104 :t;q x104 rs rc 
Solvents 

0 

t. 
fS·m2·moJ-1 /S·m2·moJ-LmPa·s ;A ;A 

[emim]• N03- [emim]• N03· [emim]• N03· [emim]• N03· [emim]• N03· 

CH3CN 97.20 64.97 33.48 22.37 2.45 3.66 1.33 1.99 0.599 0.401 

CH30H 52.47 35.06 28.57 19.09 2.87 4.29 1.33 1.99 0.599 D.401 

CH3NOz 49.35 32.99 30.30 20.25 2.70 4.05 1.33 1.99 0.599 D.401 

[emim]• CH3S03· [emim]• CH3S03· [emim]• CH3S03· [emim]• CHJSOJ- [emim]• CH3S03· 

CHJCN 107.04 50.31 36.87 17.33 2.22 4.73 1.33 2.83 0.680 0.320 

CHJOH 54.27 25.51 29.55 13.89 2.77 5.90 1.33 2.83 0.680 0.320 

CHJNOz 49.82 23.41 30.59 14.38 2.68 5.70 1.33 2.83 0.680 0.320 

[emim]• Tos· [emim]• Tos· [emim]• Tos· [emim]• Tos· [emim]• Tos· 

CHJCN 88.41 37.21 30.45 12.82 2.69 6.39 1.33 3.16 0.704 0.296 

CH30H 46.57 19.60 25.36 10.67 3.23 7.68 1.33 3.16 0.704 0.296 

CH3N02 41.42 17.43 25.43 10.70 3.22 7.66 1.33 3.16 0.704 0.296 

1 P~Gw'R.sc Acw~zoH, 4, 19831-19845. 1 ch--v 1 



Table V.S: A-coefficient and solvation number (ns) of ionic liquids in different 

studied solvents at 298.15K 

A-coefficient A-coefficient A-coefficient 

Solvents /(mPa·s·Kl/2 ns /(mPa·s-Kl/2 ns /(mPa·s-Kl/2 ns 

S·m2·moJ-1)·1 S-m2·mo1·1)·1 S·m2·moi·1)·1 

[emim]N03 [emim]CH3S03 [emim]Tos 

CHJCN -0.19 5.23 -0.17 6.67 -0.13 7.28 

CH30H -0.07 9.03 -0.06 8.06 -0.05 13.34 

CH3NOz -0.05 7.40 -0.04 7.17 -0.o3 13.22 

Table V.6: Diffusion coefficient (D .. ) and ionic mobility (i_.) of ionic liquids in 

different studied solvents at 298.15K 

Solvents D_.·1015jmZ-s~l i_. ·1014fm2-s·l-volrl 

[emim]• N03· [emim]• N03· 

CH3CN 2.59 1.73 10.07 6.74 

CH30H 1.40 0.93 5.43 3.63 

CH3NOz 1.32 0.88 5.13 3.42 

[emim]• CH3SQ3· [emim]• CH3S03· 

CH3CN 2.85 1.34 11.11 5.21 

CHJOH 1.45 0.68 5.63 2.64 

CHJNOz 1.33 0.62 5.16 2.43 

[emim]• Tos· [emim]• Tos· 

CHJCN 2.35 0.99 9.17 3.86 

CH30H 1.24 0.52 4.83 2.03 

CH3NOz 1.10 0.46 4.30 1.81 



Table V. 7: The calculated limiting molar conductance ofion-pair ( 1\, ), limiting 

molar conductance of triple-ion (JI,i), slope and intercept of equation (V.17) of 

ionic liquids in methylamine solution (CH3NH2) at T = 298.15 K 

Ionic liquids 
1\, xl04 A,ixl04 

/S·m2·m1JJ-1 /S·m2·moi-1 Slope Intercept 

[emim]N03 53.78 35.87 36.17 0.18 

[emim]CH3S03 44.17 29.47 39.44 0.16 

[emim]Tos 30.39 20.27 61.68 0.12 

Table V.B: Salt concentration at the minimum conductivity (cmtn) along with 

the ion-pair formation constant (Kp), triple-ion formation constant (KT) for 

ionic liquids in methylamine solution (CH3NH2) at T = 298.15 K 

Cminx104 Kp x10-3 KTx10"2 (~:}10' log(~:J Ionic liquids 
fmol·dm-3 

logCmin 
fm3·moJ-1 /m3·moP 

[emim]N03 7.84 -3.11 84.23 2.93 34.74 -2.46 

[ emim] CH3S03 7.06 -3.15 78.25 2.80 47.85 -2.32 

[emim]Tos 6.23 -3.21 63.80 2.53 120.48 -1.92 

Table V.9: Salt concentration (Cmtn) at the minimum conductivity (Amtn), the 

ion-pair fraction (a), triple-ion fraction (aT), ion-pair concentration (Cp) and 

triple-ion concentration (CT) of ionic liquids in methylamine solution (CH3NH2) 

at T= 298.15 K 

Cminxl04 Amtnxl04 Cp x10s CTx105 

Ionic liCJ.l!ids axl02 «TX102 
fmol·dm-3 /S·m2·mol-1 /mbl·dm-3 fmol·dm-3 

[emim]N03 7.84 8.52 12.30 2.82 75.44 2.22 

[emim]CH3S03 7.06 7.64 13.46 3.56 68.59 2.51 

[emim]Tos 6.23 6.40 15.87 7.59 66.55 4.73 

cn,...v 



Table V.10: Interionic distance parameter for ion-pair (RIP) and for triple-ion 

(aTJ) in methylamine solution (CH3NHz) at T= 298.15 K 

Ionic liquids UIP/A UTI/A 1.5UIP/A 

[emim]N03 3.44 4.01 5.16 

[ emim] CH3S03 3.48 3.98 5.22 

[emim]Tos 3.50 3.96 5.24 

Table V.11: Stretching frequencies of tbe functional groups present in tbe 

pure solvent and change of frequency after addition of ILs in the solvents. 

Stretching frequencies 

Functional Pure Solvent [emim]N03 [emim]CH3S03 [emim]Tos 
Solvents 

Group (vo cm·1) (YIL cm-1) (YIL CID'1) (YIL cm·1) 

CH3CN C=N 2253.8 2278.9 2291.2 2307.6 

C-H 2915.7 2919.3 2919.9 2920.3 

CH30H 0-H 3384.7 3418.5 3430.8 3447.1 

C-H 2916.6 2919.3 2920.0 2920.7 

CH3NOz N-0 1564.1 (Vas) 1604.7 (Vas) 1619.9 (Vas) 1634.0 (Vas) 

1362.9 (vs) 1401.9 (vs) 1411.7 (vs) 1430.5 (vs) 

C-H 2961.4 (Vas) 2963.5 (Vas) 2964.3 (Vas) 2964.9(Vas) 

2872.9 (vs) 2874.0 (v,) 2874.8 (vs) 2875.4 (vs) 

CH3NHz -OH 3446.3 3492.6 3503.1 3521.0 

solution C-N 1283.4 1285.5 1286.7 1287.9 

C-H 2914.9 2917.2 2919.0 2920.3 

Ch-V Pubii!Juuhw'RSC AdN~20Jll., 4, 19831-19845. 
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Figure V.1: Plot of molar conductance (A) and the square root of molar 
concentration (,{c) for [emim]N03 in CH3CN (+), CH30H (•), CH3NOz (.A), for 
[emim]CH3S03 in CH3CN (0), CH30H (o), CH3NOz (4), for [emim]Tos in CH3CN 
(•), CH30H (o), CH3NOz (x) respectively at T= 298.15K 
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Figure V.2: Plot of molar conductance (A) and the square root of molar 
concentration (,{c) of [emim]N03 (+), [emim]CH3S03 (.A), [emim]Tos (•) in 
CH3NHz respectively at T = 298.15K 
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line), in {[emim]Tos+CH3CN} (blue solid line). 
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Studied electrolyte(IL): lrnidazoliurn based ILs: [ernirnf[Y]-
[ ernirn f: 1-ethyl-3-rnethylirnidazoli urn 
[Y]-: N03 , CH3S03 , Tos-

H3C-CN H3C-OH H3C-N0z 
Solvents: Acetonitrile Methanol Nitromethane 
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Scheme Vl.2: The schematic representation of ion-solvation, for the particular ion in the studied solutions 
{[emim]M+solvents} 
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Scheme VI.S: Schematic representation of the interaction or ion-solvation occurring in studied solution systems 
{[ emim] [Y]+Solvent}; in view of the observed derived parameters. 
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Densities and Viscosities of Citric 
in Aqueous Cetrimonium 

Bromide Solutions with Reference 
to the Manifestation of Solvation 

Acid 

Apparent molar volumes ( q\v) 

and viscosity 8-coefficients for citric 

acid in (0.001, 0.003, and 0.005) 

mol.dm·3 

bromide 

aqueous cetrimonium 

(N-cetyl-N,N,N-trimethyl 

ammonium bromide, Ct9H4zNBr) 

solutions have been determined from 

solution density and viscosity measurements at T = (298.15, 308.15, and 318.15) K 

and p = 0.1 MPa as a function of the concentration of citric acid. The apparent molar 

volumes have been extrapolated to zero concentration to obtain the limiting values 

at infinite dilution (q\;), using the Redlich-Meyer equation, and the obtained 

parameters have been interpreted in terms of solute-solvent interactions. The 

viscosity data were analyzed using the Jones-Dole equation, and the derived 

parameters A and B have also been interpreted in terms of solute-solute and solute

solvent interactions, respectively, in the mixed solutions. The structure-making or -

breaking ability of the electrolyte has been discussed in terms of sign of dBfdT. The 

activation parameters of viscous flow for the ternary solutions studied have also 

been calculated and explained by the application of transition state theory. 
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VI.l. INTRODUCTION 

It is well-known that the reaction medium plays an important role in 

determining reactivity reflected in thermodynamic, transport, and spectral 

propertiesJVI.l.VL2J Gaining insight into the mechanism of such interactions, 

thermodynamic and transport studies involving one or more electrolytes in pure or 

mixed solvent systems are highly useful. Studies on the apparent molar volumes and 

viscosity 8-coefficients of electrolytes at infinite dilution provide valuable 

information regarding ion-ion, ion-solvent, and solvent-solvent interactions. [V1.3J The 

addition of electrolyte could break or make the structure of a liquid,!VL4·VL6J as 

viscosity being a property of the liquid depending upon the intermolecular forces, 

the structural aspects of the liquid can be inferred from the viscosity of solutions at 

different concentrations and temperatures. Citric acid, (C6Hs0 7 ·3H20), that is, 2-

hydroxypropane-1,2,3-tricarboxylic acid, is a tribasic, environmentally acceptable, 

and versatile chemical. As it occurs in metabolism of almost all living beings, its 

interactions in an aqueous solution is of great value to the biological scientists. In the 

pharmaceutical industry, citric acid is used as a stabilizer in various formulations, as 

a drug component and as an anticoagulant in blood for transfusions and also used as 

an acidifier in many pharmaceuticals. Citric acid can be used in food coloring to 

balance the pH level of the normally basic dye. Citric acid's ability to chelate metals 

makes it useful in soaps and laundry detergents, as well as water softening. 

Cetrimonium bromide is one of the components of the topical antiseptic 

cetrimide. It is also widely used as an active ingredient for hair conditioners, 

detergent sanitizers, disinfection agents, and softener for textiles and paper 

products. Understanding the behavior of citric acid in cetrimonium bromide solution 

will be of the utmost importance in the biological and pharmaceutical science (e.g., 

advanced lice treatment, etc.). Cetrimonium bromide forms micelles in water. 

Depending on the temperature and concentration of the cetrimonium bromide, 

water is forced to attain a specific structural form. The addition of acid to this 

solution will perturb the structure of the solution which is expected to affect the 

volumetric and viscometric properties to a high degree. 

To the best of our knowledge, the properties of this ternary solution have not 

been reported earlier. As apparent molar volumes and viscosity B-coefficients of a 
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solute gives cumulative effects of solute-solute, solute-solvent, and solvent-solvent 

interactions in solutions, in this paper, we attempted to study those properties for 

the citric acid in (0.001, 0.003, and 0.005) mol·dm-3 aqueous cetrimonium bromide 

solutions at different temperatures to explain the various interactions prevailing in 

the ternary systems under investigation. 

VI.Z. EXPERIMENTAL SECTION 

V/.2.1 Materials 

Citric acid monohydrate (CA) was purchased from Himedia. Its mass purity as 

supplied is 0.99. The reagent was always placed in the desiccator over PzOs to keep 

them in dry atmosphere. 

Cetrimonium bromide (CB) (Thomas Baker, India, mass fraction purity 0.99) 

was used as such without further purification. 

Deionized, doubly distilled, degassed water with a specific conductance of 

1.3·10-6 S·cm-1 was used for the preparation of different aqueous cetrimonium 

bromide solutions. The 2D representations of the investigated solvent molecules are 

shown in Scheme Vl.l for a better understanding. The physical properties of 

different aqueous cetrimonium bromide solutions are listed in Table Vl.1. 

V/.2.2 Apparatus and Procedure 

Stock solutions of citric acid in different aqueous cetrimonium bromide 

solutions were prepared by mass, and the conversion of molality into molarity was 

doneiVL7J using density values. Adequate precautions were made to reduce 

evaporation losses during mixing. The density was measured with an Anton Paar 

density meter (DMA 4SOOM). The uncertainty in the density measurements was 

±0.0002 g.cm-3• It was calibrated by double-distilled water and dry air.[VLBJ The 

viscosity was measured by means of suspended UbbelohdeiV1.9J type viscometer, 

calibrated at the experimental temperatures with doubly distilled water and purified 

methanol. A thoroughly cleaned and perfectly dried viscometer filled with 

experimental solution was placed vertically in a glass-walled thermostat maintained 

to ±0.01 K. After attainment of thermal equilibrium, efflux times of flow were 

recorded with a stopwatch correct to ±0.1 s. At least three repetitions of each data 
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reproducible to ±0.1 s were taken to average the flow time. The viscosity of solution 

is given by the following equation: 

~=(Kt-~)p (V1.1) 

where K and L are the viscometer constants and t and p are the efflux time of flow 

and the density of the experimental liquid, respectively. The uncertainty in viscosity 

measurements is within ±0.002 mPa·s. 

VI.3. RESULTS AND DISCUSSION 

V/.2.1 Density measurement 

The experimental values of concentrations c, densities p, viscosities 71, and 

derived parameters at various temperatures are reported in Table Vl.l. 

For the analysis of solvation state of citric acid in aqueous cetrimonium 

bromide solutions and the interaction between citric acid and cetrimonium bromide, 

data of partial molar volumes are important. For this purpose, the apparent molar 

volumes ( tPr) were determined from the solution densities using the following 

standard expression; rvuoJ 

1/Jv= M IOOO(p- Po) 

Po C Po 
(V1.2) 

where M is the molar mass of the solute, cis the molar concentration of the solution, 

and Po and p are the densities of the solvent and the solution, respectively. As the 

plots of tPv values against the square root of molar concentration (Vc) were 

nonlinear, tPr values were fitted to the following equation: [VI.llJ 

(VI.3) 

where ¢/ is the partial molar volume at infinite dilution and Av and Bv are two 

adjustable parameters. The tfov" values have been determined by fitting the dilute data 

(c < 0.1 mol·dm-3) to equation Vl.3 using a weighted least-squares fit. 

Values of¢/, Av, and Bv along with the corresponding standard deviation (cr) 

are listed in Table Vl.2. The estimated uncertainties in ¢/are equal to standard 

deviation (cr), the root-mean-square of the deviation between the experimental and 
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the calculated ¢/for each data point. A perusal of Table Vl.2 reveals that the ¢/ 
values are positive and increase with rise in both temperature as well as the molarity 

of cetrimonium bromide in the solutions as depicted in Figure Vl.l and Figure Vl.2. 

This indicates the presence of strong solute-solvent interactions, and these 

interactions are further strengthened at higher temperatures and higher 

concentrations of cetrimonium bromide in the solutions. 

The observed result can also be explained in view of the molar volume of 

solute and that of solvent mixtures studied here. The greater the difference in the 

molar volume the greater is the fitness of the solute molecules in the solvent mixture 

rendering higher solute-solvent interaction. The same type of work has been done by 

the workers reported earlier. [VI.121 The limiting partial molar volume of citric acid is 

far greater than that of the cetrimonium bromide solution reported in Table VI.2, and 

the said volume of the citric acid further increases with the temperature and the 

concentration of the cetrimonium bromide. Hence the citric acid easily fits in the 

cetrimonium bromide solution resulting in more solute-solvent interaction between 

them which is an excellent agreement with the conclusion drawn from the values of 

¢/. Schematic representations of the relevant molecules, in connection with solute

solvent interactions, are shown in Scheme VI.Z. 

The variations of ¢/ with temperature were fitted to a polynomial of the 

following: 

(V1.4) 

where Tis the temperature in Kelvin (K). Values of coefficients of the above equation 

for the citric acid for aqueous cetrimonium bromide mixtures are reported in Table 

VJ.3. 

The interactions between citric acid and cetrimonium bromide in water can 

roughly be summarized as follows: 

(i) interaction of the [R4Nt ion of cetrimonium bromide with the negative 

pole of the 0-atom of an alcoholic -OH group of citric acid 

(ii) interaction of the [R4Nt ion of cetrimonium bromide with the negative 

pole of the 0-atom of three acidic -OH groups of citric acid 
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(iii) interaction of the [R4Nt ion of cetrimonium bromide (CB) with the 

negative pole of the 0-atom of three -C=O groups of citric acid 

(iv) interaction of the Br-ion of cetrimonium bromide with the positive pole 

of the H-atom of -OH and -COOH groups of citric acid, and 

(v) ionic-hydrophobic interactions between ions of cetrimonium bromide 

and nonpolar part of citric acid molecules. 

The interactions (i)-(iv) contributes positively, whereas interaction (v) contributes 

negatively to rfJ/ values. The overall positive ,P/ values indicate that ionic-group 

interactions predominate over ionic-hydrophobic interactions and thus reduce the 

electrostriction of water molecules by citric acid. 

V/.3.2. Viscosity measurement 

The viscosity data of the experimental solutions of acid have been analyzed 

using the jones-Dole equation, [VJ.t3J 

(17,- 1) 
-.Jc 

A+B-.Jc (VI.S) 

where 71r = 71/71o, and 71 are the viscosities of the solvent and solution, respectively, 

and c is the molar concentration of a solution. A and B are the jones-DoleiV'-131 

constants estimated by a least-squares method and reported in Table VI.2. The 

values of the A-coefficient are found to decrease with both increase in temperature 

and the molarity of cetrimonium bromide. These results indicate the presence of 

very weak solute-solute interactions, and these interactions further decrease with 

the rise of both experimental temperatures and concentration of cetrimonium 

bromide. 

The viscosity B-coefficientlV1.14, VL15lis a valuable tool to provide information 

concerning the solvation of solutes and their effects on the structure of the solvent in 

the local vicinity of the solute molecules. From Table VI.2 it is evident that the values 

of the B-coefficient of citric acid in the studied solvent systems suggests the presence 

of strong solute-solvent interactions, and these type of interactions are strengthened 

with a rise in both temperature and molarity of cetrimonium bromide. These 

conclusions are in excellent agreement with those drawn from rfiv" values discussed 

earlier. 
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It has been reported in a number of studiesiVI.lG, V1.1 7l that dB is a better criterion 
dT 

for determining the structure-making/breaking nature of any solute rather than 

simply the value of the B-coefficient. It is found from Table Vl.2 that the values of the 

8-coefficient increase with a rise in temperature (positive dB ), suggesting the 
dT 

structure-breaking tendency of citric acid in the solvent systems. 

The viscosity data have also been analyzed on the basis of transition state 

theory for the relative viscosity of the solutions as suggested by Feakins et al. IVJ.tBJ 

using the relation, 

L1 ,, L1 " RT(l OOOB + fi',0 - ~0 ) 
J.l, = J.ll + v.• 

I 

(Vl.6) 

where if;' and fi',' are the partial molar volumes of the solvent and solute, 

respectively. L1p~' is the contribution per mole of the solute to the free energy of 

activation of viscous flow, and L1p1" is the free energy of activation per mole of 

solvent mixture. The L1p10# value has been calculated by the relation: 

L1p" = L1G" = RT In (1Jo~o) 
I I hN 

A 

(VI.7) 

where h is Planck's constant and NA is Avogadro's number. The values of the 

parameters L1p1" and L1p~' are reported in Table VI.4. The entropy of activation for 

electrolytic solutions has been calculated using the relation: [vus] 

LJS"' =- d(LJpg') 
1 

dT 
(VI.B) 

where L1Sg' has been obtained from the negative slope of the plots of L1pg' against T 

by using a least-squares treatment. 

The activation enthalpy ( LJHg') has been calculated using the relation: [VI.lBJ 

LJH%' = pg' + T L1S%' (VI.9) 

The value of L1S%' and LJH%' are also listed in Table VI.4. 

From Table Vl.4 it is evident that L1p1" is practically constant at all the solvent 

compositions and at all temperatures, implying that L1p~' is mainly dependent on the 

viscosity B-coefficients and (fi','- if;') terms. Positive L1p~' values at all experimental 
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temperatures and solvent composition suggests that the process of viscous flow 

becomes difficult as the temperature and molarity of cetrimonium bromide in 

solution increases. So the formation of the transition state becomes less favorable. 

According to Feakins et aJ.IVI.!BJ l!JJ~' > l!J.11°' for electrolytes having positive B

coefficients and indicates a stronger solute-solvent interactions, thereby suggesting 

that the formation of transition state is accompanied by the rupture and distortion of 

the intermolecular forces in solvent structure.rvus, V1.19J The values of !JS%' and 

.tJHg' are found to be negative for all of the experimental solutions and all 

experimental temperatures suggesting that the transition state is associated with 

bond formation and increase in order. 

Although a detailed mechanism for this cannot be easily advanced, it may be 

suggested that the slip-plane is in the disordered state.IVI.ls, V1.2oJ 

VI.4. CONCLUSION 

In summary, ¢/and viscosity B-coefficient values for citric acid indicate the 

presence of strong solute-solvent interactions, and these interactions are further 

strengthened at higher temperatures and higher concentrations of cetrimonium 

bromide in the ternary solutions. Also, citric acid was found to act as a structure 

breaker in the ternary mixtures studied, and cetrimonium bromide has a 

dehydration effect on the hydrated citric acid. 
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TABLES 

Table Vl.1: Molarity (c), density (p), viscosity (q), apparent molar volume (1/>v), 

and (q,.-1)fc112 for Citric Acid in different aqueous Cetrimonium Bromide 

solution at different temperatures 

c px10-3 I} ¢J vx106 

fmol·dm-3 /kg:m-3 /mPa·s 
(l}r1)fc1fZ 

fm3·moJ-1 

0.001" 

T= 298.15 K 

0.0000 0.9971 0.8978 0.00 0.0000 

0.0250 0.9978 0.9228 185.83 0.1762 

0.0450 0.9988 0.9374 173.03 0.2081 

0.0550 0.9995 0.9450 167.52 0.2243 

0.0650 1.0002 0.9518 163.10 0.2360 

0.0750 1.0010 0.9596 158.89 0.2512 

0.0850 1.0018 0.9665 155.71 0.2623 

T= 308.15 K 

0.0000 0.9942 0.7436 0.00 0.0000 

0.0249 0.9946 0.7613 191.62 0.1504 

0.0449 0.9956 0.7726 179.12 0.1841 

0.0553 0.9962 0.7782 174.04 0.1980 

0.0648 0.9968 0.7841 169.92 0.2142 

0.0748 0.9975 0.7896 166.40 0.2261 

0.0847 0.9982 0.7951 163.11 0.2382 

T= 318.15 K 

0.0000 0.9906 0.6173 0.00 0.0000 

0.0248 0.9910 0.6301 197.32 0.1311 

0.0447 0.9918 0.6390 185.04 0.1662 

0.0551 0.9923 0.6434 180.61 0.1802 

0.0645 0.9929 0.6481 176.04 0.1963 

0.0745 0.9935 0.6528 173.03 0.2110 

0.0843 0.9941 0.6568 170.01 0.2204 
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0.003" 

T=298.15K 

0.0000 0.9973 0.9087 0.00 0.0000 

0.0250 0.9979 0.9349 185.52 0.1823 

0.0450 0.9990 0.9515 172.85 0.2221 

0.0550 0.9996 0.9597 167.23 0.2391 

0.0650 1.0004 0.9676 162.70 0.2542 

0.0750 1.0012 0.9752 158.62 0.2672 

0.0850 1.0019 0.9834 156.04 0.2820 

T=308.15 K 

0.0000 0.9943 0.7516 0.00 0.0000 

0.0249 0.9947 0.7701 194.95 0.1562 

0.0449 0.9956 0.7830 180.08 0.1971 

0.0548 0.9962 0.7895 177.15 0.2152 

0.0648 0.9968 0.7960 172.35 0.2321 

0.0747 0.9976 0.8021 167.44 0.2460 

0.0847 0.9983 0.8085 164.35 0.2602 

T=318.15 K 

0.0000 0.9907 0.6217 0.00 0.0000 

0.0248 0.9909 0.6352 203.62 0.1383 

0.0447 0.9917 0.6451 190.75 0.1782 

0.0546 0.9922 0.6506 185.06 0.1991 

0.0645 0.9927 0.6561 180.91 0.2180 

0.0744 0.9933 0.6608 177.32 0.2303 

0.0843 0.9939 0.6656 174.11 0.2432 

0.005" 

T= 298.15 K 

0.0000 0.9974 0.9213 0.00 0.0000 

0.0250 0.9979 0.9510 188.62 0.2042 

0.0450 0.9990 0.9712 174.13 0.2552 

0.0550 0.9997 0.9807 169.30 0.2751 

0.0650 1.0005 0.9900 162.71 0.2923 

P~GI'II J. Chetw. E~ VIXtC1.12011, 56, 3285-3290. CJv.VI 
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0.0750 1.0012 1.0003 159.20 0.3130 

0.0850 1.0021 1.0089 155.51 0.3261 

T=308.15 K 

0.0000 0.9944 0.7596 0.00 0.0000 

0.0249 0.9947 0.7807 197.34 0.1762 

0.0449 0.9957 0.7958 182.69 0.2251 

0.0548 0.9962 0.8032 177.46 0.2450 

0.0648 0.9969 0.8111 172.04 0.2663 

0.0747 0.9977 0.8182 167.36 0.2822 

0.0847 0.9984 0.8266 164.04 0.3030 

T= 318.15 K 

0.0000 0.9908 0.6349 0.00 0.0000 

0.0248 0.9910 0.6506 205.04 0.1573 

0.0447 0.9917 0.6626 191.18 0.2062 

0.0546 0.9922 0.6686 185.73 0.2271 

0.0645 0.9928 0.6749 179.83 0.2482 

0.0744 0.9934 0.6815 176.97 0.2690 

0.0843 0.9941 0.6875 173.18 0.2853 

a Molarity of cetrimonium bromide in water in mol·dm-3. 

Ch--VI f'~L¥1; ]. Chewu EV19; VOIZ"Cl/2011, 56, 3285-3290. 
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Table V1.2: Limiting partial molar volume ( tP ~),adjustable parameters Av and Bv, and values of viscosity A and B coefficients 

for Citric Acid in different aqueous Cetrimonium Bromide solutions with standard deviations a and limiting partial molar 

volume of (water+ Cetrimonium Bromide) at different temperatures. 

T tP ~x106 Av Bv tP ~x106 A,10-3 8·10-3 
(J 

/K I m3·moJ-1 CA fcm3·mol·l-S /cih3·moJ-2 /m3·mol-1 CB+H20 fm3f2·mol-1/2 fcm3·mol-1 

o.oooa 
298.15 203.55 -232.83 237.06 0.039 18.07 0.076(±0.002) 0.529(±0.009) 

308.15 213.29 -262.76 303.30 0.014 18.12 0.049(±0.002) 0.563(±0.009) 

318.15 223.41 -288.54 338.08 0.050 18.19 0.026(±0.003) 0.592(±0.012) 

0.001" 

298.15 230.91 -315.63 195.49 0.022 18.07 0.072(±0.004) 0.649(±0.015) 

308.15 236.46 -321.86 239.64 0.001 18.13 0.045(±0.004) 0.663(±0.015) 

318.15 242.32 -328.63 273.41 0.004 18.19 0.022(±0.004) 0.683(±0.017) 

0.003" 

298.15 233.36 -343.47 263.61 0.091 18.08 0.065(±0.001) 0.743(±0.006) 

308.15 243.04 -348.36 268.63 0.002 18.14 0.032(±0.001) 0.784(±0.006) 

318.15 253.20 -363.64 313.30 0.006 18.20 0.011( ±0.005) 0.804(±0.019) 

I p~[,w J. Che.rw. tl'lff VcUCI/2011, 56, 3285-3290. I ChrVI I 
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0.005• 

298.15 238.95 -354.60 231.76 0.031 18.09 0.059(±0.003) 0.919(±0.013) 

308.15 247.97 -357.44 234.17 0.038 18.15 0.026(±0.004) 0.943(±0.017) 

318.15 257.39 -380.22 309.23 0.009 18.22 0.003(±0.004) 0.970(±0.018) 

a Molarity of cetrimonium bromide in water in mol·dm·3 

Table Vl.3: Values of various coefficients of Eq. Vl.4 for Citric Acid in different aqueous Cetrimonium Bromide solutions 

aqueous CB solution ao·106 ar106 U2·10 6 

fmol·dm·3 fm3·moJ·1 fm3·mol·l.K·1 fm3·moJ·l.K-2 

0.000 86.4160 -0.170 0.0019 

0.001 207.843 -0.385 0.0016 

0.003 165.251 -0.487 0.0024 

0.005 154.984 -0.319 0.0020 

I CJv.VI I p~[,n; J. Chetw. tVI.ft Vata-2011, 56, 3285-3290. I 



Table Vl.4: Values of (i7,0 - i',"), 11p1°", !'J.p~", TIJSz0#, llHz0# for Citric Acid in 

different aqueous Cetrimonium Bromide solutions at different temperatures 

Parameters 298.15K 308.15K 318.15K 

o.oooa 
cv;·- V,").l 06 lm3.moJ-1 185.48 195.17 205.22 

!'J.p1°" I kj·moJ-1 9.17 8.94 8.75 

!'J.p~" I k)·moJ-1 98.00 107.16 115.90 

TIJ.Sz0# I kj·moJ-1 -266.87 -275.82 -284.77 

!'J.Hz0# I kj·moJ-1 -168.87 -168.66 -168.87 

0.001 a 
cv;·- V,").l 06 lml.moJ-1 212.84 218.33 224.13 

!'J.p,"" I kj·moJ-1 9.18 9.02 8.83 

!'J.p~" I kj·moJ-1 118.21 124.53 131.94 

TIJ.Sz0# I kj·moJ-1 -204.71 -211.58 -218.44 

!'J.Hz0#1 kj·moJ-1 -86.50 -87.04 -86.50 

0.003 a 
cv;·- V,").l 06 lm3.moJ-1 215.28 224.90 235.00 

!'J.p?" I kj·mol·1 9.22 9.05 8.85 

!'J.p~" I kj·moJ-1 131.33 142.43 151.Q1 

TIJ.Sz011 I kj·moJ-1 -293.34 -303.18 -313.02 

!'J.Hz0# I kj·mol-1 -162.Q1 -160.75 -162.Q1 

0.005 a 
(i7,0 - V,0 ).IO' lm3.moJ-1 220.85 229.82 239.18 

!'J.p?" I kj·moJ-1 9.25 9.08 8.90 

!'J.p~" I kj ·moJ-1 156.12 165.62 175.65 

TIJSz011 I k)·moJ-1 -291.20 -300.96 -310.73 

llHz0# I kj·mol-1 -135.08 -135.34 -135.08 

a Molarity of cetrimonium bromide in water in mol·dm·3 

P~fNv J. C~ EYI{f: VcW1v2011, 56, 3285-3290. Ch--VI 



FIGURES 

Figure Vl.1: Plot of 4>v0 of citric acid as a function of concentration of different 
aqueous cetrimonium bromide solutions at 298.15 K (+), 308.15 K (•), and 318.15 K 

c•J. 

Figure VI.2: Plot of ¢v o of citric acid as a function of temperature (T /K) of different 
aqueous cetrimonium bromide solutions in 0.000 M (+); 0.001 M (•); 0.003 M C•); 
and 0.005 M (x). 

Ch-VI 'P~lH'v J. Che.m.. Eng: 'Dcd:w2011, 56, 3285-3290. 
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SCHEMES 

OH 0 
H3C 

00 
00 

Citric acid monohydrate (CA) 

CH3 
I 
+ 

f\ Br' 
H3C CH3 

Cetrimonium bromide (CB) 

Scheme VI.l: The 2-dimensional picture ofthe molecules relating to this work. 
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0_001 (M): 

0_003 (M): 

o_oos (M): 

. r 
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e~Bgo-1Ca'W ct.... eo ur·-:.:o~ 
~ .... -
-~"""""'' CA 

CA 

CA 

• CB+HzO 

CB+HzO 

CB+H:zO 

Scheme VI.Z: Schematic representations of the relevant molecules, in connection with solute-solvent interactions. 
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Studies on Ionic Solvation Behaviour of 
Ionic Liquid (Tetrabutylphosphinium 
Tetrafluoroborate) in Some Liquid 
Media by Volumetric, Viscometric and 
Acoustic Measurements 

Physicochemical properties such as 

density (p ), viscosity (TJ), ultrasonic speed 

(u) of ionic liquid tetrabutylphosphonium 

tetrafluoroborate [Bu4PBF4] in acetonitrile 

(AN), tetrahydrofuran (THF), 1,3-

dioxolane (1,3-DO) and their binaries, 

have been studied over the entire range of composition at 298.15 K. Apparent molar 

volumes ( rfov) and viscosity B-coefficients supplemented with the data of densities 

and viscosities respectively, have been interpreted in terms of ion-solvent 

interactions. The limiting apparent molar volumes (1/J~ ), experimental slopes (s;) 

derived from the Masson equation and viscosity A and B coefficients analyzed by the 

Jones-Dole equation have also been interpreted. The adiabatic compressibility ([J) 
' 

has been evaluated using the ultrasonic speed (u) values. Thereafter, limiting 

apparent molar adiabatic compressibilities (1/J~ ) have been evaluated and discussed 

for the same. 

I Ch--VII I P~£¥11 Iorli.c0: 2013, V<'JI 10.1007/)(11581-013-1003-1 
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VII.l. INTRODUCTION 

It is to be mentioned that the last decade has witnessed an upsurge in the 

research performance relating to green chemistry. Many attempts of in this direction 

have been focused on replacing the plentifully used volatile organic solvents by 

appropriate interchange solvent systems for easy chemical transformations with the 

minimum chemical waste and environmental pollution. An ionic liquid (IL) is an 

electrolyte in the liquid state/phase having melting point below some arbitrary 

temperature, such as 100°C (212°F), which consists of a combination of organic

organic or organic-inorganic cation/anions. Because of their unique physicochemical 

properties, ionic liquids have generated significant interest for a wide range of 

industrial applications,IV11·11 such as recyclable solvents for organic reactions and 

separation processes,IVILZJ lubricating fluids,IVII.3J electrolytic media in various 

electrochemical systems,IVIL4J pharmaceuticals, cellulose processing, gas handling, gas 

treatment, solar thermal energy, nuclear fuel processing, food and hi-products, waste 

recycling and batteries. 

Ionic liquids are considered as "green solvents" due to following reasons: (i) the 

most important reason is that ionic liquids possess negligible vapour pressure and 

hence they do not evaporate to environment. (ii) they are good solvents for a whole 

range of inorganic and organic materials. (iii) some of them are immiscible with 

organic solvents and therefore they provide a polar alternative with non-aqueous 

nature for two-phase systems and (iv) ionic liquids can be recycled to offer 

comparable performance in chemical transformations. 

A number of conductometriciVII.SJ and related studies of electrolytes in non

aqueous solvents have been made for their optimal use in high-energy batteriesiV11.6l 

and for further more understanding organic reaction mechanisms.IVII.?J 

Physicochemical properties of solution are very useful to obtain information on the 

intermolecular interactions and geometrical effects in these systems. Moreover, 

knowledge of the Physicochemical properties of solution mixtures are essential for 

the proper design of industrial processes and have great relevance in theoretical and 

applied areas of research. Measurement of the bulk properties, such as viscosities 

and densities of liquids, and isentropic compressibilities, which provides information 

about the molecular interactions prevailing in electrolyte solution systems, helps to 

f'~t,n; I~ 2013, V<'JI 10.1007/0.1581-013-1003-1 Ch---VII 
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the better understanding the behaviour of interaction of the electrolyte with 

different solvents. Studies on the apparent molar volume and the viscosity of 

electrolyte have been employed as a function of ion-ion and ion-solvent 

interactionsJVII.BJ 

In the present study, we have attempted to ascertain the nature of ion-solvent 

interactions of ionic liquid (IL) tetrabutylphosphonium tetrafluoroborate [Bu4PBF4] 

in polar aprotic solvents acetonitrile, tetrahydrofuran, 1,3-dioxolane and their binary 

mixtures, as literature survey reveals that very scarce work has been carried out in 

our systems at 298.15 K. It may be noted that the present manuscript is in 

continuation of the previous contribution[VII.9J on electrical conductance studies of 

tetrabutylphosphonium tetrafluoroborate in AN, THF, 1,3-DO and their binaries. 

VII.Z. EXPERIMENTAL 

VII.2.1 Source and purity of samples 

[Bu4PBF4] of puriss grade was procured from Sigma-Aldrich, Germany and was 

used as purchased. The mass fraction purity of [Bu4PBF4] was~ 0.99. 

The solvents Acetonitrile (AN), Tetrahydrofuran (THF), 1,3-dioxolane (1,3-DO), 

were procured from Merck, India. These were further purified by standard 

methods[VII.to] as follows: AN was distilled from PzOs and then from CaH2 in an all

glass distillation apparatus. The middle fraction was collected over freshly activated 

AlzOJ. After standing for two days, the liquid was distillated from the activated AlzOJ. 

About 99% purified acetonitrile with specific conductance 0.8 - 1.0 x 10·B S cm·1 was 

obtained. THF was kept several days over potassium hydroxide (KOH), refluxed for 

24 h and distilled over lithium aluminium hydride (LiAIH4) described earlier. The 

purified solvent had a boiling point of 339 K and specific conductance of 0.81 x 10·6 S 

cm·1• The purity of the solvent was ~ 99 %. 1,3-dioxolane (1,3-DO) from Merck, 

containing 0.3 % water and 0.005 % peroxides and sterilized with butylated 

hydroxytoluene (BHT) was purified by heating under reflux with Pb02 for 2 h, then 

cooled and filtered. After adding xylene to the filtrate, the mixture was fractionally 

distilled. The solvent obtained after purification finally obtained was ~ 99.0 % had a 

boiling point of 348 K. The purity and purification method of the solvents given as 

I CI,.YII I P~i¥lt r~ 2013, vm 10.1007b(115B1-013-1003-1 



tabular form in Table Vll.l, and was checked by measuring their densities, viscosities 

298.15 K, which were in agreement with the literatures values,IVII.lt· Vll.t4J shown in 

Table Vll.2. 

V/1.2.2 Apparatus and Procedure 

A stock solution of the electrolyte [Bu.PBF.] was prepared by mass (Mettler 

Toledo AG-285 with uncertainty ±0.0003g) and the working solutions were obtained 

by mass dilution at 298.15K. 

The densities of the solutions (p) were measured by means of vibrating-tube 

Anton Paar Density Meter (DMA 4500M) with a precision of ±0.00005 g·cm-3 

maintained at ±0.01K of the desired temperature. The accuracy of the density 

measurement is ±0.00005 g·cm·3. It was calibrated by triply-distilled water and dry 

air. Firstly pass cold triply-distilled water (5-6 times), then hot (about 50-60°C) 

distilled water (5-6 times), after all continuous pass dry air through this U-tube to 

remove the water drops. The instrument has been kept about 30 mins to 

temperature equilibrium with room temperatue (298.15K). After attaining the temp 

equilibrium the density measurement is carried on by ringing u-tube with 

experimental solutions. The whole experimental procedure is done in the moisture 

free AC room with keep at constant temperature. 

Solution viscosity (17) was measured by means of suspended Ubbelohde type 

viscometer, calibrated with triply distilled water, purified methanol and dry air at 

298.15K. A thoroughly cleaned and perfectly dried viscometer filled with 

experimental solution was placed vertically in a glass-walled thermostat (Bose Panda 

Instruments Pvt Ltd.) maintained to ±0.01K of the desired temperature. After 

attaining thermal equilibrium, efflux times of flow were recorded with a stop watch. 

The flow times were accurate to ±0.1s. At least three repetitions of each data 

reproducible to ± 0.1s were taken to average the flow times. Adequate precautions 

were taken to minimize evaporation loses during the actual measurements. Viscosity 

of the solution is evaluated using the appropriate equation.! vu.tsJ The uncertainty in 

viscosity measurements is within± 0.003 mPa·s. 

The ultrasonic speed, u (m·s-1) was measured by multi frequency ultrasonic 

interferometer (Model M-81) from Mittal enterprises. The interferometer working at 

P~Cnl I~ 2013, VOI 10.1007/!cl1581-013-1003-1 C"hrVII 
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5 MHz is based on the same principle as was used by Freyer et a!JVIL16l and Kiyoharo 

et a!JVII.l?J The obtained speeds were corrected for diffraction errors as given by 

Subrahmayan et alJVIl.lBJ The uncertainty in the speed is ±0.5 m-s-1. The temperature 

was controlled within ±0.01 K using a Lauda thermostat during the measurement. 

The accuracy of the sound speed values is ±0.3 m-s-1. 

VII.3. RESULTS AND DISCUSSIONS 

Vl/.3.1 Density 

The electrolyte is freely soluble in all proportions of the solvent/solvent 

mixtures. The physical properties of the pure and binary solvent mixtures in 

different mass fractions (w) at 298.15 K are reported in Table VII.2. The measured 

values of densities, viscosities, ultrasonic speeds of [Bu.PBF.] in (AN+ THF), (AN+ 1,3-

DO), and (THF+1,3-DO) solvent mixtures, as a function of concentration are listed in 

Table Vll.3. Since apparent molar volumes are very important for the analysis of 

interaction of [Bu.PBF•] in the above mentioned solvent mixtures. For this purpose, 

the apparent molar volumes 1/Jv were determined from the solutions densities using 

the appropriate equation in ref. [VII.19] and the values are given in Table Vll.4. 

The limiting apparent molar volumes ¢!!; were calculated by a least-square 

treatment to the plots of ¢v versus Ym using the Masson equationJVIL19l The values of 

¢/!; and s; are reported in Table VII.5. The plots of iflv against (Ym) were found to 

be linear with negative slopes. The ifJ~ values indicate the extent of ion-solvent 

interaction. At infinite dilution, each ion of the electrolyte is surrounded only by the 

solvent molecules being infinitely distant with other ions. It follows, therefore, that 

ifJ~ is unaffected by ion-ion interaction and it is a measure only of the ion-solvent 

interaction.l vu.n, vu.zo. VIL21l 

A perusal of Table Vll.5 and Figure Vll.l, show that the t/J~ values for [Bu.PBF.] 

are positive and decreases with the increase of content of AN in (AN+ THF) and 

(AN+1,3-DO) mixtures. In pure solvents, the higher t/J~ in 1,3-DO, indicates that the 

I Cfv-VII I P~fH!t I~ 2013, VOI 10.1007!1.11581-013-1003-1 
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ion-solvent interaction is intense in 1,3-DO than in THF and AN and their binary 

mixtures. 

Polar aprotic solvents, (e.g.; AN, THF, 1,3-DO) dissolved the ionic liquid and 

cation are solvated very well by electrostatic attraction between the central atom P 

of [Bu4P]• and solvent molecules. They do not solvated anion [BF4]· to an appreciable 

extent, because having a central B atom (the formal charge of B atom is negative) is 

well shielded by the anion F atom, thus interaction with solvents molecules 

restricted. When the ionic liquid [Bu4PBF4] is dissolved in the above mentioned polar 

aprotic solvent mixtures, the following feasible interaction can be inferred. 

The schematic representation of plausible interaction pattern for the 

particular ion of the electrolyte in the studied solvents/solvent-mixtures is depicted 

in Scheme VII.1. 

In case of solvent AN, the interaction present is between negatively charged 

nitrogen atom of AN and positively charged P atom of [Bu4P]+, shown in scheme (I). 

In case of solvent THF, the interaction is more intense due to the presence of more 

electronegative oxygen as shows in scheme (II). Same type of interaction is present 

in case of 1,3-DO, where the two electronegative oxygen atoms present, interacts 

with P atom of [Bu4P]•, shown in (Ill), resulting in a more intense ion-solvent 

interaction. For these reason,rp~ are found to be higher in 1,3-DO than THF, AN, and 

its binary mixtures with THF and AN. Thus the ion-solvent interaction/ion

association is decreases by the following order-

1,3-DO > THF >AN 

However, the ion-solvent interaction of the electrolyte in solvent mixtures can 

also be explained as follows: 

Dimerization of acetonitrile: In CH3C•N- most of the positive charge is on the 

nitrite carbon, i.e., "inside" the molecule, evidence that acetonitrile tends to associate 

and forming the anti parallel dimer1VII.22J (Scheme VII.2). 

- + 
N==:C-Cib 

Scheme VII.2: The formation of antiparallel dimer of acetonitrile 

P~iw I~ 2013, vm 10.1007/!c11581-013-1003-1 C'lv-VII 
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The existence of anti parallel dimerization increases with increasing mass 

fraction of AN in the solvent mixtures, and leading to the formation of less ion

solvent interaction. 

• On the other hand, the Sv values (experimental slope) of the equation 

indicate the extent of ion-ion interaction of the electrolyte occurred in the solution 

* systems.! Vll.23. VIL24l From Table VII.S, a quantitative comparison between ~ and Sv 

* values shows that, the magnitude ofr/J ~values is higher than Sv, suggesting that the 

ion-solvent interactions dominate over the ion-ion interactions in the solutions. The 

• lower values of Sv for the electrolyte in 1,3-DO than THF and AN shows less ion-ion 

interaction in 1,3-DO than the other two. 

From the studies, the overall plausible ion association of the studied ionic liquid 

and the solvent mixtures is schematically shown in Scheme VII.3. 

V/1.3.2 Viscosity 

The viscosity data has been analyzed using jones-Dole equationJVIL2SJ The 

values of A and B viscosity coefficients are estimated by a least-square method by 

plotting (IJ, -1) I ..J m againsd m, and reported in Table VII.S. A perusal of Table 

Vll.S shows that the values of the A-coefficient are lower than that of the B-coefficient 

in all of the solutions under investigation. The results indicate the presence of very 

weak ion-ion interaction in the solutions. 

The extent of ion-solvent interaction in the solution can also be inferred from 

the viscosity B-coefficient[V11.20J The viscosity B-coefficient gives valuable information 

concerning the solvation of the solvated ions and the structural effect in the 

solutions. From Table VIII.S, it is evident that the values of the B-coefficient are 

positive and much higher than A-coefficient, thereby suggesting the presence of 

strong ion-solvent interactions. The higher B-coefficient values for higher viscosity 

values; indicates more association of the electrolyte surrounded by the solvent 

molecules within the solution due to more ion-solvent interaction. From Figure Vll.2 

we can see that the B-coefficient is higher in 1,3-DO than THF and AN, showing 

higher ion-solvent interaction in 1,3-DO than other two. In solvent mixtures the B-

I cJv-vrr I p~;;w r~ 2013, vm w.wo7IIJ.15B1-013-1003-1 
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coefficient is higher when mass fraction of 1,3-DO is higher in (AN+1,3-DO) and 

(THF+1,3-DO) mixtures, and also for higher mass fraction of THF in (AN+THF); 

hence these values shows that ion-solvent interaction is higher when mass fraction 

of 1,3-DO is higher in (AN+1,3-DO) and (THF+1,3-DO) mixtures, and also for higher 

mass fraction of THF in (AN+ THF). These results are in good agreement with those 

obtained from ¢1~ values discussed earlier. 

VI/.3.3 Ultrasonic speed 

The adiabatic compressibility Cf3s) was evaluated using ultrasonic speed 

value, from the following Newton-Laplace's equation.[ vu.zGJ 

The apparent molar adiabatic compressibility ( tjJK) of the solutions was 

determined from the relation in ref. [VII.26] The values of {38 and tjJK are reported in 

Table VI1.4. 

Limiting apparent molar adiabatic compressibilities ( tjJ~ ) and experimental 

slopes ( s; ), were obtained by fitting tjJK against the square root of concentration 

( .,f m) of the electrolyte using the least squares method) VIL261 The values of tjJ~ and s; 
are presented in Table Vll.S. The values of t/J~ and s; are interpreted in terms ofion

solvent and ion-ion interaction respectively. The behaviour is useful in 

characterization of solvation and electrostriction (the contraction of the solvent 

around the ion) of electrolyte in solutions. Table Vll.S and Figure Vll.3, shows that 

thetjJ~ values for [Bu4PBF4] are higher in case of 1,3-DO, than THF which are even 

higher than AN. The results obtained from tjJ~ , implies that the cyclic ether (1,3-DO 

and THF solvent) molecules favourably interact with the studied ionic liquid than 

acetonitrile, which results the ion-solvent interaction is more in 1,3-DO, than THF 

which even is more than AN. These results are in agreement with those obtained 

from ¢1~ values discussed earlier in apparent molar volume section VII.3.1. 

On the other hand, from the same table, the s; values (implies the ion-ion 

interaction) are lower in case of 1,3-DO and THF than AN shows that less ion-ion 

interaction of the ionic liquid in 1,3-DO and THF, than AN. In solvent mixture the tjJ~ 

values are increases with decreasing the mass fraction (w1) of AN in (AN+1,3-DO) 
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and (AN+THF) mixtures respectively and with increasing mass fraction of 1,3-DO 

(w3) in (THF+ 1,3-DO) mixture. Since the 1/J~ value imply the ion-solvent interaction, 

therefore ion-solvent interaction increases, with are increases with decreasing the 

mass fraction (wt) of AN in (AN+1,3-DO) and (AN+THF) mixtures respectively and 

with increasing mass fraction of 1,3-DO (w3) in (THF+1,3-DO) mixture. A quantitative 

comparison between 1/J~ and S~ shows that, the magnitude of 1/J~ values are higher 

than S~ values. This suggests that the ion-solvent interactions dominate over ion-ion 

interactions in the solutions and the values are in agreement with results drawn 

from the values of s; discussed earlier. 

V/1.3.4 Limiting ionic apparent molar volume and ionic viscosity B

coefficient 

Contribution of the ionic part of electrolyte is very important in the 

solvodynamic study of electrolyte in common solvent or solvent mixture. Ion

solvation is understood better by studying the limiting ionic apparent molar volumes 

( 1/J~ ), and ionic viscosity B-coefficients (B.).[ vim, VII.2Bl Both the parameters interpret 

the interaction between the ion and solvent molecules, which is reported in Table 

VII.6. From the values and theoretical approach we may say that at the infinite 

dilution both the ions [Bu4P]•j[BF4]·, (which is far from one another ion) are 

surrounded only by solvent molecules. The quantitative values in Table VII.6 and 

Figure Vll.4, Vli.S, shows that limiting ionic apparent molar volumes (1/J~) and even 

ionic viscosity B-coefficients (B.) for both cation [Bu4P]+ and anion [BF4]- are higher 

in 1,3-DO, than THF, which is even higher than AN. This indicates that the ion-solvent 

interaction is larger in 1,3-DO and THF than AN, resulting in higher t/J~ and B. values. 

In the solvent mixtures the 1/J: and B± values increase with decreasing mass fraction 

of AN (wt) in (AN+THF), (AN+1,3-DO) and increasing mass fraction 1,3-DO (w3) in 

(THF+1,3-DO) mixture. This also implies that ion-solvent interaction increases with 

decreasing mass fraction of AN (w1) in (AN+THF), (AN+1,3-DO) and increasing mass 

fraction 1,3-DO (w3) in (THF+ 1,3-DO) mixture. 

I chrVII I PubUihed/l,r\1 IOY\.lcy, 2013, vm 10.l007b.J15B1-013-1003-1 



VII.4. CONCLUSION 

From the extensive study of Physicochemical properties of the ionic liquid 

tetrabutylphophonium tetrafluoroborate in 1,3-DO, THF, AN and their binaries 

shows that the ion association of the investigated ionic liquid and the solvent 

mixtures is greater in 1,3-DO, than in THF which is, in turn, greater than that in AN. 

The reliable value of volumetric, viscometric and interferometric studies also 

suggests the ion-solvent interaction dominates over the ion-ion interaction in 

solutions. 
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TABLES 

Table VII.l: Sample description 

Chemicals Initial mass Purification Final mass 
Source 

name/Formula fraction purity method fraction .purity 

[Bu.PBF•] 
Sigma-Aldrich, 

0.99 Used as procured 0.99 
Germany 

AN Merck, India 0.98 
Purified by standard 

0.99 
methodsiVII.lO( 

THF Merck, India 0.98 
Purified by standard 

0.99 
methodsiVII.lOJ 

1,3-DO Merck, India 0.98 
Purified by standard 

0.99 
methodsiVII.lOJ 

P~fKv Iorticy, 2013, VVI 10.10071!.:11581-013-1003-1 C'hr-VII 



I S~owLoni.o ....... ~10~~ I 'P CN!f~V /34-5 J 
Table VII.Z: Values of Density (p), Viscosity (q) and Ultrasonic speed (u) of AN, THF, 1,3-DO and their binary mixtures where 

Wt, wz and W3 are the mass fraction of AN, THF and 1,3-DO respectively at T = 298.15 K 

Solvent/ xp x10·3Jkg·m·3 Y7J /mPa·s zu Jm·s·1 

solvent mixture Expt Precision Lit . Expt Precision Lit Expt Precision Lit 

Wt:: 1.00 0.77668 0.00001 0.77667" 0.344 0.001 0.3446" 1277.3 0.1 

wz:: 1.00 0.88074 0.00002 0.88072b 0.463 0.002 0.4630b 1278.9 0.2 1279.0' 

W3:: 1.00 1.05873 0.00001 1.05873d 0.589 0.001 0.5890d 1338.5 0.2 1338.9d 

AN(1) + THF(2) 

Wt:: 0.25 0.85473 0.00002 - 0.433 0.002 - 1278.5 0.1 

Wt:: 0.50 0.82871 0.00001 0.404 0.001 - 1278.1 0.1 

Wt:: 0.75 0.80269 0.00001 - 0.374 0.001 - 1277.7 0.1 

AN(1) + 1,3-00(3) 

Wt:: 0.25 0.98822 0.00001 - 0.528 0.001 - 1323.2 0.2 

Wt:: 0.50 0.91770 0.00001 - 0.467 0.001 - 1307.9 0.1 

Wt:: 0.75 0.84719 0.00001 - 0.406 0.001 - 1292.6 0.1 

THF(Z) + 1,3-00(3) 

wz == 0.25 1.01423 0.00001 - 0.558 0.001 - 1324.1 0.2 

wz:: 0.50 0.96974 0.00001 - 0.526 0.001 - 1308.7 0.2 

wz == 0.75 0.92524 0.00002 - 0.495 0.002 1293.8 0.2 

a ref. [VII.ll], •ref. [VII.12], 'ref. [VII.13], dref. [VII.l4] 
x uncertainity in the density values: ±0.00002 g·cm-3 
Y uncertainity in the viscosity values: ±0.003 mPa·s 
z uncertainity in the ultrasonic speed: ±0.5 m·s-t 

J Ch--VII I 'Puhl4hedd-Y~~Ionicy.2013,VVI10.1007/y11581-013-1003-1 J 
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Table VII.3: Experimental values of Densities ( p ), Viscosities ( 1J ), and 

Ultrasonic speeds (u) of [Bu4PBF4] in AN, THF, 1,3·00 and their binaries where 

W1, w2 and W3 are the mass fraction of AN, THF and 1,3·00 respectively at T = 

298.15 K 

tmolality Xp•l0-3 YIJ zu. 
Precision Precision Precision 

/mol·kg-1 /kg·m-3 /mPa·s /m·s-1 

W1= 1.00 

0.0129 0.77675 0.00001 0.347 0.001 1278.9 0.2 

0.0194 0.77690 0.00001 0.350 0.001 1281.7 0.1 

0.0260 0.77711 0.00001 0.353 0.001 1285.5 0.1 

0.0325 0.77738 0.00001 0.356 0.001 1290.4 0.1 

0.0391 0.77770 0.00001 0.360 0.001 1296.0 0.1 

0.0457 0.77804 0.00001 0.363 0.001 1302.2 0.1 

wz= 1.00 

0.0114 0.88076 0.00002 0.468 0.001 1282.7 0.2 

0.0171 0.88115 0.00002 0.473 0.001 1292.8 0.1 

0.0229 0.88175 0.00001 0.478 0.001 1306.1 0.2 

0.0286 0.88251 0.00002 0.483 0.001 1323.2 0.1 

0.0344 0.88346 0.00001 0.489 0.002 1343.4 0.2 

0.0401 0.88451 0.00002 0.495 0.002 1369.0 0.2 

W3= 1.00 

0.0095 1.05875 0.00001 0.595 0.001 1341.9 0.1 

0.0142 1.05945 0.00001 D.600 0.001 1355.2 0.1 

0.0190 1.06054 0.00001 0.606 0.001 1374.3 0.2 

0.0237 1.06199 0.00001 0.613 0.001 1400.4 0.1 

0.0285 1.06372 0.00001 0.620 0.001 1433.2 0.1 

0.0332 1.06571 0.00001 0.627 0.001 1474.1 0.1 

AN(1) + THF(2) 

W1= 0.25 

0.0117 0.85476 0.00001 0.437 0.001 1281.6 0.1 

0.0176 0.85510 0.00001 0.442 0.001 1288.8 0.2 

0.0236 0.85563 0.00001 0.447 0.001 1298.9 0.1 

I p~[,yv Ionic!r2013, VOI 10.1007f.~1581-013-1003-11 C'hr-VII 
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0.0295 0.85628 0.00001 0.451 0.001 1312.7 0.1 

0.0354 0.85705 0.00001 0.456 0.001 1329.0 0.1 

0.0414 0.85794 0.00001 0.461 0.001 1347.9 0.1 

Wt= 0.50 

0.0121 0.82874 0.00001 0.408 0.001 1280.3 0.2 

0.0182 0.82901 0.00001 0.412 0.001 1286.0 0.1 

0.0243 0.82942 0.00001 0.416 0.001 1293.9 0.2 

0.0304 0.82997 0.00001 0.420 0.001 1303.5 0.1 

0.0366 0.83058 0.00002 0.424 0.001 1315.4 0.1 

0.0427 0.83129 0.00002 0.429 0.001 1328.9 0.1 

Wt= 0.75 

0.0125 0.80273 0.00001 0.377 0.001 1279.6 0.2 

0.0188 0.80293 0.00001 0.381 0.001 1283.8 0.2 

0.0251 0.80320 0.00002 0.384 0.002 1289.5 0.1 

0.0314 0.80357 0.00002 0.388 0.001 1296.4 0.1 

0.0378 0.80400 0.00002 0.392 0.002 1304.8 0.1 

0.0442 0.80449 0.00002 0.396 0.002 1314.7 0.1 

AN(1) + 1,3-00(3) 

Wt= 0.25 

0.0102 0.98825 0.00001 0.532 0.001 1325.9 0.1 

0.0152 0.98887 0.00001 0.537 0.001 1334.8 0.1 

0.0203 0.98985 0.00001 0.543 0.001 1348.2 0.1 

0.0254 0.99104 0.00001 0.548 0.001 1365.8 0.1 

0.0305 0.99242 0.00001 0.554 0.001 1386.7 0.1 

0.0356 0.99399 0.00001 0.560 0.001 1412.6 0.1 

Wt= 0.50 

0.0109 0.91773 0.00001 0.471 0.001 1310.2 0.1 

0.0164 0.91819 0.00001 0.476 0.001 1316.8 0.1 

0.0219 0.91887 0.00001 0.481 0.001 1326.7 0.1 

0.0274 0.91976 0.00001 0.486 0.001 1339.1 0.1 

0.0330 0.92080 0.00001 0.491 0.001 1354.0 0.1 

0.0385 0.92203 0.00001 0.496 0.001 1371.9 0.1 

ChrVII P~i¥11 I~ 2013, VrDI 10.1007/!11581-013-1003-1 
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W!= 0.75 

0.0119 0.84722 0.00001 0.410 0.001 1294.4 0.1 

0.0178 0.84754 0.00001 0.414 0.001 1299.2 0.1 

0.0238 0.84800 0.00001 0.418 0.001 1305.7 0.1 

0.0298 0.84861 0.00001 0.422 0.001 1313.9 0.1 

0.0358 0.84935 0.00001 0.426 0.001 1324.1 0.1 

0.0418 0.85018 0.00002 0.430 0.002 1335.9 0.2 

THF(2) + 1,3-00(3) 

W2= 0.25 

0.0099 1.01426 0.00001 0.563 0.001 1294.9 0.2 

0.0149 1.01494 0.00001 0.569 0.001 1302.8 0.1 

0.0198 1.01598 0.00001 0.575 0.001 1315.0 0.1 

0.0248 1.01727 0.00001 0.581 0.001 1329.7 0.1 

0.0297 1.01880 0.00001 0.588 0.001 1348.4 0.1 

0.0347 1.02055 0.00001 0.595 0.001 1371.8 0.1 

W2= 0.50 

0.0103 0.96976 0.00001 0.531 0.001 1311.3 0.1 

0.0155 0.97036 0.00001 0.537 0.001 1322.0 0.2 

0.0207 0.97124 0.00001 0.542 0.001 1336.9 0.2 

0.0259 0.97236 0.00002 0.548 0.001 1356.7 0.1 

0.0311 0.97366 0.00001 0.554 0.001 1380.8 0.1 

0.0363 0.97520 0.00002 0.561 0.002 1410.8 0.1 

W2= 0.75 

0.0108 0.92527 0.00001 0.499 0.001 1327.1 0.2 

0.0163 0.92583 0.00001 0.505 0.001 1339.9 0.2 

0.0217 0.92660 0.00001 0.510 0.001 1357.1 0.2 

0.0272 0.92756 0.00002 0.516 0.001 1380.0 0.1 

0.0327 0.92867 0.00002 0.522 0.002 1408.9 0.2 

0.0381 0.93001 0.00002 0.528 0.002 1443.8 0.1 

t uncertainity in the molality: ±0.0002 mol·dm-3 

x uncertainity in the density values: ±0.00002 g·cm-3 
Y uncertainity in the viscosity values: ±0.003 mPa·s 
z uncertainity in the ultrasonic speed: ±0.5 m·s-1 
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Table Vll.4: Molality (m), apparent molar volume (¢v),(TJITJ,-I)!»f', adiabatic 

compressibility (/Js) and apparent molal adiabatic compressibility ( ¢K ) with 

their standard deviation (u) of [Bu4PBF4] in AN, THF, 1,3-DO and their 

binaries where W1, W2 and W3 are the mass fraction of AN, THF and 1,3-DO 

respectively at T = 298.15 K 

fmolality ¢v·106 (TJ/ "lJ -1)/ nJI2 Ps ·1011 ¢K ·1013 

/mol·kg-1 fm3·moJ-1 /kg1/2·moJ·1/2 /Pa-1 fm3·moJ-1.pa-1 

W1= 1.00 

0.0129 436.78±0.02 0.071±0.002 78.71 1.40±0.02 

0.0194 426.91±0.01 0.120±0.001 78.35 -0.38±0.02 

0.0260 418.11±0.01 0.161±0.001 77.87 -1.93±0.01 

0.0325 409.74±0.01 0.196±0.002 77.25 -3.42±0.02 

0.0391 402.02±0.02 0.229±0.001 76.56 -4.70±0.02 

0.0457 395.77±0.01 0.260±0.001 75.80 -5.80±0.02 

W2= 1.00 

0.0114 390.85±0.01 0.093±0.001 69.01 -1.41±0.01 

0.0171 362.09±0.03 0.155±0.003 67.90 -7.60±0.03 

0.0229 335.79±0.01 0.207±0.001 66~48 -12.36±0.01 

0.0286 312.74±0.02 0.254±0.001 64.72 -16.63±0.01 

0.0344 290.18±0.01 0.299±0.002 62.72 -20.32±0.02 

0.0401 270.82±0.02 0.337±0.002 60.32 -24.11±0.02 

W3= 1.00 

0.0095 325.14±0.02 0.101±0.002 52.45 -0.96±0.02 

0.0142 281.70±0.01 0.164±0.002 51.39 -7.36±0.01 

0.0190 241.55±0.01 0.218±0.002 49.92 -12.71±0.02 

0.0237 203.87±0.01 0.268±0.001 48.01 -17.75±0.02 

0.0285 169.93±0.01 0.313±0.001 45.77 -22.28±0.01 

0.0332 138.67±0.01 0.358±0.001 43.18 -26.52±0.02 

AN(1) + THF(2) 

W1= 0.25 

0.0117 401.58±0.02 0.086±0.001 71.23 -0.61±0.02 

CnrVII P~i¥11 Ionio.\< 2013, VVI 10.1007bc115&1-013 -1003-1 
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0.0176 376.23±0.01 0.147±0.001 70.41 -5.11±0.01 

0.0236 352.44±0.02 0.198±0.002 69.27 -9.00±0.02 

0.0295 332.55±0.01 0.241±0.001 67.77 -12.84±0.01 

0.0354 314.61±0.02 0.282±0.001 66.06 -16.13±0.02 

0.0414 297.78±0.01 0.317±0.001 64.15 -19.07±0.01 

W1= 0.50 

0.0121 414.19±0.02 0.080±0.001 73.61 0.50±0.02 

0.0182 393.67±0.01 0.139±0.001 72.94 -3.30±0.01 

0.0243 374.97±0.02 0.185±0.003 72.02 -6.50±0.03 

0.0304 356.99±0.02 0.225±0.003 70.91 -9.20±0.02 

0.0366 342.59±0.01 0.263±0.002 69.58 -11.76±0.02 

0.0427 328.86±0.01 0.299±0.001 68.12 -14.00±0.01 

Wt= 0.75 

0.0125 426.37±0.02 0.073±0.002 76.08 0.95±0.02 

0.0188 411.42±0.01 0.127±0.002 75.57 -1.83±0.01 

0.0251 399.58±0.02 0.173±0.001 74.87 -4.14±0.02 

0.0314 387.50±0.01 0.211±0.001 74.05 -6.11±0.01 

0.0378 376.95±0.01 0.245±0.001 73.06 -7.98±0.01 

0.0442 367.28±0.01 0.275±0.001 71.92 -9.76±0.01 

AN(1) + 1,3-00(3) 

W1= 0.25 

0.0102 347.33±0.02 0.089±0.002 57.56 -0.36±0.02 

0.0152 306.52±0.01 0.150±0.001 56.76 -5.15±0.01 

0.0203 267.90±0.01 0.202±0.001 55.58 -9.53±0.01 

0.0254 236.22±0.01 0.245±0.001 54.09 -13.45±0.01 

O.D305 208.70±0.01 0.286±0.001 52.40 -16.78±0.01 

0.0356 183.55±0.01 0.330±0.001 50.42 -20.02±0.01 

Wt=0.50 

0.0109 374.02±0.02 0.083±0.001 63.48 0.13±0.02 

0.0164 341.69±0.01 0.146±0.002 62.81 -3.77±0.01 

0.0219 313.54±0.01 0.194±0.001 61.83 -7.36±0.01 

0.0274 287.50±0.01 0.239±0.001 60.63 -10.45±0.01 
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0.0330 264.69±0.01 0.273±0.001 59.24 -13.19±0.01 

0.0385 242.48±0.01 0.308±0.001 57.62 -15.82±0.01 

W1= 0.75 

0.0119 405.15±0.02 0.077±0.002 70.45 0.87±0.02 

0.0178 381.15±0.01 0.132±0.001 69.90 -2.27±0.01 

0.0238 360.89±0.01 0.179±0.001 69.17 -4.83±0.01 

0.0298 341.65±0.01 0.218±0.001 68.26 -7.13±0.01 

0.0358 323.71±0.01 0.253±0.001 67.15 -9.35±0.01 

0.0418 307.85±0.01 0.285±0.001 65.91 -11.36±0.01 

THF(2) + 1,3-D0(3) 

wz= 0.25 

0.0099 338.42±0.01 0.099±0.001 55.98 -0.65±0.01 

0.0149 294.71±0.01 0.165±0.001 54.88 -7.39±0.01 

0.0198 255.11±0.01 0.221±0.001 53.44 -12.54±0.01 

0.0248 221.49±0.01 0.270±0.001 51.62 -17.23±0.01 

0.0297 191.19±0.01 0.313±0.001 49.45 -21.55±0.01 

0.0347 163.34±0.01 0.356±0.001 47.01 -25.46±0.01 

wz= 0.50 

0.0103 354.98±0.02 0.097±0.002 59.97 -0.26±0.02 

0.0155 314.42±0.01 0.163±0.001 58.97 -6.39±0.01 

0.0207 279.70±0.01 0.215±0.001 57.61 -11.33±0.01 

0.0259 248.97±0.01 0.265±0.001 55.87 -15.84±0.01 

0.0311 222.30±0.01 0.307±0.001 53.87 -19.80±0.01 

0.0363 196.18±0.01 0.350±0.001 51.52 -23.65±0.01 

wz= 0.75 

O.D108 370.97±0.02 0.095±0.002 64.46 1.28±0.02 

0.0163 331.70±0.01 0.158±0.001 63.64 -4.06±0.01 

0.0217 300.72±0.02 0.212±0.002 62.41 -8.84±0.02 

0.0272 273.92±0.01 0.258±0.001 60.97 -12.60±0.01 

0.0327 250.64±0.01 0.304±0.001 59.22 -16.1 9±0.01 

0.0381 226.92±0.01 0.344±0.001 57.14 -19.76±0.01 

t uncertainity in the molality: ±0.0002 mol·dm-3 

Cht-VII P~U\t Iont:v.~-: 2013, Vc9I 10.100Zb:.11581-013-1003-1 I 
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Table VII.S: Limiting apparent molar volumes(~). experimental slopes (S~). A·, 8-coefficients, limiting partial adiabatic 

compressibility ( tfJ::. ), and experimental slope ( S~) of [Bu4PBF4] in AN, THF, 1,3-DO and their binaries where W1, wz and W3 are 

the mass fraction of AN, THF and 1,3-DO respectively at T= 298.15 K 

~·106 s~ ·106 A B ,p~ ·1013 s· ·1013 
Solvent/solvent mixture K 

;m3·mol"l ;m3·mo!'3/2 ·kgl/2 /kg1/2.mo!'1/2) (kg·mol"l) (m3·mol·l.pa-1) (m3·mol-3/2.pa-l·kgl/2) 

W1= 1.00 484.36 -414.3 -0.143 1.887 9.698 -72.579 

wz= 1.00 529.95 -1289.9 -0.187 2.616 24.075 -240.42 

W3= 1.00 543.24 -2209.0 -0.195 3.019 28.507 -300.89 

AN(1) + THF(2) 

W1 = 0.25 521.00 -1096.7 -0.176 2.432 20.780 -195.64 

W1= 0.50 513.03 -890.7 -0.166 2.249 16.968 -150,07 

Wl = 0.75 494.01 -601.3 -0.155 2.058 13.057 -108.36 

AN(1) + 1,3-00(3) 

W1 = 0.25 536.34 -1873.9 -0.184 2.708 22.379 -224.22 

W1 = 0.50 525.44 -1437.8 -0.170 2.451 18.501 -174.72 

W1 = 0.75 517.22 -1021.3 -0.159 2.181 14.809 -127.72 

THF(2) + 1,3-00(3) 

W2 = 0.25 540.25 -2023.4 -0.193 2.944 27.478 -229.82 

W2 = 0.50 536.66 -1784.3 -0.191 2.832 26.358 -261.99 

wz = 0.75 532.96 -1567.9 -0.189 2.725 25.129 -284.25 

I :p~[,yv I~2013, VOl 10.1007/Ji11581-013-1003-1 I ChrVII I 



Table VII.6: Limiting ionic apparent molar volumes ( 1/J; ), ionic viscosity B

coefficients (B.), of [Bu4P]• and [BF4]· in AN, THF, 1,3-DO and their binaries 

where W1, wz and W3 are the mass fraction of AN, THF and 1,3-DO 

respectively at T = 298.15 K 

Solvent/solvent ifi~ ·106 (m3·mo)·l) B, (kgl/2-moJ·l/2) 

mixture [Bu4P]+ [BF4]· [Bu4P]• [BF4]· 

Wt= 1.00 297.34 187.02 1.16 0.73 

Wz= 1.00 325.33 204.62 1.61 1.01 

W3= 1.00 333.49 209.75 1.85 1.17 

AN(1) + THF(2) 

Wl = 0.25 319.84 201.16 1.49 0.94 

Wt = 0.50 314.94 198.09 1.38 0.87 

Wt = 0.75 303.27 190.74 1.26 0.79 

AN(1) + 1,3-00(3) 

Wt = 0.25 329.25 207.09 1.66 1.05 

Wt = 0.50 322.56 202.88 1.50 0.95 

Wt = 0.75 317.52 199.70 1.34 0.84 

THF(2) + 1,3-00(3) 

wz = 0.25 331.65 208.60 1.81 1.14 

wz = 0.50 329.45 207.21 1.74 1.09 

W2 = 0.75 327.18 205.78 1.67 1.05 

Ch--VII :P~l¥1.1 I~ 2013, VOI10.1007(/(11581-013-1003-1 
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Figure VII.S: Plot of ionic viscosity (B") vs mass fraction (w) for [Bu4P)+ in AN(+), THF (•),1,3-DO (A), AN+THF (0), AN+1,3-DO 

(o), THF+1,3-DO (4) and for [BF4)" in AN (II), THF ( •J, 1,3-DO ( ~). AN+THF (>K), AN+1,3-DO ( 0), THF+1,3-DO (X 

) at T= 298.15 K 
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SCHEMES 

HJC-C::=N 0 ·on· ·v· [PBu4] [BF4] 

Acetonitrile(ACN) Tetrahydrofuran(THF) 1,3-Dioxolane( 1,3-DO) Tetrabutylphosphonium Tetrafluoroborate 

n +- +- +-
H3C-C::=N + [PBu4] [BF4] H3C-C=~--------- -[PBu4] [BF4] 

.. (I) 

0 + [PBD4)'[BF<f Q 
.. . . . 

I 

[II) 

. + -
[PBu4] [BF4] 

:ono· "y/ . + 
+- ·+n +-[PBu4] [BF4] [F4B] [Bu4P]--- -:o: :0:--- -[PBu4] [BF4] 

(III) ~ 
Scheme VII.1: The schematic representation of plausible interaction pattern for the particular ion of the electrolyte 

in the studied solvents/solvent-mixtures 
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Scheme VII.3: The schematically shown overall plausible ion association of the studied ionic liquid and the solvent 
mixtures, from the studies observed parameters 
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Physico-Chemical Studies of Some Bio-

active Solutes in Pure Methanoic Acid 

The apparent molar volume ( ¢v ), 

viscosity B-coefficient, adiabatic 

compressibility and molar 

refraction (RM) of Glycine, L-Alanine, L

Valine and L-Leucine have been 

determined in methanoic acid at 298.15 K 

from density (p ), viscosity ( 1J ), speed of 

sound (u) and refractive index (n0 ) 

H 
0 0 H H 

.J_,--. ...... dJJ_, 
"~--··~ I 1,-....... (1[""'" H H • 

0 0 H \ H 

~ ~ IJ H---<:-O---tt-····-~-c-c H 
\o 

Ht!WoirAdd /\ L\bniu 
H H 

respectively. The apparent molar volumes have been extrapolated to zero concentration 

to obtain the limiting values at infinite dilution using Masson equation. The limiting 

apparent molar volume(~ ) and experimental slopes (S~) obtained from the Masson 

equation have been interpreted in terms of solute-solvent and solute-solute interactions, 

respectively. The viscosity data were analyzed using the jones-Dole equation, and the 

derived parameters A and B have also been interpreted in terms of solute-solute and 

solute-solvent interactions, respectively in the solutions. Molar refraction (RM) have 

been calculated using the Lorentz-Lorenz equation. Limiting apparent molar adiabatic 

compressibilities ( 1/J~) of these amino acids at infinite dilution were evaluated. 

Cfv-VIII 
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VIII.l INTRODUCTION 

Amino acids, particularly important in biochemistry, are critical to life, and have 

many functions in metabolism. One particularly important function is to serve as the 

building blocks of proteins, Due to their central role in biochemistry; amino acids are 

important in nutrition and are commonly used in food technology and industry. 

Methanoic acid is an essential chemical industry material. It is widely used in the 

textile industry, tanning industry, rubber processing industry, and pharmaceutical 

industry. In addition, methanoic acid is used as a preservative and antibacterial agent in 

livestock feedJVIII.I, Vll1.2l 

The volumetric, viscometric and interferometric behavior of solutes has been 

proved to be very useful in elucidating the various interactions occurring in pure 

solvents. Studies on the effect of concentration (molality) the apparent molar volumes of 

solutes have been extensively used to obtain information on ion·ion, ion-solvent, and 

solvent-solvent interactions.! Vlll.3- VII1.7J 

Here, we have attempted to report the limiting apparent molar volume (~), 

experimental slopes ( s; ), and viscosity B-coefficients, limiting apparent molar adiabatic 

compressibility ( rpn and molar refraction (RM) for the cited amino acids in methanoic 

acid. 

VIII.2 EXPERIMENTAL 

Vll/.2.1 Chemicals 

Methanoic acid (Thomas Baker, > 98%) are used after purification using standard 

methods.[VIII.BJ Glycine, L-Aianine, L-Valine and L-Leucine were procured from (Sigma 

Aldrich > 99 %) and were used as such without further purification. The physical 

properties of the pure solvent were in good agreement with values found in the 

literature, as reported in Table VJJI.l. 

I P~l.w ActwC~SlovCNI"l.i.c.w2011, 58,792-796. I C'ht-VIII I 
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VIII.2.2 Measurements 

The density, p, was measured with an Anton Paar density meter (DMA 4500M). 

The uncertainty in the density measurements is within 5 x 10-s g-cm-3. It was calibrated 

by double-distilled water and dry air. 

The viscosity, 71, was measured by means of suspended Ubbelohde type viscometer, 

calibrated at 298.15 K with triply distilled water and purified methanol using density 

and viscosity values from literature. A thoroughly cleaned and perfectly dried 

viscometer filled with experimental solution was placed vertically in a glass-walled 

thermostat (Bose Panda Instruments Pvt. Ltd.) maintained to 0.01 K. After attainment of 

thermal equilibrium, efflux times of flow were recorded with a stop watch. The flow 

times were accurate to ±0.1s, and the uncertainty in the viscosity measurements was 

±2x10·3 mPa·s. The mixtures were prepared by mixing known volume of pure liquids in 

airtight-stopper bottles and each solution thus prepared was distributed into three 

recipients to perform all the measurements in triplicate, with the aim of determining 

possible dispersion of the results obtained. Adequate precautions were taken to 

minimize evaporation loses during the actual measurements. 

Mass measurements were done on a Mettler AG-285 electronic balance with a 

precision of ±0.01 mg. The precision of density measurements was ±3x10·4 g·cm·3. 

Refractive index was measured with the help of Abbe-Refractometer (U.SA ). The 

accuracy of refractive index measurement was ±0.0002 units. The refractometer was 

calibrated twice using distilled and deionized water, and calibration was checked after 

every few measurements. 

The ultrasonic velocities, u, were measured using an ultrasonic interferometer 

(Model M-83) from Mittal enterprises. The interferometer working at 2 MHz is based on 

the same principle as was used by Freyer et aJ.9 and Kiyoharo et aJ.IVIII.to, vm.llJ The 

obtained velocities were corrected for diffraction errors as given by Subrahmayan et 

aJ.IVIIL12J The maximum uncertainty in the velocity is ±0.5 m·s·'. The temperature was 

controlled within ±0.01 K using a Lauda thermostat for velocity measurements. 

Ch--VIII 



P Ct/!ftv I 364 I 
Viscosity of the solution,7], is given by the following equation: 

(Vlll.l) 

where K and L are the viscometer constants and t and p are the efflux time of flow in 

seconds and the density of the experimental liquid respectively. The uncertainty in 

viscosity measurements is within ±0.003 mPa·s. 

The solutions studied here were prepared by mass and the conversion of molarity 

into molality was accomplisheds using experimental density values. The experimental 

values of densities (p), viscosities (I)), refractive index (nv) and speed of sound (u) of 

solution mixtures are reported in Table VIII.2 and the derived parameters are reported 

in Table VIII.3. 

Vlll.3 RESULTS AND DISCUSSI 0 N 

Apparent molar volumes ( ¢v) were determined from the solution densities using 

the following equation: 

A. - M 
'l'v-

P 
(VIII.2) 

where M is the molar mass of the solute, m is the molality of the solution; p0 and p are 

the densities of the solvent and the solution respectively. The limiting apparent molar 

volume 41!, was calculated using a least-square treatment to the plots of ifJv versus ..fm 

using the Masson equation.l VI11.13J 

0 • _/ 
tPv =1/Jv + Sv ·'I m (VIll.3) 

where 41!, is the limiting apparent molar volume at infinite dilution and S~ is the 

experimental slope. The plots of ¢v against square root of molal concentration (..fm) 

were found to be linear with slopes. Values of 1/l!, and S~ are reported in Table VIII.4. 
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A perusal of Table Vlll.4 shows that ¢'!, values are positive and the trend in the 

solute-solvent interaction is 

Glycine< L-Alanine <L-V aline< L-Leucine 

This shows that with increases in the number of carbon atoms in the studied amino 

acids, the solute-solvent interaction also increases. 

It is known that the amino acids remain in zwitterionic form in solid and in liquid. 

Hence the negatively charged oxygen atom in the carboxylic group of amino acids 

probably interacts with the acidic hydrogen of methanoic acid rendering higher solute

solvent interaction in comparison with solute-solute interaction as evident from 

¢'!,values. The order of solute-solvent interaction mentioned in Table Vlll.4 may be due 

to the following reason; as the higher amino acids contain more alkyl groups (electron 

releasing group), the caboxylate oxygen becomes more negative rendering to stronger 

H-bonding, i.e. stronger solute-solvent interaction. A plausible mechanism of interaction 

between methanoic acid and different amino acids as evident from the experimental 

observation explained and discussed above is given in Scheme Vlll.l. 

The S~ values of the amino acid solution given in Table Vlll.4 decreases with 

increases in the number of carbon atoms of the studied amino acids rendering minimum 

solute-solute interaction in the higher analogs. 

The magnitude of ¢'!, values is much greater than those of S~ for all the solutions as 

seen in Figure Vl!l.l and suggests that solute-solvent interactions dominate over solute

solute interactions. 

The viscosity data has been analyzed using jones-Dole[VIII.14l equation: 

=A+B·m112 
(Vlll.4) 

where Tfo and TJ are the viscosities of the solvent and solution respectively. A and B are 

the constants estimated by a least-squares method and are reported in Table Vlll.4. The 

values of the A- coefficient are found to decrease with the increase in the number of 

carbon atoms of amino acids. These results indicate the presence of very weak solute-

1 C'lv-VIII I puJi~Mhed,[,n; ActvvC~Slov~2011, 58,792-796. 
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solute interactions. These results are in excellent agreement with those obtained from 

s~ values. 

The effects of solute-solvent interactions on the solution viscosity can be inferred 

from the B-coefficient,lYIIJ.t5. Vlll.t 61 The viscosity B-coefficient is a valuable tool to provide 

information concerning the solvation of the solutes and their effects on the structure of 

the solvent. From Table Vlll.4 it is evident that the values of the B-coefficient are 

positive, thereby suggesting the presence of strong solute-solvent interactions, and 

strengthened with an increase the number of carbon atoms of amino acids. Similar 

results are obtained from ~ values discussed earlier. 

The adiabatic compressibility (f3s) was evaluated from the following equation: 

(VIII.S) 

Where p is the density of solution and u is the speed of sound in the solution. The 

apparent molal adiabatic compressibility ( qlK) of the solutions was determined from the 

relation, 

ifJK = M f3s + 1000 (f3sPo- f3oP) 

P m PPo 
(VI11.6) 

Where f30 , f3s are the adiabatic compressibility of the solvent and solution respectively 

and m is the molality of the solution. Limiting partial molal adiabatic compressibilities 

( ql~ ) and experimental slopes ( S~) were obtained by fitting ¢k against the square root 

of molality of the electrolyte ( V m) using the method of least squares. 

(VIII.?) 

The values of f3s and q\K are reported in Table Vlll.3. The values of ql~ and S~ are 

presented in Table Vlll.4. Since the values of ql~ and S~ are measures of solute-solvent 

and solute-solute interactions respectively, a perusal of Table Vlll.4 and Figure Vlll.Z 



P~W:o--~ ......... ~~ Pw~e-/367 I 
shows that the values are in agreement with those drawn from the values of ¢!!, and S~ 

discussed earlier. 

The molar refraction, RM can be evaluated from the Lorentz-Lorenz relationJVIII.I 7J 

= 
{ 

(n};-1) }(M) 
(n};+ 2) p 

(VII1.8) 

Where RM, n0 , M and pare the molar refraction, the refractive index, the molar mass and 

the density of solution respectively. The refractive index of a substance is defined as the 

ratio cofc, where c is the speed of light in the medium and co the speed of light in 

vacuum. Stated more simply, the refractive index of a compound describes its ability to 

refract light as it moves from one medium to another and thus, the higher the refractive 

index of a compound, the more the light is refractedJVIIJ.lSJ As stated by Deetlefs et 

al.IVIII.l9J the refractive index of a substance is higher when its molecules are more tightly 

packed or in general when the compound is denser. Hence a perusal of Tables VIII.3 and 

Vlll.4 we found that the refractive index and the molar refraction values respectively are 

higher for L-leucine indicating to the fact that the molecules are more tightly packed in 

the solution. The interaction in the solution is basically solute-solvent interaction and a 

small amount of solute-solute interaction. The trend in the package of the studied 

molecules in methanoic acid is 

Glycine< L-Alanine < L-Valine < L-Leucine 

VIII.4 CONCLUSION 

The values of the limiting apparent molar volume ( ¢/!, ), viscosity B·coefficients and 

limiting partial isentropic compressibility ( 1/J ~ ) indicates the presence of strong solute-

solvent interactions which increases with the increase of in the number of carbon atoms 

of the studied amino acids in methanoic acid. The refractive index and the molar 

refraction values suggest that L-leucine molecules are more tightly packed in the 

solution leading to higher solute-solvent interaction than the other studied amino acids. 
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TABLES 

Table VIII.1: Densities (p ), Viscosities (I]), Refractive Index (n0 ) and Speed of 

sound (u) ofMetbanoic acid at 298.15 K 

p I g·cm·3 1] f mPa·s u jm.s·1 

Expt. Lit Expt. Lit Expt. Lit Expt. Lit 

1.21401 1.21405[VIII.20] 1.532 1.51[VI11.2l] 1.3697 1.36941VIII.21] 1276.8 1283.0IVIII.22] 

Table VIII.2: Experimental values of Densities (p ), Viscosities (I]), Refractive 

Index (n0 ) and Speed of sound (u) of Glycine, Alanine, Valine and Leucine in 

Metbanoic acid at 298.15 K 

molality p-10•3 1] u 
no 

fmol· kg-1 fkg·cm·3 fmPa·s /m·s-1 

Glycine + Methanoic acid mixture 

0.0082 1.21410 1.545 1.3702 1280.8 

0.0206 1.21421 1.556 1.3771 1288.7 

0.0330 1.21430 1.566 1.3825 1298.4 

0.0454 1.21438 1.574 1.3865 1309.3 

0.0579 1.21445 1.583 1.3904 1321.8 

0.0704 1.21450 1.591 1.3936 1335.3 

L-Alanine + Methanoic acid mixture 

0.0082 1.21411 1.545 1.3707 1280.6 

0.0206 1.21423 1.557 1.3799 1288.7 

0.0330 1.21434 1.567 1.3860 1298.6 

0.0455 1.21444 1.576 1.3913 1310.3 

0.0579 1.21453 1.585 1.3958 1323.0 

0.0704 1.21461 1.594 1.3999 1337.4 

I p~~,w t'\ctlN-C~Slo-v~2011, 58,792-796. I CJ,.,- VIII 
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L-V aline+ Methanoic acid mixture 

0.0082 1.21412 1.545 1.3711 1280.5 

0.0206 1.21427 1.558 1.3821 1288.9 

0.0331 1.21442 1.568 1.3903 1299.2 

0.0455 1.21455 1.578 1.3970 1311.7 

0.0580 1.21467 1.589 1.4031 1325.5 

O.D705 1.21479 1.599 1.4078 1341.5 

L-Leucine + Methanoic acid mixture 

0.0082 1.21414 1.546 1.3714 1280.3 

0.0206 1.21433 1.559 1.3842 1288.7 

0.0331 1.21450 1.570 1.3932 1299.8 

0.0456 1.21467 1.581 1.4016 1312.6 

0.0581 1.21484 1.592 1.4082 1327.7 

0.0706 1.21500 1.603 1.4145 1344.5 

Table Vlll.3: Molality (m), apparent molar volume (t/Jv),(TJI'Io-1)111f', molar 

refraction (RM ), adiabatic compressibility ([35 ) and apparent molal adiabatic 

compressibility ( t/JK) of Glycine, Alanine, Valine and Leucine in Methanoic acid at 

298.15 K 

molality tPv ·106 (TJI"'o -1)/nJI2 RM f3s ·1010 t/JK •1010 

I mol·kg-1 I m3·moJ-1 lkglf2·moJ-1/2 lcm3·moJ-1 I Pa-l I m3·moJ-l·Pa-1 

Glycine + Methanoic acid mixture 

0.0082 54.43 O.D95 13.9930 5.0208 -2.92 

0.0206 55.25 0.110 14.2240 4.9588 -3.48 

0.0330 55.82 0.121 14.4040 4.8848 -3.92 

0.0454 56.28 0.129 14.5360 4.8034 -4.25 

0.0579 56.66 0.137 14.6650 4.7129 -4.57 

0.0704 57.09 0.145 14.7722 4.6177 -4.83 

I C'lv-VIII P~Gw Adl;vC/umicwSLovtM'Iicw2011, 58, 792-796. 
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L-Alanine + Methanoic acid mixture 

0.0082 65.55 0.096 16.6254 5.0223 -2.72 

0.0206 66.13 0.112 16.9900 4.9589 -3.42 

0.0330 66.60 0.125 17.2330 4.8829 -3.91 

0.0455 66.97 0.136 17.4400 4.7960 -4.33 

0.0579 67.30 0.145 17.6170 4.7042 -4.64 

0.0704 67.57 0.153 17.7790 4.6030 -4.95 

L-V aline+ Methanoic acid mixture 

0.0082 87.38 0.097 21.8826 5.0232 -2.52 

0.0206 87.82 0.116 22.4601 4.9575 -3.37 

0.0331 88.15 0.131 22.8803 4.8786 -3.91 

0.0455 88.45 0.142 23.2302 4.7851 -4.42 

0.0580 88.68 0.153 23.5401 4.6854 -4.80 

0.0705 88.91 0.164 23.7802 4.5743 -5.18 

L-Leucine + Methanoic acid mixture 

0.0082 97.29 0.098 24.5187 5.0244 -2.35 

0.0206 97.63 0.121 25.2700 4.9585 -3.28 

0.0331 97.88 0.137 25.7900 4.8739 -3.98 

0.0456 98.11 0.151 26.2700 4.7780 -4.50 

0.0581 98.27 0.163 26.6500 4.6694 -4.98 

0.0706 98.43 0.176 27.0086 4.5532 -5.38 

I P~Uil A<XwC~StovCM'\iaiv20l1, 58,792-796. I Cht-VIII 



Table Vlll.4: Limiting apparent molar volumes(~). experimental slopes (S~ ), A, 

8-coefficients, limiting partial adiabatic compressibility ( rp~ ), and experimental 

slope ( S~) of Glycine, Alanine, Valine and Leucine in Methanoic acid at 298.15 K 

~-106 s· ·106 y A B ~ ·1010 s· ·104 
K 

/m3·mo)·l jm3·mol· 3/2. kgl/2 /kg·moi·1 jkgl/2-mo)-1/2 jm3·moJ-l.pa·1 jm3·mo)-3/2.pa-l·kgl/2 

Glycine + Methanoic acid mixture 

53.07 15.07 0.070 0.278 -1.913 -11.001 

L-Alanine + Methanoic acid mixture 

64.48 11.68 0.066 0.328 -1.578 -12.774 

L-V aline+ Methanoic acid mixture 

86.57 8.76 0.062 0.382 -1.165 -15.146 

L-Leucine + Methanoic acid mixture 

96.67 6.55 0.057 0.443 -0.786 -17.381 
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Scheme VIII.1: A plausible mechanism of interaction between methanoic acid 
and different amino acids as evident from the experimental observation 
explained and discussed. 
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Molecular Interactions of a
Amino Acids Insight into 
Aqueous p-Cyclodextrin Systems 

Qualitative and quantitative 

analysis of molecular interaction 

prevailing in glycine, L-alanine, L

valine and aqueous solution of ~

cyclodextrin (~-CD), have been 

probed by thermophysical 

properties. Density (p ), viscosity 

(IJ), ultrasonic speed (u) measurements have been reported at different 

temperatures. The extent of interaction (solute-solvent interaction) is expressed in 

terms of the limiting apparent molar volume (¢;;),viscosity B-coefficient and limiting 

apparent molar adiabatic compressibility ( ¢k ). The changes on the enthalpy (LIH') 

and entropy (LIS'), of the encapsulation analysis give information about the driving 

forces governing the inclusion. The temperature dependence behaviour of partial 

molar quantities and group contributions to partial molar volumes have been 

determined for the amino acids. The trends in transfer volumes,~~, have been 

interpreted in terms of solute-cosolute interactions on the basis of a cosphere 

overlap model. The role of the solvent (aqueous solution of ~-CD), and the 

contribution of solute-solute and solute-solvent interactions to the solution 

complexes, have also been analyzed through the derived properties. 

I C'hriX I 
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IX.1 INTRODUCTION 

Cyclodextrin molecules (CD) are cyclic oligosaccharides consist of six, seven, 

and eight glucopyranose units linked by u-1,4 linkages, which were called u, ~ andy

cyclodextrin respectively. Due to a lack of free rotation about the glycosidic bonds, 

they have a toroidal, truncated, and cone shape,IIX.llwith an apolar, hydrophobic 

interior and two hydrophilic rims, formed by the primary -OH groups (narrow rim) 

and with all secondary -OH groups (wider rim)11X·21 located at one end of the torus 

like molecule. Cyclodextrin molecules have a hydrophilic external surface but due to 

the presence of H atoms and -0- bonds, is slightly polar having a clear affinity to 

encapsulate hydrophobic moiety in a largely hydrophobic internal cavity, which 

makes the hydrophobic interaction between apolar moieties of host and guest 

molecules, that play an important role in the formation of inclusion complexesi'X·3·'X.4J 

with a wide variety of molecular speciesiiX.SJ in different aqueous and non-aqueous 

solvent media.11X· 6l Among the three most important cyclodextrins, ~-cyclodextrin (~

CD) (with a cavity diameter of 6.4-7.5 A), is the most interest because its cavity size 

allows for the best special fit for many common guest moietiesJIX.7J For this reason, ~

cyclodextrin is most commonly used as a complexing agent in hormones, vitamins, 

and many compounds frequently used in tissue and cell culture applications. This 

capability has also been of assistance for different applications in medicines, 

cosmetics, food technology, pharmaceutical, and chemical industries as well as in 

agriculture and environmental engineering as an encapsulating agent to protect 

sensitive molecules in hostile environmentJIX.B·IX.IOJ The molecular structure of ~-CD 

is shown in Scheme IX.1. 

The stabilization of native conformations of biological macromolecules is 

commonly related to several non-covalent interactions including hydrogen bonding, 

electrostatic and hydrophobic interactions.l1ltl 1lThese interactions are affected by the 

surrounding solutes and solvent molecules; for this reason, the physico-chemical 

behaviors of proteins are strongly influenced by the presence of solutes. Because of 

direct solute-solvent interactions and/or alteration of the water structure, these 

solutes can change many properties of globular proteins such as their hydration, 

solubility, stability and the activity of enzymes.I'X.12• IX.l3J However, due to the complex 

conformational and configurational three-dimensional structures of proteins, direct 
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investigations of the solute-solvent effect on these biological macromolecules are 

very challenging. Amino acids are basic component of proteins and are considered to 

be one of the important model compounds of protein molecules, which participate in 

all the physiological processes of living cells are quite helpful in understanding the 

water-protein-~-CD interactions in solutions. Especially viscometric and volumetric 

properties (such as viscosity B-coefficients and standard partial molar volumes) as 

well as changes in enthalpy and free energy in water and salts solutions can provide 

valuable clues for comprehending the protein unfolding11X.l41and the hydrophobic 

interactions of non-polar side chains.11X.ISJ 

In the present study, we have attempted to ascertain the nature of solute

solventfcosolute interactions of amino acids (glycine, L-alanine, and L-valine) in w1= 

0.005, 0.0075, 0.01 mass fraction of aqueous ~-cyclodexrtin (~-CD) binary mixtures 

at 293.15, 298.15, 303.15, and 308.15K, as literature survey reveals that very scarce 

work has been carried out in the present ternary systems. 

IX.2 EXPERIMENTAL SECTION 

IX.2.1 Source and purity of samples 

The studied salts (glycine, L-alanine, L-valine) and cosolute ~-cyclodexrtin (~

CD), puriss grade was procured from Sigma-Aldrich, Germany and was used as 

purchased. The mass fraction purity of salts were~ 0.99. The salts were dried from 

moisture at 373K for 48 h, and then they were cooled and store in a desiccator prior 

to use. 

IX.2.2 Apparatus and Procedure 

Aqueous binary solution of ~-cyclodexrtin (~-CD) was prepared by mass 

(Mettler Toledo AG-285 with uncertainty ±0.0003g), which are used as solvent. Stock 

solutions of the salts (amino acids) were also prepared by mass and the working 

solutions were obtained by mass dilution. The conversion of molarity into molality 

was accomplished using experimental density values. All solutions were prepared 

afresh before use. The uncertainty in molality of the solutions is evaluated to ±0.0001 

mol·kg-3• 
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The densities of the solutions (p) were measured by means of vibrating-u

tube Anton Paar digital density meter (DMA 4500M) with a precision of ±0.00005g 

cm-3 maintained at ±0.01K of the desired temperature. It was calibrated by triply

distilled water and passing dry air. 

Solution viscosity (IJ) was measured by means of suspended Ubbelohde type 

viscometer, calibrated with triply distilled water, purified methanol and dry air with 

dryer. A thoroughly cleaned and perfectly dried viscometer filled with experimental 

solution was placed vertically in a glass-walled thermostat (Bose Panda Instruments 

Pvt. Ltd.) maintained to ±0.01K of the desired temperature. After attaining thermal 

equilibrium, efflux times of flow were recorded with a stop watch. The flow times 

were accurate to ±0.1s. At least three repetitions of each data reproducible to ± 0.1s 

were taken to average the flow times. Adequate precautions were taken to minimize 

evaporation loses during the actual measurements. Viscosity of the solution is 

evaluated using the following appropriate equation as described earlier.fiX.16J 

The ultrasonic speed (u) was measured by multi frequency ultrasonic 

interferometer (Model M-81) from Mittal Enterprises, India. The interferometer 

working at 5 MHz is based on the same principle as was used by Freyer et ai.I 1X·171 and 

Kiyoharo et a].JIX.IBJ The obtained speeds were corrected for diffraction errors as 

given by Subrahmayan et ai.IIX19] The uncertainty in the speed is ±0.2 m·s-1. The 

temperature was controlled within ±0.01 K using a Lauda thermostat during the 

measurement. 

IX.3 RESULTS AND DISCUSSION 

IX.3.1 Apparent molar volume 

The salts are freely soluble in all proportions of the solvent mixtures. The 

physical properties of binary mixtures in different mass fractions (w!=0.005, 0.0075, 

0.01) of aqueous ~-CD solutions at 293.15, 298.15, 303.15, 308.15 K are reported in 

Table IX.1. The measured experimental values of densities, viscosities, ultrasonic 

speeds of simple three amino acids in different mass fractions (w1=0.005, 0.0075, 

0.01) of aqueous ~-CD mixture at 293.15 to 308.15 K as a function of concentration 

(molality) are listed in Table IX.2. Volumetric properties, such as,I/J, ,1/J~, are regarded 
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as sensitive tools for the understanding of interactions in solutions. The apparent 

molar volume can be considered to be the sum of the geometric volume of the solute 

molecule and changes in the solvent volume due to its interaction with the solute. 

For this purpose, apparent molar volumes r/Jv were determined from the solutions 

densities using the following equation and the values are given in Table IX.3. 

ifJv= M _ IOOO(p- Po) 
p mppo 

(lX.l) 

where M is the molar mass of the salt, m is the molality of the solution, p and Po are 

the density of the solution and aq. P-CD mixture respectively. 

Table IX.3 shows that the values of f/Jv are large and positive for all the 

systems, suggesting strong solute-solvent interactions. The apparent molar volumes 

1/Jv were found to decrease with increasing molality ( m) of amino acid in aqueous P

CD and increase with increasing temperature for all the amino acids under study. It is 

also found that the value increases linearly with increase in size of the alkyl chain of 

the amino acid and with increase in the mass fraction (w1) of P-CD in solution. It 

indicates that the solute-solvent interactions increase with increasing concentration 

(w1) of P-CD, size of the alkyl side chain of amino acids and temperature. The limiting 

apparent molar volumes f/J~ were obtained by a least-square treatment to the plots of 

1/Jv versus .../musing the Masson equation;[Ix.zo] 

(IX.2) 

where f/J~ (= J1,0 ) is the apparent molar volume at infinite dilution and s; is the 

experimental slope. The ~values have been determined by fitting the dilute data (m 

< 0.1 mol·kg-t) to eq. IX.3. The standard deviations (a) were determined using the 

following equation: 

a = ,
1

..,L,._(.:...Y....::""'P_-.,-Y-"••:::.:' )_' 
N-1 

(IX.3) 

where N is the number of data points. The values of ~ and s; are reported in Table 

IX.4. The plots of r/Jv against .../m were found to be linear with negative slopes. At 

infinite dilution, each monomer of solute is surrounded only by the solvent 
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molecules, and being infinite distant with other ones. It follows, therefore, that ifJ~ is 

unaffected by solute-solute interaction and it is a measure only of the solute-solvent 

interactionJIX.Zl; 1x.zz] The ifJ~ data are often embedded with important information of 

solute hydrophobicity, hydration properties and solute-solvent interactionsi1X.23; IX.Z4J 

occurred in aqueous P-CD. 

A perusal of Table IX.4 and Figure IX.l, IX.2, and IX.3, shows that the values of 

¢~ are large and positive for all the amino acids at all the investigated temperatures, 

suggesting the presence of strong solute-solvent interactionJix.zs] Furthermore, at 

each temperature, the values of¢~ increase with increasing number of carbon atoms 

(or size of alkyl group) from Gly to Val. A similar increase in ¢~with increasing 

number of carbon atoms for amino acids in aqueous glycerol, at 298.15 K, was also 

reported by Banipal et aJ.IIX.26J The behavior of ¢~ for the present systems can be 

explained employing the co-sphere model, proposed by Friedman and Krishnani1X·26l 

according to which the effect of overlap of hydration co spheres is destructive. Mishra 

et aJ.I1X·27l using this model observed that an overlap of cospheres of two ionic species 

causes an increase in volume, whereas an overlap of hydrophobic-hydrophobic 

groups and ion-hydrophobic groups results in a net decrease in volume. Thus, the 

observed positive ¢~values, (Table IX.4), is due to the effect of ion-hydrophilic 

interactions (between zwitterionic centres of the amino acids and the -OH groups of 

P-CD) which predominate over ion-hydrophobic interactions (between zwitterionic 

centres and non-polar parts of P-CD) and hydrophobic-hydrophobic interactions 

(between non-polar parts of the amino acids and P-CD) and increase in the order 

glycine< L-alanine < L-valine 

at each investigated temperature. The increase ¢~ with increasing temperature may 

be attributed to the release of some solvation molecules from the loose solvation 

layers of the solutes in solution. A plausible mechanism of interaction between P-CD 

and different amino acids as evident from the experimental observation is given in 

Scheme IX.2. 
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The values of ifJ~ and s: for the amino acids in pure water are adopted from 

* the literature.[Ix.zs. IX.Z9J The parameter Sv is the volumetric virial coefficient, and it 

characterizes the pair wise interaction of solute species in solution.[IX.30, [IX.3IJ s; is 

found to be negative under investigations, which suggest that the pair wise 

interaction is restricted by the interaction of the charged functional group one 

molecule to side chain of the other amino acid molecules. From Table IX.4, a 

quantitative comparison between ifJ ~ and s: values show that, the magnitude of 

if>~ values is higher than s:, suggesting that the solute-solvent interactions 

dominate over the solute-solute interactions in all solutions at the investigated 

temperatures. Furthermore, s: values are negative at all temperatures, and the 

values slight increase with the increase of experimental temperatures which may be 

attributed to more violent thermal agitation at higher temperatures, resulting in 

diminishing the force of solute-solute interactions. 

IX.3.1.1 Contributions of the zwitterionic end group, CHz groups and 

other alkyl chains of the amino acids to ¢1~ 

The ifJ~ value for the homologous series varies linearly with the number of 

carbon atoms in the alkyl chain (R) of the amino acids. Similar correlations have been 

reported earlier by a number of Workers,!Ix.zs. IX.Z91 and this linear variation can be 

represented as follows: 

¢1~ =if>~ (NH;, coo-)+n,f/J~(CH,) (IX.4) 

where nc is the number of carbon atoms in the alkyl chain of the amino acid, 

ifJ~ (NH;, coo-) and f/J~(CH2 ) are the zwitterionic end group and methylene group 

contribution to ifJ~, respectively. The values of f/J~(NH;,coo-)andf/J~(CH2 ), 

calculated by a least-square regression analysis, are listed in Table IX.S, where those 

values in pure water are also provided from the literaturei1X.321 It is well described in 

the literature!IX.3ZJ that rj>~(CH2 ) obtained by this scheme characterizes the mean 

contribution of the if>~ (CH) and ifJ~ (CH3) values of the amino acids. 
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r/J~ (CH)=O.Sr/J~(CH,) 

r/J~ (CH3 )=1.5r/J~(CH2 ) 

(IX.S) 

(IX.6) 

and are listed in Table IX.S. The table shows that the contribution of (NH3+, COO·) to 

ifJ~ is larger than that of the CH2- group and increases with the increase in the mass 

fraction (wt) of the cosolute 13-CD, and investigated temperatures, which indicates 

that the interactions between the cosolute and charged end groups (NH3•, COO·) of 

amino acids are much stronger than those between the cosolute and CH2- group. 

Similar results were also reported [IX.33J for some a-amino acids in aqueous sodium 

caprylate solutions. 

IX.3.1.2 Standard Transfer Volume 

The standard transfer volume for the homologous series of amino acid, t1ifJ~, 

from pure water to aqueous 13-CD solutions is defined by 

t1r/J~(amino acid)= r/J~(amino acis +aqueous f3- CD) -r/J~ (water) (IX.7) 

The results are illustrated in Table IX.6 and Figure as a function of molarity of 

aqueous 13-CD solutions. The value of t1¢J~ is, by definition, free from solute-solute 

interactions and therefore provides information regarding solute-solvent 

interactions.11X·251 This agreement among the amino acids can be explained by the co

sphere model, as developed by Friedman and Krishnan11X·261 according to which the 

effect of overlap of the hydration co-spheres is constructive. The overlap of 

hydration co-spheres of two ionic species results in an increase in volume, but that of 

hydration co-spheres of hydrophobic-hydrophobic groups and ion-hydrophobic 

groups results in a net volume decrease. Since amino acids exist predominantly as 

zwitterions in pure water and there is an overall decrease in volume of water due to 

electrostriction, the observed increasing positive volumes of transfer; indicate that in 

the ternary solutions (amino acid +aq. 13-CD), indicates that the salts have, the ion

hydrophilic and hydrophilic-hydrophilic group interactions predominate over the 

ion-hydrophobic and hydrophobic-hydrophobic groups interactions, and the 

contribution increases with the molarity of 13-CD in solutions. However, the negative 

t1ifJ~ values for L-valine indicate that ion-hydrophobic and hydrophobic-
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hydrophobic interactions predominate over the ion-hydrophilic and hydrophilic

hydrophilic interactions. The observed trend can also be explained on the basis of 

the following equation;IIX.34,1X.3SJ 

(IX.8) 

where ¢vw is the van der Waals volume; ~Pv is the volume associated with voids or 

empty space; and rp5 is the shrinkage volume due to electrostriction. Assuming the 

rfivw and ~Pv have the same magnitudes in water and in aqueous ~-CD solutions for the 

same class of solutesi1X.361 the observed positive !J.ifJ~ values ascribed to the decrease 

in the volume of shrinkage, whereas negative !J.ifJ~ values for L-valine may be 

attributed to shrinkage in volume. Banipal and co-workers11X371 also reported a 

decrease in the !J.ifJ~ value with increasing size of the non-polar side chain of amino 

acids in aqueous glycerol. The introduction of a CH3- group in L-alanine provides an 

additional tendency for hydrophobic-hydrophilic and hydrophobic-hydrophobic 

group interactions, and as a result, greater electrostriction of water is produced 

leading to smaller changes of !J.ifJ~. Similarly, when the H-atom of glycine is replaced 

by the (CH3CHzCH-) group in L-valine, the additional propensity for hydrophobic

hydrophilic group interactions increases further and thus leads to change 

in !J.ifJ~ values. This is in good agreement with the conclusion drawn by Li et. al.11X.3BJ 

in a study of Glycine, L-Alanine and L-Serine in glycerol-water mixture at 298.15 K. 

The standard partial molar volumes of transfer of the zwitterionic end 

group,!J.ifJ~(NH;,coo-), and other alkyl chain groups, !J.ifJ~(R), of amino acids 

from water to coso lute solutions have been calculated as follows 

!J.tfo:; <NH;, coo·) =tfo:; <NH;, coo· )[in aqueous cosolute]-f/J~ <NH;, coo-)[in water] (IX.9) 

and are included in Table IX.? and illustrated in Figure IX.4. The contribution of 

(NH3+, COO·) to !J.ifJ~, is positive throughout the studied concentration range of the 

aq. cosolute and increases with the increase in experimental temperature. The 

contribution of the alkyl chain groups to !J.ifJ~ is negative for all the amino acids, and 
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shows the contribution of CH-, CH2-, CH3-, is negligible compare to the water. 

The contribution of the other alkyl chain groups of the amino acids have been 

calculated from the difference between the limiting apparent molar volumes ( l/J~) 

values of each amino acid and that of glycine using the following scheme 

t1l/J~ (R)=l/J~ (amino acid)- l/J~(glycine) (lX.lO) 

where t1l/J~ (R) defines the side chain transfer contribution to l/J~ of the respective 

amino acid relative to the H-atom of glycine. In this scheme, it is assumed that the 

volume contribution of the H-atom in glycine is negligible. The results are listed in 

Table IX.7. The table shows that the t1ifJ~ (R) values for L-alanine (CHJCH-) and L

valine (CH3CH2CH-) is positive, which suggests the contribution of alkyl chain is 

greater than relative to the H-atom of glycine in solute-solvent interaction in 

solution. 

IX.3.1.3 Hydration Number estimated from apparent molar volume 

The number of water molecules (nH) hydrated to the amino acids can be 

estimated from the value of measured standard partial molar volume. The values of 

l/J~ of the studied amino acids can be expressed as[IX.2BJ 

l/J~(amino acid)= l/J~(int) + l/J~(elect) (IX.ll) 

where l/J~(int) is the intrinsic partial molar volumes of the amino acids and 

l/J~(elect)is the electrostriction partial molar volume as a result of hydration of the 

amino acids. The l/J~(int) consists of two terms: the van der Waals volume and the 

volume due to packing effects. The values of l/J~ (int) for the amino acids were 

calculated from their crystal molar volume by[IX.2BJ using the following relationship, 

l/J~ (int) = ( 0~~;4 )lfo~ (cryst) (IX.12) 

where, 0.7 is the packing density in an organic crystal and 0.634 is the packing 

density of randomly packed spheres. The molar volume of crystals l/J~(cryst) was 

calculated using the crystal densities of the amino acids represented by Berlin and 

Pallansch,[1X.39l Gucker et. a!J1X·40l at 298.15K. The l/J~(elect)values can be 
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calculatedi1X·41l from the intrinsic partial molar volumes of the amino acids r/J~ (int), 

and experimentally determined ifJ~ values. Thus number of water molecules 

hydrated to the amino acids due to electrostriction causes decrease in volume can be 

related to the hydration numbers[Ix.zs] is estimated using the following relation 

r/J~ (elect) 
n 

II (V,O - vbo) 
(IX.13) 

where T',0 is the molar volume of the electrostricted water and v." is the molar 

volume of bulk water. This model implies that for every water molecules taken from 

the bulk phase to the surroundings of amino acid, the volume is decreased 

by (V,0 - v."). The value of (V,0 -v.") is calculatedl'x.zs] to be -2.9, -3.0 or -3.3, and -4.0 

cm3 mol·' at 293.15, 298.15, and 308.15 K respectively. We are assuming that this 

value is average -3.5 cm3 mol-l at 303.15K. The obtained n11 values are listed in Table 

1X.6, where nH varies with the solvent composition, showing a tendency to decrease 

with an increase in the mass fraction (w1) of (3-CD, as well as temperature for all the 

amino acids under investigation. The observed decreasing tendency of nH supports 

the view1IX.411 that the (3-CD has a dehydration effect on these amino acids in aqueous 

(3-CD solutions. Thus calculated values of n11 for the amino acids in aqueous (3-CD are 

observed to vary in the following order: 

n11 (glycine) > n11 (L-alanine) > n11 (L-valine) 

The positive sign of the transfer volumes can be ascribed mainly to the fact that the 

hydration number n11 of the amino acids is reduced by the addition of (3-CD; i.e., the 

electrostriction effect which brings about the shrinking in the volume of the solvent 

caused by the electric field of the dipolar solutes is reduced in the mixture as 

compared with that in pure water. 

The schematic representation of solute-solvent interaction, for the studied 

amino acids in aqueous (3-cyclodextrine binary mixtures, in view of various derived 

parameters is depicted in Scheme IX.3, where w1 is the mass fraction of (3-CD in 

aqueous solution. 
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IX.3.1.4 Temperature dependent limiting apparent molar volume 

The variation of rp; with the temperature of the amino acids in aqueous ~-CD 

mixture can be expressed by the general polynomial equation as follows. 

(IX.14) 

where a0 , a,, a2 are the empirical coefficients depending on the solute, mass fraction 

(w1) of the cosolute ~-CD, and Tis the temperature range under study in Kelvin. The 

values of these coefficients of the above equation for the amino acids in aqueous ~

CD mixtures are reported in Table IX.B. 

The limiting apparent molar expansibilities, if!~ , can be obtained by the 

following equation, 

(Ix.15) 

The limiting apparent molar expansibilities,r/1~, change in magnitude with the 

change of temperature. The values of if!~ for different solutions of the studied amino 

acids at (293.15, 298.15, 303.15, and 308.15) K are reported in Table IX.9. The table 

reveals that r/1~ is positive for all the amino acids in aqueous ~-CD and studied 

temperature. This fact can ascribed to the absence of caging or packing effect[IX.24J for 

the amino acids in solutions. 

During the past few years it has been emphasized by different workers that 

s; is not the sole criterion for determining the structure-making or -breaking nature 

of any solute. HeplerliX.43J developed a technique of examining the sign of 

(o¢~ /o T )P for the solute in terms of long-range structure-making and -breaking 

capacity of the solute in the mixed solvent systems using the general thermodynamic 

expression, 

(o¢;) =(r5zifi;) =2a 
r5T r5Tz z 

p p 

(IX.16) 

If the sign of (oifi~ /o T )Pis positive or a small negative, the molecule is a structure 

maker; otherwise, it is a structure breaker.JIX.44J As is evident from Table IX.9 and 

Figure IX.4, the (o¢1~ /o T )P values for all amino acids are positive and small negative 
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under investigation are predominantly structure makers in all of the experimental 

solutions. 

IX.3.2 Viscosity 

The experimental viscosity data for the studied systems are listed in Table 

IX.2. The relative viscosity (17r) has been analyzed using the jones-Dole equation; [IX.4SJ 

(1] 11]0- 1) 

'1/m 
17,.- 1 -A s--~ '1/m - + 'lm (JX.17) 

where l]r=I]/TJo, 11 and TJo are the relative viscosities, the viscosities of the ternary 

solutions (amino acid+ aq. ~-CD) and binary aqueous mixture (aq. ~-CD) and m is the 

molality of the amino acids in ternary solutions. A and B are empirical constants 

known as viscosity A- and B-coefficients, which are specific to solute-solute and 

solute-solvent interactions, respectively. The values of A and B-coefficients are 

estimated by least-square method by plotting(l)~~ l) againsdm, and reported in 

Table IX.4. The values of the A-coefficient are found to increases slightly with 

temperature and with the increase in mass of ~-CD in the solvent mixture. These 

results indicate the presence of very weak solute-solute interactions. These results 

are in excellent agreement with those obtained from Sv • values. 

The extent of solute-solvent interaction in the solution estimated from the 

viscosity B-coefficient,IIX.211 gives valuable information concerning the solvation of 

the solvated solutes and their effects on the structure of the solvent in the local 

vicinity of the solute molecules in the solutions. From Table IX.4 and Figure IX.2, it is 

evident that the values of the B-coefficient are positive and much higher than A

coefficient, thereby suggesting the solute-solvent interactions are dominant over the 

solute-solute interactions. The higher B-coefficient values for higher viscosity values 

is due to the solvated solutes molecule associated by the solvent molecules all round 

to the formation of associated molecule by solute-solvent interaction, would present 

greater resistance, and this type of interactions are strengthened with a rise in 

temperature and also increase with an increase of mass fraction (w1) of ~-CD in the 

solvent mixtures. These results are in good agreement with those obtained from 1g 
values discussed earlier in apparent molar volume section 1X.3.1. 
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The Table IX.4 also shows that B-coefficients for all the amino acids are 

increase with the increase of the size of the side chains. The B-coefficients reflect the 

net structural effects of the charged groups and the hydrophobic CHz- groups of the 

amino acids. As B-coefficients vary linearly with the number of carbon atoms of the 

alkyl chain (nc), these two effects can be resolved as follows 

B = B(NH3•,COO·) + nc B(CHz) (IX.18) 

The regression parameters, i.e., the zwitterionic group contribution 8(NH3•, COO·), 

and the methylene group contribution 8(CHz), to 8-coefficients are listed in Table 

IX.10. It shows that both the 8(NH3•, COO·) and 8(CHz) values increases with 

increasing concentration (w1) of ~-CD in ternary solutions, indicating that the 

zwitterionic and CHz-group enhances the structure to solute-solvent interaction in 

the aqueous salt solutions. The side chain contributions to 8-coefficients, 8(R), have 

also been derived using the same scheme as that of ¢~(R)and are listed in Table 

IX.10, which shows that 8(R) values are positive and greater for L-valine than L

alanine in all the experimental temperatures and concentrations of solution. This 

order is due to the greater structure making tendency and these findings are in line 

with our volumetric results discussed earlier. 

Table IX.4 shows that the values of the 8-coefficients of all amino acids slight 

increase with increasing temperature, i.e., the dB values are positive. From Table 
dT 

IX.11 and Figure IX.4 small positive dB values for the present amino acids behave 
dT 

almost as structure-makers. Moreover, it is interesting to note that the 8-coefficients 

of the studied amino acids show a linear correlation with the limiting partial molar 

volumes rp~ for the amino acids in aqueous ~-CD solution. This means: 

(IX.19) 

The coefficients A1 and A2 are included in Table X.ll. This correlation is not 

unexpected, as both the viscosity 8-coefficient and the partial molar volume reflect 

the solute-solvent interactions in the solutions. The positive slope (or A2) shows the 

linear variation of 8-coefficient with limiting apparent molar volumesrp~. A similar 

correlation was also used for amino acids in different solventsJIX.31.IX.46J 
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IX.3.3 Ultrasonic speed 

JX3.3.1 Apparent molar isentropic compressibility 

The adiabatic compressibility, defined by the thermodynamic relation: 

P =-_!_(8V) 
' V 8P s 

(IX.20) 

where Vis volume, Pis pressure and Sis entropy, is related to the solution density p, 

and the ultrasonic speed (u), by the Newton-Laplace's equation: 

1 
/Js = -2-

U p 
(IX.21) 

providing the relation between thermodynamics and acoustics. The apparent molar 

adiabatic compressibility ( t/JK ), of the solutions was determined from the following 

relation, 

r/JK = M/3, + 1000(f3,po-f3oP) 
p mppo 

(IX.22) 

where [30 , [3, are the adiabatic compressibility of the binary mixture and ternary 

solution respectively and m is the molality of the ternary solution. The values of rjJK 

are reported in Table IX.3. Limiting apparent molar adiabatic compressibilities ( ,p~) 

or apparent molar adiabatic compressibility at infinite dilution and experimental 

slopes ( s; ), were obtained by fitting rpK against the square root of concentration 

( ..jm) using the least squares method;liX.47J 

(IX.23) 

The values of rP1 and s; are presented in Table 1X.4. The values of rP1 and s; are 

important parameter provided information about the extent of solute-solvent and 

solute-solute interaction respectively. The behaviour is useful in characteristic of 

solvation and electrostriction (the contraction of the solvent around the solute) of 

salt in solutions. 

From Table 1X.4 and Figure lX.l, IX.2, IX.3, it is observed that the value of 

limiting apparent molar isentropic compressibility ¢1 are positive and increases 

with the increase in concentration (w1) of !3-CD for all the studied solution, and 
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shows the stronger solute-solvent interaction. The result is good agreement with the 

¢~value discussed earlier. 

At neutral pH, amino acid exists as zwitterions when dissolved in water and 

there is an overall decrease in the volume of water. This is due to the contraction of 

water near the end charged groups, termed as electrostriction. Hence the 

electrostricted water is much less compressible than bulk water and accounts for the 

apparent molar compressibilities for the amino acids in mixed ternary solutions 

being larger than the corresponding ones in water. It is also observed that the values 

of¢~ for the studied amino acids follow the order: 

glycine < L- alanine < L- valine 

Since the contribution of methylene group to the apparent compressibility is 

positive, it implies that the ions having the larger hydrophobic group may have more 

positive values for the partial molal expansibilities. Hence, L-valine may have largest 

hydrophobic group resulting higher values of¢~. 

IX.3.3.2 Hydration number from apparent molar isentropic compressibility 

The limiting partial molar adiabatic compressibilities of the amino acids also 

can be expressed by a simple modei;IIx.zaJ 

¢~ =¢~(int)+¢~(elect) (IX.24) 

where ¢~ (int) is the intrinsic partial molar adiabatic compressibility of the amino 

acid and ¢~ (elect) is the electrostriction partial molar adiabatic compressibility due 

to the hydration of the amino acid. As has been noted by Millero et a!J1X·28l as a first 

approximation, one can assume that ¢~ (int) "'0, since one would expect ¢~(int) to 

very smallJ1X·28l Thus ¢~ may be thought to represent¢~ (elect). The ¢~ values of the 

amino acids in water are all positive; this must come from the hydration of the 

charged centres of the amino acids, as the hydrated water molecules are already 

compressed and than that in the bulk. For the amino acids, the order of increasing 

¢~values as well as hydration number nH in aqueous ~-CD is: 

glycine < L-alanine < L-valine 
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and reported in Table IX.6. This sequence may be considered to show a decreasing 

order of hydration, as a first approximation, particularly for the amino acids without 

the -OH group of ~-CD, as will be mentioned below. In Table IX.6, the observed 

decreasing tendency of nH for glycine and L-alanine supports the view[IX.43J that the~

CD has a dehydration effect on these amino acids in aqueous solutions. In case of L

valine, a slight increase of nH indicates that the increase in the interaction of 

hydrophobic groups of L-valine with those of the salt does not reduce the 

electrostriction of water molecules to it. 

As has been noted by Mathieson and Conway,[IXABJ ions which a slight 

hydrogen-bond with water have unusual compressibility. This corresponds to the 

order of increasing absolute values of <P1 in aqueous ~-CD, which answers to the 

order of increasing hydration numbers. Thus, the less hydrated amino acids in water 

has the lower compressibility ratio in the mixed solvent and then loses hydrated 

water molecules more easily in the transfer from water to the mixed solvent. 

IX.3.4 Other Thermodynamic Properties 

According to Eyring and co-workers[1X·491 the free energy of activation of 

viscous flow per mole of solvent, 4JJ1°", can be calculated using the equation: 

( hN ) ( 4 "") T/o = v/ exp :~ (IX.25) 

where h, NA, and V,"(= r/J1°) are the Planck constant, Avogadro number and partial 

molar volumes of the solvent, respectively. Feakins and co-workers[IX.SOJ applied the 

transition state treatment of relative viscosity to solutions and showed that the B

coefficient is given as: 

B =((V,"- fl,")) + fl,"[(LIJ.l:•- Llf.l10#) I RT] 
1000 1000 

(IX.26) 

where fl,"(=,P~)is the partial molar volume of the solute (amino acid) and LIJ.l~· is 

the contribution per mole of the solute to the free energy of activation of viscous flow 

of the solution. On rearranging the equation (IX.25) and (IX.26), the values of 

Llf.l~" and Lip, .. are obtained as: 
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(IX.27) 

o• o• (RT) -0 - 0 ) t1J.12 = t1J.11 + v,o [IOOOB- (V, - V, ] (IX.28) 

The values t1J.1~' and t1J.11°' for the amino acids in aqueous P-CD at 293.15, 298.15, 

303.15 and 308.15K are listed in Table IX.12. The total free energy of activation of 

viscous flow of the solution, t1J.1°', was calculated from the relation: 

t1J.lo• - n t1J.lo• + n t1J.1"' - I I 2 2 (IX.29) 

where n1 and nz are the number of moles of mixed solvent and solute, respectively. 

The values of t1p0
', also presented in Table IX.12. The thermodynamic data, !J.H* and 

!J.S* of all the amino acids in aqueous p-CD were calculated using the following 

equation and are listed in Table IX.12: 

(IX.30) 

The !J.H* and !J.S* values were obtained from the intercepts and slopes of the plots of 

t1J.l 0
' versus T. !J.H* and tJ.S* values have proved useful in yielding structural 

information about solute species and about solute-solvent interactions. 

It is evident from the data in Table IX.12 that t1J.11°' and t1J.1~' values are 

positive and almost same, for all the solvent composition. This may be due to the fact 

that amino acid-cosolute interactions in the ground state are almost in the transition 

state. In other words, the solvation of amino acids in the transition state is also 

favourable in terms of free energy. As t1p~' ~ t1p~' then according to the Feakins 

modeJ,IIX.SlJ the solutes (amino acids) behave as structure-makers. This again 

supports the behavior of dB/dT for these solutes in aqueous P-CD. The t1p~' values 

(Table IX.12) of the amino acids were found to increase from gly to L-valine at a 

given temperature. This indicates that the solvation of the amino acids in the ground 

state becomes increasingly favorable as the hydrophobicity (number of carbon 

atoms) of the side chain increases from glycine to L-valine. 

The values of the activation enthalpy, LJ.H* and entropy, ./J.S*, calculated using 

eq. (IX.30) of the amino acids+ aqueous P-CD mixtures are listed in Table IX.12. The 

data reveal that the !J.H* values of the ternary mixtures are positive, thereby, 
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suggesting that the formation of activated species for viscous flow becomes difficult 

as the amount of amino acid in tbe mixtures increases. The negative values of T!!J.S*, 

which increase with increasing concentration of amino acids, for all the studied 

mixtures, suggest that the net order of the system decreases as the concentration of 

amino acid in the mixture increases. Thus, the behavior of TLIS* supports that of LIH*. 

The Lllr and LIS' quantities contain contributions from the following processes: 

(i) formation of the solute-cosolute interaction due to non-covalent interactions 

(H-binding, van der Waals forces, hydrophobic and electrostatic interactions 

and steric effects) 

(ii) dehydration of the coso lutes during tbe molecular interactions 

(iii) hydration of the complex and 

(iv) conformation changesliX.st] 

The predominance of items (i) to (iii) during these processes determines the 

negative values for the entropy of interaction. The contribution from process (iv) can 

be not considerable because the ~-cyclodextrin molecule is not flexible and can't 

change conformation upon binding with a guest molecule, it itself retain the same 

conformation before and after the interaction with amino acids. 

IX3.5 Structural effect of the Co-solute p-CD 

The structure is a novel packing of ~ -CD monomers that is less compact 

(2300 J..3 per ~-CD) than known monomeric ("'1500-1750 A3) or dimeric ("'1800 ft.3) 

structures. 

In the first X-ray crystal structure, which was determined on a crystal in 

contact with mother liquor, about seven disordered water molecules may be located 

in each ~-CD cavity, and five more water molecules in interstitial sites between the ~

CD macrocycles resulting in an overall composition ~-CD (12 of O.S)Hz06 (16 wt% 

H20). In the neutron diffraction study[IX.S21 (in which not all of the weakly populated 

water sites were located), at room temperature, most water molecules and hydroxyl 

groups of ~-CD are orientationally disordered and alternately form hydrogen bonds 

with different neighbors. This disorder is highly dynamic, i.e. associated with rapid 

flips ofO-H groups between discrete alternative orientations (''flip-flop" bonds). Very 
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similar disorders of solvent molecules and hydroxyl groups were described for the 

complex P-CD-ethanol octahydrate. 

Inclusion complexes are in fact energy favourable, since water molecules from 

the cavity are displaced by hydrophobic guest molecules to obtain an apolar-apolar 

interaction and decrease the cyclodextrin ring strain, thereby leading to a more 

stable lower energy state. The complexation strength depends on the factors such as 

the size of the guest molecule, the van der Waals interactions, the release of water 

molecules, hydrogen bonding, charge transfer interactions, hydrophobic interactions, 

and the release of conformational strain, etcJIX.S3J With considering the above factors, 

P-CD are proposed in such a way that the interaction with amino acids, the solute

solvent interaction is higher for L-valine than L-alanine which is also turn higher 

than glycine, this is also due to the +I effect. +I effect increases as alkyl chain group 

increases from glycine to L-valine, are more favourably complex, with retention of 

configuration of P-CD itself. 

IX.4 CONCLUSION 

Extensive study of thermophysical and thermodynamic properties of simple 

amino acids in aqueous P-CD binary mixture were done. It is evident that the 

association of the investigated amino acids, the L-valine is greater than L-alanine 

which is, in turn, greater than that glycine. The reliable values of derivative obtained 

from the studies of thermophysical properties suggest that the solute-solvent 

interaction is dominant over the solute-solute interaction in solutions. The structural 

effect of P-CD gives the favourable support in the molecular interaction with 

retention of configuration. Above all this study demands a novelty of some amino 

acids prevailing in the aqueous solutions of P-CD. 
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TABLES 

Table IX.1: Values of density (p), viscosity (17) and ultrasonic speed (u) of 

aqueous J3-CD in different mass fraction (wl), at 293.15K to 308.15K 

p·10·3 
1J u 

Mass fraction of Temp 

aq. J3-CD (w1) /K 
/kg·m·3 jmPa·s jm·s·t 

Expt Lit Expt Lit Expt Lit 

293.15 0.99999 1.003 1484.4 

298.15 0.99873 0.893 1499.5 
W1 = 0.005 

303.15 0.99747 0.801 1508.7 

308.15 0.99622 0.723 1517.2 

293.15 1.00120 1.005 1485.0 

298.15 0.99987 0.895 1500.3 
W1 = 0.0075 

303.15 0.99854 0.803 1509.8 

308.15 0.99721 0.725 1518.6 

293.15 1.00206 1.007 1485.6 

298.15 1.00078 0.897 1501.3 
W1 = 0.01 

303.15 0.99949 0.805 1510.9 

308.15 0.99822 0.727 1519.8 
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Table lX.Z: Experimental values of density (p), viscosity (IJ), and ultrasonic 

speed (u) of amino acids in different mass fraction of aqueous JJ-CD (w1) at 

293.15K to 308.15K respectively 

m p-10·3 
TJ u m p·10·3 

TJ u 

jmol·kg-1 Jkg·m·3 /mPa·s /m·s-1 jmol·kg-1 jkg·m·3 /mPa·s /m·s-1 

W1= 0.005 

Glycine + aq. JJ-CD 

T = 293.15K T= 298.15K 

0.0100 1.00033 1.005 1484.9 0.0100 0.99906 0.895 1500.8 

0.0200 1.00069 1.006 1489.1 0.0200 0.99940 0.896 1506.0 

0.0300 1.00106 1.008 1496.8 0.0301 0.99974 0.898 1514.7 

0.0401 1.00143 1.009 1506.2 0.0401 1.00009 0.899 1525.6 

0.0501 1.00181 1.011 1518.0 0.0502 1.00045 0.901 1539.8 

0.0601 1.00220 1.012 1531.4 0.0602 1.00080 0.902 1555.9 

T= 303.15K T= 308.15K 

0.0100 0.99779 0.803 1512.3 0.0100 0.99653 0.725 1522.2 

0.0201 0.99812 0.804 1517.9 0.0201 0.99684 0.727 1529.1 

0.0301 0.99845 0.806 1527.8 0.0302 0.99716 0.728 1540.0 

0.0402 0.99878 0.807 1540.0 0.0402 0.99747 0.730 1553.8 

0.0502 0.99912 0.809 1555.0 0.0503 0.99778 0.731 1571.8 

0.0603 0.99946 0.810 1573.1 0.0604 0.99810 0.733 1592.4 

Alanine + aq. JJ-CD 

T = 293.15K T= 298.15K 

0.0100 1.00034 1.006 1485.1 0.0100 0.99907 0.896 1502.8 

0.0200 1.00075 1.008 1493.5 0.0200 0.99946 0.898 1512.5 

0.0300 1.00118 1.011 1506.5 0.0301 0.99988 0.901 1527.4 

0.0401 1.00164 1.013 1523.6 0.0401 1.00032 0.903 1546.5 

0.0501 1.00213 1.016 1544.5 0.0502 1.00078 0.906 1570.1 

0.0602 1.00264 1.019 1570.0 0.0602 1.00126 0.909 1599.8 

T= 303.15K T= 308.15K 

0.0100 0.99780 0.804 1514.4 0.0100 0.99654 0.726 1524.2 

ChriX P~fNv A~'J1.i,no-A~2013, 45, 755-777. 



1 p ~rre- /lfOif 1 M~ w-evCif.Ct'r..orw . ...... p -cy~{,vv w.w~ I 

0.0201 0.99817 0.807 1525.5 0.0201 0.99689 0.728 1536.1 

0.0301 0.99857 0.809 1542.4 0.0302 0.99726 0.731 1553.2 

0.0402 0.99899 0.812 1564.0 0.0402 0.99765 0.734 1576.1 

0.0503 0.99942 0.815 1590.2 0.0503 0.99806 0.737 1604.2 

0.0603 0.99987 0.818 1621.3 0.0604 0.99848 0.740 1639.1 

Valine+ aq. ~-CD 

T= 293.15K T = 298.15K 

0.0100 1.00036 1.007 1487.1 0.0100 0.99909 0.897 1504.7 

0.0200 1.00082 1.011 1499.0 0.0201 0.99953 0.900 1517.7 

0.0301 1.00133 1.015 1517.1 0.0301 1.00002 0.904 1537.8 

0.0401 1.00187 1.019 1541.1 0.0402 1.00055 0.908 1563.1 

0.0502 1.00247 1.023 1569.3 0.0502 1.00111 0.912 1595.2 

0.0602 1.00310 1.027 1604.0 0.0603 1.00170 0.916 1632.7 

T= 303.15K T= 308.15K 

0.0100 0.99782 0.805 1516.3 0.0100 0.99656 0.727 1526.1 

0.0201 0.99824 0.809 1530.8 0.0201 0.99696 0.730 1542.0 

0.0301 0.99871 0.812 1551.8 0.0302 0.99740 0.734 1564.8 

0.0402 0.99922 0.816 1579.4 0.0403 0.99788 0.738 1594.9 

0.0503 0.99976 0.820 1613.8 0.0504 0.99839 0.742 1631.8 

0.0604 1.00032 0.824 1656.5 0.0605 0.99892 0.745 1676.0 

Wt= 0.0075 

Glycine+ aq. ~-CD 

T= 293.15K T= 298.15K 

0.0100 1.00154 1.006 1485.6 0.0100 1.00020 0.896 1500.8 

0.0200 1.00189 1.008 1490.7 0.0200 1.00054 0.898 1506.0 

0.0300 1.00226 1.009 1498.3 0.0300 1.00089 0.900 1514.7 

0_0400 1.00264 1.011 1508.7 0.0401 L00124 0.901 1526-3 

0.0500 1.00302 1.013 1521.0 0.0501 1.00160 0.902 1540.2 

0.0601 L00341 1.014 1536.5 0.0602 1.00196 0.904 1557.0 

T = 303.15K T= 308.15K 

0.0100 0.99886 0.805 1512.5 0.0100 0.99752 0.727 1522.5 

0.0200 0.99918 0.807 1518.7 0.0201 0.99784 0.729 1528.7 
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000301 0099951 Oo808 152801 Oo0301 0099816 00730 153807 

Oo0401 0099985 Oo810 154009 Oo0402 0099848 00732 1551.9 

Oo0502 1.00019 Oo811 155602 000502 0099880 Oo734 1568o6 

000602 1.00053 00813 157403 Oo0603 0099913 00735 158707 

Alanine+ aqo P-CD 

T = 293o15K T= 298o15K 

000100 1o00155 10007 148507 Oo0100 1.00021 00897 1503o3 

Oo0200 1.00194 1.010 1495o8 Oo0200 1.00058 00900 1513o9 

000300 1.00236 1.013 151009 Oo0301 1.00099 Oo902 152909 

000400 1.00281 1.015 153008 000401 1o00142 00905 1551.6 

000501 1o00329 10018 155502 Oo0501 1.00187 Oo908 157707 

000601 1o00379 1o020 158607 Oo0602 1.00234 00910 1609.3 

T= 303o15K T= 308o15K 

000100 0099887 Oo806 151502 Oo0100 Oo99753 00728 152502 

Oo0201 0099923 Oo809 152601 000201 Oo99789 00731 153706 

000301 Oo99962 00811 154402 Oo0301 0099827 Oo733 155507 

Oo0401 1.00003 00814 1566o8 000402 0099867 00736 1580o8 

000502 1.00046 Oo817 159405 000503 Oo99909 00739 161004 

Oo0603 1000091 00819 162807 000604 0099953 00741 1645o9 

Valine+ aqo P-CD 

T = 293o15K T= 298o15K 

Oo0100 1000157 1.009 148609 000100 1.00023 00898 150407 

Oo0200 1o00201 10013 1498o9 Oo0200 1.00067 Oo902 1517o6 

Oo0300 1000252 1o017 151700 000301 1.00116 00906 1537.5 

Oo0401 1o00306 1.021 1541.7 Oo0401 1000170 Oo910 156301 

Oo0501 1.00367 1.025 157008 000502 1o00227 00914 159506 

Oo0602 1.00429 1.030 1605o4 Oo0602 1.00288 Oo918 1633o8 

T- 303o15K T- 308o15K 

Oo0100 Oo99889 00807 151605 Oo0100 0099755 Oo729 152606 

Oo0201 Oo99931 00811 1530o9 Oo0201 0099796 Oo733 154107 

Oo0301 0099979 Oo815 1551o8 000302 0099841 00737 1563o6 

Oo0402 1000030 Oo819 157903 000402 Oo99890 00740 159201 
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Oo0503 1.00085 00822 1613.3 Oo0503 0099942 Oo744 162904 

000603 1.00143 Oo826 165604 000604 Oo99997 Oo748 1673o2 

W! = 0o01 

Glycine+ aqo ~-CD 

T=293o15K T= 298o15K 

Oo0100 1000240 1.009 1486o3 000100 1o00111 00899 150104 

000200 1o00276 1.010 149104 Oo0200 1000146 Oo901 150709 

Oo0300 1.00313 1.012 149902 000300 1.00182 00902 151707 

Oo0400 1.00351 1.013 151002 000400 1.00218 Oo904 153004 

000500 1000390 1.015 1523.3 Oo0501 1000256 Oo906 1546o3 

Oo0600 1o00430 10017 1539o0 000601 1o00294 00907 156407 

T= 303o15K T= 308o15K 

000100 0099982 Oo807 151301 Oo0100 0099854 Oo728 152301 

Oo0200 1.00016 Oo808 151903 Oo0201 0099888 Oo730 153006 

000301 1o00051 00810 152905 Oo0301 Oo99923 00732 1541.6 

Oo0401 1000087 Oo811 154207 000401 0099959 Oo733 155603 

000501 1o00124 Oo813 1558o6 Oo0502 0099996 Oo735 157307 

Oo0602 1o00162 00815 1578o2 000603 1o00033 00737 1594o6 

Alanine+ aqo ~-CD 

T= 293o15K T= 298o15K 

000100 1.00241 1.010 1486o4 Oo0100 1.00112 Oo900 1504o4 

Oo0200 1.00281 1o012 1498o8 000200 1.00151 00903 1517o8 

Oo0300 1.00325 1.015 151609 Oo0300 1000193 Oo905 153606 

000400 1.00373 1.018 1539o7 Oo0400 1.00238 00908 1561.2 

Oo0500 1.00422 1o020 156808 000501 1o00285 Oo911 1591.7 

Oo0600 1.00474 1.023 160209 Oo0601 1o00334 Oo914 162900 

T= 303o15K T= 308o15K 

000100 Oo99983 00808 151602 Oo0100 0099855 Oo730 152603 

000200 1.00021 00811 152901 Oo0201 0099892 Oo733 1540o8 

000301 1o00063 Oo813 1548.3 Oo0301 0099932 Oo736 1561.9 

000401 1.00108 00816 1573o6 Oo0402 0099975 Oo738 158801 

000501 1.00155 Oo819 1604o8 Oo0502 1.00020 00741 162202 
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0.0602 1.00205 0.822 1643.7 0.0603 1.00067 0.744 1663.3 

Valine+ aq. ~-CD 

T= 293.15K T= 298.15K 

0.0100 1.00243 1.011 1486.9 0.0100 1.00114 0.902 1505.0 

0.0200 1.00289 1.015 1499.3 0.0200 1.00158 0.906 1518.6 

0.0300 1.00340 1.020 1518.3 0.0300 1.00208 0.910 1538.8 

0.0400 1.00397 1.024 1542.5 0.0401 1.00262 0.914 1565.0 

0.0501 1.00458 1.029 1572.1 0.0501 1.00320 0.918 1597.2 

0.0601 1.00522 1.033 1608.9 0.0602 1.00382 0.922 1637.3 

T= 303.15K T= 308.15K 

0.0100 0.99985 0.809 1516.9 0.0100 0.99857 0.731 1527.0 

0.0200 1.00028 0.813 1531.7 0.0201 0.99899 0.734 1541.7 

0.0301 1.00077 0.816 1553.5 0.0301 0.99947 0.738 1563.6 

0.0401 1.00130 0.821 1581.3 0.0402 0.99999 0.742 1593.6 

0.0502 1.00188 0.825 1616.3 0.0503 1.00055 0.746 1628.4 

0.0603 1.00250 0.829 1658.9 0.0604 1.00114 0.750 1673.1 
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Table IX.3: Molality (m), apparent molar volume (1/JvJ, (1],--l)/-.Jm, and apparent molar adiabatic compressibility (r/JK) of 

amino acids in different mass fraction of aqueous IJ·CD (w1) at 293.15K to 308.15K respectively 

m ifJv ·106 (1],--1)1-.Jm rpK •1011 m r/J..,-106 (qr~l)i-.Jm ¢1<. ·1011 

jmol·kg·1 jm3·mo!·1 /kg1/2-moJ·1/2 jm3·mol-1-Pa-1 /mol·kg-1 
/m3·mol·1 jkgl/2-moJ·1/2 /m3·mol-1.!'a-1 

W1= 0.005 

Glycine+ aq. ~-CD 

T = 293.15K T= 298.15K 

0.0100 41.07 O.Q15 ·2.73 0.0100 42.12 0.019 -4.50 

0.0200 40.07 0.022 -14.06 0.0200 41.67 0.025 -17.40 

0.0300 39.40 0.025 -24.76 0.0301 41.32 0.030 -28.34 

0.0401 39.07 0.030 -32.42 0.0401 41.05 0.034 -36.70 

0.0501 38.67 0.033 -39.56 0.0502 40.80 O.D38 -45.08 

0.0601 38.24 0.036 -45.55 0.0602 40.57 0.042 -51.99 

T- 303.15K T= 308.15K 

0.0100 43.18 0.024 -6.06 0.0100 44.24 0.029 -8.33 

0.0201 42.83 0.031 -18.95 0.0201 44.14 0.038 -23.38 

0.0301 42.61 0.036 -31.21 0.0302 44.07 0.044 -35.57 
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0.0402 42.43 0.041 -40.23 0.0402 44.01 0.049 -45.22 

0.0502 42.26 0.045 -48.31 0.0503 43.96 0.054 -54.97 

0.0603 42.09 0.048 -55.97 0.0604 43.90 0.059 -63.08 

Alanine + aq. ~-CD 

T = 293.15K T= 298.15K 

0.0100 54.09 O.OZ5 -13.14 0.0100 55.16 0.030 -15.78 

0.0200 51.09 0.035 -31.81 0.0200 52.66 0.042 -35.96 

0.0300 49.42 0.043 -46.80 0.0301 50.82 0.051 -52.18 

0.0401 47.84 0.049 -59.66 0.0401 49.48 0.059 -65.40 

0.0501 46.29 0.056 -70.90 0.0502 48.15 0.066 -77.25 

0.0602 44.92 0.062 -81.60 0.0602 46.98 0.073 -89.23 

T = 303.15K T= 308.15K 

0.0100 56.23 0.038 -17.68 0.0100 57.31 0.042 -19.17 

0.0201 54.23 0.052 -40.17 0.0201 55.80 0.057 -42.48 

0.0301 52.56 0.062 -57.90 0.0302 54.63 0.069 -59.11 

0.0402 51.22 0.072 -72.20 0.0402 53.54 0.079 -74.16 

0.0503 50.22 0.079 -84.44 0.0503 52.49 0.087 -87.25 

0.0603 49.21 0.086 -95.39 0.0604 51.62 0.095 -99.97 
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Valine + aq. ~-CD 

T = 293.15K T= 298.15K 

0.0100 80.15 0.037 -24.23 0.0100 81.25 0.043 -25.90 

0.0200 75.65 0.054 -47.26 0.0201 77.25 0.059 -49.98 

0.0301 72.48 0.067 -66.40 0.0301 74.24 0.074 -70.60 

0.0401 70.15 O.D78 -83.17 0.0402 71.74 0.085 -86.72 

0.0502 67.55 0.089 -96.44 0.0502 69.64 0.096 -101.87 

0.0602 65.32 0.097 -109.25 0.0603 67.74 0.108 -114.53 

T = 303.15K T = 308.15K 

0.0100 82.36 0.050 -27.56 0.0100 83.47 0.055 -28.87 

0.0201 78.85 0.069 -54.12 0.0201 80.45 O.D75 -57.80 

0.0301 76.01 0.084 -74.01 0.0302 78.11 0.092 -78.75 

0.0402 73.59 0.097 -91.31 0.0403 75.94 0.104 -97.06 

0.0503 71.53 0.108 -106.75 0.0504 74.03 0.117 -112.68 

0.0604 69.83 0.119 -121.42 0.0605 72.42 0.129 -126.38 

W1= 0.0075 

Glycine + aq. ~-CD 

T = 293.15K T= 298.15K 

0.0100 41.02 0.017 -3.34 0.0100 42.08 0.019 -4.82 

[- p~[,n; At11.i¥to-Acid.:¥2013, 45, 755-777. I Ch>-IX I 
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0.0200 40.32 0.023 -17.02 0.0200 41.58 0.027 -17.54 

0.0300 39.72 0.028 -26.45 0.0300 41.08 0.032 -28.43 

0.0400 39.15 0.032 -35.09 0.0401 40.82 0.036 -37.73 

0.0500 38.70 O.D35 -42.18 0.0501 40.47 0.039 -45.54 

0.0601 38.26 0.039 -49.57 0.0602 40.24 0.043 -52.97 

T = 303.15K T= 308.15K 

0.0100 43.23 0.021 -5.52 0.0100 44.09 0.025 -6.35 

0.0200 42.93 0.029 -20.36 0.0201 43.84 0.034 -20.41 

0.0301 42.66 0.034 -31.17 0.0301 43.62 0.040 -31.96 

0.0401 42.46 O.D38 -40.99 0.0402 43.47 0.046 -41.76 

0.0502 42.23 0.044 -49.19 0.0502 43.33 0.050 -50.91 

0.0602 42.01 0.047 -56.66 0.0603 43.21 0.055 -58.56 

Alanine + aq. P-CD 

T = 293.15K T= 298.15K 

0.0100 54.42 0.027 -18.56 0.0100 55.50 0.030 -19.00 

0.0200 52.03 0.037 -39.45 0.0200 53.60 0.040 -40.03 

0.0300 50.36 0.046 -55.76 0.0301 51.76 0.050 -56.79 

0.0400 48.78 0.053 -70.00 0.0401 50.35 0.058 -72.15 

I CW..IX I P~U'll Amitt&ACU4-2013, 45, 755-777. I 
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0.0501 47.23 0.059 -82.51 0.0501 49.10 0.066 -84.90 

0.0601 45.87 0.064 -95.78 0.0602 47.93 0.072 -96.72 

T = 303.15K T = 308.15K 

0.0100 56.57 0.032 -20.54 0.0100 57.25 0.035 -21.12 

0.0201 54.67 0.046 -40.93 0.0201 55.24 0.050 -44.78 

0.0301 53.17 0.057 -60.48 0.0301 53.91 0.061 -62.33 

0.0401 51.92 0.064 -75.29 0.0402 52.74 0.071 -79.21 

0.0502 50.76 0.074 -88.23 0.0503 51.63 0.081 -92.47 

0.0603 49.66 0.081 -100.71 0.0604 50.56 0.089 -104.46 

Valine + aq. ~-CD 

T = 293.15K T = 298.15K 

0.0100 80.05 0.041 -24.80 0.0100 81.16 0.043 -26.20 

0.0200 76.56 0.057 -47.71 0.0200 77.16 0.059 -49.80 

0.0300 73.06 0.071 -66.65 0.0301 74.16 0.074 -70.08 

0.0401 70.56 0.082 -84.27 0.0401 71.41 0.087 -86.73 

0.0501 67.67 0.093 -98.19 0.0502 69.16 0.096 -102.24 

0.0602 65.57 0.102 -110.51 0.0602 66.99 0.109 -115.35 

T = 303.15K T = 308.15K 

0.0100 82.27 0.047 -27.00 0.0100 83.38 0.051 -27.97 

L p~[,w A111itto-A~2013, 45, 755-777. Ch--IX 
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0.0201 78.76 0.067 -53.50 0.0201 79.88 0.073 -55.12 

0.0301 75.59 0.081 -73.40 0.0302 77.36 0.090 -75.41 

0.0402 73.25 0.094 -90.68 0.0402 75.11 0.103 -92.64 

0.0503 71.05 0.105 -105.85 0.0503 73.15 0.116 -109.69 

0.0603 69.08 0.116 -120.99 0.0604 71.35 0.126 -123.74 

W1= 0.0100 

Glycine + aq. ~-CD 

T = 293.15K T = 298.15K 

0.0100 40.99 0.020 -3.94 0.0100 41.74 0.022 -6.51 

0.0200 39.99 0.027 -17.30 0.0200 41.04 0.027 -22.18 

0.0300 39.32 0.031 -27.01 0.0300 40.51 0.033 -33.56 

0.0400 38.74 0.034 -36.35 0.0400 39.94 0.037 -43.04 

0.0500 38.19 0.039 -44.06 0.0501 39.50 0.042 -51.84 

0.0600 37.66 0.042 -51.27 0.0601 39.04 0.045 -59.45 

T = 303.15K T = 308.15K 

0.0100 42.49 0.024 -6.83 0.0100 42.95 0.026 -7.39 

0.0200 41.69 0.031 -21.05 0.0201 42.15 0.034 -24.62 

0.0301 41.09 0.036 -33.15 0.0301 41.48 0.041 -36.58 

ChriX P~~ A~A~2013, 45, 755-777. 
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0.0401 40.59 0.042 -43.01 0.0401 40.89 0.047 -47.18 

0.0501 40.09 0.045 -51.42 0.0502 40.34 0.051 -55.88 

0.0602 39.59 0.051 -59.75 0.0603 39.97 0.056 -64.06 

Alanine+ aq. ~-CD 

T = 293.15K T = 298.15K 

0.0100 53.98 0.029 -23.06 0.0100 55.05 0.030 -23.61 

0.0200 51.48 0.040 -48.49 0.0200 52.55 0.042 -50.33 

0.0300 49.32 0.048 -67.37 0.0300 50.72 0.052 -68.58 

0.0400 47.24 0.055 -82.40 0.0400 49.05 0.060 -84.45 

0.0500 45.80 0.061 -96.85 0.0501 47.65 0.068 -98.63 

0.0600 44.33 0.068 -109.17 0.0601 46.39 O.D75 -111.90 

T = 303.15K T = 308.15K 

0.0100 55.42 O.D38 -24.15 0.0100 56.39 0.042 -24.91 

0.0200 53.12 0.052 -48.33 0.0201 54.19 0.059 -52.38 

0.0301 51.12 0.062 -67.25 0.0301 52.52 0.071 -72.48 

0.0401 49.37 0.072 -83.65 0.0402 50.93 0.081 -87.84 

0.0501 47.91 0.081 -97.98. 0.0502 49.58 0.090 -103.23 

0.0602 46.45 0.089 -111.90 0.0603 48.34 0.099 -116.91 

Valine + aq. ~-CD 

I P~i¥\1 Al'l'!iYio-AdcW2013, /f-5, 755-777. I C'hriX J 
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T = 293.15K T = 298.15K 

0.0100 79.99 0.044 -25.01 0.0100 81.09 0.048 -26.06 

0.0200 75.49 0.061 -49.06 0.0200 77.09 0.067 -51.67 

0.0300 72.33 0.074 -69.20 0.0300 73.76 0.080 -71.80 

0.0400 69.26 0.087 -85.45 0.0401 71.09 0.093 -88.68 

0.0501 66.61 0.097 -99.58 0.0501 68.70 0.103 -103.38 

0.0601 64.35 0.106 -113.36 0.0602 66.43 0.114 -117.63 

T = 303.15K T = 308.15K 

0.0100 81.69 0.050 -27.10 0.0100 82.30 0.055 -27.83 

0.0200 77.69 0.069 -54.66 0.0201 78.79 O.D75 -53.93 

0.0301 74.52 0.084 -75.71 0.0301 75.62 0.092 -74.66 

0.0401 71.94 0.099 -92.68 0.0402 73.03 0.108 -93.96 

0.0502 69.39 0.111 -108.29 0.0503 70.68 0.120 -108.36 

0.0603 67.10 0.121 -122.49 0.0604 68.61 0.132 -123.35 

I C'ht-IX I p~[,yv Amino-AdcW2013, 45, 755-777. I 
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Table IX.4: Limiting apparent molal volumes (¢/!;),experimental slopes ( S~ ), viscosity A, 8-coefficients, limiting partial molal 

adiabatic compressibilities ( ~ ), and experimental slopes ( S~) of amino acids in different mass fraction of aqueous (3-CD ( w1) 

at 293.15K to 308.15K respectively 

Temp ¢/!; ·106 s~ ·106 B A ~ ·1011 s· -1011 
K 

/K fm3·moJ·l fm3·mol- 3/2-kgl/2 /kgl/2-mol·l/2 /kg·mol-1 jm3·molcl.pa-1 jm3·mol-3/2.pa-l·kgl/2 

Wt= 0.0050 

Glycine + aq. (:l-CD 

293.15 42.83±0.03 -18.89±0.01 0.143±0.009 0.0009±0.0003 27.37±0.02 -298.23±0.02 

298.15 43.18±0.02 -10.65±0.03 0.156±0.006 0.0032±0.0000 28.66±0.03 -328.18±0.01 

303.15 43.89±0.03 -7.34±0.02 0.172±0.008 0.0066±0.0000 29.08±0.03 -345.64±0.03 

308.15 44.46±0.02 -2.27±0.02 0.203±0.006 0.0089±0.0000 29.77±0.02 -376.68±0.03 

Alanine + aq. (3-CD 

293.15 60.13±0.01 -61.91±0.02 0.253±0.010 -0.0006±0.0001 34.53±0.02 -4 71.39±0.02 

298.15 60.64±0.02 -55.86±0.01 0.292±0.006 0.0004±0.0000 34.98±0.02 -502.96±0.03 

303.15 61.05±0.03 -48.50±0.02 0.328±0.004 0.0054±0.0000 35.62±0.03 -535.66±0.03 

308.15 61.33±0.03 -39.19±0.03 0.370±0.008 0.0045±0.0000 36.16±0.03 -551.45±0.02 

Valine + aq. (3-CD 

I P~L¥v Am.ino-Acid¥2013, 45, 755-777. I Cht--IX I 
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293.15 90.10±0.02 -100.77±0.02 0.417±0.006 -0.0051±0.0001 35.19±0.04 -588.13±0.03 

298.15 90.46±0.03 -92.94±0.03 0.442±0.004 -0.0023±0.0000 36.01±0.02 -613.29±0.03 

303.15 91.08±0.01 -86.84±0.02 0.470±0.009 0.0028±0.0000 37.00±0.03 -641.92±0.03 

308.15 91.21±0.01 -76.22±0.03 0.506±0.008 0.0037±0.0000 37.64±0.02 -669.23±0.03 

W1= 0.0075 

Glycine + aq. ~-CD 

293.15 42.99±0.01 -19.17±0.03 0.147±0.006 0.0026±0.0000 28.03±0.02 -315.54±0.01 

298.15 43.35±0.02 -12.74±0.01 0.161±0.002 0.0035±0.0000 29.05±0.02 -333.25±0.02 

303.15 44.09±0.04 -8.34±0.02 0.181±0.001 0.0028±0.0000 29.63±0.02 -351.79±0.03 

308.15 44.70±0.02 -6.13±0.02 0.201±0.004 0.0054±0.0000 30.32±0.02 -360.95±0.02 

Alanine+ aq. ~-CD 

293.15 60.35±0.03 -58.54±0.01 0.259±0.009 0.0008±0.0000 34.98±0.03 -527.74±0.01 

298.15 60.88±0.03 -52.59±0.02 0.298±0.006 -0.0010±0.0000 35.46±0.04 -536.96±0.01 

303.15 61.36±0.02 -47.37±0.03 0.332±0.006 -0.0012±0.0000 36.13±0.02 -555.68±0.02 

308.15 61.76±0.02 -45.32±0.02 0.371±0.010 -0.0026±0.0000 36.72±0.01 -575.32±0.03 

Valine+ aq. ~-CD 

293.15 90.49±0.03 -100.99±0.D4 0.420±0.004 -0.0014±0.0000 35.70±0.01 -596.16±0.02 

298.15 90.94±0.03 -97.37±0.03 0.449±0.011 -0.0033±0.0000 36.57±0.02 -617.49±0.03 

I C"hr-IX I p~[,yv Am.iv!o-AcU:W2013, 45, 755-777. I 
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303.15 91.49±0.02 -91.12±0.03 0.472±0.004 -0.0003±0.0000 37.58±0.03 -642.03±0.03 

308.15 91.61±0.02 -82.33±0.01 0.513±0.009 0.0001±0.0000 38.17±0.03 -656.92±0.02 

Wt= 0.0100 

Glycine+ aq. 13-CD 

293.15 43.23±0.01 -22.62±0.00 0.149±0.011 0.0049±0.0000 28.88±0.04 -326.19±0.02 

298.15 43.65±0.02 -18.57±0.03 0.165±0.010 0.0045±0.0000 29.57±0.03 -363.63±0.01 

303.15 44.49±0.01 -19.73±0.02 0.186±0.006 0.0047±0.0000 30.09±0.02 -364.95±0.02 

308.15 45.06±0.02 -20.81±0.03 0.206±0.006 0.0050±0.0000 30.92±0.01 -388.23±0.01 

Alanine + aq. 13-CD 

293.15 60.84±0.02 -67.28±0.02 0.261±0.009 0.0030±0.0000 35.62±0.03 -591.88±0.03 

298.15 61.01±0.01 -59.65±0.03 0.310±0.009 -0.0016±0.0000 35.99±0.02 -602.90±0.03 

303.15 61.76±0.01 -61.95±0.01 0.346±0.006 0.0030±0.0000 36.70±0.02 -602.56±0.02 

308.15 62.02±0.03 -55.43±0.02 0.389±0.010 0.0031±0.0000 37.26±0.03 -627.84±0.03 

Valine + aq. 13-CD 

293.15 90.80±0.02 -107.75±0.03 0.434±0.009 -0.0003±0.0000 36.34±0.03 -608.79±0.03 

298.15 91.26±0.02 -100.91±0.01 0.451±0.010 0.0027±0.0000 37.09±0.01 -628.78±0.01 

303.15 91.81±0.03 -100.05±0.02 0.494±0.006 -0.0002±0.0000 38.13±0.03 -654.09±0.04 

308.15 92.00±0.03 -94.88±0.02 0.535±0.009 0.0001±0.0000 38.68±0.03 -657.81±0.01 

~-- p~t,vv Af'~Urto-t\~2013, lf-5, 755-777. I Ch--IX I 
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Table lX.S: Contributions ofzwitter ionic group (NH3•, COO-), CHz group, and the other alkyl chains to the limiting apparent 

molar volume, ifJ~, for amino acids in different mass fraction of aqueous p-CD (w1) at 293.15 to 308.15K respectively 

~~ ·106 jm3·mol·1 

W1= 0.0000 W1= 0.005 

Temp/K 293.15 298.15 303.15 308.15 Temp/K 293.15 298.15 303.15 308.15 

NH3•, coo- 27.71 27.98 28.26 28.45 NH3+,coo- 27.88 28.30 28.90 29.55 

(CH) 7.60 7.61 7.62 7.62 (CH) 7.48 7.44 7.50 7.46 

Gly (CHz) 15.20 15.22 15.23 15.24 Gly (CHz) 14.95 14.88 14.99 14.91 

(CH3) 22.80 22.83 22.85 22.86 (CH3) 22.43 22.32 22.49 22.37 

Ala (CH3CH-) 32.53 32.51 32.49 32.56 Ala (CH3CH-) 32.25 32.34 32.15 31.78 

Val (CH3CHzCH-) 62.98 63.00 63.00 63.10 Val (CH3CHzCH-) 62.22 62.16 62.18 61.66 

W1= 0.0075, W1=0.01 

Temp/K 293.15 298.15 303.15 308.15 Temp/K 293.15 298.15 303.15 308.15 

NH3•, coo- 27.95 28.35 29.24 29.80 NH3•, coo- 28.29 28.56 29.50 30.10 

(CH) 7.52 7.50 7.43 7.45 (CH} 7.47 7.55 7.50 7.48 

Gly (CHz) 15.04 15.00 14.85 14.90 Gly (CHz) 14.94 15.09 14.99 14.96 

(CH3) 22.56 22.50 22.28 22.35 (CH3) 22.41 22.64 22.49 22.44 

Ala (CH3CH·) 32.40 32.53 32.12 31.96 Ala (CH3CH-) 32.55 32.45 32.26 31.92 

Val (CH3CHzCH-) 62.54 62.59 61.88 61.81 Val (CH3CHzCH-) 62.51 62.70 62.31 61.90 

I Ch·-IX I P~iHv Ami+'I.&AclCW2013, 45, 755-777. I 
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Table IX.6: Values of~(aqueous), L1q)~, ~(elect), ¢~(elect), and hydration number (nH) for amino acids in different mass fraction 

of aqueous p-co (wl)at 293.15 to 308.15K respectively 

~ ·106(aqueous) Ll~ ·106 ~ ·106 (elect) ¢~ ·_1010(elect) nH 

f~3·moJ-1 fm3·mol·1 /m3·mol·1 fm3·mol-1·Pa-1 From volume From compressibility 

Temp/K W1= 0.005 

Glycine 

293.15 42.91 -0.08 9.02 24.67 3.01 3.07 

298.15 43.20 -0.02 8.67 25.96 2.89 3.23 

303.15 43.49 0.40 7.96 26.38 2.65 3.28 

308.15 43.69 0.77 7.39 27.07 2.46 3.36 

Alanine 

293.15 60.24 -0.11 11.62 31.83 3.87 3.95 

298.15 60.49 0.15 11.10 32.28 3.70 4.01 

303.15 60.75 0.30 10.69 32.92 3.56 4.09 

308.15 61.01 0.32 1D.42 33.46 3.47 4.16 

Valine 

293.15 90.69 -0.59 11.99 32.49 4.00 4.04 

I Puln4hed,;:.vl, Am.(.no-A~2013, 45, 755-777. I chrix- I 



I 
- -

I I Mo!e.cul.a.r i¥Ltet'etd;"L01'v.l-' o o 0 0 0 0 0 p -cy~vt,rv zy.lt"w-w p ~ffe- /421 

298o15 90o98 -Oo52 11.63 33o31 3o88 4014 

303o15 91.26 -0018 11.01 34°30 3o67 4o26 

308015 91.55 -Oo34 10088 34o94 3o63 4034 

Temp/K W1= 0o0075 

Glycine 

293o15 42o91 Oo08 8o86 25o33 2095 3o15 

298015 43020 0015 8050 26035 2o83 3027 

303o15 43o49 Oo60 7o76 26o93 2059 3035 

308o15 43o69 Oo91 7o15 27062 2.38 3o43 

Alanine 

293o15 60o24 Ooll 11.40 32028 3o80 4o01 

298015 60o49 Oo39 10o87 32076 3o62 4007 

303015 60o75 Oo61 10039 33o43 3o46 4015 

308o15 61.01 Oo75 9o99 34o02 3033 4o23 

Valine 

293015 90o69 -Oo20 11060 33o00 3o87 4010 

298o15 90098 -0004 11.15 33o87 3o72 4o21 

303o15 91.26 -Oo04 10o97 34o88 3o66 4033 

I ChriX l_ P~U1t Am.irto-AciC4-2013, 45, 755-7770 I 
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308.15 91.55 0.06 10.48 35.47 3.49 4.41 

Temp/K W1= 0.01 

Glycine 

293.15 42.91 0.32 8.62 26.18 2.87 3.25 

298.15 43.20 0.45 8.20 26.87 2.73 3.34 

303.15 43.49 1.00 7.36 27.39 2.45 3.40 

308.15 43.69 1.27 6.79 28.22 2.26 3.51 

Alanine 

293.15 60.24 0.60 10.91 32.92 3.64 4.09 

298.15 60.49 0.52 10.74 33.29 3.58 4.14 

303.15 60.75 1.01 9.99 34.00 3.33 4.22 

308.15 61.01 1.01 9.73 34.56 3.24 4.29 

Valine 

293.15 90.69 0.11 11.29 33.64 3.76 4.18 

298.15 90.98 0.28 10.83 34.39 3.61 4.27 

303.15 91.26 0.55 10.28 35.43 3.43 4.40 

308.15 91.55 0.45 10.09 35.98 3.36 4.47 

I P~Ull AmUw-Acit;W2013, 45, 755-777. I Ch.--IX I 
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Table IX.7. Contributions ofzwitter ionic group (NH3+, COO-), CHz group, and the other alkyl chains to the limiting apparent 

molar volume transfer!!.~, in different mass fraction of aqueous IJ-CD (w1) at 293.15 to 308.15K respectively 

!!.~ ·106 fm3·moJ·l . !!.¢>~(R) ·106 fm3·moi·t 

Wt = 0.005 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3+, coo- 0.17 0.32 0.64 1.10 

(CH) -0.12 -0.17 -0.12 -0.16 

Gly (CHz) -0.25 -0.34 -0.24 -0.33 

(CH3) -0.37 -0.51 -0.36 -0.49 

Ala (CH3CH-) -0.28 -0.17 -0.34 -0.78 17.30 17.46 17.16 16.87 

Val (CHJCHzCH-) -0.76 -0.84 -0.82 -1.44 47.27 47.28 47.19 46.75 

Wt= 0.0075 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3•, coo- 0.24 1.26 -0.31 1.53 

(CH) -0.08 -0.18 -0.10 -0.17 

Gly (CHz) -0.16 -0.37 -0.19 -0.35 

(CH3) -0.24 -0.55 -0.29 -0.52 

Ala (CH3CH-) -0.13 -0.39 -0.09 -0.41 17.36 17.53 17.27 17.06 

I ChriX I P~Uit A11'L!Aw-Acic4-2013, 45, 755-777. I 
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Val (CH3CH2CH-) -0.44 -1.12 -0.46 -1.10 47.50 47.59 47.03 46.91 

Wt= 0.01 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3•, coo- 0.58 0.58 1.24 1.65 

(CH) -0.13 -0.06 -0.12 -0.14 

Gly (CH2) -0.26 -0.13 -0.24 -0.28 

(CH3) -0.39 -0.19 -0.36 -0.42 

Ala (CH3CH-) 0.02 -0.06 -0.23 -0.64 17.61 17.36 17.27 16.96 

Val (CH3CH2CH-) -0.47 -0.30 -0.69 -1.20 47.57 47.61 47.32 46.94 

I p~[,n; Amiflo-AaM2013, 45, 755-777. I Ch-IX I 



Table 1X.8: Values of empirical coefficients (ao, a1, and az) of Equation IX.14 

for amino acids in different mass fraction of aqueous p-CD (w1) at 293.15K to 

308.15K respectively 

ao·106 

solvent mixture 
ar106 az·106 

fm3·moJ·l fm3·moJ·l.K-1 fm3·moJ·l.K-2 

Glycine + aq. (3-CD 

W1= 0.0050 208.71 -1.211 0.0022 

W1= 0.0075 234.38 -1.386 0.0025 

W1= 0.0100 141.58 -0.775 0.0015 

Alanine+ aq. 13-CD 

W1= 0.0050 -171.15 1.463 -0.0023 

W1= 0.0075 -84.70 0.876 -0.0013 

W1= 0.0100 116.93 -0.455 0.0009 

Valine+ aq. 13-CD 

W1= 0.0050 -140.86 1.462 -0.0023 

W1= 0.0075 105.90 -0.170 0.0004 

W1= 0.0100 -177.46 1.707 -0.0027 

Table IX. 9. Limiting apparent molal expansibilities ( ,P; ) for amino acids in 

different mass fraction of aqueous JJ-CD (w1) at 293.15K to 308.15K 

respectively 

. Solvent mixture ~-106 fm3·mol·1·K·l 
( a¢:/or);, -to• 
fm3·mol-f-K-2 

Glycine+ aq. 13-CD 

T/K 293.15 298.15 303.15 308.15 

W1= 0.0050 0.079 0.101 0.123 0.145 0.004 

W1= 0.0075 0.080 0.105 0.130 0.155 0.005 

W1= 0.0100 0.104 0.119 0.134 0.149 0.003 
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Alanine + aq. ~-CD 

T/K 293.15 298.15 303.15 308.15 

WI= 0.0050 0.115 0.092 0.069 0.046 -0.005 

WI= 0.0075 0.114 0.101 0.088 0.075 -0.003 

WI= 0.0100 0.072 0.081 0.090 0.099 -0.002 

Valine+ aq. ~-CD 

T/K 293.15 298.15 303.15 308.15 

WI= 0.0050 0.114 0.091 0.068 0.045 -0.005 

WI= 0.0075 0.065 0.069 0.073 0.077 -0.001 

WI= 0.0100 0.124 0.097 0.070 0.043 -0.005 

Table IX.10: Contributions of zwitter ionic group (NH3+, COO-), CH2 group, 

and tbe other alkyl chains to tbe B-coefficient in different mass fraction of 

aqueous 13-CD (wl) at 293.15 to 308.15K respectively 

B Jkgl/2.moJ-1/2 B(R) /kgl/2-mol·l/2 

WI= 0.005 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3•, coo- 0.317 0.395 0.477 0.575 

(CH) 0.102 0.110 0.119 0.121 

Gly (CH2) 0.205 0.221 0.237 0.242 

(CH3) 0.307 0.331 0.356 0.362 

Ala (CH3CH-) 0.476 0.507 0.536 0.563 0.272 0.286 0.299 0.321 

Val (CH3CH2CH-) 0.886 0.948 1.011 1.048 0.681 0.728 0.774 0.806 

WI= 0.0075 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3•, coo- 0.386 0.480 0.548 0.650 

(CH) 0.091 0.094 0.105 0.109 

Gly (CHz) 0.181 0.188 0.210 0.219 

(CH3) 0.272 0.283 0.316 0.328 
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Ala (CH3CH-) 0.480 0.491 0.523 0.554 0.299 0.302 0.313 0.335 

Val (CH3CHzCH-) 0.844 0.870 0.945 0.994 0.663 0.682 0.735 0.775 

WJ= 0.01 

Temp/K 293.15 298.15 303.15 308.15 293.15 298.15 303.15 308.15 

NH3+, coo- 0.426 0.552 0.651 0.727 

(CH) 0.099 0.097 0.093 0.100 

Gly (CHz) 0.198 0.194 0.185 0.199 

(CH3) 0.296 0.290 0.278 0.299 

Ala (CH3CH-) 0.504 0.484 0.503 0.524 0.306 0.291 0.317 0.324 

Val (CH3CHzCH-) 0.900 0.872 0.875 0.924 0.702 0.678 0.690 0.724 

Table IX.ll: Values of dB, A1, and A2 coefficient for the amino acids in different 
dT 

mass fraction of aqueous JJ-CD (w1) at 293.15 to 308.15K respectively 

C"hriX 

solvent mixture 

W1= 0.0050 

W1= 0.0075 

W1= 0.0100 

W1= 0.0050 

W1= 0.0075 

W1= 0.0100 

W1= 0.0050 

W1= 0.0075 

W1= 0.0100 

dB 

dT 

Glycine+ aq. JJ-CD 

0.003 

0.003 

0.003 

Alanine+ aq. JJ-CD 

0.007 

0.007 

0.008 

Valine+ aq. IJ-CD 

0.005 

0.006 

0.006 

-1.352 

-5.446 

-5.884 

-1.176 

-4.464 

-7.210 

-1.149 

-5.246 

-6.802 

0.034 

0.094 

0.069 

0.030 

0.078 

0.084 

0.030 

0.090 

0.079 
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Table IX.12: Values oft/J,",t/JS(aqueous),f1°", TLlS#, LJH#, for amino acids in 

different mass fraction of aqueous JJ-CD (w1) at 293.15 to 308.15K respectively 

Parameters 
1A"·I06 l!.f.ltO# l!.fl~· !!.p"" . TLlS# LlH# 

/m3·mol-1 /kJ·mol-1 /kJ·mol-1 /kl·mol-1 /kJ'mol-1 fkj·mol-1 

w,= 0.005 

Temp/K Glycine 

293.15 18.016 62.97 62.98 62.97 -14.66 48.31 

298.15 18.039 62.70 62.72 62.70 -14.91 47.79 

303.15 18.062 62.45 62.45 62.45 -15.16 47.29 

308.15 18.084 62.21 62.20 62.21 -15.41 46.80 

Temp/K Alanine 

293.15 18.016 63.81 63.82 63.81 -15.24 48.57 

298.15 18.039 63.54 63.53 63.53 -15.50 48.03 

303.15 18.062 63.28 63.27 63.28 -15.76 47.51 

308.15 18.084 63.03 63.03 63.03 -16.02 47.01 

Temp/K Valine 

293.15 18.016 64.83 64.83 64.83 -15.24 49.58 

298.15 18.039 64.55 64.55 64.55 -15.50 49.04 

303.15 18.062 64.28 64.29 64.28 -15.76 48.52 

308.15 18.084 64.04 64.04 64.04 -16.02 48.01 

W1= 0.0075 

Temp/K Glycine 

293.15 18.016 62.98 62.98 62.98 -14.66 48.32 

298.15 18.039 62.71 62.71 62.71 -14.91 47.80 

303.15 18.062 62.45 62.45 62.45 -15.16 47.30 

308.15 18.084 62.22 62.22 62.22 -15.41 46.81 

Temp/K Alanine 

293.15 18.016 63.82 63.82 63.82 -14.95 48.87 

298.15 18.039 63.54 63:54 63.54 -15.21 48.34 

303.15 18.062 63;28 63.28 63.28 -15.46 47.82 

P~{,n; Amit1.o-AdM2013, 45, 755-777. Ch--IX 
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308.15 18.084 63.04 63.04 63.04 -15.72 47.33 

Temp/K Valine 

293.15 18.016 64.83 64.83 64.83 -14.95 49.88 

298.15 18.039 64.55 64.52 64.52 -15.21 49.32 

303.15 18.062 64.29 64.26 64.26 -15.46 48.80 

308.15 18.084 64.05 64.07 64.07 -15.72 48.35 

WI= 0.01 

Temp/K Glycine 

293.15 18.016 62.98 62.98 62.98 -14.66 48.33 

298.15 18.039 62.71 62.71 62.71 -14.91 47.81 

303.15 18.062 62.46 62.46 62.46 -15.16 47.30 

308.15 18.084 62.22 62.22 62.22 -15.41 46.82 

Temp/K Alanine 

293.15 18.016 63.82 63.82 63.82 -14.95 48.87 

298.15 18.039 63.55 63.55 63.55 -15.21 48.34 

303.15 18.062 63.29 63.29 63.29 -15.46 47.83 

308.15 18.084 63.05 63.05 63.05 -15.72 47.33 

Temp/K Valine 

293.15 18.016 64.84 64.85 64.85 -14.95 49.90 

298.15 18.039 64.56 64.56 64.56 -15.21 49.36 

303.15 18.062 64.30 64.30 64.30 -15.46 48.84 

308.15 18.084 64.05 64.06 64.06 -15.72 48.34 
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Figure IX.l: Plot of limiting apparent molar volume (,P:) for glycine (+), 

alanine ( &), valine ( • ), and limiting molar isentropic compressibility ( ¢;) for 

glycine (0), alanine (4), valine (a), against studied temp (7) in W1=0.00S mass 
fraction ofaq. P-CD. 
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Figure IX.Z: Plot of limiting apparent molar volume (1/J:J for glycine (+), 

alanine(&), valine (•), and limiting molar isentropic compressibility (1/J;) for 

glycine (0), alanine (4), valine (a), against studied temp (7) in w1=0.0075 mass 
fraction ofaq. P-CD. · 
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Figure IX.3: Plot of limiting apparent molar volume (f/>:J for glycine (+), 

alanine (A), valine ( • ), and limiting molar isentropic compressibility ( 1/J;) for 

glycine (0), alanine (4), valine (o), against studied temp (T) in w1::0.0l mass 
fraction ofaq. P-CD. 
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Figure IX.4: Plot of ( 81/JN aT )P for glycine ( + ), alanine (.A), valine ( • ), and 

dB/dT for glycine (0), alanine (4), valine (o), against studied temp (T) in 
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SCHEMES 
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Scheme IX.l: The molecular structure ofiJ-CD. 
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W1=0.005 
W1=0.0075 

Scheme 1X.3: The schematic representation of solute-solvent interaction, for the studied amino acids in aqueous 13-

cyclodextrine binary mixtures, in view of various derived parameters; where W1 is the mass fraction of 13-CD in 

aqueous solution. 
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CONCLUDING REMARKS 

In this thesis, I have studied the molecular as well as ionic interaction on ionic 

liquids and amino acids in some liquid systems. The molecular interactions occurring in 

the solution systems have been studied with the help of thermophysical, 

thermodynamic, transport and optical properties along with FTIR spectroscopic 

studies. 

The research reported in this dissertation explains the procedures and results as 

well as the studies of the molecular interactions that have been carried out on ionic 

liquids and amino acids. The overall goal of initiating an understanding of the structure 

property relationship of ionic liquids has been reached. This was done through work on 

several ionic liquids differing mainly in their cationic and anionic parts. By looking at 

thermophysical, thermodynamic and transport properties of these materials, a more 

complete knowledge of phosphonium, ammnomiun, imidazolium, pyridinium and 

pyrrolidinium -based ionic liquids and simple a-amino acids was achieved. 

The volumetric, viscometric, interferometric, conductometric refractive index 

studies helped us to evaluate the extent of molecular interaction in a particular solution 

quantitatively whereas the FTIR measurements gave an insight into the type of 

molecular interaction occurring in any solution systems. Various types of interactions 

exist between the ions in solutions, and of these, ion-ion and ion-solvent interactions 

are of current interest in all branches of chemistry. These interactions help in better 

understanding the nature of solute and solvent, that is, whether the solute modifies or 

distorts the structure of the solvent. 
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Mixed solvents enabled the variation of properties such as dielectric constant or 

viscosity, and therefore the ion-ion and ion-solvent interactions occurring in the 

solutions systems could be better understood. Moreover, different quantities strongly 

influenced by solvent properties could be derived from concentration dependence of 

the electrolytic conductivity. Consequently, a number of conductometric and related 

studies of different electrolytes in nonaqueous solvents, especially mixed organic 

solvents, have been made for their optimal use in high-energy batteries and for 

understanding organic reaction mechanisms. Ionic association of electrolytes in 

solution depends upon the mode of solvation of its ions, which in turn depends on the 

nature of the solvent or solvent mixtures. Such solvent properties as viscosity and the 

relative permittivity have been taken into consideration as these properties help in 

determining the extent of ion association and the solvent-solvent interactions. Thus, 

extensive studies on electrical conductance in mixed organic solvents have been 

performed to examine the nature and magnitude of ion-ion and ion-solvent 

interactions. 

Thus the discussion of the molecular interaction throughout the dissertation has 

been concluded chapter wish as follow: 

The present Chapter IV. reveals an extensive study on the ion-solvation behaviour 

of the tetrabutylphosphonium tetrafluoroborate [Bu.PBF4] in ACN + THF, ACN+ 1,3-DO, 

and THF+ 1,3-DO mixtures through the conductometric measurements. It becomes clear 

that the electrolyte exists as ion-pairs for former two cases and as triple-ions for latter 

one. The tendency of the ion-pair and triple-ion formation depends on the size and the 

charge distribution of the ions. The effective size of the electrolyte increases in THF, 1,3-

DO and their binary mixtures due to preferential solvation in such a way that the sizes 

of the solvated ions follow their crystallographic radii. The degree of ion-solvent 

interaction also indicates that the salt prefers cyclic ether THF and 1,3-DO than ACN in 

their solvation or coordination sphere. 
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In Chapter V the extensive qualitative and quantitative analysis on the ion

solvation phenomenon of the typical 1-ethyl-3-methylimidazolium based ionic liquids 

{[emim][Y]; where Y= N03-, CH3SQ3- and Tos-} in industrially important non-aqueous 

polar solvents acetonitrile (CH3CN), methanol (CH30H), nitromethane (CH3NOz), 

methylamine solution (CH3NHz) with the help of conductometric and FTIR 

measurements. Precise examine on all the observed conductometric consequence, it has 

been obvious that studied ionic liquids (!Ls) exists as ion-pair in acetonitrile, methanol, 

nitromethane, and as triple-ion in methylamine solution. The ionic size, the charge 

distribution of the anions (N03-, CH3S03- and Tos-) for the common cation ([emim]•), 

and structural aspects, i.e: functional group of the solvents, are the key factor in 

formation of ion-pair and triple-ion. The decreasing tendency of the transport 

properties as fluidity, diffusion coefficient (D.) and ionic mobility (i,J from acetonitrile 

to nitromethane for ions {[emim]•, N03-, CH3SQ3- and Tos-}, suggests the greater extent 

of ion-solvent interaction or ion-association in nitromethane than the other two studied 

solvents. For a particular solvent the order of ion-association of anions for the common 

cation [emim]•are as follow: 

In all the chosen solvents, the selected ionic liquids interact with hydrogen bondin~ and 

ion-dipole interactions as evident from the FTIR spectroscopic studies. After all, it is 

very clear to state that the ion-solvent interactions dominant over the ion-ion 

interactions. All the derived parameters determined by analyzing different valid 

equations enhancement with experimental data uphold the same climax as discussed 

and explained in this text, which challenging the distinctiveness of the effort and such 

information is particularly pertinent to the design of the appropriate (IL+molecular 

solvent) binary system for a diligent application. 
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In summary, ,P/ and viscosity B-coefficient values for citric acid indicate the 

presence of strong solute-solvent interactions, and these interactions are further 

strengthened at higher temperatures and higher concentrations of cetrimonium 

bromide in the ternary solutions has been reported in the Chapter VI. Also, citric acid 

was found to act as a structure breaker in the ternary mixtures studied, and 

cetrimonium bromide has a dehydration effect on the hydrated citric acid. 

The present Chapter VII, deals the extensive study of physicochemical 

properties of tbe ionic liquid tetrabutylphophonium tetrafluoroborate in 1,3-DO, THF, 

AN and their binaries shows that tbe ion association of tbe investigated ionic liquid and 

the solvent mixtures is greater in 1,3-DO, than in THF which is, in turn, greater than 

that in AN. The reliable value of volumetric, viscometric and interferometric studies 

also suggests the ion-solvent interaction dominates over the ion-ion interaction in 

solutions. 

In Chapter VIII, the values of the limiting apparent molar volume ( rp:: ), viscosity 

B-coefficients and limiting partial isentropic compressibility ( rp ~ ) indicates the 

presence of strong solute-solvent interactions which increases with tbe increase of in 

th~ number of carbon atoms of the studied amino acids in methanoic acid. The 

refractive index and the molar refraction values suggest that L-leucine molecules are 

more tightly packed in the solution leading to higher solute-solvent interaction than the 

other studied amino acids. 

The Chapter IX disclose tbe extensive study of thermophysical and 

thermodynamic properties of simple amino acids in aqueous {3-CD binary mixture were 

done. It is evident tbat the association of the investigated amino acids, the L-valine is 

greater than L-alanine which is, in turn, greater than that glycine. The reliable values of 

derivative obtained from tbe studies of tbermophysical properties suggest that the 

solute-solvent interaction is dominant over the solute-solute interaction in solutions. 
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The structural effect of {3-CD gives the favourable support in the molecular interaction 

with retention of configuration. Above all this study demands a novelty of some amino 

acids prevailing in the aqueous solutions of {3-CD. 

More extensive studies of the different thermophysical, thermodynamic and 

transport properties of the electrolytes will be of sufficient help in understanding the 

nature of the ion-solvent interactions and the role of solvents in different chemical 

processes. The study of the viscous behavior of pharmaceuticals, foodstuffs, cosmetics 

and industrial products etc. is essential for confirming that their viscosity is appropriate 

for the contemplated used of the products. 

The proper understanding of the ion-ion and ion-solvent interactions may form the 

basis of explaining quantitatively the influence of the solvents and ions in solution and 

thus pave the way for real understanding of different phenomena associated with solution 

chemistry. However, it is necessary to remember that molecular interactions are very 

complex in nature. There are strong forces existing in the molecule and it is not really 

possible to separate them all. Nevertheless, if careful judgement is used, valid conclusions 

can be drawn in many cases relating to degree of structure and order of the system. 

In the near future we endeavour to extend our research work with ionic 

liquids which I hope will certainly compliment our present findings. In recent years, 

with the advent of new synthetic technologies such as catalytic 

symmetric/asymmetric synthesis, phase transfer catalysis, and catalysis, the 

diversity of molecular interactions that can be studied has increased to the highest 

degree. I hope this thesis provides a substantial launching point for the reader to 

begin their own investigation into the chemical natures of remarkable, however 

natural amino acids and ionic liquids. As more and more interesting and unusual 

ionic liquids (ILs) and amino acid ionic liquids (AA/Ls) are discovered, the possibility 

for development of synthetic methods for these useful in academic, research area, 

industry and biologically important ionic liquids and amino acids grows up as well. 
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