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The densities and viscosities of etpt ternary mixtures of tetrahydrofuran, 
dimedt~xide and ~: methaaol, ethanol. 1-~. 
2-propuol, J~. 2-butaaol, •JI alcohol and i-amyl aloGhol are 
~ over the eatire I"U,,C of composition at 291. UK. f'nJm tbe 
eJq.IC!firoalal ............ - molar., ..... ( .. ), visc:csity ..... 
(ArJ), ~ and ~ iadtx (/A) are deriVOfl by the equations 
developed by Kalentunc--Gmeer, Pelq and Ho.U, ...,.Uvoty. A ..... 
factt>r, F,, has also been intro<fuced here. Abc>, the speeds 9f S91tJld ol these 
ternary mixtures have been measured O¥eJ' tile whole~ ......_at 
the same temperature and thus, the *ntrOpic ~ (4) aa4 
excess isentrt>pic compress.ibitity (JI} haw bee'$ ~ fro. the 
experimental data. The results are 4iacua r 1 d ia terms of~ paciU&, 
specific interactions and nat\IR oflicl'Did amtlWtl&- l1le ~.alltdWMre 
exhibit very strong cross association thrt>qh ll~ ~. 

KeyW«tts: viscous antapiam; viscosity deviations; excess molar vofuas; 
isentropic compressibilities 

l. lntrochldien 

Grouping of solvents into classes is often based on the nature of the inter-molecular 
25 forces because the manner whereby solvent molecules are associated with each other 

brings about a marked effect on the resulting properties. After the introduction of 
the concept of ionisation power of solvents [1], much work bas been devoted to the 
solvent effects on the rate and equilibrium processes [2}. Because of the close 
connection between liquid structure and macroscopic properties, determination 

30 of density, viscosity and ultrasonic speeds are a valuable tool to Jearn the liquid 
state [3,4]. 

RheoiosY is the branch of science {51 that studies material deformation and flow, 
and is increasingly applied to analyse the viscous behaviour of many pharmaceutical 
products (6J, aad to establish their stability and even bio-availability, since it has 

35 been firmly atatmabed that viscosity influences the drug absorption rate in the body. 
The Jiquids euaained here were selected on the basis of their industrial use [7]. 

Tetrabydr~ (TRF) and monoalcobols are important liquids which find a 
variety of applications in pharmaceuticals, cosmetics, etc., which, in tum, have 
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greatly stimulated the need for extensive information on their various properties. 
Beside this, Dimethylsulphoxide (DMSO) is a powerful broad spectrum solvent for a 
wide variety of inorganic and organic reactants. Having low toxicity, DMSO can be 
used in biology and medicine, especially for low-temperature preservation [8]. 
Viscosity, density and speed of sound help in understanding molecular interactions 
between the components of the mixture to develop new theoretical models and also 
for engineering applications [9]. The thermodynamic properties of various alkanols 
have been studied in numerous solvents [10-14]. In our previous investigation of the 
properties, we have reported viscosities, densities and speeds of sound of various 
polar mixtures [15-17]. 

The present work contributes to the study of viscosity deviations, viscous 
antagonism, excess molar volumes and isentropic compressibility in ternary mixtures 
formed from THF represented as (A), DMSO represented as (B) and monoalkanols 
represented as (C). The monoalkanols include methanol (MeOH), ethanol (EtOH), 
1-propanol (1-PrOH), 2-propanol (2-PrOH), 1-butanol (1-BuOH), 2-butanol 
(2-BuOH), amyl alcohol (AmOH) and i-amyl alcohol (i-AmOH). These have been 
chosen for better comparison. 

The cyclic ether (A), DMSO (B) and monoalkanols (C) have proton donor and 
proton acceptor groups leading to self association in pure state and mutual 
association in combined state through significant degree ofH-bonding [18,19]. Thus, 
determination of density, viscosity, speeds of sound helps in understanding both 
synergy and antagonism along with the isentropic compressibility in this type of 
ternary mixtures containing polar components. 

2. Experimental 

The monoalkanols; methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 
2-butanol, t-butanol and i-amyl alcohol with richness values of over 98% by 
volume (Merck, USA) were purified by methods as described in other papers [20,21]. 
THF (C4Hs0, FW = 72.11) and DMSO (C2H6SO, FW = 78.13) were obtained from 
Merck and LR. These were further purified by standard methods [20]. Triply distilled 
water was used for the experimental purpose. The chemicals after purification were 
99.9% pure and their purity was ascertained by GLC and also by comparing 
experimental values of densities, viscosities and sound velocities at 298.15 K with 
those reported in the literature [5,11,22-30] are listed in Table 1. 

Densities were measured with an Ostwald-Sprengel type pycnometer having a 
bulb volume of about 25 cm3 and an internal diameter of the capillary of about 
0.1 em. The measurements were done in a thermostated bath controlled to ±0.01 K. 
The weighings were done on a Mettler AG-285 electronic balance with a precision of 
±0.01 mg. The precision of density measurements was ±3 x 10-4kgm-3. The 
viscosity was measured by means of a suspended Ubbelohde type viscometer, 
calibrated at 298.15 K with triply distilled water and purified methanol using density 
and viscosity values from the literature. The flow times were accurate to ±0.1 s, and 
the uncertainty in the viscosity measurements, based on our work on several pure 
liquids, was ±2 x 1 o-4 mPa s. The details of the methods and techniques have been 
described earlier [17,31]. 
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Table 1. Comparison of experimental densities (p), viscosities (17) and ultrasonic speeds (u) of pure liquids with literature values. 

~ 
p X l0-3 (kgm-3) 11 (mPas) U (ms-1

) ~ 
~· 1 

Solvents T/K Expt. Lit. Expt. Lit. Expt. Lit. § 1 
~ -::; 

Tetrabydrofumn 298.15 0.8801 0.8807 [22] 0.4627 0.463 (22] 1292.2 1288.0 [23] n I!! 
DMSO 298.15 1.0951 1.0960 [24] 2.0418 2.0422 [24] 1492.0 1488.0 [23] l 
Methanol 298.15 0.7864 0.7869 [5] 0.5041 0.5100 [26] 1105.1 ll03.0 [25) ~· 
Ethanol 298.15 0.7844 0.7850 [5] 1.0753 1.0760 [5] 1143.0 1144.9 [27] :; 
l·Propanol 298.15 0.7958 0.7958 [ll] 1.7624 1.7843 [11] 1206.5 1207.2 [27] ~ 
2-Propanol 298.15 0.7773 0.7779 {26] 1.6241 1.7732 {26) 1126.6 ....., 
1-Butanol 298.15 0.8049 0.8060 [5] 2.5343 2.5420 [51 1240.2 1240.2 [28] ~ 
2-Butanol 298.15 0.8025 0.8035 [5] 2.3424 2.4170 {22] 1178.5 s. 
Amyl alcohol 298.15 0.8106 0.8ll0 {29} 3.3500 3.3500 [291 1280.6 1277.2 [28] a-
Iso-amylalcohol 298.15 0.8071 0.8071 [29] 3.1175 3.1111 [30] 1197.4 

w 
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Speeds of sound were determined by a multi-frequency ultrasonic interferometer 
(Mittal Enterprise, New Delhi) working at 2MHz, which was calibrated with water, 

85 methanol and benzene at 298.15 K. The precision of the speed measurements was 
±0.2ms-1

• The details of the methods and the techniques have been described earlier 
[17]. The mixtures were prepared by mixing known volumes of pure liquids in 
airtight stopper bottles. Each solution thus prepared was distributed into three 
recipients to perform all the measurements in triplicate, with the aim of determining 

90 possible dispersion of the results obtained. Adequate precautions were taken to 
minimise evaporation losses during the actual measurements. 

3. Results and discussions 

Ill Table 2, the experimentally determined values of densities (p), excess molar 
volume, fl*3 and the calculated and experimentally determined viscosities, 'lcatc and 

95 7Jexp• respectively, of the ternary mixtures of the ternary mixtures of THF (A), 
DMSO (B) and monoalkanols (C), i.e. methanol, ethanol, 1-propanol, 2-propanol, 
1 -butanol, 2-butanol, amyl alcohol and i-amyl alcohol have been presented along 
with the mole fractions of THF(xA) and DMSO(x8 ). 

Viscosity deviation (.£171) and antagonic index (lA) values are presented together in 
100 Table 3. A perusal of Table 3 gives a clear comparison between those two, which 

appears to be same but are different properties. 
Quantitatively, as per the absolute reaction rates theory [32], the deviations of 

viscosities from the ideal mixture values can be calculated as 

j 

.£1)1 = 1/- L Xi11t· 
i=l 

(1) 

where 1J is the dynamic viscosity of the mixture; x1 and 711 are the mole fraction and 
105 viscosity of i-th component in the mixture, respectively. 

In Figure 1, A1J values for the ternary mixtures (A)+ (B)+ monoalkanols (C) 
have been plotted against the mole fraction of THF (xA) at 298.15 K. 

From the value of .£171 as shown in Table 2, the positive values of ATJ follow the 
trend: 

(A)+ (B)+ ... 

MeOH > 1/!EtOH > 2-PrOH > 1-PrOH > 2-BuOH > 1-BuOH 

> 1/li-AmOHl{! > 1/IAmOH 

110 It is observed that A7J values increases to attain a maximum and then decreases as the 
mole fraction of THF increases. This trend is observed for all the ternary mixtures 
examined here. However, the mixtures have maximum AT/ at XA =0.79-{).84 for all 
the compositions indicating strong specific interaction between the unlike molecules. 
The estimated uncertainty for dTJ is ±0.0004 poise. 

115 Here, dispersion and dipolar interactions are operating between THF, DMSO 
and monoalkanol molecules resulting in negative 11.TJ but with the increase of XA of 
THF, the hydrogen bonding interactions come into play leading to the formation of 
complex species between unlike molecules thereby resulting in positive d7J [33]. 

• 
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Table 2. Densities (p), excess molar volumes (y£), calculated ('kale) and experimental 
viscosities (rtexp) of tetrahydrofuran (THF), dimethylsulphoxide (DMSO) and different 
monoalkanols as a function of mole fractions of THF (xA) and DMSO (xB) at 298.15 K. 

Pup X 10-3 y£x uf 'lcalc: 71ex.p 
TJK XA XB (kam-3) (m3mea-t) (mPas) (mPas) 

THF+DMSO+~I 
298.15 0.0000 0.2108 o~gp -a..W2 0.9Sl3 0.8965 

0.9654 0.2718 0.919iil ~- 0.9193 0.8723 
0.1161 O.lst2 0.9159 __... O.IM 0.1434 
0.2127 o.- 0..9113 -a• 0 .. 14'74 0.8113 
0.29$1 0.2CMII o.tl1s -O;. OJMilt8 0.7776 
0.3866 0.1114 O.tJIIJO -OJ. 0.784 0.7407 
0.4159 0.1495 O.M4 -O.Stl 0.7139 0.1033 
0.59S2 0.1177 0.1912 -0.-412 O.MS 0.6697 
0.7160 0.0826 0.1186 -0.373 O.ltts 0.6220 
o.ucu 0.0436 0.8NI -0.212 O.SJSlJ 0.5.581 
1.0000 0.8000 0.1881 o.a 0.4627 0.4627 

11IF + DMSO + etbaaol 
298.15 o.oooo 0.3706 0.9194 -0.366 1.4335 1.3407 

0,8119 0.~ 0.9163 -O.e 1.399 1.2781 
0.1672 0.3016 0.9130 -0 .• 1.1112 1.2017 
O.li60 0.2757 0.~ -0 .• UM 1.1336 
0.3417 0.2414 o.MSt -0 ... 1.00$0 1.0557 
0.4454 0.2055 0:9088 -0 .• LOlli 0.9718 
0.3464 0.1681 0.8965 -0.$11 O.tl30 0.8982 
0.6520 0.1290 0.8921 -O.M O.Ds 0.8165 
0.7626 0.0110 0.078 -O.lf' 0,832 0.7172 
0.8715 0.0450 o.ms -0.~ O.flt? 0.(1027 
1.0000 0.0000 0.8801 OAJIO 0.427 0.4627 

THF + DMSO + I- ol 
298.15 0.0000 0.4348 0.9254 -0. 1.1139 1.7318 

O.OMS 0.3936 0.9220 -0.167 l.'HP2 1.6268 
0.1906 0.3519 0.9l81 -0 •• 1.6119 1.5131 
0.2876 0.3097 0.9140 -0.0 L4't51 1.3976 
0.3858 0.2610 0.9101 -0 .• 1.3356 1.2731 
0.48SI 0.2239 0.98$8 -0.463 l.l945 l.l543 
0.5156 0.1802 0.9816 -O.M LOSt6 1.0446 
O.a73 O.ll59 0.1966 -O.l89 0.90'10 0.9171 
0.1983 tU812 o.eu -0.216 0.1fi17 0.'119(} 
O.I!M5 0.0159 O.lfi9 -0.1& 0.6126 0.6316 
I.OGOO 0.., 0.81f)l 0;000 0.4627 0.4627 

THF + DMSO + 2-propanol 
298.15 0 0.4 .. 0.9131 -0.315 1.8&57 1.6735 

O.OMS 0;3t36 0.9110 -0.391 1.7450 1.6361 
O.H$i 0.)(19 0.9015 -0.431 1.6892 1.5210 
O.#J6 O.!W? 0.9856 -0.453 1.4718 1.4032 
OMJt o.a70 0.9028 -0.469 1.3328 1.2184 o:-.t o~ta9 0.9000 -0.486 l.l92l 1.1563 
0 .• 0 .... 0.8972 -0.495 1.0497 1.0497 ::= ..... 0.1936 -0.442 0.9056 0.9206 

D.Gti2 0.8894 -0.325 0.7598 0.7817 
0.8945 0.0459 0.8846 -0.153 0.6121 0.6321 

(Continued) 
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Table 2. Continued. 

T/K XA 

1.0000 

298.15 0.0000 
0.1065 
0.2158 
0.3227 
0.4266 
0.5259 
0.6242 
0.7244 
0.8200 
0.9146 
1.0000 

~ 

298.15 0.0000 
0.1065 
0.2158 
0.3227 
0.4266 
0.5259 
0.6242 
0.7244 
0.8200 
0.9146 
1.0000 

298.15 0.0000 
0.1162 
0.2328 
0.3444 
0.4505 
0.5503 
0.6472 
0.7432 
0.8339 
0.9222 
1.0000 

298.15 0.0000 
0.1162 
0.2328 
0.3444 
0.4505 
0.5503 
0.6472 
0.7432 
0.8339 
0.9222 
1.0000 

{1-2111 

~-
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Pt:Xp x w-3 v£ X 106 

Xs (kgm-3) (m3 mo1-1) 

0.0000 0.8801 0.000 

THF+DMSO+ 1-butanol 
0.4868 0.9305 -0.231 
0.4358 0.9262 -0.298 
0.3852 0.9216 -0.334 
0.3353 0.9172 -0.374 
0.2858 0.9126 -0.398 
0.2369 0.9079 -0.416 
0.1885 0.9031 -0.412 
0.1406 0.8975 -0.327 
0.0933 0.8920 -0.252 
0.0464 0.8864 -0.163 
0.0000 0.8801 0.000 

THF + DMSO + 2-butanol 
0.4868 0.9290 -0.244 
0.4358 0.9250 -0.320 
0.3852 0.9207 -0.362 
0.3353 0.9163 -0.395 
0.2858 0.9120 -0.426 
0.2369 0.9074 -0.438 
0.1885 0.9027 -0.430 
0.1406 0.8971 -0.330 
0.0933 0.8916 -0.246 
0.0464 0.8864 -0.174 
0.0000 0.8801 0.000 

THF + DMSO +amyl alcohol 
0.5301 0.9336 -0.188 
0.4701 0.9287 -0.235 
0.4118 0.9239 -0.290 
0.3552 0.9190 -0.331 
0.3002 0.9143 -0.374 
0.2467 0.9092 -0.385 
0.1947 0.9041 -0.379 
0.1440 0.8983 -0.311 
0.0947 0.8924 -0.225 
0.0468 0.8866 -0.153 
0.0000 0.8801 0.000 

THF + DMSO +iso-amyl alcohol 
0.5301 0.9314 -0.204 
0.4701 0.9268 -0.254 
0.4118 0.9224 -0.325 
0.3552 0.9178 -0.360 
0.3002 0.9133 -0.408 
0.2467 0.9083 -0.400 
0.1947 0.9036 -0.414 
0.1440 0.8978 -0.323 
0.0947 0.8921 -0.237 
0.0468 0.8866 -0.165 
0.0000 0.8801 0.000 

• 
'1calc IJt:Xp 

(mPas) (mPas) 

0.4627 0.4627 

2.2945 2.0619 
2.1023 1.9159 
1.9122 1.7593 
1.7242 1.6054 
1.5382 1.4520 
1.3541 1.3023 • 1.1720 1.1598 
0.9919 1.0012 
0.8136 0.8300 
0.6373 0.6515 
0.4627 0.4627 

2.1961 1.9898 
2.0142 1.8506 
1.8343 1.7026 
1.6564 1.5530 
1.4803 1.4054 
1.3062 1.2686 
1.1339 1.1291 
0.9634 0.9751 
0.7948 0.8114 
0.6279 0.6426 
0.4627 0.4627 • 
2.6565 2.3494 
2.4082 2.1512 
2.1670 1.9633 
1.9327 1.7789 
1.7050 1.5959 
1.4836 1.4197 
1.2683 1.2476 
1.0588 1.0670 
0.8548 0.8671 
0.6562 0.6653 
0.4627 0.4627 

2.5472 2.2650 
2.3113 2.0781 
2.0821 1.9022 • 1.8595 1.7199 
1.6432 1.5461 
1.4328 1.3797 
1.2282 1.2164 
1.0291 1.0388 
0.8353 0.8489 
0.6465 0.6584 
0.4627 0.4627 

• 
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Table 3. Viscosity deviations (.&71) and Antagonic index (/A) of tetrahydrofuran 
(THF), dimethylsulphoxide (DMSO) and different monoalkanols as a function of 
mole fractions ofTHF (xA) and DMSO (x8) at 298.15K . 

T/K XA XB .&q (mPas) /A 

THF + DMSO + metllaaol 
298.15 0.0000 0.2908 -O.BS48 0.0576 

0.0654 0.2718 -O.M?O 0.05ll 
0.1:161 0.2St2 -O.t414 0.0468 
0.2:127 0.2290 -O.OHI 0.0426 
0.29!1 O.lMS -0 ... 0.8369 
0.3166 0.1184 -OJW7 o.oa5 
O.OS9 0.1495 -O.et06 0.0148 
0.39S2 0.1117 0.~ -0.0139 
0.7ll0 0.0826 0- --Q.fS41 
O;d&l o.CMM o.- -0.GG6 
UJ800 0.0000 O.li)DO 0~0800 

THF+DMSO+ 
298.15 0.0000 0.3106 o.-7 

O.Oilt O.la2 .,.., 
0.1672 ttB6 0-1 
0.2!60 0"21$7 OAM$3 
0.1487 0.2<114 0 ...... 
0.44$4 0.28S5 = 0,,.. O.Hi81 
0.6520 O.llfJO -O,tlfiO 
0.1126 O.tliiiJI) -0~-
0.8185 0.04'60 -0.0379 
1.0000 0.()000 0.0000 

0.9000 
TMF + DMSO+ 1-~1 

0.0187 0.4HI -0~1 
o.~GNI 0.3936 -O.lfM G;t110 

298.15 

0.1- 0.3519 o~t&t9 
0.2816 0.3097 -0. o,Of25 
0.3858 0.2670 -O.GQ$ O.GI68 
0.4t,Sl 0.2239 -&.8ll01 0.0336 
o.SU6 0.1~ -0·?0 0.8167 
O.tlf3 O.t:~59 O.OfO:l -O.OUI ... 0.8fl2 0.6113 -0.0240 
0:.815 0.0459 O.Ol.JD -0.0310 ... 0.0000 0.0080 0.0000 

0 
THF + DMSO + 2-propanol 
0.4348 -0.1322 0.0732 298.15 
0.3936 -O.IGI9 0.0624 
0.3519 -0.0882 0.0548 
0.3097 -0.0116 0.0466 
0.2670 -O.OSM 0.0408 
0.2239 -0.0358 0.0300 
0.1802 0.0000 0.0000 
0.1359 O.OISO -0.0165 
O.O!Jl2 0.0220 -0.0289 
0.0459 0.0200 -0.0326 

(Continued) 
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Table 3. Continued. 

TJK XA xu A11 (mPas) 

0.0000 0.0000 

THF + DMSO+ !-butanol 
298.15 0.0000 0.4868 -0.2327 

0.1065 0.4358 -0.1865 
0.2158 0.3852 -0.1530 
0.3227 0.3353 -0.1188 
0.4266 0.2858 -0.0861 
0.5259 0.2369 -0.0518 
0.6242 0.1885 -0.0123 
0.7244 0.1406 0.0093 
0.8200 0.0933 0.0164 
0.9146 0.0464 0.0142 
1.0000 0.0000 0.0000 

THF + DMSO + 2-butanol 
298.15 0.0000 0.4868 -0.2062 

0.1065 0.4358 -0.1636 
0.2158 0.3852 -0.1317 
0.3227 0.3353 -0.1034 
0.4266 0.2858 -0.0749 
0.5259 0.2369 -0.0376 
0.6242 0.1885 -0.0048 
0.7244 0.1406 0.0117 
0.8200 0.0933 0.0166 
0.9146 0.0464 0.0148 
1.0000 0.0000 0.0000 

THF + DMSO +amyl alcohol 
298.15 0.0000 0.5301 -0.3071 

0.1162 0.4701 -0.2570 
0.2328 0.4118 -0.2037 
0.3444 0.3552 -0.1539 
0.4505 0.3002 -0.1091 
0.5503 0.2467 -0.0639 
0.6472 0.1947 -0.0207 
0.7432 0.1440 0.0082 
0.8339 0.0947 0.0123 
0.9222 0.0468 0.0091 
1.0000 0.0000 0.0000 

298.15 0.0000 
THF + DMSO +iso-amyl alcohol 

0.5301 -0.2822 
0.1162 0.4701 -0.2332 
0.2328 0.4118 -0.1799 
0.3444 0.3552 -0.1397 
0.4505 0.3002 -0.0971 
0.5503 0.2467 -0.0531 
0.6472 0.1947 -0.0118 
0.7432 0.1440 0.0097 
0.8339 0.0947 0.0137 
0.9222 0.0468 0.0118 
1.0000 0.0000 0.0000 

• 
/A 

0.0000 

0.1014 
0.0887 
0.0800 
0.0689 
0.0560 
0.0383 
0.0105 • -0.0093 

-0.0201 
-0.0223 

0.0000 

0.0939 
0.0812 
0.0718 
0.0624 
0.0506 
0.0288 
0.0043 

-0.0121 
-0.0209 
-0.0235 

0.0000 • 
0.1156 
0.1067 
0.0940 
0.0796 
0.0640 
0.0431 
0.0163 

-0.0078 
-0.0144 
-0.0139 

0.0000 

0.1108 
0.1009 
0.0864 • 0.0751 
0.0591 
0.0371 
0.0096 

-0.0094 
-0.0164 
-0.0183 

0.0000 

• 
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Fipn~ 1. VirM:osity deYiMioDs (4'1) of THF (A)+DMSO (B)+moaoatkaaol (C) mD:tures 
with mole fraction ofTHF (xA) at ltUSK; C: (<>) ....._., (•)ednnHJI, (b) t-propaool, (A) 
2-propanol, (D) 1-butanol, (8) 2-butanol, (+)amyl alGollol, (x) #-amyl atcobol. 

The method most widely used to aaalyse tile~-~ Wlaviour of 
120 the tomary liquid mixtures used taem is dial cle•cltlpld hy ~ and 

FeJes (34) aUowifts quantif~Catioa of dtc .,_.. _. ... , qic ia!*..._ takio& 
place in the mixtllR!s iavolvifta variaiJJc ~Mtl ota. ftJIMaJ•IItt ~s. 
Tbe method compares the viscosky of tile~ ~ ~. 7lup• 
with the viscosity expected in the ableoce of illletMtion, 'lcale• defiaed by the simple 

125 mixing rule as, 

'1calc = XA1ll + XB'I2 + XC'13 (2) 

where XA, x8 , xc are the mole fraction of the systems A, B. C, and lit. 112. '1.1 are the 
visaJsities, measured experimentally, of the systems A, B, C, respectively. The 
medsod Wild to analyse volume coatraetion aDd expaaaion is similar to tllat applied 
to~. i.e. the density of the mixtvre is determiBed experimentally, Pexp, and a 

130 calculation is made for Peate based on the followiag expression: 

Pcalc = XAPI + XBP2 + XCP3 (3) 

where 111, Pl. P3 are the densities, measured experimentally, of the systems A, B, C, 
respectively. 

liho· .·...ats have been explained graphically in Fi&ure 2, where Tlexp has been 
COIIIIMII!IllCi fer die monealkanols with incrcaaiaa C-atoms, i.e. methanol, ethanol, 

135 1-PJIIJ!Mid. 1...-tanol, 2-butanol, amyl alcohol and i-amyl alcohol. 
'l1lu. .._ 'lap < ,..., die system is considered to exhibit viscous antasonism. 
~ ili8 ....._. u tile interaction between the components of a system causing 
the net viacosity of the latter to be less than the sum of the viscosities of each 
cotllpOMDt considered separately. 

140 In eontraposition to viscous antagonism, viscous synergy is the term used in 
applicatioo to the interaction between the components of a system that causes 
the total Yileoeity of tile system to be areater than the sum of the viscosities of 



10 

11-201 
IPIIPIIlll 11111 

A. Bhattacharjee and M.N. Roy 

2.ST"""--------------------, 

2.0 

o.o .. -----..,.·--·----·---,---.. ·-·"··------·-.·-·--"""'"'''"'-"''"""'"""""'""""''""" 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure 2. Viscosity ('I) of THF (A)+ DMSO (B)+ monoalkanol (C) mixtures with mole 
fraction of THF (xA) at 298.15 K; C: (¢) methanol, (•) ethanol, (A) 1-propanol, (£) 
2-propanol, (0)1-butanol, <•> 2-butanol, (+)amyl alcohol, (x) i-amyl alcohol. 

each component considered separately. So, when 71exp > 71calc• viscous synergy 
exists. 

145 So, if the total viscosity of the system is equal to the sum of the viscosities of each 
component considered separately, the system would lack interaction [35]. In order to 
secure more comparable viscous antagonism results, the so-called antagonic 
interaction index (/A), introduced by Howell [36] is taken into account: 

I A. = '7calc - 71exp = d71 . (4) 
71calc 71calc 

This procedure is used when Newtonian fluids are involved, since in non-Newtonian 
150 systems shear rate must be taken into account, and other synergy indices are defined 

in consequence [37]. 
In Figure 3, antagonic interaction index (/A) values for the ternary mixtures 

(A)+ (B) + monoalkanols (C) have been plotted against the xA of THF at 298.15 K. 
It is found that each mixture has a maxima at xA = 0.0 and then it decreases as XA 

155 increases. The estimated uncertainty for /A is ±0.002. 
The explanation of antagonic behaviour is based on the known phenomenon of 

molecular dissociation, as a consequence of weakening the non-covalent bondings 
formed between the molecules producing a decrease in size of the molecular package 
which logically implies an increase in /A [5,38]. The maxima observed indicates 

160 strong specific interaction between the unlike molecules which is predominated by 
non-covalent interaction. 

From Table 2, it is observed that 71exp < 17calc for the ternary mixtures, thus 
indicating antagonism as mentioned earlier. The viscosity is found to be maximum at 
XA = 0.0 of THF for all the monoalkanol ternary mixtures. The value gradually 

165 decreases with increasing amount of the cyclic ether (A). So, it has been observed 
that when (B) and (C) are in maximum proportion in the absence of (A) in the 
mixture, there is maximum mutual interaction. As {A) comes into play, there is 

• 

• 

• 

• 
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Figure 3. Antagoaic iDdu (/A) values of THF (A)+ DMSO (B)+ moaoalkanol (C) mixtures 
with mote fraction ofTHF (xA) at 29S.lSK.; C: (¢) methaaol. (•) ethaaol, (A) !-propanol, 
(A) 2-propanol, (0) 1-butanol, <•> 2-butanol, (+)amyl akohol, (x) i-amyl akohol. 

self-interaction and gradual breaking of the mutual interactions, thus causing 
decrease in viscosity for the ternary mixtures. Pure liquids thus have easier flow than 

170 the system. 
In Figure 2 the experimeatal viscosities have been compared for the monoalk

anols with increasing C-chain. The order it follows is 

(A)+(B)+ · ·· 

MeOH > EtOH > tfr1·PrOH > 2-PrOH > 1-BuOH > 2-BuOH 

> 1/rAmOH > ljri-AmOH 

This may be attributed to the known phenomenon of solvation, as a consequence of 
the hydrogen bonds formed between the molecules of the components of the 

17 5 mixture-producing an increasing in size of the resulting molecular package, which 
logicafty implies rise in viscosity. 

In Table 3, the a11tagonic index values for the ternary mixtures are presented in 
the foftowing trend: 

(A)+ (B)+··· 

MeOH < 1/IEtOH < 2-PrOH < 1-PrOH < 2-BuOH < 1-BuOH 

< y,;..Am.OHt/1' < Y,AmOH 

The two properticts A., and lA, as their observed trend suggest, are clearly 
180 d~ a A.,..,..._ the behaviour through dipolar interactions. whereas 

h il'ldicaUII die ...._. ef liquid mixtures in terms of non-covalent interaction as 
mentioned earlier ia this text. 

I A vahte iMII- fer the mixtures with increasing C-chain length in the 
monoatta11011. ·"f''dd Bl4icates that the interaction between unlike molecules of (B) 

185 and (C) decreases and that between like molecules of (A) increases. As the chain 
length of the alkane groups in the alkanols increases, their electron releasing ability 
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increases, thereby decreasing the polarity of the -OH group. So the bonding between 
the DMSO and alkanol molecules decreases. 

But in case of isomers, steric effect becomes the deciding factor. Here due to large 
190 and complex size of the secondary alkanols compared to the primary ones, the THF 

molecules cannot easily disrupt the molecular package formed between (B) and (C). 
Thus, the mutual attraction remains greater for 2 -isomers. 

Further, it has also been observed from Figure 3 that with increasing proportion 
of (A), h which has a maxima at XA = 0.0 value, gradually decreases and becomes 

195 negative, thus exhibiting synergy, for each of the monoalkanol mixtures. As 
proportion of A increases, there is gradual increase in size of molecular package 
leading to predominance of interaction between unlike molecules causing synergy. 

A power factor, F,, which is the enhancement index of the viscosity, has also been 
introduced for these ternary liquid mixtures containing the monoalkanols [5], 

F, _ '7max 
11- '70 

(5) 

200 where '7max is the maximum viscosity attained in the THF-DMSO-monoalkanol 
mixtures, and '7o is the experimental viscosity of the pure monoalkanols. Table 4 
gives the '7max• '7o and F, for the mixtures. 

In Table 4, the power factor, F 11, has been presented. This is the enhancement 
factor which represents the factor by which alkanol viscosity can be multiplied by 

205 adding a certain amount of THF. The value decreases as the chain length increases 
for the C-atom of the monoalkanols. However, 2° alkanols have greater F, than 1° 
alkanols. 

The values recorded in Table 4 allow us to plot the graphic representations shown 
in Figures 4--6. Figure 4 presents the viscosities '1max as a function of the number of 

210 carbon atoms for the alkanols with terminal hydroxyl group along with the hydroxyl 
group at the second carbon atom of the molecular chain and shows that the values 
'7max increases almost linearly with the number of carbon atoms. 

Figure S shows the viscous antagonic index, /A, as a function of the number of 
carbon atoms corresponding to the monoalkanols with the hydroxyl group at the 

215 end of the molecular chain and the second carbon atom. This figure reflects an 
increasing tendency. This figure also shows that the antagonic indices of the 

Table 4. Pure state viscosity (170), maximum viscosity ('7max• i.e. '7exp as in 
Table 2), antagonic indices (/A) and enhancement or power factor (F11) for the 
monoalkanols at 298.15 K. 

Monoa1kanols '1o (mPas) '7max (mPa s) /A F., 

Methanol 0.5041 0.8965 0.0576 1.7784 
Ethanol 1.0753 1.3407 0.0647 1.2468 
!-Propanol 1.7624 1.7318 0.0807 0.9827 
2-Propanol 1.6241 1.6735 0.0732 1.0304 
!-Butanol 2.5343 2.0619 0.1014 0.8136 
2-Butanol 2.3424 1.9898 0.0939 0.8495 
Amyl alcohol 3.3500 2.3494 0.1156 0.7013 
i-Amyl alcohol 3.1175 2.2650 0.1108 0.7265 

• 

• 

• 

• 

• 
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monoalkanols with the hydroxyl group at the second carbon atom of the molecular 
chain are lower than those of the monoalkanols with terminal hydroxyl group. 

Figure 6 depicts the enhancement or power factor, F,1, as a function of the 
220 number of carbon atoms in the monoalkanol structure and shows a linear, sharp 

gradient decrease for the monoalk.anols. 
The excess molar volume, 0', were calculated using the equation [39,40], 

j (1 1) yE = I:x;M; ---
1=1 p Pi 

(6) 

l.S 

2.0 

""" 
l.S 

d'! g 
I to 

l::-

o.s 

0.0 
1 1.5 2.S 3 ~.s .u 

Nc 

Figure 4. Viscosity values, 1/max (mPa s), of the lt101l081kanols in THF + DMSO systems as a 
function of the number of carbon atoms, Nc: (A) OH - tenninal, (A) OH - 2" carbon. 
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Figure 5. Viscous antagonic index, /A, of the monoalkanols as a function of the number of 
carbon atoms, Nc: (A) OH- terminal, (A) OH- 2° carbon. 
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Figure 6. Enhancement or power factor (F~), of the monoalkanols in THF + DMSO systems 
as a function of the number of carbon atoms, Nc: (A) OH- terminal, (A) OH- 2° carbon . 
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Figure 7. Excess molar volumes (0') ofTHF (A) + DMSO (B)+ monoalkanol (C) mixtures 
with mole fraction of THF (xA) at 298.15 K; C: ( o) methanol, ( •) ethanol, (A) 1-propanol, 
(A) 2-propanol, (0)1-butanol, <•> 2-butanol, (+)amyl alcohol, (x) i-amyl alcohol. 

where pis the density of the mixture; M, xi and Pi are the molecular weight, mole 
fraction and density of i-th component in the mixture, respectively. 

225 It can be seen from Table 2 and Figure 7 that F is negative for all the THF 
(A)+ DMSO (B) + monoalcohol mixtures over the entire range of composition. The 
magnitude of the negative values of F decreases with increasing chain length of 
the monoalcohol in THF (A) + DMSO (B) + monoalcohol mixture series. The value 
of F at first decreases to minima and then increases over the entire range of 

230 compositions for all ternary mixtures. 

• 

• 

• 

• 

• 
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For the THF (A)+DMSO (B)+monoalcohol mixture, the minima is observed 
at xA=0.48---0.64. The estimated uncertainty for vE is±0.5 x 10-4 m3 mol- 1

. 

From the values of vE as shown in Table 2, the observed trend is as follows: 

(A)+(B)+ ·· · 

MeOH < ¥(EtOH < Y,2~PrOH < Y,l~PrOH < ¥(2~BuOH < Y,2~BuOH 

· < Y,i~AmOH < ¥(Am0H 

The negative vE indicates the presence of strong molecular interactions between the 
235 components of the mixture. Volume changes for a mixed system result from changes 

in the free volume of the liquids, since the bond lengths and the bond distances in the 
molecules themselves do not change. The optimum packing condition is directly 
related to differences in molecular sizes and intermolecular attractions, in particular, 
when hydrogen bonding occurs between unlike molecules creating association 

240 complexes, as well as being effected by the breaking of interactions between like 
molecules [41]. As stated earlier, with the increase in chain length of the alkane 
groups in the alkanols, their electron releasing ability, that is, +I effect increases, 
thereby decreasing the polarity of the ---OH group. Hence dipolar interaction and 
H~bonding between the unlike molecules deceases, thereby decreasing the interaction 

245 between the components in the mixture and thus the negative values of vE decreases 
with increasing chain length of alkanols. Also, since the molar volume of the 
monalkanols increase with the chain length, non-associated methanol molecules, 
having the smallest molar volume, are interstitially accommodated into the cluster of 
THF and DMSO molecules thereby yielding the highest negative ve values and the 

250 same decreases as the chain length of monoalkanols increase. 
The 2o monoalkanols are more symmetric compared to their corresponding I o 

monoalkanols, thus, rendering higher negative values of vE, which is explained in 
view of more interaction predominated by H-bonding between the unlike molecules. 
The diagrammatic representation of the various components is shown below: 

TBF•A + DMSO=B + 

A + B + 

A + B + 
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A + B + 2·Propanol 

*' A + B + l·Butanol 

~ 
A + B + 2-Butanol 

A + B + Amylalchol 

~ 
A + B + Iso-amyl alcohol 

Isentropic compressibilities, K8, and excess isentropic compressibility, Icy, are 
calculated from the experimental densities, p, and speeds of sound, u, using the 
following equations [9,42-44] 

j 

~ =Ks- L:x;Ks; 
i=l 

(7) 

(8) 

where Ks is the isentropic compressibility of the mixture, and xi and Ksi are the mole 
fraction, isentropic compressibility of i-th component in the mixture, respectively. 
Experimental values of u, Ks and ~ are compiled in Table 5, and the plots of Icy, 

265 against x 1 are shown in Figure 8 
~ values are negative for all the mixtures under investigation, and they increase 

as the length of the molecular chain of the monoalkanols increases. The donor
acceptor interactions between the mixing components play a pivotal role to yield 
negative Icy values, which are more negative for the lower monoalkanols. However, 

270 Icy values are less negative for linear compared to branched isomers. Similar results 
were reported by some authors earlier [9,30,42,43]. This is explained by the 

• 

• 

3 

• 

• 
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Table 5. Experimental speeds of sound ~· isentropic compressibilities (Ks) and 
deviations in isentropic compressibility ( ) for the mixtures of tetrahydrofuran 
(THF), dimethylsulphoxide (DMSO) and different monoalkanols as a function of 
mole fractions ofTHF (xA) and DMSO (xs) at 298.15K. 

XA XB u (ms-1) Ks x 1012 (Pa-1) Iq x 1012 (Pa-1) 

THF + DMSO +methanol 
0 0.2908 1149.7 819.7 -38.0 
0.0654 0.2718 ll97.0 759.1 -87.0 
0.1361 0.2512 1259.2 61t.6 -145.0 
0.2127 0.2290 1326.4 623.4 -196.6 
0.29S8 O.ltMS ll91.5 SA.3 -237.0 
0.3866 0.1184 1438.3 53:5.3 -253.9 
0.4159 0.1495 1..,.1 51 •• , -253.0 
0.59$2 0.1177 ••• 6 531.0 -217.2 
0.7160 0.0126 1416.3 569.0 -161.8 
0.8501 0.0436 llS3.1 611.7 -89.3 
I 0 1292.2 680.5 0.0 

THF + DMSO + etbaaol 
0 0.3706 l20S.8 748.1 -18.2 
0.0119 0.3402 1242.2 -.o -74.2 
0.1672 0.3086 1315.9 632.5 -Jl9.4 
0.2S60 0.2757 1372.1 SN.3 -160.0 
0.3417 0.2414 1423.9 S4U -191.4 
0.4454 0.20S5 1456.3 527.7 -2G8.3 
0.5464 0.1681 14Q.2 s:zt.o -19&.4 
0.6520 0.1290 1438.3 541.9 -ta4 
0.7626 0.0880 1395.7 518.2 -122.6 
0.8785 0.045 1348.8 621.9 -69.0 
l 0 1292.2 QI0.5 0.0 

THF + DMSO + !-propanol 
0 0.4348 1265.9 674.3 8.1 
0.0948 0.3936 1304.7 637.2 -30.4 
0.1986 0.3519 1341.8 605.0 -64.0 
0.2176 0.3897 1381.0 567.9 -102.5 
0.3158 0.2670 1417.8 546.7 -125.1 
0.4851 0.2239 1442.9 SJQ.3 -142.9 
O.JIS6 0.1812 1452.1 526.0 -141.6 
0.6173 0.1359 1436.3 54t.6 -135.4 
0.1903 0.0912 18.9 564.5 -113.0 
0.8945 0.0459 l3i44.5 624.4 -54.5 
1 0 1292.2 610.5 0.0 

THF + DMSO + 2-prQPIUlol 
0 0.4348 1219.6 736.3 -15.0 

1266.3 684.6 -60.0 
1311.5 648.0 -97.8 
1360.7 596.4 -134.5 
1403.7 562.2 -161.8 
1434.3 540.1 -176.8 
1450.3 529.9 -179.9 
1431.0 546.5 -156.1 
1398.0 575.3 -120.0 

(Continued) 
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Table 5. Continued. 

XA X a 

0.8945 0.0459 
I 0 

0 0.4868 
0.1065 0.4358 
0.2158 0.3852 
0.3227 0.3353 
0.4266 0.2858 
0.5259 0.2369 
0.6242 0.1885 
0.7244 0.1406 
0.8200 0.0933 
0.9146 0.0464 
I 0 

0 0.4868 
0.1065 0.4358 
0.2158 0.3852 
0.3227 0.3353 
0.4266 0.2858 
0.5259 0.2369 
0.6242 0.1885 
0.7244 0.1406 
0.8200 0.0933 
0.9146 0.0464 
1 0 

0.0000 0.5301 
0.1162 0.4701 
0.2328 0.4118 
0.3444 0.3552 
0.4505 0.3002 
0.5503 0.2467 
0.6472 0.1947 
0.7432 0.1440 
0.8339 0.0947 
0.9222 0.0468 
1.0000 0 

0.0000 0.5301 
0.1162 0.4701 
0.2328 0.4118 
0.3444 0.3552 
0.4505 0.3002 
0.5503 0.2467 
0.6472 0.1947 
0.7432 0.1440 
0.8339 0.0947 
0.9222 0.0468 
1.0000 0 
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u (ms-1) Ks x 1012 (Pa-1
) 

1345.3 624.6 
1292.2 680.5 

THF + DMSO+ 1-butanol 
1282.9 653.0 
1314.0 625.4 
1353.0 592.7 
1394.8 560.4 
1424.2 540.3 
1441.4 530.1 
1457.2 521.4 
1429.8 545.0 
1396.1 575.2 
1339.5 628.8 
1292.2 680.5 

THF + DMSO + 2-butanol 
1250.1 688.8 
1292.7 647.0 
1329.6 614.4 
1370.3 581.2 
1406.6 554.2 
1427.0 541.2 
1455.5 522.9 
1423.5 550.1 
1394.2 577.0 
1339.2 629.0 
1292.2 680.5 

THF + DMSO +amyl alcohol 
1312.8 621.5 
1335.3 603.9 
1360.4 584.9 
1385.0 567.2 
1410.2 556.0 
1428.6 538.9 
1454.6 522.7 
1419.9 552.2 
1395.4 575.5 
1340.0 628.2 
1292.2 680.5 

THF + DMSO + i-amy1 alcohol 
1266.6 669.2 
1297.5 640.9 
1328.9 613.9 
1362.2 587.2 
1396.4 561.5 
1416.7 548.6 
1452.9 524.3 
1409.1 561.0 
1376.5 591.7 
1339.5 628.7 
1292.2 680.5 

• 
.q x 1012 (Pa-1) 

-63.4 
0.0 

38.8 
4.2 

-35.3 
-74.4 

-101.3 
-118.1 • -133.4 
-116.3 
-92.6 
-45.4 

0.0 

28.7 
-15.3 
-50.0 
-85.3 

-114.3 
-129.4 
-149.7 
-124.5 
-99.6 
-49.5 • 0.0 

50.6 
20.6 

-10.5 
-39.9 
-68.5 
-90.6 

-117.5 
-98.5 
-85.4 
-42.7 

0.0 

45.7 
11.0 • -22.4 

-55.1 
-86.7 

-105.4 
-135.3 
-104.0 
-78.6 
-46.8 

0.0 

• 
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Figure 8. Excess isentropic compressibility (Kf) of THF (A) + DMSO (B) + monoalkanol 
(C) mixtures with mole fraction of THF (xA) at 298.1SK; C: (<>) mothlm:ol, (•) ethanol, 
(A) 1-propanot, (A) 2-propanol, (0) 1-butanol. <•> 2-IJUtanol, (+)amyl alcohol, (x) i-amyl 
alcohol. 

interstitial accommodation and changes in free volume. The branched isomers fit 
into the structure of A and B more easily compared to the linear isomers, thereby 
possessing more negative deviations. 

27 s 4. Coad~Moo 

The study of the aqueous ternary mixtures in this work has given us an idea about 
antagonism. The similarity in the working formula of antagonic interaction index 
and viscosity deviation would probably indicate that the two properties are similar 
but a close comparison between these two parameters has given the clear distinction. 
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Apparent molar volumes (V<i>l· viscosity B-coefficients for nicotinamide in 0.03, 0.05, 0.07 and 
O.lOmoldm- 3 aqueous dtric add monohydrate solutions have been determined from solution density 
and viscosity measurements at ] 98.1 ~. 308.15 and 318.15 K as function of concentration of nicotinamide. 
The apparent molar volumes tl'a\re been extrapolated to zero concentration to obtain the limiting values 
at infinite dilution using Masson equation. The infinite dilution partial molar expansibilities have also 
been calculated from the temperature dependence of the limiting apparent molar volumes. This results 
have. in conjunction with the results obtained in pure water, been used to calculate the standard volumes 
of transfer D. V~ and viscosity B-coefticienrs of transfer for nicotinamide from water to aqueous dtric add 
monohydrate solutions for rationalizing various interactions in the ternary solutions. The structure mak
ing or breaking ability of nicotinamide has been discussed in terms oft he sign of [;JZV"~lT'L and dBJdT. 

An increase in the transfer volume of nicotinamide with mcreasingdtric acid monohydrate concentration 
has been explained by Friedman-Kri-.hnan co-sphere model. The activation parameters of viscous flow 
for the ternary solutions studiecl1tave also been calculated and explained by the application of transition 
state theory. 

1. Introduction 

Vitamins are essential precursors for various coenzymes. These 
coenzymes are therefore required in almost all metabolic pathways 
[1 ]. Nicotinamide (NA). commonly known as vitamin B3 [2), is a 
water-soluble vitamin. an essential micronutrient and a reactive 
moiety of the coenzyme nicotinamide adenine dinucleotide (NAD). 
It is somet1mes referred to as nothing more than vitamin PP (Pel
lagra Preventive) [3.4). since its deficiency in human diet causes 
pellagra. It is an essential part of the coenzym;cnicotinarr de ade
nine dinucleotide phosphate (NADP). its reducea form NADPH, NAD 
and its reduced form NADH. The combination of nicotinic acid 

Nicotinamide 

• Corresponding author. Tel.: +91 353 2776381 ; fax : +91 353 2699001 
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and NA is clinically referred as niacin [3-5]. NA is an Interesting 
molecule because of its two nitrogen atom~one in the heterocyclic 
ring and the other as the amide group. 

Citric acid monohydrate C6Hs07 -H20 (CA) i.e.. 2-
hydroxypropane-1,2,3-tricarboxylic acic?' monohydrate. is a 
tribasic, environmentally acceptable. and versatile chemical. As it 
occurs in metabolism of almost all living bemgs, its interactions in 
an aqueous solution is of great value to the biological scientists. 
In 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. It is used m personal care products [6,7] . 

Citric acid monoh) drate Water 
Literature survey shows that there are few data on thermody

namic and transport properties for aqueous citric acid solutions. 
Maffia A nd Meirelles [8 ) reported the water activities and pH 
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Tablel Table2 
Density p, and viscosi ty 11. ofdifferenr aqueousCAsolurion at different tempE'ratures. Molarity c, density p, viscosity 1}. apparent molar volumes V41 , and (11r 1)/c'~ f01 

Aqueous CA soluuon (moldm 1 ) T(K) p(x10 1 kgm·') ~(mPas) 
NA in different aqueous CA solutions ac different remperatu~ . 

O.Q3 298.1S 0.9995 0.8766 
c~:"oldm 1 ) p(x10-1 kgm· 1 ) ~(mPas) V~(x106 m1 moJ · 1 ) (~r-1)/c'" 

308.15 0.9963 0.7136 0.03' 
318.15 0.9925 0.6253 T•298.1S K 

0.8921 
0.0120 0.9998 0.8836 97.65 0.0723 

0.05 298.15 1.0009 0.0240 1.0001 0.8878 97.20 0.0822 
308.15 0.9977 0.7353 0.0400 1.0005 0.8940 96.86 0.0988 
318.15 0.9938 0.6371 0.0560 1.0009 0.8992 96.63 0.1085 

O.Q7 298.15 1.0026 0.9048 0.0720 1.0013 0.9048 96.51 0.1198 
308.15 0.9993 0.7595 0.0840 1.0016 0.9085 96.43 0.125S 
318.15 0.9954 0.6527 T•308.15K 

0.10 298.15 1.0048 0.9254 0.0119 0.9966 0.7189 101.02 0.0678 
308.15 1.0018 0.7855 0.0239 0.9968 0.7233 100.37 0.0879 
318.15 0.9979 0.6766 0.0398 0.9972 0.7285 99.93 0.1041 

0.0558 0.9976 0.7340 99.59 0.1211 
0.0717 0.9980 0.7397 99.31 0.1363 
0.0837 0.9983 0.7440 99.14 0.1469 

for aqueous solutions of citric acid at 298.15 K. The measure-
ments were made from 5 to SO&ass% of citric acid. Apelblat~nd T•318.15K 

0.0119 0.9927 0.6292 103.85 0.0571 
Manzurola [9,10) and Parmar e I. [11] studied partial molar val- 0.0238 0.9929 0.6335 102.58 0.0858 
umes of citric acid in water at 298.15 and 298.15, 303.15, 308.15, 0.0397 0.9933 0.6394 101.52 0.1132 
308.15, and 313.15 K respectively. Sijpkes~t al. [12 ] measured 0.0556 0.9937 0.6451 100.66 0.1343 

heat ca pacities and partial molar heat ca p c Lies at infinite dilu- 0.0715 0.9941 0.6501 100.10 0.1487 
0.0834 0.9944 0.6546 99.88 0.1624 

tion of citric acid in water at 298.15K. Levien [13] carried the 
studies of apparent osmotic coefficients and molar conductivities. 0.05' 
Although there have been various studies on various properties of 298.15K 
NA (2,16,17,22-24], to the best of our knowledge, the properties 0.0120 1.0012 0.8974 98.69 0.0542 
of this ternary solution have not been reported earlier. As appar- 0.0240 1.0015 0.9016 9805 0.0689 

ent molar volumes and viscosity 8-coefficients of a solute gives 0.0400 1.0019 0.9075 97.56 0.0863 
0.0561 1.0023 0.9144 97.31 0.1056 

cumulative effects [18,19] of solut7\solute, solute-solvent and sol- 0.0721 1.0027 0.9198 97.16 0.1158 
vent-solvent interactions in solut1ons. in this paper we attempted 0.0841 1.0030 0.9234 97.07 0.1211 
to ~dy these properties for NA in aqueous solutions of CA at 308. 1SK 
298.15. 308.15 and 318.15 K to exp lain the various interactions 0.0119 0.9979 0.7387 102.94 0.0422 
prevailing in the ternary systems under investigation. 0.0239 0.9982 0.7421 102.00 O.OS94 

0.0399 0.998S 0.7475 101 .05 0.0828 
O.OSS9 0.9989 0.7S25 100.33 0.0989 

2. Experimental 0.0719 0.999) 0.7S8S 99.78 0.1178 
0.0839 0.9996 0.7622 99.SO 0.1261 

NA was purchased from ACROS Organics Company and used as 318. 15K 
such. Its mass purity as supp li ed is 98%. Citric acid monohydrate 0.0119 0.9940 0.6384 106.83 0.0191 
was purchased from Himedia. Its mass purity as supplied Is 99%. 0.0238 0.9942 0.6419 105.28 0.0494 

The reagents were always placed in the desiccator over P20 5 to 0.0398 0.994S 0.6470 104.23 0.0778 
O.OS57 0.9949 0.6S22 103.SS 0.1009 

keep them in dry atmosphere. Freshly distilled conductivity water 0.071 6 0.99S2 0.6S76 103.13 0.1204 
(specific conductance "' 10 ·6 Q 1 cm- 1 ) was used as standard sol- 0.083S 0.99SS 0.6607 102.87 0.1283 
vent and for making blnary aqueous mixtures of CA. The physical 
properties of different aqueous CA solutions are listed in Table 1. 0.07' 

Stock solutions of NA in different aqueous CA solutions were T•298.1 SK 

prepared by mass and the working solutions were prepared by 0.0120 1.0028 0.905S 101.S4 0.0072 
0.0240 1.0031 0.9082 100.77 0.0244 

mass dilution. The conversion of molality into molarity was accom- 0.0400 1.0034 0.9132 100.21 0.0467 
plished using experimental density values. All solutions were O.OS60 1.0038 0.9187 99.75 0.0649 
prepared afresh before use. The uncertainty in molarity of the NA 0.0721 1.0042 0.925S 99.4S 0.08S3 

solutions is evaluated to ±0.0001 mol dm- 3. 0.0841 1.0045 0.9298 99.31 0.0954 

Density measurements of ternary mixtures were performed at T•308.1SK 
atmospheric pressure at T= 298.15, 308.15, and 318.15 K by means 0.01 19 0.9995 0.7605 105.52 0.0116 

of vibrating-tube densimeter (Anton Paar, DMA 4500) which was 0.0239 0.9998 0.7639 104.23 0.0372 
0.0399 1.0001 0.7695 103.38 0.0657 

calibrated with distilled water and air. The uncertainty in the O.OS58 1.0004 0.7763 102.87 0.0933 
density measurement w as ± 0.0002 gcm- 3. The temperature was 0.0718 1.0007 0.7828 102.45 0.1144 
automatically kept co~stant within ±0.01 K. The mixtures were 0.0838 1.0010 0.7883 102.19 0.1309 

prepared by mass in 10cm3 bottles and precautions were taken T•318.1SK 
to mi n imize evaporation losses. The apparatus was ca librated once O.D1 19 0.9956 0.6532 109.91 0.0076 
a day with dry air and double-distilled fresh ly degassed water. 0.0238 0.9958 0.6S70 108.52 0.0429 

The viscosity was measured by means of a suspended Ubbe- 0.0397 0.9960 0.6634 107.31 0.0823 
0.0556 0.9963 0.6698 106.77 0.111S 

lohde type viscometer thoroughly cleaned. dried and calibrated 0.071S 0.9966 0.6778 106.30 0.1440 
at T~98.15, 308.15. and 318.15 K with triply distilled water and 0.0834 0.9968 0.6845 106.09 0. 1688 
puri ed methanol. It was filled with experimental liquid and 
placed vertically in a glass sided thermostat maintained consta~o 
±0.01 K. After attainment of thermal equilibrium. the efflux ti es 
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(Table 2 Continued) 

c.!,mo/dm- 1 ) p(•10-3 kgm-') ~ (mPas) v+ (x106 m1 mof· 1 ) (~, 1)/c1f2 

0.11)' 
T•298.15K 

0.0121 1.0051 0.9258 102.67 0.0043 
0.0243 1.0053 0.9292 101.92 0.0262 
0.0404 1.0057 0.9357 101.30 0.0556 
0.0567 1.0060 0.9423 100.81 0.0766 
0.0729 1.0064 0.9502 100.55 0.0992 
0.0850 1.0066 0.9563 100.39 0.1146 

T•308.15K 
0.0121 1.0020 0.7863 108.47 0.0087 
0.0242 1.0022 0.7903 107.38 0.0392 
0.0403 1.0025 0.7972 106.28 0.0744 
0.0565 1.0027 0.8049 105.54 0.1036 
0.0726 1.0031 0.8133 105.08 0.1312 
0.0847 1.0033 0.8198 104.84 0.1498 

T-318.15 K 
0.0121 0.9980 0.6771 113.84 0.0061 
0.0241 0.9981 0.6824 112.56 0.0547 
0.0402 0.9983 0.6898 111.57 0.0972 
0.0563 0.9985 0.6981 110.98 0.1337 
0.0724 0.9987 0.7059 110.44 0.1609 
0.0844 0.9989 0.7119 110.18 0.1793 

.. Molariry of CAin water in mo~m 

of flow of liquids were recorded with a stopwatch correct,.to ± 0.1 s. 
Viscosity of the,.\olution. 11 is given by the following equation: 

IJ = ~t-D p (1) 

where K and Lare the viscometer constants and t and pare the efflux 
time of flow in seconds and the density of the experimental liquid. 
respectively. The uncertainty in viscosity measurements is within 
±0.002 mPa s. Details of the methods and techniques of density and 
viscosity measurements have been described elsewhere [20.21 ]. 

The nicotinamide solutions studied here were prepared by 
mass and the conversion of molality in molarity was accomplished 
[20,21) using experimental density values. The experimental values 
of concentrations c, densities p, viscosities q, and derived parame
ters at various temperatures are reported in Table 2. 

3. Discussion 

The densities. for the solutions of NA in aqueous CA measured at 
298.15, 308.15, and 318.15l· have been used rocalculatetheappar-

Tablel 

ent molar volumes (V <I>) of the solute using the following expression 1o9 

[20) and listed in Table'- 110 

V= M2 _ 1000(P - Po) (2) 111 

"' Po c Po 

where cis the molar concentration of the solution. M2 is the molec- ,, 
ular weight of the solute. p and p0 J.re the densities of the solution 113 

and solvent. respectively. The plots of V <I> against square root of 114 

molarconcentrationc112 , were non-linear and V<l> values were fitted " 
to the following equation [22): 11• 

(3) 

where V~ is the partial molar volume at infinite dilution. A,. and 

B,. are two adjustable parameters. The V~ values were calculated 

applying a least squares technique to the plots of V<l> vs. c1f2 using 
);q. (3). The values of V~. Av and Bv at each temperature are listed 

in Table 3. The estimated uncertainties in V~ values are repre-
sented by standard deviation a, which is equal to the root mean 
square of the deviations between the experimental and calculated 
V<l> for each data point. V~ values for the aqueous NA solutions at 

298.15,308.15 and 318.15l were in good agreement with the V~ 

values reported earlier (22). Table 3 shows that V~ values are gen
erally positive and increase with a rise in both the temperature 
and molarity of CA in the solutions. This indicates the presence 
of strong solute-solvent interactions and these interactions are 
further strengthened at higher temperatures and higher concen
tration of CA in the solutions. The crystal structure of NA was 
reported by Wright and King (23). In the crystal, NA is linked by 
two weak hydrogen bonds from the hydrogen atoms of amide 
N-atom to the 0-atom of one neighbouring molecule and to the 
ring N-atom of another molecules in such a fashion that a two
dimensional network parallel to (0 1 0) plane IS formed with a 
inter-planer distance of 0.3579 nm at T= 295.15 K. Charman et. al. 
[24) reported the structure of NA in aqueous solution. They stud
ied the concentration-dependent self-assOCiation ofNA in solution 
by 1 H and De NMR spectroscopy and osmometric measurements. 
Their results revealed that NA associates in aqueous solution with 
the amide groups of each NA molecule creating large associated 
species at higher concentrations. This fact justifies the observed 
changes in the values of parameters A,. and 81 •• 

This can also be explained in view of molar volume of the 
solute and that of the solvent mixtures. Solut)\solvent interac-
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volume V0 ~CA +wdt?r) at different temperatures. 

Th,K} V: (NA)(x 10" m' mol ' ) Av (m·1 mot· 15 ) IJ,{m' mol 'l t>(l:) V:CCA+water)fx106 m'mol 1 ) 

0.03' 
298.15 99.11 )\15.92 -23.05 0.004 18.13 
308.15 102.74 ~8.04 19.54 0.007 18.19 
318.15 107.78 1\ 0.87 46.23 0.016 18.26 

0.05' 
298.15 100.85 ~23.88 -1750 0.006 18.17 
308.15 105.74 27.62 -20.52 0.013 18.23 
318.15 111.64 ~52.84 ·-78.23 O.D15 18.30 

1\ 
0.07' 

298.15 103.80 ~23.81 -28.52 0.008 18.21 
308.15 109.28 1\40.99 -57.59 0.012 18.27 
318.15 114.65 )\51.72 -76.65 0.014 18.34 

0.11)' 
298.15 105.04 )\24.79 10.19 0.009 18.27 
308.15 112.17 - 38.18 -44.21 0.014 18.33 
318.15 117.64 ~40.23 50.50 0.013 18.40 

~ MolaricyofCAinwaterinmoldm ~ 1. 
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tions depend on the fitness of solute molecules into the solvent 
molecules. Greater the difference of molar volumes between solute 
and solvent molecules. higher is the fitness of solute molecules 
into solvent molecules. In this paper. the values of limiting par
tial molar volume of NA and (CA+water) is provided in Table 3, 
with the former increasing gradually with increasing tempera
ture and higher molarity of (CA +water) mixtures. Hence, NA fits 
into (CA +water) mixture in the same order. resulting in more 
solut~solvent interactions i.e., they are more closely packed. with 
mcreasmg temperature as well as concentration of (CA +water) 
mixtures. This is in excellent agreement with the conclusion drawn 
from the values of V~ as well as viscosity 8-coefficient. Schematic 
representations of the relevant molecules, in connection with 
solut~solvent interactions. are shown below: 

0.03(M): 

ability increases w1th a nse m both the temperature and molanty 
ofCA in the solutions. But its structure making ability decreases to 
some extent at higher concentration of CAin the mixtures. Th1s fact 
may be attributed to gradual disappearance of caging or packing 
effect [27,28] in the ternary solutions. This observation is in good 
agreement to the observations made by Kundu and Kishore [22]. 
They suggested that NA acts as a water-structure promoter due 
to hydrophobic hydration. The small negative values of ( .5</>UH) r 
at 0.10 and 0.15 mol dm 3 aqueous CA solutions are probably due 
to higher ~tructure-promoting ability of CA than NA with com
paratively higher V~ value in aqueous solution originating from 
hydrophobiC hydration with greater degree of hydrogen bonding 
than the bulk water [29]. 

l

r------
"1.~~ -.n.J: _ 
·~ ~ 

A C Water 

O.OS(M); 

';:.~ 
A CA Water 

0.07(M). 

..... ~. 
·i:r 

I NA CA Water 

0.1(!\1): 

..... ~ . . .... 
.-.r 

A CA Wuter 

The partial molar expansibilities </>~ can be obtained by the fol 
lowing equation [25]: 

(,wo) 
</>~ = li: P = a1 + 2a2T (4) 

The values of</>~ for different ternary solutions at T- 298.15, 
308.15. and 318.15 K are given in Table 4 and i t shows that</>~ value 
increases as the temperature increases. 

According to Hepler [26]. the sign of ( o</>WT) p or ( 82 V~ f})T2 ) 
is a better criterion in characterizing the long-range structure maJ!
ing and breaking ability of the so lutes in solution. The general 
thermodynamic expression is as follows: 

(
f></>0) ( 82VO) 
li f P = 8T: P + 202 (5) 

If the sign of ( .5<J>UJ;T ) P is positive. the solute IS a structure 
maker, otherwise it is a structure breaker. It is seen from Table 4, NA 
predominantly acts as a structure maker and its structure making 

Partial molar volumes ~W~ of transfer from water to different 
aqueous CA solutions have been determined using the relations 
[30,31] : 

6 V~ = V~(aqueous CA solution) V~(water) (6 ) 

The 6 V~ value is free from solute- solute interactions and 
therefore provides information regarding solute-cosolute inter
actions [30]. It can be seen from Table 5, the value of 6 V~ is 
positive at all the experimental temperatures and increases with 
the molarity of CA in the ternary solutions. The concentration 
dependence of the thermodynamic properties of the solutes in 
aqueous solutions can be explained in terms of overlap of hydra
tion co-spheres. According to the co-sphere model. as developed by 
Friedman and Krishnan [32]. the effect of overlap of the hydration 
co-spheres is destructive i.e .. the overlap of hydration co-spheres of 
hydrophobic- hydrophobic groups results in a net volume decrease. 
However. in the present study the positive values of 6 V~ indicate 

Please dte this artide in press as: M.N. Roy, et al .. Investigation on molecular interactions of nicotinamide in aqueous citric acid monohy
drate solutions with reference to manifestation of partial molar volume and viscosity a-coefficient measurements, Thertnochim. Acta (2010), 
dol: 10.1 016/j.tca.201 0.05.014 
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Table4 
P.urial molar expansiblll[y, ¢~.for NA m different aqueous CA solutions at different temperatures. 

Aqueou5CAAolution(moldm-3 ) ~(m3 mot·• K-') 

298.15K 

0.03 0322 
0.05 0.409 
0.07 0.583 
0.10 0.798 

that solut~solvent interactions are predominant and the overall 
effect of tne overlap of the hydration co-spheres of NA and CA 
reduce the effect of electrostriction of water by NA molecules and 
this effect increases with the molarity ofCA in the ternary mixtures. 
In addition, standard partial molar volumes of the solute have also 
been explained by a simple model (33,34]: 

V~ = Vvw + Vvoid - Vs (7) 

where Vvw is the van der Waals volume, Vvoid is the volume associ
ated with voids or empty space, and Vsls the shrinkage volume due 
to electrostriction. Assuming the Vvw and Vvoid have the same mag
nitudes in water and in aqueous CA solutions for the same solute 
[35]. the increase in V~ values and the positive D. V2 values can be 
attributed to the decrease in the shrinkage volume of water by NA 
in presence of CA. This fact suggests that CA has a dehydration effect 
on the hydrated NA. 

In the literature [22], pyridine has been stated as a structure
breaker in aqueous solution and the structure-promoting tendency 
ofNA has been assigned to .J.he -CONH2 group. Thus the interactions 
between NA and CAin wa(ercan roughly be summarized as follows: 
(i) interaction ofH-atomg_f -OH group ofCA with theN-atom in the 
heterocyclic ring of NA. (11) interaction of H-atom _ef -OH group of 
CA with theN-atom in the amide group ofNA. (iii)'ii'lteraction ofH
atom_ef -OH group ofCA with the 0-atom in the amide group ofNA. 
Nico(inamide is prone to some acid-base equilibria. Leaving apart 
the protonation of the amide grou~ which occurs at high acidity 
levels, the protonation of the ring Nitrogen atom is endowed with a 
pK: 5.00value [36]. Likewise, the ionization constantsforcitricacid 
have been reported as: pK1 ·3.13 . pK2 =4.76 and pK3 ·6.40 [37]. 
This means that all these ionizations occur within quite close acidity 
ranges to each other and, under the experimental conditions used 
in this work. strong (and maybe prevailing) aci<J.\base interactions 

TableS 

( ~), (m3 mol· 1 K-') 

308.15K 318.15K 

0.464 0.606 0.014 
0.509 0.609 0.010 
0.573 0.563 -0.001 
0.632 0.466 ~O.Q16 

can be surmised. Therefore, the overall positive V~ values indicate 
that solut)\solvent interactions predominate over solvent-solvent 
interactions and thus reduce the electrostriction of water rhblecules 
by NA imparting positive values of D.V~ . 

The viscosity data of the aqueous and aqueous CA solutions of 
NA have been analyzed using the jones-Dole [38] equation: 

(8) 

where 1fr•11/110. and 'I are the viscosities of solvent and solution 
respectively, cis the molar concentration of a solution. A and Bare 
the jonexDole constants estimated by a,.~_east squares method and 
reportea tn Table 5. 

Table 5 shows that the values of the A coefficient are generally 
negative. These results indicate the presence of weak solute-solute 
interactions. and these interactions further decrease with an 
increase in both the temperature and molarity ofCA in the mixtures. 

The viscosity B-coefficient [39] reflects the effects of 
solute-solvent interactions on the solution viscosity. The vis
cosity B-coefficient is a valuable tool to provide information 
concerning the solvation of solutes and their effects on the struc
ture of the solvent in the local vicinity of the solute molecules. 
Table 5 shows that the values of the viscosity B-coefficient for NA 
in the studied solvent systems are positive. thereby suggesting 
the presence of strong solute-solvent interaction and these types 
of interactions are strengthened with an increase in both the 
temperature and molarity of CAin the mixtures. 

Viscosity B-coefficients of transfer D.B from water to different 
aqueous CA solutions have been determined ~sing the relations 
(30.31]: 

D.B = B ).._aqueous CAsolution) - B _A.water) (9) 

Parrlal molar volumes, V!. Partial molar volumes oftra:nsfer. Av:. viscosity A-coefficients. viscosi ty 8-coefficienrs. and Viscosity 8-coeffic1ents of transfer. ~B. from warer m 
different dqueous CA sotht-ions for NA.a~hree diffe-rent temperatures. 

AqueousCA_,{"IutJons(moldm ') v; (x 10"m'mot·lj J~.'1 (.tO'·' m• mol 11 A(dm'flmo1· 112J 8 (dm' mot·' l Jl.B(dm'mol ') 

T•298 15K 
0.00 96.87(421 0 0.0421421 0221 (421 0 
0.03 99.11 2.24 0.038 (±0.002) 0.304 (±0.009) 0.113 
0.05 100.85 3.98 O.ot 1 (±0.003) 0.388 (±0.015) 0.187 
0.07 103.80 6.93 t\:0.051 (±0.004) ~499(±0.019) 0.298 
0.10 105.04 8.17 t\:0.066 (±0.004) .612 (±0.019) 0.411 

T•308.1~ 
0.00 97.71 1421 0 0.030{42) 0.424142) 0 
0.03 102.74 5.03 0.019 (±0.002) 0.435 (±0.010) 0.011 
0.05 105.74 8.03 t\:0.012 (±0.003) 0.477 (±0.013) 0.053 
0.07 1(19.28 11.57 t\:0.064 (±0.003) 0.667 (±0.017) 0.243 
0.10 112.17 14.46 t\:0.081 (±0.004) 0.783 (±0.018) 0.359 

T•318.1~ 
0.00 100.86142] 0 0.014(421 0.538(42] 0 
0,03 107.78 6.92 1\0005 (±0.002) 0.581 (±0.012) 0.043 
0.05 111.64 10.78 t\:0.047 (±0.004) 0.617 (±0.016) 0.079 
0,07 114.65 13.79 t\:0.093 (±0.006) 0.887 (±0.027) 0.349 
0.10 117.64 16.78 -0.096 (±0.004) 0.957 (±0.018) 0.419 

The values within () pdrenrhesls iodicdte standardArrr)rs. 
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Table 6 
ValuesorV~. 6.Jl~,.. v~ vr I 6.Jt.~ .. 'T6S~ .. . and 6.H~.,. for NA indifferenlaqueous 
CA solutions at dirrere•tt-remperatures. 

Parameters 298.15~ 308.15 K 318.15 K 

0.01 moldm 3 

ii~(x!06 m1 mol 1) 18.08 18.14 18.21 

61t
0

'Ja.kjmoi ·1) 9.13 8.62 8.31 

(iif
1 

1~10"m'mol-') 81.03 84.60 89.57 

611°1 ol-
1
) 45.90 61.49 84.55 

T6S'o kjmol 1) - 576.09 595.41 -6!4.73 

6Hf' 1 mol·') 530.18 533.92 - 530.18 

0.05(moldm· 1 ) 

\if (•106 m' mol-') 18.09 18.15 18.22 

61•: • J_kJ mol-') 9.17 8.67 8.31 
(if~- 1~ 106 m1 mol- 1 ) 82.76 87.59 93.42 

61·· :1 101-
1
) 53.21 67.39 89.69 

Tt;.~ jmol 1) 543.80 562.03 580.27 
t;.Hf• jn10l 1) 490.59 494.65 490.59 

0.07moldm ' 
i/f(-!O'm'mol 1) 18.10 18.16 18.23 
6t,••tjmoi · 1) 9.21 8.78 8.42 

(iif
1 

1~ 10'm1 mol 'l 85.70 91.12 96.42 

t;.1,
0 ~1 llot · •) 68.37 94.18 128.79 

Tt;.S; kj mol I) 900.65 -93086 -961.07 
6H, • )mol 1) -832.28 836.68 832.28 

0.10moldm ' 
V~(x106 mjmol 1) 18.12 18.17 18.24 

61<:•tjmol-') 9.27 8.87 8.51 
(\i~ 1~x10'm3 mol 'l 86.92 94.00 99.40 

61<
0
.1 101

1
) 83.78 110.54 138.82 

T~ jmol 1) 820.42 847.94 875.45 
t;. ,· jmol 1) 736.64 737.40 736.64 

The 68 values shown in Table 5 as a function of molarity of CA 
in solutions at the experimental temperatures support the results 
obtained from .d v,~ values discussed above. 

The viscosity data have also been analyzed on the basis of transi
tion state theory for relative viscosity of the solutions as suggested 
by Feakings et al. [40] using~q . (10}: 

o t o i RT O - o -o 6/.1 2 =6Jr 1 +-=o(100B+V2 -V1) (10) 
VI 

where ii? and ii~ are the partial molar volumes of the solvent and 

solute respectively. 6tt~ * is the contribution per mole of the solute 
to the free energy of activation for the viscous flow of solutions 
have been determined x om the above relation and 6!-l ~ * is the 
free energy of activation per mole of solvent mixture is calculated 
by the following relation (40]: 

6p0 * = 6G0 * = RT In (.AJoii?) I 1 IJNA 
(11) 

where I! is Planck's constant. NA is Avogadro's number and 6G~ " 
is the Gibbs energy of activation ~er mole of solvent mixture. From 
Table 6, it is seen that 6!-l~ * IS almost constant at all tempera

tures and solvent compositions. It implies that 6~t~ * is dependent 
mainly on the values of viscosity 8-coefficients and (iif- iip) terms. 

6t.t~ * values are positive at all experimental temperatures and 
this and this suggests that the process of viscous flow becomes dif
ficult as the temperature and molarity of CAin solution increases. 
So the formation of the transition state becomes less favorable. 
According to Feakin5 _{! tal. [40] Lll-l~ * > 6~t~ * for solutes hav
ing positive viscosity'~-coefficients indicates stronger ion-solvent 
interactions. suggesting the formation of a transition state which 
is accompanied by the rupture and distortion of the intermolecu
lar forces in the solvent structure (41]. The entropy of activation 
for electrolytic solutions has been calculated using the following 

relation [40]: 

Of d(6J.L~ ,t) 
Ll.S2 =- dT (12) 

.as~ * has been calculated from the slope oft he plots of 6t;~ * ver
sus T by using a least-square treatment. The enthalpy of activation 
has been determined by using the following relation [40]: 

Ll.H~ * = 6Jr~ * + TLl.S~ " (13) 

The values of Ll.S~* and Ll.H~ " are reported in Table 6. They are 
negative for all experimental solutions at all temperatures which 
suggest that the transition state is associated with bond formation 
and an increase in order. 

4. Conclusion 

In summary, V~ and viscosity 8-coe ffi cientva lues forNA indicate 
the presence of strong solute-solvent interactions and these inter
actions are further strengthened at higher temperatures and higher 
concentration ofCA in the ternary solutions. This study also reveals 
that NA acts as a water-structure promoter due to hydrophobic 
hydration in the presence orCA and CA has a dehydration effect on 
the hydrated NA. 
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lon-Solvent Interactions in Acrylonitrile Solutions 
of Some Tetraalkylammonium Halides Using 
FTI R Spectroscopy 

Anuradba Sinha, Arijit Bbattacbarjee, and Mahendra Nath Roy 
Department of Chemistry, North Bengal University, Darjeeling, India 

The FfiR spectra of tetrapentylammonium bromide (Pe_.NBr), tetrapentylammonium iodide 
(Pe_.NI), tetrahexylammonium bromide (He..NBr), tetrahexylam-ium iodide (He_.NI), 
tetraheptylammonium bromide (Hp_.NBr), and tetraheptyla...-ium iodide (Hp..NI) in pure 
acrylonitrile were observed at O.l(M), 0.08(M), 0.05(M), and O.Ol(M) CODCeRtratiom. The region 
of immobilized solvent resulting from the structure-making effects of eleetl'D!Itriction increases 
with increase in ellargtHiurface ratio of the ions. Cation-aRion interactleas are thus investigated 
by evaluating the frequency shifts of the solvent in the pure state upot1 romplexation with the salt. 

Keywords Acrylonitrile, FTIR spectroscopy, ion-solvent interaction, structure-maker, 
tetraalkylammonium halides 

INTRODUCTION 
FTIR spectroscopy has been one of the most convenient 

method for investigating the ion-solvent interactions in 
electrolyte solutions.£11 The intermolecular interactions 
are of extreme importance in many fields of chemistry 
and molecular biology. The study of the effect of 
ion-solvent interaction and solvent-solvent interaction is 
also of much interest to solution chemistsYl 

The solvent chosen here for investigation have great 
industrial importance. Acrylonitrile (also called acrylic acid 
nitrile, propylene nitrile, vinyl cyanide, and propenoic acid 
nitrile) is among the top 50 chemicals produced in the 
United States because of the tremendous growth in its 
use as a starting material for many chemical and polymer 
products. Acrylic fibers remain the largest use of acry
lonitrile; other significant uses are in resins and nitrile 
elastomers and as an intermediate in the production of 
adiponitrile and acrylamide. Acrylonitrile is an unsaturated 
molecule having a carbon-carbon double bond conjugated 
with a nitrile group. Acrylonitrile undergoes a wide range of 
reactions at its two chemically active sites, the nitrile group 
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and the carbon-carbon double bond. Uses of acrylonitrile 
include acrylic fiber, acrylonitrile-butadiene-styrene (ABS) 
resins, elastomers, and styrene-acrylonitrile resins (SAN). 

In this article, a detailed study has been done for some 
tetraalkylammonium halides, which are tetrapentylammo
nium bromide (Pe4NBr), tetrapentylammonium iodide 
(Pe~). tetrahexylammonium bromide (He~Br), tetrahexyl
ammonium iodide (He4NI), tetraheptylammonium bromide 
(Hp4NBr), and tetraheptylammonium iodide (Hp4NI) in 
pure acrylonitrile at 0.1 (M), 0.08(M), O.OS(M), and 0.02(M) 
concentrations through FTIR spectroscopy to elucidate the 
effect of the medium and particularly the role of specific 
ion-solvent intemctions on the stability of the complexes. 

EXPERIMENTAL 
Acrylonitrile (C3H3N, S.D. Fine Chemicals, 99% pure) 

was used after further purification. It was dried with 
P20 5 and then distilled by standard methodsPl The purity 
of the solvents was checked by measuring their densities 
and viscosities at 298.15 K which were in good agreement 
with the literature values.f4

•
5J The materials finally obtained 

were found to be >99.5'1<• pure. 
Infrared spectra was recorded on a 8300 FTIR spectro

meter (Shimadzu, Japan) with a resolution of ±0.25 em -I 
in the region 4000-400 em- 1 at room temperature (25oC) 
with 49-54% humidity. This KBr optics based instrument 
records data in different modes (KBr Pellets, Nujol mull, 
non-aqueous solutions). The spectrometer is equipped with 
Michelson interferometer, single beam optics, Ge/KBr 
beam splitter, ceramic beam source, a high sensitivity 
pyroelectric detector (DLATGS) and He-Ne laser for data 
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FIG. I. Infrared spectra of pure acrylonitrile in the total spectral 
range. 

r 

sampling. The spectra were properly normalized in order to 
take into account the effective number of absorbers. 

RESULTS AND DISCUSSION 
FTIR spectral6.7J has been used as a supporting evidence 

for the study of the bond formation due to ion-solvent and 
solvent-solvent interactions. Figure I shows the infrared 
spectra of the pure acrylonitrile in the total spectral range. 
The main absorption peaks in the pure solvent are found 
at 3070.5cm- 1

, 2229.6cm- 1
, 1411.8cm- 1

, 972.1 cm-t, 
686.6cm- 1

• The vinylic =C-H stretch causes a medium 
intensity peak at 3070.5 cm- 1

• Conjugation with the double 

J .. 
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' 

t 
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FIG. 2. (a) Infrared spectra of 0. I mol. dm- 3 solution of tetraalkylammonium halides in acrylonitrile in the total spectral range. Graphical points: 
( .. x .. ) pure acrylonitrile;(-+-) tetrapentylammonium bromide (Pe4NBr); (-0-) tetrapentylammonium iodide (Pe4Nl); (-!1-) tetrahexylammonium bro
mide (He4 NBr); (-•-> tetrahexylammonium iodide (He4NI); (-e-) tetraheptylammonium bromide (Hp4 NBr); (-0-) tetraheptylammonium iodide 
(Hp4 Nl) in acrylonitrile. (b) Infrared spectra of 0.08 mol· dm-3 solution of tetraalkylammonium halides in acrylonitrile in the total spectral range. Gra
phical points: ( •• x .. ) pure acrylonitrile;(-+-) tetrapentylammonium bromide (Pe4NBr); (-0-) tetrapentylammonium iodide (Pe4 NI); (-t.-) tetrahexylam
monium bromide (He.NBr); <-•-) tetrahexylammonium iodide (He4Nl); (-e-) tetraheptylammonium bromide (Hp4 NBr); (-0-) tetraheptylammonium 
iodide (Hp.NI) in acrylonitrile. (c) Infrared spectra of 0.05 mol· dm- 3 solution of tetraalkylammonium halides in acrylonitrile in the total spectral range. 
Graphical points: ( .. x .• ) pure acrylonitrile;(-+-) tetrapentylammonium bromide (Pe4NBr); (.0-) tetrapentylammonium iodide (Pe4NI); (-!1-) tetrahex
ylammonium bromide (He4 NBr); <-•-) tetrahexylammonium iodide (He4 NI); (-e-) tetraheptylammonium bromide (Hp4 NBr); (-0-) tetraheptylammo
nium iodide (Hp4Nl) in acrylonitrile. (d) Infrared spectra of 0.02 mol· dm- 3 solution of tetraalkylammonium halides in acrylonitrile in the total spectral 
range. Graphical points: ( .. x .. ) pure acrylonitrile;(-+-) tetrapentylammonium bromide (Pe4NBr); (-0-) tetrapentylammonium iodide (Pe.NI); (-!1-) 
tetrahexylammonium bromide (He.NBr); (-•-) tetrahexylammonium iodide (He4Nl); (-e-l tetraheptylammonium bromide (Hp.NBr); (-0-) tetra
heptylammonium iodide (Hp4 NI) in acrylonitrile. 
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FIG. 3. (a) Infrared spectra of tetrapentylammonium bromide (Pe4 NBr) solution in acrylonitrile at various concentrations in the total spectral range. 
Graphical points: ( .. x .. ) pure acrylonitrile; (-0-) 0.1 mol- dm~3 ; (-.&-) 0.08 mol- drn-3; (<)-) 0.05rnol- dm- 3;(-+-) 0.02 mol- dm- 3 (b) Infrared spectra 
of tctrapentylammoniurn iodide (Pc4 NI) solution in acrylonitrile at various concentrations in the total spectral range. Graphical points: ( .. x .. ) pure acry
lonitrile; (-0-) 0.1 mol· dm- 3; (-.&-) 0.08 mol· dm- 3; (-('-) 0.05 mol- dm-1;(-+-) 0.02 mol- dm- 3

• (c) Infrared spectra of tetrahexylarnmonium bromide 
(Hc4NBr) solution in acrylonitrile at various concentrations in the total spectral range. Graphical points: ( .. x ... ) pure acrylonitrile; ( -0-) 0.1 mol· dm _,; 
(-.&-) 0.08 mol-dm- 3

; (-0-) 0.05 mol- dm~·';c-+-) 0.02 mol· dm·'. (d) Infrared spectra of tetrahexylammonium iodide (He4NI) solution in acrylonitrile 
at various concentrations in the total spectral range. Graphical points: ( .. x .. ) pure acrylonitrile; (-0-) 0.1 mol- dm 3

; (-..t.-) 0.08mol- dm 3
; (-0-) 

0.05mol· dm 3;(-+-) 0.02 mol· dm '- (c) Infrared spectra of tctraheptylammonium bromide (Hp4 NBr) solution in acrylonitrile at various concentra
tions in the total spectral range. Graphical points: ( .. x .. ) pure acrylonitrile; (-0-) 0. l mol· dm ·'; (-.&-) 0.08 mol· dm 3

; (-('·-) 0.05 mol· dm 3
: (-+-i 

0.02 mol . dm- 3 (f) Infrared spectra of tctrahcptylammonium bromide ( Hp4NI) solution in acrylonitrile at various concentrations in the total spectre! 
range. Graphical points: ( .. x .. ) pure acrylonitrile; (-0-i 0.1 mol· dm 1

; (-..t.-) 0.08 mol· dm 3
; (-()-) 0.05 mol· dm 1;(-+-) 0.02 mol· dm 1

. 
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bond has moved the -C=N stretch sharp absorption to 
lower frequency at 2229.6 em -I. A weak intensity peak is 
at 1612.4 em -I due to -C=C- stretch whereas the conjuga
tion effect gives rise to overtone at 1936.4cm- 1

• The med
ium absorption at 1411.8cm- 1 is due to -CH2- scissoring 
in-plane vibration. The band at 972.1 cm- 1 are the stron
gest peak resulting from resonance effect. The out of plane 
bending =C-H deformation vibration is found at 
686.6cm-1. 

Conjugation in Acrylonitrile 

CHz=CH-C::N...., +cH2-CH=C=N

....., -cHz-CH=C=N+ 

Figures 2a through 2d show the infrared spectra of the 
solutions of tetraalkylammonium halides in acrylonitrile. 
Figure 2a depicts the nature of changes noticed in the 
spectra of 0.1 mol· dm- 3 solution of tetraalkylammonium 
halides in the solvent. Three new peaks appear at 
2962.5cm-1, 2869.9cm-1 and 2360.7cm- 1. The trend 
observed is: 

Hp4NI > Hp4NBr > He4Nl > He4NBr > Pe4NBr > Pe4NI 
that is, absorbance is in the order, Hp4N+ > He4N+ > 
Pe4N+ for the cations and I- > Br for the anions with an 
exception in the tetrapentylammonium halides. Similar 
results were obtained by many workers18 101 in related 
solvent media. 

However, the intensity of the three peaks mentioned 
above decreases remarkably and finally disappears as the 
concentration decreases from 0.08 to 0.02 mol· dm-' as 
observed from Fugures 2b through 2d where the trend 
in absorbance follows the same pattern as, He4N+ > 
Pe4N+ > Hp4N+ for the cations and r > Br for the anions 
having the tetrapentylammonium halides as exception. 

In Figures 3a through 3f, the IR spectra of each of the 
halides have been shown in acrylonitrile at the various 
concentrations. The absorbance has the trend: 

Pe4NBr (Fig 3a): 0.02 > 0.05 > 0.08 > 0.1 
Pe4NI (Fig 3b): 0.02>0.08>0.05>0.1 
He4NBr (Fig 3c): 0.02 > 0.08 > 0.05 > 0.1 
He4Nl (Fig 3d): 0.02 > 0.05 > 0.08 > 0.1 
Hp4NBr (Fig 3e): 0.1 > 0.08 > 0.05 > 0.02 
Hp4NI (Fig 3t): 0.1 > 0.05 > 0.08 > 0.02 

So, Pe4N+ and He4N+ halides have highest absorptions 
at 0.02 mol· dm-3 solution in the solvent and lowest at 
0.1 mol· dm-3 with exceptional behavior for Hp4N+. 
Similar observation is made for the halide ions also. 

It seems that the order results from the fact that the 
structure-making effect increases with decrease in size of 
the cations as it increases the charge to surface density? IJ 
When the ionic charge predominates by a considerable 
amount, electrostiction occurs in which solvent molecules 
are immobilized to a considerable extent around the ion 

to form a solvation sheath. At a further distance, where 
the effect of the ionic charge is insignificant, a given solvent 
molecule gets surrounded solely by neighboring solvent 
molecules to make it a solvent-rich region. In the inter
mediate region, the ionic charge is not strong enough to 
orient the solvent molecules completely and interferes with 
the structure of the solvent. This structure-breaking effect 
becomes great when the charge to surface ratio of the ions 
is small. The region of immobilized solvent resulting from 
the structure-making effects of electrostriction increases 
with increase in charge-surface ratio of the ions?2

• 
131 The 

smaller cations and the larger anions with large 
charge-surface ratios are less effective as structure breakers 
and act as good structure makers. Electrostriction1141 
causes decrease in volume, so smaller ions are effectively 
more solvated. Similar type of work have been reported 
by Gold et al.1 15·161 and Jolicoeur et a1.[1 7J 

CONCLUSIONS 
The results of the present study support the conclusion 

that ion-solvent association with the cationic nitrogen of 
the tetraalkylammonium halides is an important mechan
ism of relaxation in the non-aqueous medium of acryloni
trile. Hence, Pe4N+ and r may be considered as the 
most effective structure makers in acrylonitrile. 
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Abstract: Apparent molar volumes, 11;, viscosities, 
fJ, and apparent molal isentropic compressibility, 
K,, of glycine, L-alanine, L-valine and l-leucine in 
0.05, 0.1 0, 0.15 mol kg'1 resorcinol solutions have 
been __ detefl!lin~ . at 298.15 K by measuring the 
densities, v1scos1t1es and ultrasonic speed of the 
above solutions respectively. The apparent molar 
volumes at infinite dilution, 11;0 , standard volumes 
of transfer, Llulf;0, apparent molar isentropic 
com~ressibili~ies, K;0

, transfer compressibilities, 
Lltl<;, hydration number, Nw. of the amino acids 
have been calculated for investigating the various 
interactions in the ternary solutions. The linear 
correlation of partial molar volume and viscosity EJ. 
coefficients with increasing number of carbon 
atoms in the alkyl chain have been utilized to 
calcu}ate th_e contributions of charged end groups 
(NH3 ,COO), CH2- groups and other alkyl chains of 
amino acids to V;0

• The results have been 
interpreted in terms of ion-ion, ion-polar, 
hydrophilic-hydrophilic and hydrophobic
hydrophobic group interactions in the mixed 
ternary solutions. 
Ke~rds. .Appare~t molar volume, viscosity EJ. 
coeff1c1ent, tsentroplc compressibility, amino acid. 
Introduction 

Amino acids exist as zwitterions in aqueous 
solution. These dipolar ions should reflect 
structural interactions with water molecules as in 
the case of electrolytes. The properties of amino 
acids in aqueous alcohol solutions have been 
studied by some workers (Mishra & Ahluwalia, 
1981; Romero eta/., 1999; Banipal eta/., 2001), in 
order to understand the solute-solute interactions 
and the effects of various alcohols on proteins. It 
has been reported {Back eta/., 1979; Banipal et 
a/., 2001) that polyhydric alcohols increase the 
thermal stability of proteins or reduce the extent of 
their denaturation by other reagents. The 
properties of solutions of polyols in aqueous and 
mixed solutions are important in many areas of 
applied chemistry and are essential for 
understanding the chemistry of biological systems 
(Bastes, 1993; Kharakoz, 1991) and act as 
vehicles for pharmaceuticals or cosmetics when 
introduce into living organisms. Resorcinol is an 
important organic compound, used externally as 
an antiseptic and disinfectant. It is also used as a 
chemical intermediate for the synthesis of 
pharmaceuticals and some organic compounds. 

An emerging use of resorcinol is as a template 
molecule in supramolecular chemistry. The -OH 
groups on resorcinol form hydrogen bonds to target 
molecules holding them in the proper orientation 
for a reaction. Resorcinol is readily soluble in water 
through hydrogen bonding. 

Among the various physical parameters, the 
apparent molar volumes at infinite dilution have 
been recognized as a quantity that is sensitive to 
structural changes occurring in solutions. In the 
present work we have studied the standard partial 
molar volumes of transfer of a homologous series 
of four amino acids in three different concentrations 
of aqueous resorcinol solutions and interpreted the 
results in terms of possible interactions between 
solute and solvent molecules. 
Materials and methods 

The amino acids used were glycine 
(Analar,>99%), L-alanine (S.D. fine 
Chemicals,>98.5%), L-valine {Loba Chemie, India, 
>99%), L-leucine {Loba Chemie, India, >99%) and 
were purified by re-crystallizing from methanol
water mixture and dried at 373.15 K for 12 h in 
vacuum desiccator over P20 5 before use. 

Resorcinol (Sd. Fine Chemical Limited) was 
purified by a reported procedure {Franzosini & 
Edgar, 1984; Roy eta/., 2005), and the compound 
was dried and stored in a vacuum desiccator. 
Freshly distilled conductivity water was used for 
the preparation of different aqueous resorcinol 
solutions. The physical properties of different 
aqueous resorcinol solutions are listed in Table 1. 

Stock solutions of resorcinol in different 
aqueous resorcinol solutions were prepared by 
mass and the working solutions were prepared by 
mass dilution. The conversion of molality into 
molarity was accomplished using experimental 
density values. All solutions were prepared afresh 

Table 1. Experimental densities (p), viscosities (fJ), 
sound speed (u) of aqueous resorcinol solutions at 

all experimental concentration at 298. 15 K 

Molality of 
resorcinol in px10-3/kg.m·3 rymPa.s l.D'ms·1 

water~ mol 
kg-1) 

ms= 0.05 0.9992 0.9013 1572.3 
ms=0.10 1.0003 0.9102 1721.1 
m--L = 0.15 1.0012 0.9208 1908.3 

iSee© category: Research article 
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Table 2. Experimental molalities mlmol·kg'1, densities p x 1(fJikg-m·3, 

viscosities q/m.Pa·s, sound speed ulms' 1
, apparent lume of the solute V; 

x tcflrrl-mof 1 and partial molal isentropic compressibility K¢ x 1010 lrrf.mof 
1 Pa' 1 along with the concentration m" of Glycine, DL-Aianine, L-Valine and L

Leucine in aqueous resorcinol solutions as a function of the molall1ies of 
Amino Acids a 

ni mol·kg-1
· 

><10' cims·1 V~><106/ K¢><1010
/ 

flkg·m·3 t;fm·Pa·s m ·mor1 m3 ·mor1·Pa·1 

m.=.05 
Glycine 

0.0246 1.0000 0.9066 1710.7 43.53 -25.78 
0.0322 1.0002 0.9082 1757.7 43.84 -25.34 
0.0566 1.0010 0.9123 1933.4 43.78 -24.41 
0.0726 1.0014 0.9143 2077.0 44.01 -23.97 
0.0888 1.0020 0.9169 2268.1 43.95 -23.82 
0.101 1.0023 0.9191 2451.8 43.99 -23.72 

L-Aianine 

0.0258 0.9999 0.9088 1704.8 60.29 -23.66 
0.0358 1.0002 0.9118 1761.6 60.33 -23.20 
0.0632 1.0010 0.9185 1947.5 60.36 -22.47 
0.0793 1.0015 0.9220 2081.5 60.36 -22.07 
0.0978 1.0020 0.9262 2280.7 60.38 -21.85 
0.1114 1.0024 0.9296 2455.5 60.44 -21.55 

L-Valine 
0.0263 0.9999 0.9087 1741.2 90.43 -28.63 
0.0337 1.0001 0.9119 1793.5 90.45 -28.01 
0.0596 1.0008 0.9208 2029.5 90.50 -27.32 
0.0762 1.0012 0.9271 2225.1 90.46 -26.74 
0.0951 1.0018 0.9346 2527.6 90.48 -26.21 
0.1101 1.0021 0.9405 2862.8 90.52 -25.77 

L-Leucine 

0.0252 0.9998 0.9097 1762.3 106.12 -32.99 

0.0360 1.0001 0.9143 1856.9 106.20 -32.01 
0.0619 1.0007 0.9226 2174.1 106.18 -31.34 
0.0753 1.0011 0.9282 2398.0 106.21 -30.78 
0.0954 1.0016 0.9394 2923.5 106.27 -30.26 
0.1091 1.0019 0.9507 3565.7 106.24 -29.97 

m.=0.10 
Glycine 

0.0243 1.0011 0.9149 1858.2 43.78 -19.91 
0.0325 1.0013 0.9163 1902.7 43.81 -19.04 
0.0573 1.0021 0.9201 2074.9 44.02 -18.51 
0.0731 1.0026 0.9228 2179.0 43.90 -17.49 
0.0897 1.0031 0.9247 2274.2 43.84 -16.19 
0.1018 1.0034 0.9271 2366.4 44.09 -15.72 

a ms denotes molality of resorcmol m water. 

Densities (p) were 
measured with an Ostwald
Sprengel type pycnometer 
having a bulb volume of about 
25 cm3 and an internal 
diameter of the capillary of 
about 0.1 em. The 
measurements were done in a 
thermo stated bath controlled 
to ±0.01 K. The viscosity was 
measured by means of a 
suspended Ubbelohde type 
viscometer, calibrated at 
298.15 K with triply distilled 
water and purified methanol 
using density and viscosity 
values from the literature. The 
flow times were accurate to 
±0.1 s, and the uncertainty in 
the viscosity measurements, 
based on our work on several 
pure liquids, was ±2x 1 0..,. 
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 losses 
during the actual 
measurements. The 
reproducibility in mole fraction 
was within ±0.0002 units. The 
mass measurements were 
done on a Mettler AG-285 
electronic balance with a 
precision of ±0.01 mg. The 
precision of density 
measurements was ±3x 10-4 
g cm-3

. 

Ultrasonic speeds of 
sound ( Ll) were determined by 
a multifrequency ultrasonic 
interferometer (Mittal 
enterprise, New Delhi, M-81) 
working at 2 MHz, calibrated 
with triply distilled and purified 

before use. The uncertainty in molarity of the 
resorcinol solutions is evaluated to ±0.0001 mol 
dm-3 . 

water, methanol and benzene 
at 298.15 K. The precision of ultrasonic speed 
measurements was ±0.2 m s _,. The details of the 
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Table 2 continues ...... 
L-Aianine 

0.0253 1.0010 0.9173 1873.2 60.27 -20.94 
0.035 1.0013 0.9196 1935.4 60.56 -20.32 

0.0617 1.0021 0.9261 2149.6 60.55 -19.75 
0.0768 1.0025 0.9299 2298.5 60.67 -19.41 
0.0969 1.0031 0.9348 2541.6 60.74 -18.94 
0.1104 1.0034 0.9371 2739.1 60.97 -18.57 

L-Valine 
0.0258 1.0010 0.9163 1933.8 89.42 -27.34 
0.0344 1.0013 0.9195 2007.9 89.55 -26.16 
0.0621 1.0020 0.9269 2336.3 89.46 -24.95 
0.0784 1.0025 0.9343 2575.3 89.34 -23.90 
0.0964 1.0030 0.9420 3007.3 89.18 -23.60 
0.1102 1.0034 0.9468 3428.6 89.12 -22.95 

L-Leucine 
0.0248 1.0009 0.9067 1954.9 106.30 -30.74 
0.0349 1.0012 0.9115 2073.4 106.36 -30.19 
0.0613 1.0018 0.9220 2536.5 106.35 -29.79 
0.0760 1.0022 0.9276 2934.8 106.39 -29.20 
0.0941 1.0026 0.9370 3826.2 106.38 -28.65 
0.1068 1.0029 0.9440 4649.0 106.40 -27.30 

m.=0.15 
Glycine 

0.0243 1.0020 0.9247 2027.1 43.84 -12.98 
0.0326 1.0022 0.9260 2073.2 43.80 -12.98 
0.0573 1.0030 0.9294 2176.9 43.87 -11.20 
0.0732 1.0035 0.9323 2230.3 43.83 -10.15 

0.09 1.0040 0.9348 2266.5 43.93 -8.98 
0.1024 1.0044 0.9367 2252.3 43.90 -7.67 

L-Aianine 
0.0258 1.0019 0.9267 2059.8 60.63 -15.18 
0.0346 1.0022 0.9294 2116.2 60.69 -14.92 
0.0619 1.0029 0.9356 2310.8 60.82 -14.18 
0.0792 1.0034 0.9385 2450.0 60.76 -13.70 
0.0972 1.0039 0.9431 2603.0 60.86 -13.12 
0.1098 1.0043 0.9469 2723.7 60.91 -12.78 

L-Valine 
0.0257 1.0019 0.9260 2169.2 89.08 -24.22 
0.0353 1.0022 0.9279 2291.4 89.03 -23.89 
0.0627 1.0030 0.9370 2674.1 88.98 -21.52 
0.0791 1.0034 0.9430 3040.2 89.01 -21.05 
0.0968 1.0039 0.9495 3669.7 88.99 -20.69 
0.1108 1.0043 0.9556 4098.9 88.95 -19.4 

L-Leucine 
0.0246 1.0018 0.9038 2195.7 106.53 -27.36 
0.0352 1.0021 0.9101 2336.7 106.55 -26.02 
0.0627 1.0027 0.9196 2878.6 106.58 -24.56 
0.0792 1.0031 0.9274 3321.8 106.55 -23.23 
0.0975 1.0036 0.9365 4208.9 106.61 -22.36 
0.1107 1.0039 0.9436 5232.3 106.58 -21.78 
methods and techntques had been descnbed 
elsewhere (Roy etal, 2005, 2006). 
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Results 
Apparent molar volumes at infinite dilution and 
compressibility 

Densities of aqueous solutions of amino 
acids containing resorcinol determined at 
298.15K are given in Table 2. These data were 
used to calculate the apparent molar volumes of 
the solute V; using the following equation 
(Munde & Kishore, 2003; Roy eta/., 2006), 
V; = M/p-1000(p-Po)/f11PPo (1) 
where M is the molar mass of the solute in 
g·mor1

, m is the molality of solute in mol·kg-1 in 
the resorcinol-water mixture, and p and Po are 
the densities of the solution and the solvent, 
respectively. The apparent molar volumes of the 
amino acids were found to be a linear function of 
molality over the studied concentration range. 
Hence, values of the apparent molar volumes or 
partial molar volume at infinite dilution, V;0• were 
calculated by least-squares fttting using the 
following Masson equation (Masson, 1929; 
Pandey eta/., 1987): 

0 '.1 V; = V; + Sv vm (2) 
V/ provides informat!on regarding solute
solvent interactions; Sv is the experimental 
slope, which is sometimes called volumetric pair 
wise interactions coefficient (Hedwig et a/., 
1991) and is a measure of solute-solute 
interactions and m is the molality of the solute 
(amino acid). The regression coefficients V;0 

and Sv. of Eq. (2) for the amino acids in aqueous 
resorcinol are presented in Table 3. where 
values of V;0 and sv· for the amino acids in pure 
water are adapted from the literature (Millero et 
a/., 1978; Li eta/., 2006). 
The isentropic compressibility, Ks , of the 
solution was calculated from the Laplace's 
equation: 
Ks = 1 !(tip) (3) 
where p is the solution density and u is the 
ultrasonic speed in the solution. 

The apparent molal isentropic 
compressibility, K; , of the solutions was 
determined from the relation: 
K; =K5 Mip + 1000(KsPo- K5° p)/mp/)o (4) 
K5° 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 molal isentropic 
compressibility, K/ ,was obtained by 
extrapolating the plots of K; versus the square 
root of molal concentration of the solute, v'm to 
zero concentration by a least-squares method 

(Wadi & Ramasmi,1997), 
0 '.1 K;=K; +SKvm (5) 
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where, sK· is the experimental slope. The 
regression coefficients K/ and sK· of Eq. (5) for the 
amino acids in aqueous resorcinol are presented in 
Table 4. 

V/ and K/ values are by definition free from 
solute- solute interactions and thus provide 
information regarding solute- solvent interactions. 
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been reported earlier by a number of workers 
(Millero eta/., 1978; Li eta/., 2006) and this linear 
variation can be represented as follows: 
V,0 = V/ (NH3 +,COO-)+ Nc(CH2) (6) 
where Nc is the number of carbon atoms in the 
alkyl chain of the amino acids and V/ (NH3+,COO-) 
and 11;0 (CH2) are the zwitterionic end group and 

Table 3. Apparent molar volumes at infinite dilution of amino acids in aqueous 
resorcinol solution at 298. 15K 

methylene grou~ 
contribution to V; , 
respectively. The values of 
'4 (NH3+,coo-) and V/ 
(CH2). calculated by a least
square regression analysis, 
are listed in Table 5, where 
those values in pure water 
are also provided from the 
literature (Banerjee & 
Kishore, 2005). It is well 
described in the literature 
(Banerjee & Kishore, 2005) 
that 11;0 (CH2) obtained by 
this scheme characterizes 
the mean contribution of the 
CH- and CH3- groups to V/ 
of the amino acids. The 
contribution of the other 
alkyl chains of the amino 
acids has been calculated 
using a scheme, as 
suggested by Hakin et al 
(1994a,b) 

Amino 
water m. =0.05 m1 =0.10 m, =0.15 

acids Parameters 

v;x106
/ 43.19[14] 43.28 43.59 43.72 

glycine m ·mor1 

Sv" 0.86[14] 2.35 1.26 0.58 

v;x106
/ 60.43[14] 60.18 60.21 60.59 

L-alanine m ·mor1 

Sv" 0.77[14] 0.69 0.12 0.05 

11.0><106/ 
90.78[14] 90.37 89.87 89.15 

L-valine m'-'·mor1 

Sv" 0.25[14] 0.41 -2.12 -0.58 
v;x106

/ 107.74[14] 106.04 106.25 106.48 
L-leucine m ·mor1 

s.· -0.059[14] 0.65 0.47 0.33 

Table 4. Standard partial isentropic compressibilities of amino acids in 
aqueous resorcinol solution at 298. 15 K 

Amino Parameters Water m. =0.05 
acids 

/(0><1010/ 
-27.00[17] -27.70 

glycine m~·mor1 ·Pa- 1 
. 

sk 4.56 13.11 

K.ox1010/ 
-25.26[17] m~·mor1 ·Pa-1 -26.32 

L-alanine . 
sk 4.75 11.13 

K.ox101ol 
-30.62[17] 

L-valine m~·mor1 ·Pa-1 -31.12 

. 
sk 8.43 15.97 

/(ox101o/ -
m~·mor1 ·Pa-1 31. 78[17] -35.45 

L-leucine 
sk· 13.61 16.79 

Solute- solute mteracttons can be understood from 
the Sv• and SK• Values. 
Contributions of the zwifferionic end group, CH2 
groups and other alkyl chains of the a-amino acids 
to V,0 

At each molality, the V,0 value varies linearly 
with the number of carbon atoms in the alkyl chain 
(R) of the amino acids. Similar correlations have 

ms =0.10 

-23.80 

24.55 

-22.87 

12.73 

-30.95 

24.23 

-33.61 

17.18 

m. =0.15 

-18.52 

32.15 

-17.52 

13.96 

-28.71 

27.24 

-32.11 

31.13 

V;0 (CH3) = 1.5 11;0 (CH2) (7) 
V;0 (CH) = 0.5 V;0 (CH2) (8) 
and are listed in Table 5. It 
shows that the contribution 
of (NH/,coo-) to V,0 is 
larger than that of the CHr 
group and increases with 
the increase in the 
concentration of the co
solute, which indicates that 
the interactions between the 
co-solute and charged end 
groups (NH3+,coo-) of 
amino acids are much 
stronger that those between 
the co-solute and CH2. 

The standard partial 
molar volumes of transfer of 

the zwitterionic end group, 11;0 (NH3+,coo-), and 
other alkyl chain groups, V,0 (R), of amino acids 
from water to co-solute solutions have been 
calculated as follows, 
LltrV;0 (NH3+,COO) or LltrV/ (R) = 

v./(NH3+.coo-) or V/(R) 
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Table 5. Contribution of the Zwitterionic End Group (NH3 +COO), CHr Group, and Other 
Alkyl Chain Groups (R) to Standard Partial Molar Volume, V/, and Transfer Volumes, 1'1.rrV/ 

in Different Aqueous Resorcinol Solutions at 298.15 K 

group 
v,Ox 106/m3·mor1 1'1.rrV/x 106/m3·mor1 

water ms=0.05 ms=O.IO ms=0.15 m5=0.05 m5=0.10 ms=0.15 
NH3+coo- 27.68 28.25 28.49 

CH2- 15.91 15.57 15.50 
CH3CH- 31.82 31.14 31.00 

(CH3)2CHCH- 63.64 62.28 61.99 
(CH3)2CHCH2CH- 79.45 77.86 77.49 

[tn aqueous cosolute]-
V./(NH3+,COO) or V8 °(R) [in water] (9) 
and are included in Table 5 and illustrated in Fi~. 2. 
The contribution of (NH3+,coo-) to Ll,lf; is 
positive throughout the studied concentration 
range of the co-solute and increases with the 
increase in the concentration of the co-solute. The 
contribution of the alkyl chain groups to Lt,V;0 is 
negative for all the amino acids, and their 
contribution decreases with the increase in the 
number of carbon atoms. 

The side chain contribution to the partial molar 
volume of the amino acids can be derived from the 
difference between the V.e0 values of each amino 
acid and that of glycine using the following 
scheme: 
V;0 (R) = 11;0 (amino acid) - 11;0 (glycine) (1 0) 
where V;0(R) defines the side chain contribution to 
V;0 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 6. 
The number of water molecules hydrated to the 
amino acids (Nw) in aqueous resorcinol solutions 

The number of water molecules hydrated to 
the amino acids, Nw was calculated from the value 
of measured standard partial molar volume by the 
following manner. 

The values of V;0 of the studied amino acids 
can be expressed as {Millero eta/., 1978; Franks et 
a/., 1970), 
V;0 = V;0 (int) + V;0 (elect) (11) 
where 11;0 (int) is the intrinsic partial molar volume 
of the amino acid and V./ (elect) is the 
electrostriction partial molar volume as a result of 
hydration of the amino acids .the V.e0 (int) consists 
of two terms: the van der Waals volume and the 
volume due to packing effects. The values of V;0 

(int) for the amino acids were calculated from their 
crystal molar volume by Millero eta/ (1978) using 
the following relationship, 
V;0 (int) = (0.7/0.634) V;0 (cryst) (12) 
where, 0. 7 is the packing density in an organic 
crystal and 0.634 is the packing density of 

28.76 0.57 0.81 1.08 
15.41 -0.34 -0.41 -0.50 
30.82 -0.68 -0.82 -1.00 
61.63 -1.36 -1.65 -2.01 
77.04 -1.60 -1.96 -2.41 

randomly packed spheres. The molar volume of 
crystals was calculated using the crystal densities 
of the amino acids represented by Bertin and 
Pallansch (1968) at 298.15 K. The values of 11;0 

(elect) were obtained from the experimentally 
determined V;0 values using Eq.11. 

The number of water molecules hydrated to 
the amino acids due to electrostriction causes 
decrease in volume can be related to the hydration 
numbers (Millero eta/., 1978), 

V¢0 (elect) 
Nw = 

VBJ. V8) 

where VE0 is the molar volume of electrostricted 
water and V8° 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 (vi- Vs0

), 

using a value of -3.0 cm3.mor1 (Millero et a/., 
1978). The obtained Nw values are listed in Table 
7. 

Fig. 1. The transfer volumes of Glycine(+), DL
Alanine (rJ), L-Valine (!\), L-Leucine (x), from 
water to aqueous resorcinol solutions plotted 

against the molarity ms of the resorcinol solutions 
at 298.15 K. 

m,/mol.kg'' 

Partial molar volume of transfer from water to 
aqueous resorcinol solution 

The values of partial molar volume of transfer 
and partial molar compressibility of transfer of the 
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amino acid (Li et a/., 2006) from pure water to A- and 8-coefficients, which are specific to solute-
resorcinol are obtained from the eqns. solute and solute solvent interactions, respectively. 
Ll1,1f;0 (water to aqueous resorcinol) = 11;0 Eq. 15 can be rearranged as, 
(in aqueous resorcinol) - 11;0 (in water) (13) ('lr- 1) lv c = A + 8v c (16) 
Lltrl</ (water to aqueous resorcinol) = K;0 Values of A- and 8-coefficients are obtained 
(in aqueous resorcinol)- K;0 (in water) (14) from a linear plot of the left-hand side of Eq. 16 vs "c. The values of A- and S-

Table 6. Contnbution of the alkyl chain group (R) to standard partial coefficients are listed in Table 9. 
molar volume, V/(R), and viscosity 8-coefficient 8(R) in different Due to the complex nature of A-

. I II ti t 298 15 K coefficients, they are not agueous resorcmo so u ons a 

Group 
V;0(R)x106/m3·mor1 

ms=0.05 m.=0.10 m.=0.15 m.=0.05 
L-alanine 16.90 16.62 16.87 0.094 
L-valine 47.09 46.28 45.43 0.312 
L-leucine 62.76 62.66 62.76 0.430 
Table Z Hydration number (Nw) of ammo acids 

. 298 5 m aqueous resorcmol at .1 K 

Amino acids Nw 

m.=0.05 m.=0.10 m.=0.15 
glycine 2.9 2.8 2.7 

L-alanine 3.9 3.8 3.7 
L-valine 4.0 4.2 4.4 

L-leucine 6.0 6.0 6.0 

B(R)/m3·mor1 

m.=0.10 
0.09 
0.31 
0.46 

m.=0.15 
0.08 
0.30 
0.50 

discussed in the present work. 
Table 9 shows that a
coefficients are positive for all 
the amino acids and increase 
with the increase of the size of 
the side chains. The a
coefficients reflect the net 

structural effects of the charged groups and the 
hydrophobic CH2- groups on the amino acids. As 
8-coefficients vary linearly with the number of 
carbon atoms of the alkyl chain (Nc). these two 
effects can be resolved as follows 
8 = ~NH3•, COO")+ Nc~CH2) (17) 

The regression parameters, i.e., the zwitterionic 
group contribution, ~NH3•, COO")), and the 
methylene group contribution, ~CH2), to 8-

TableB. Transfervolumesofammoacids(LltrV/ coefficients.are list~d in Table 10. It sho~s 
x1rflnr-mof 1)andTransfercompressibilitiesofamino that ~NH3, COO) values decrease wh1le 

acids(L11rK/x1rflnr·mof 1
) fromwatertoaqueous ~CH2) v~lues increase. with. increasing 

resorcinol at 298 15 K concentration of resorc1nol 1n ternary 
' 
Lltrl/.0 x105/m3 ·mor1 

Amino-
acids m5=0.05 m.=0.1 m.=0.15 

glycine 0.24 0.39 0.58 
L-alanine -0.10 -0.02 0.08 
L-valine -0.78 -0.84 -0.93 

L-leucine -1.02 -1.15 -1.33 

Lltr K.0x106/m3·mor1 

glycine -0.70 3.20 8.48 
L-alanine -1.06 2.39 7.74 
L-valine -0.50 -0.33 1.91 

L-leucine -3.67 -1.83 -0.33 
These results are reported 1n Table 8, 

graphically shown in Fig 1. & Fig 3. respectively. 
Viscosity 8-Coefficient 

The experimental viscosity data for the systems 
studied are listed in Table 2. The relative viscosity 
('lr) has been analyzed using the Jones-Dole 
equation (Jones & Dole, 1929; Anwar eta/., 2007), 
'lr = 7]17]0 = 1+klc+8c (15) 
where 7J and 'lo are the viscosities of the ternary 
solutions (amino acid + resorcinol + water) and 
binary solvents (resorcinol + water)and c is the 
molarity of the amino acids in ternary solutions. A 
and 8 are empirical constants known as viscosity 

solutions, indicating that the zwitterionic 
groups break while the CH:z-group enhances 
the structure of the aqueous salt solutions. 
The side chain contributions to 8-coefficients, 
~R), have also been derived using the same 
scheme as that of V;0 (R) and are listed in 
Table 5, which shows that ~R) values are 
positive and follow the order: L-leucine > L
valine > L-alanine. This order is due to the 
greater structure breaking tendency of L
leucine as compared to L-valine and L
alanine, and these findings are in line with our 
volumetric results discussed earlier. 

The viscosity data are also analyzed on 
the basis of transition state theory for relative 
viscosity of the acetate solutions as suggested by 
Feakins eta/. (1974) using Eq 18: 
Lltf/ = Lltf 1* + (RT I Vt)(10008 + ll'rV 1) (18) 
where LlJ/2 * is the contribution per mole of the 
solute to free energy of activation for viscous flow 
of solutions and Lltf 1 * is the free energy of 
activation per mole of solvent mixture . The values 
are reported in Table 10 . II' 1 is the apparent 
(partial) molar volume of the solvent (aqueous
resorcinol) and V2 is the limiting apparent (partial) 
molar volume of the solute, respectively. Lltf 1* is 
calculated from 
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Table 9. Values of A- and 8-coefficients for the amino acids and the 
contnbutions of (NH3 +, COO) and CH2 groups to viscosity 8-coefficients 

dominance of the 
interaction of the 

f 'h . a . . I ~ . 298 15 K o t e ammo ac1 s m aqueous resorcmo so ut1ons at charged functional 
8'm3·mor1 A'm312.mor112 groups of the 

Amino- zwitterionic amino 
acids ms=0.05 m5=0.1 m5=0.15 ms=0.05 m5=0.1 ms=0.15 acids over the pair 

wise interaction. With 
the introduction of 
additional methyl 
groups in the side 
chains of the amino 
acids, the Sv' and sK' 
values also change, 
indicating that the 

glycine 0.140 0.148 0.165 0.020 0.013 0.003 
L-alanine 0.234 0.241 0.247 O.Q16 O.Q11 0.002 
L-valine 0.453 0.456 0.463 -0.020 -0.031 -0.045 

L-leucine 0.571 0.604 0.660 -0.037 -0.047 -0.052 

Group .8'm3·mor1 

(NH3+ coo·) 0.026 0.024 I 0.022 
(CH2) 0.108 0.113 I 0.121 

Fig.2 Contribution of NH/ COO (• j and CH2 t~). 
CH~H ( 6 ), (CH3)2CHCH (rl), or

(CHJ);CHCH2CH (x) groups to standard volumes 
of transfer. .1rrVlP0

• vs molality, m •. at 298.15 K 
15 ,-

I 
10 i 

f 

05 1 

I 

·2.5 j 
I 

-30 I 

methyl groups 
modulate the 
interaction of the 

charged end groups in pair wise interaction. 
The values of 11;0 are positive for all the amino 

acids in aqueous resorcinol at all molalities 
studied. The V;0 value increases gradually with the 
increase in concentration of aqueous resorcinol 
over the studied concentration range, except for 
the case of L-valine where V/ value decreases 
with the increase in the molality of resorcinol. 

From Table 4, it is observed that the value of 
limiting apparent molal isentropic compressibility 
K,0 increases with the increase in concentration of 
resorcinol solution for all the concentration studied 
but all the values are negative. 

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 

Fig. 3. The transfer ~ibility of Glydne(+ ), DL
Aianine (rl), L-Valine (!\), L-Leucine (x), from water to 

aqueous resorcinol solutions plotted against the molarity, 
m5 , of the resorcinol solutions at 298. 15 K 

10 

m,/molkg1 

.1tf , .. = .1G 0 
1* =RT In ( IJo V tl h NA) (19) 

where h is Planck's constant and NA is Avogadro's 
number. 
Discussion 

The Sv. and sK· values for all the amino acids 
are positive (Table 3 & 4) which indicate the 

the apparent molal compressibilities for the 
amino acids in mixed ternary solutions being 
larger than the corresponding ones in water. It 
is also observed that the negative values of 
K/ for the studied amino acids follow the 
order: 

glycine< L-alanine < L-valine < L-leucine 
Since the contribution of methylene group 

to the apparent compressibility is negative, it 
implies that the ions having the larger 
hydrophobic group may have more negative 
values for the partial molal expansibilities. 
Hence, L-leucine may have largest 
hydrophobic group resulting higher negative 
values of Kt 

In Table 7, the observed decreasing tendency of 
Nw for glycine and L-alanine supports the view 
(Ogawa et a/., 1984) that the resorcinol has a 
dehydration effect on these amino acids in 
aqueous resorcinol solutions. In case of L-valine, a 
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slight increase of Nw indicates that the increase in increase positively with the increasing 
the interaction of hydrophobic groups of L-valine concentration of resorcinol. However for L-valine 
with those of the salt does not reduce the and L-leucine, the transfer value decreases. 
electrostriction of water molecules to it, but leads to The observed trend can also be explained with 
a slight increase in the hydration number, Nwo the following equation (Natarajan eta/., 1990; Bhat 
However, for L-Leucine, the Nw values remain & Ahluwalia, 1985): 
unaltered by resorcinol concentration. This ~0 = Vvw + Vv - Vs (20). 
indicates that, the hydrophobic group of L-leucine where Vvw is the van der Waals volume (Bondi, 
reduces the ion-ion interaction between the amino 1964), occupied by solute and Vv is the volume 
acid and the salt. associated with the voids and 

Table 10. Values of (ll'r 11' 1) • td'lf.rrl·mof1
), free en;rgy of 

1 
empty_ spaces present t~erein 

activation for the solvent, LJ;f ,*!(kJ·mol }, and solute LJ;f2 'l{kJmo/ ), (Bondi, 1954) and Vs IS the 
or t. e ammo ac1 s m a_(ltJeous resorcmo fl. 'h 'd: · · I at 298 15 K shrinkage volume due to 

L- L-Parameters Glycine L-Aianine Valine Leucine 
electrostriction. Assuming that 
Vvw and Vv have the same 
magnitudes in water and in 
aqueous resorcinol solution for 
the same class of solutes 
(Mishra & Ahluwalia, 1981), the 
observed positive LJrrV;0 values 
for glycine can be attributed to 
the decrease in the volume of 
shrinkage. An increase in the 
concentration of co-solute 
resorcinol, results in an increase 
in LJrrV;0 indicating an 
enhancement in the ion-ion 
interaction between the 
zwitterionic centres of the amino 
acids and the ion of the salt. A 
similar trend is observed in the 

m_L=0.05 
(V'r ll't)· tlf/(tn3·mor1

) 25.20 42.09 72.25 87.91 
LJJ,f 1~kJ·mor1 ) 9.20 9.20 9.20 9.20 
LJ_l[2~kJ·mor1 ) 19.23 32.11 61.98 78.13 

m....~=0.10 

(ll'r II' 1) • tlf/{tn3·mor1
) 25.48 42.07 71.68 88.04 

LJ;f 7 ~kJ·mor1 ) 9.22 9.23 9.23 9.24 
LJJ6~kJ·mor1 ) 20.29 32.95 62.22 82.32 

ms=0.15 
(V'r II',)· tlf/(tn3·mor1

) 25.57 42.40 70.89 88.18 
LJJ,f 1 ~kJ·mor1 ) 9.26 9.26 9.27 9.28 
LJ;,f7 "i(kJ·mor1

) 22.57 33.73 62.85 89.50 
Smce the solute-solute mteract1ons are absent 

at infinite dilution, the observed transfer volume 
reflects the solute-solvent interactions. In general, 
the interactions between amino acids and 
resorcinol can be classified into: 
(i) ion-ion group interactions between the NH3 • and 
coo· groups of the Zwitterionic amino acid with 
the OH groups of the resorcinol. 
(ii) ion-ion polar group interactions between the 
NH3 • and coo· groups of the amino acid with the 
phenyl group of the resorcinol. 
(iii) hydrophobic-hydrophobic interactions between 
the hydrophobic parts of the amino acids and the 
hydrophobic part of the resorcinol. 

According to the co-sphere overlap model of 
Gurney (1953), interactions of type (i) and (ii) lead 
to a positive LJrrV;0 value, whereas type (iii) would 
lead to a negative LJrrll;0 value because the 
introduction of alkyl groups provides an additional 
tendency for hydrophilic-hydrophobic and 
hydrophobic-hydrophobic group interactions 
leading to a reduction in the overall structure of 
water formed as a result of their co-sphere overlap. 
Positive and negative values of volume transfer 
were observed for the studied amino acids (Table 
8). The values of LJrr11;0 for glycine, L-alanine 

case of L-alanine, although an additional -CHr 
group compared to glycine increases the 
hydrophobic interactions, leading to a reduction in 
the positive value of LJrr~0 • The number of 
hydrophobic groups increases in the order, L
valine, L-leucine. The increased number of 
hydrophobic groups in these amino acids inter~cts 
strongly with the hydrophobic groups of resorcmol, 
thereby leading to negative volumes of transfer, 
which increases with the concentration of 
resorcinol. Similar observations were shown by 
Banerjee & Kishore (2005). 

Table 9 shows that 8-coefficients are positive 
for all the amino acids and increase with the 
increase of the size of the side chains. The a
coefficients reflect the net structural effects of the 
charged groups and the hydrophobic CH2- groups 
on the amino acids. 

Table 10 reveals that LJ;,t1· is almost constant 
at all solvent compositions. It means that LJ;f / is 
dependent mainly on the values of viscosity a
coefficients and (11'2 - II' t} terms. It is also evident 
that the LJ;f /values are positive and much larger 
than the LJtf 1* values. This suggests that the 
interactions between amino acids and solvent 
(aqueous-resorcinol) molecules in the ground state 
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are stronger than in the transition state. Hence in 
the transition state, the solvation of the solute 
molecules is less favoured in free energy. 
Furthermore, as i1tf2 "' > 11tf 1 ~ for solutes having 
positive viscosity 8-coefficients 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 (Feakins 
et al, 1974). The l1J/2 "' values (Table 10) of the 
amino acids were found to increase from glycine to 
L-leucine. This indicates that the solvation of the 
amino acids in the transition state becomes 
increasingly unfavourable as the hydrophobicity 
(number of carbon atoms) of the side chain 
increases from glycine to L-leucine. 
Conclusion 

In summary; volume, viscosity and 
compressibility data have been determined for 
amino acids in aqueous resorcinol and the results 
have been used to estimate the volume and 
compressibility of transfer, number of hydrated 
water molecules and the viscosity 8 -coefficient 
values The study reveals that although ion-ion or 
hydrophilic-hydrophilic group interactions are 
predominant for glycine and L-alanine, ion
hydrophobic or hydrophobic- hydrophobic group 
interactions are predominant for L-valine and L
leucine in aqueous resorcinol solutions. These 
interactions are a function of the molality of 
resorcinol in the ternary solutions. Also, it is 
evident that resorcinol has a dehydration effect on 
these amino acids in aqueous resorcinol solutions. 
The size and number of carbon atoms of the alkyl 
chain groups of the amino acids also play a pivotal 
role in determining the nature and strength of the 
interactions in these solvent media. 
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Conductivities of some tetraalkylammonium halides. viz. tetrabutylammonium bromide (Bu.NBr). 
tetrapentylammonium bromide (Pen4NBr). tetrahexylammonium bromide (Hex.NBr) and tetrahepty
lammonium bromide (Hep4NBr) were measured at 298.15K in THF+C6 H• mixtures with 10, 20, 30 and 
40 mass% of C6 H6 • A minimum in the conductance values was observed as concentration increases, which 
dependent both on the salt and the solvent. The observed molar conductivities were explained by the 
formation of ion-pairs (M' +X-- MX. Kp) and triple-ions (2M' +X-- M2 X': M' +2X-- MX,-. Kr). A 
linear relationship between the triple-ion formation constants (log(KrfKp)] and the salt concentrations 
at the minimum conductivity (logCm1nJ was given for all salts in C6H6 +THF mixtures. The formation of 
triple-ions might be attributed to the ion sizes in solutions in which coulombic interactions and covalent 
bonding forces act as the main forces between the ions (R.W x- ). 

Tt•tr.lhydrofurt~n 

Solv.Hion 

1. Introduction 

Studies on ionic solvation of tetraalkylammonium salts in sol
vents of low permittivity have assumed importance because of their 
applications in modern technology f1).1n media oflow permittivity, 
salts are generally so associated that the state of the ionic species 
in solutions is most difficult to be elucidated. A number of con
ductometric [2) and related studies of electrolytes in non-aqueous 
solvents have been done in relation to the use of these types of elec
trolytes in high-energy batteries [3) and for further understanding 
of organic reaction mechanisms )4). 

Further, after the classical work of Fuoss and Kraus )Sf in the 
1930s, there has been a renewed interest in the study of associa
tion and dimerization of electrolytes in media of low permittivity 
[6]. This has been particularly of importance because knowledge 
of the state of association of the electrolytes along with the type 
and structure of the complex species in solution is essential for 
the optimal choice of solvents and electrolytes. The formation 
of triple-ions in media having low permittivity (t: < 10) PI has 
been investigated from the conductivity studies oftetraalkylammo
nium salts [8,9) by fitting the Fuoss-Kraus equation. The observed 
minima of the conductance values in this type of solvents were 

' Corresponding author. Tel.: +91 353 2699425; fax: +91 353 2699001. 
E-mail address: mahendraroy2002@yahoo.co.in (M.N. Roy). 
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interpreted by the formation of M2 X• and MX2 triple-ion species 
[10). 

In the present study, the conductivity of tetraalkylammo
nium bromide, ~NBr (R•butyl to heptyl), salts was examined in 
CsH6 +THF mixtures with 10, 20, 30 and 40 mass% of CsHG having 
dielectric constant(£) •7.05, 6.52, 5.99 and 5.46. respectively. 

2. Experiments 

2.1. Method 

Binary solvent mixtures have been prepared by mixing required 
volumes of tetrahydrofuran and benzene with earlier conversion 
of the required mass of each liquid into volume at 298.15 K I 11]. A 
stock solution for each salt was prepared by mass and the working 
solutions were obtained by mass dilution. The value of the dielectric 
constant (c) of the solvent mixtures was assumed to be an average 
of those of the pure liquids and calculated using the procedure as 
described by Rohdewald and Moldner (12]. 

Densities (p) were measured with an Ostwald-Sprengel type 
pycnometer having a bulb volume of about 25 cm 3 and an internal 
diameter of the capillary of about 0.1 em. The pycnometer was cal
ibrated at 298.15 K with doubly distilled water and benzene. The 
measurements were done in a thermostated water bath controlled 
to ±0.01 K of the desired temperature. The weighings were done on 
a Mettler electronic balance (AG-285) with a precision of ±0.01 mg. 
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Tablet 
Density p, viscosity Yf, and dielectric constant t:, of pure and different binary mixtures ofCsHs and THF .at 298.15 K. 

Solvent mixture 

0 mass% of C.Ho 
10 mass% of CoHo 
20mass% ofC.Ho 
30 mass% of C. H. 
40 lll.tS4 of C.Ho 
tOOm~ofCsH• 

' Ref. [II). 
h Ref. (7). 

' Ref. [12). 
'Ref.[23). 

Exp. 

0.8807 
0.8816 
0.8813 
0.8811 
0.8801 
0.8736 

Ut. 

0.8807' 

0.8734. 

An average of triplicate measurement was taken into account. The 
density values were reproducible to ±3 x 10-4 g cm-3. 

The viscosity ( 1J) was measured by means of a suspended Ubbe
lohde type viscometer, calibrated at 298.15 K with doubly distilled 
water and purified methanol using density and viscosity values 
from the literature (13-15). The accuracy of the viscosity measure
ments, based on our work on several pure liquids, was ±0.003 mPa s. 
The details of the methods and measurement techniques had been 
described elsewhere [16,17). 

The conductance measurements were carried out in a sys
tronic 308 conductivity bridge (precision ±0.01 %) using a dip-type 
immersion conductivity cell, having cell constant 1.11 cm-1. Mea
surements were made in a thermostatic water bath maintained at 
298.15±0.01 K. The determination of the cell constant was done 
using a O.t M aqueous KCI solution. The cell was calibrated by the 
method of lind et al. [18,19). All conductance data were determined 
at 1 kHz and were found to be ±0.3% precise. 

2.2. Source and purity of samples 

The chemicals used were of analytical grade. Benzene (S.D. 
Fine Chemicals, purity> 99%) was further purified by means of 
a simple distillation technique with the first and last 20% of 
the distillate being discarded [20-22) and finally the density 
and viscosity value compared with the literature [23). Tetrahy
drofuran (Merck, India) was kept for several days over KOH, 
refluxed for 24h, and distilled over liAI~ [7,9). The boiling point 
(66°C), density (0.8807gjcm3 ), and viscosity (1J0 c0.4630mPas) 
compared well with the literature values [11,24). The specific con
ductance of THF was ""0.81 x 10-6 n-1 cm-1 at 25 "C. The purity 
of the solvent finally obtained was >99%. Tetraalkylammonium 
salts viz. tetrabutylammonium bromide (Bu4 NBr), tetrapenty
lammonium bromide (Pen4NBr), tetrahexylammonium bromide 
(HeX4NBr) and tetraheptylammonium bromide (Hp4NBr) were of 
Fluka's purum or puriss grade and purified in the way given 
in the literature [25-28). Generally the salts were purified by 
recrystallization. The crystallized salts were dried in vacuum. The 
salts were stored in glass bottles in darkened desiccators over 
fused CaCI2. The purity was determined by gas-liquid chromatog
raphy. The materials finally obtained were found to be >99% 
pure. 

3. Results 

The physical properties of the binary solvent mixtures at 
298.15 K are listed in Table 1. The experimental values of the molar 
conductances, A against the respective concentration, c of the 
tetraalkylammonium halides in different binary solvent mixtures 
of C6 H6 + THF mixtures at 298.15 K are presented in Table 2. 

-----------·-----
I} (x10' P) 

Exp. Ut. 

0.4630 0.4630' 7.58b 
0.4771 7.05' 
OA879 6.52' 
0.5041 5.!19' 
0.5160 5.46' 
0.6010 0.6030" 2.28• 

The conductance data have been analyzed by the Fuoss-Kraus 
triple-ion theory (5,29) in the form as given below: 

Ao AorKr ( A) 
Agv'c = .jK;. + .jK;. 1 - Ao c (1) 

( expf-fi' I y'Aoy'(CA}J 
g C)= (2) 

' ' {1-s/A0
1 i 2 JCJI}y'1- A/Ao 

{j' = 1.8247 X 106 

(ET)3/2 

S A 
II 0.8206 X 106 II 82.501 

=a o+,,= o+---
sT3/2 IJo(1iT)1/2 

(3) 

(4) 

In the above equations, Ao is the sum of the molar conduc
tances of the simple ions at infinite dilution, 110 r is the sum of the 
values of the two triple-ions Jt.N(Br2)- and (Jt.Nh •sr for R.NBr 
salts, Kp and Kr are the ion-pair and triple-ion formation constants 
respectively, S is the limiting Onsager coefficient. To make Eq. ( 1) 
applicable, the symmetrical approximation of the two possible for
mation constant of triple-ions, Kn- [(R.Nh •sr)/([R.WJ [R.NBr)) 
and Kr2 • IR.N(Br2 )-J/([Br IIR.NBr)) equal to each other has been 
adopted, i.e. Kn • KT2 • Kr (6,30). 

!10 values of all the salts in different binary solvent mixtures 
of CsH6 +THF at 298.15K have been calculated by applying the 
Walden's rule [31) as suggested by Krumgalz [32). A 0T is calcu
lated by setting the triple-ion conductance equal to 2/3 Ao (33). 
The ratio Aorl 110 is equal to 0.667. The calculated values are listed 
in Table 3. linear regression analysis of Eq. ( 1) gives intercept and 
slope: here the values are also listed in Table 3. The limiting molar 
conductances of the simple ions, 11 0 and limiting molar conduc
tances of the triple-ions, A0 T of the tetraalkylammonium salts in 
different binary solvent mixtures of CsH6 + THF at 298.15 K follow 
the trend, 

Bu4NBr > Pen4NBr > Hex4NBr > Hep4NBr 

Applying the Fuoss-Kraus equation, we obtain Kp, Kr. which are 
presented in Table 4. The Kp and Kr values predict that a major 
portion of the electrolyte exists as ion-pairs with a minor portion 
as triple-ions (neglecting quadrupoles), Fig. 1 shows the tendency 
of triple-ion formation of salts in different binary solvent mixtures 
ofCsH6 +THF. Values predict that Hep4 NBr has the highest amount 
of triple-ions and lowest number of ion-pairs formed in different 
binary solvent mixtures of CsH6 +THF as compared to the other 
salts. 

The tendency of triple-ion formation can be also judged from 
the Kr/Kr ratios. The ratio is highest for Hep4NBr in all composition 
range studied here. 

Furthermore, the ion-pair and triple-ion concentrations, Cr 
and Cr respectively, of the electrolyte are also calculated at the 
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TabiP2 
Equ1v.tiPnt rondul't.:ancP~ A, and thr rorrespondina conrt'ntroltion c, for ~NBr (R• bLUyl to hPplyl) in dirTeorent bin.ary soiW"nt mixtures ofC~oH11 + THF at 298.15 K. 

~~NBr -----------·----- Per14NBr Htx..NBr ~~~~--- ··············--·- ·············-·· 
c(.l~moldm l) A(,JO"Sm1 mol 1) c(,J04moldm·· 1 ) A(-1o<ISm~mol· 1 ) c(,.JO"moldm·') A(.JQ'ISm2 mol- 1) c( • .-10"moldm· 1 ) /\( .. 104Sm2mol· 1) 

10 ffiiiSSI of C11 H11 
0.1826 40.40 0.2060 35.10 0.2012 31.20 0.1853 39.96 
0.1958 37.62 0.2169 32.90 0.2178 33.49 0.2037 36.72 
0.2152 34.20 0.2331 29.65 0.2286 31.30 0.2157 34.80 
0.2279 31.58 0.2437 27.80 0.2446 28.59 0.23).4 32.12 
0.1420 28.81 0.2592 25.40 0.2551 17,41 0.2451 30.70 
0.2589 26.03 0.2695 24-.20 02705 25.61 11.2622 29.40 
0.2770 23.39 0.2645 23,10 02806 25.10 02734 28.65 
0.2889 23.10 0.2944 24.00 0.2:955 25.81 0.2900 28.75 
0.3063 25.90 0.3090 26.20 03053 2722 0.3001 29.11 
0.3178 29.Jl 0.3185 28.40 0.3198 30.01 03140 29.37 

20m.tssXofCeH• 
~ 
.~ 

0.2244 26.93 0.2184 26.90 0.1601 32.62 0.1742 20.14 ~ 

0.2321 25.7<4 0..2316 24.00 0.11$2 ..... 0.2032 18.50 <I 
0.2452 24.65 0.2403 22.60 0.2051 22.60 02211 17.10 • Ji. 02533 23.76 02500 21.32 0.2246 20.01 0.2511 16.18 

j 021153 22.57 IU615 2o.&7 o.23oiO 19.02 0.2710 1&.23 
02732 :u.?a 02731 20.59 0.2414 11.30 0.2111 16.43 
D.2141 21.00 0..2111 2D.55 0.2 .. 17.80 D.JCMO 18.11 l 02«14 21.19 O.l939 20.09 0.28110 20.'70 OJIIM lUI 
0.30311 21,)9 0.3011 21.00 OJ221 24,63 0.33Z& 17.0S i' 
0.3110 21.68 0.31)4 21.29 0.3458 28.59 0.3446 17.25 f 30 miSIS ofC.H1 • o.zoos 1535 0.11811 13.32 0.1615 13.80 0.1831 13.42 ! 
0.2146 14.16 0.1913 12.59 0.1102 11.13 0.1936 13.29 j 0.2237 13.3<1 0.1995 12,18 0.1879 12.7] 0.2000 13.23 
o2m 12.14 0.2115 11.78 0.11113 12.C14 0.201M 13.11 
0.2482 11.'79 D.211M 11.45 0.2011 IIJI7 ll.11SI 13.C14 II 
02503 11.20 0.2)11 11.13 0.2:117 11.2:1 11.2:1411 12.80 e 
026'11 11.<12 0.2381 11>.96 0.2:150 11.00 0.23111 1l.G1 
D.2105 11.51 0.2:501 1D.88 0.2358 1D.IG 0.23117 n.m 
0.2181 11.70 0..2575 10.80 02421 10.111 0.2455 ll.12 
0.3011 11.79 02684 10.93 0.2529 IU7 0.2541 13.22 

40m.usSorc.H1 
0.1279 17.40 0.1136 15.79 0.1207 14.00 OJIIl&5 1&.04 
0,135J 15.84 0,1193 15.20 0.1210 12.20 0.1013 15.03 
0.1459 14.21 0.1276 14.02 0.1342 11.2:1 0.1014 13.91 
0.1530 12.72 0.1331 13.21 0.1421 9.89 0.1130 13,05 
O,lfjlJ 11.39 0.1411 12.20 0.1473 1.97 0.1198 1>.00 
0.1701 10.64 0.1464 11.71 0.1550 1.31 0.1243 11.49 
0.1802 10.60 0.1542 11.14 0.1600 .... 0.1309 11.17 
0.1867 10.94 0.1593 IIU4 0.1874 10.35 0.1353 11.44 
0.1964 12.20 0.1669 11.41 0.172l 11.58 0.1-417 12.13 
0.2028 13.17 0.1718 12.32 0.1794 13.36 0.1459 12.69 

• 

• 
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Tablel 
The calculated limiting conductance .'\0 , limiting conductance of the triple-ions .'\0 r. slope and intercepts of Eq. ( 1) for tt.NBr (R"' butyl to heptyl) in different binary solvent 
mixtures of 4 H5 + THF at 298.15 K. 

Salts .1o' (x10"'Sm2 mol-1 ) Slope(x10') Intercept ( x 10') 

10 mass% of CoHo 
Bu.NBr 
Pen.NBr 
Hex.NBr 
Hep.NBr 

20~n<Jss% ofC.Ho 
Bu.NBr 
Pen.NBr 
Hex.NBr 
Hep4NBr 

30 lll<Jss% of CoHs 
Bu.NBr 
Pen.Nsr 
Hex.NBr 
Hep,NBr 

40 mass% of CoHo 
Bu.NBr 
Pen.NBr 
Hex.NBr 
Hep4NBr 

Table4 

177.78 
159.90 
158.33 
157.46 

173.82 
156.33 
154.80 
153.95 

168.25 
151.32 
149.84 
149.01 

164.38 
147.84 
14G.39 
145.59 

118.52 
106.60 
105.55 
104.97 

115.88 
104.22 
103.20 
102.63 

112.16 
100.88 
99.89 
99.34 

109.59 
98.56 
97.60 
97.06 

0.80 -0.51 
0.87 -0.37 
1.02 -0.37 
1.13 -0.35 

0.99 -0.39 
1.03 -0.36 
1.88 -0.63 
7.12 -2.15 

4.90 -1.87 
11.61 -3.39 
12.14 -3.48 
13.46 -3.30 

8.02 -3.03 
8.21 -2.23 

18.77 -4.83 
27.25 -5.37 

Salt concentration at the minimum conductivity Cmin• along with the ion-pair formation constant Kp, triple-ion formation constant Kr. for R.tNBr (R-butyl to heptyl) in 
different binary solvent mixtures of CsH6 + THF at 298.15 K. 

Salts c...,(xlO"'Rloldm-3 ) loge ... Kp(x1o-8 moldm-1 )-1 Kr (moldm-•>-' !Cr/J4.(xl0") Loa(Kr)K,.) 

10~ofCoHo 
~ 0.2889 -1.24Z 11.959 = 0.21145 -1.257 18.619 

0.28116 -1.271 17.863 
~ 0.2134 -1.297 20.536 

20~ofC.H,; 

llli,J.,_r 0.2848 -1.256 \9.671 

~- 0.2819 -1.266 19.313 
~ 0.21169 -1.321 5.992 
He)!.NIIT 0.2511 -1.382 O.Sll 

30 mas5S of Co Hs 
Bu.lftlt 0.2593 -1.350 0.806 
.,..NIIr 0.2575 -1.357 0.199 
Hex.tl9r 0.2356 -1.44G 0.185 
ilflJ14NIIT 0.2248 -1.493 0.204 

40 masss of CoHo 
Bu.Hir 0.1802 ·-1.714 0.295 
Pen.NIIr 0.1593 -1.837 0.439 
Hex.NBr 0.1550 -1.864 o.091 
~p4NBr 0.1309 -2.033 o.on 

8 
"1:. 

6 
"1:. 

,.'--· J: 

i • i 

4 I • 
>< • 

• 
2~----------------------------------~ 

Fig. t. The plots of triple-ion fol'll\iltion constant, Kr of tetraalkylammonium salts 
in different mass% of c. H.+ THF solutions •t 298.15 K: ( t) 10% of CoHo: ("J) 20% of 
C6 H6 : (•) 30% ofC6 H6 ; (lK )40%ofCoHo. 

2.334 CU95 -8.710 
3,504 o.lila -ans 
4.1179 \)$8 -&641 
4.1171 0.237 -8.1125 

3.804 O.)fl:J -8.714 
4.353 0.22S -8.647 
4.45& o.m -8.1211 
4.959 9.698 -7.013 

3.917 4.1162 -7.3\3 
5.135 25.146 -6.589 
5.226 ;l8.234 -6.$49 
6.112 29;916 -6.523 

3.972 13.4G7 -6.871 
5.520 12.S71 -6.901 
5.831 64.1160 -6.193 
7.608 t03.S26 -5.985 

highest concentration oftetraalkylammonium halides in different 
4;H6 +THF mixtures using the following relations (341: 

a= (~1 )c1/2 
Kp1/2 

(5) 

a = _!5!._ c1/2 
T Kp1/2 

(6) 

Cp =C(1-a-3ar) (7) 

Cr= ( ~ )c3/2 
Kp 1/2 

(8) 

Here, a and ay are the fraction of ion-pairs and triple-ions as 
given in Table 5, respectively. These values of Cp are maximum for 
Bt14NBr and minimum for Hep4 NBr and the values of C T are found 
to be highest for Hep4NBr and lowest for Bll.4NBr. However, the ion
pair formation (a), triple-ion formation (ar ), ion-pair concentration 
(Cp). triple-ion concentration (Cr) have been also calculated over 



Author's personal copy 

BO M.N. Roy et al./ Fluid Phase Equilibria 280 (2009) 76-83 

Tab~S 

Maximum concentration c. the ion-pair fraction u, triple-ion fraction ur. ion-pair concentration Cp, triple-ion concentration Cr. for R.tNBr (R•hutyl to heptyl) in different 
binary solvent mixtures ofC6 H6 +THF at 298.15 K. 
··---------··"··- ·---·------------·---·················-------··· ····························-----········-
Salts C(x 10" mol dm- 3 ) u(x102 ) 

10mass% ofCsH6 

Bu.NBr 0.3178 0.513 
1'1!n,NBr 0.3185 0.411 
Hex.NBr 03198 0.418 
Htp,NBr 0.3140 0.394 

20 nws% of CoHo 
Bu.NBr 0.3110 0.404 
1'1!n.,N8r 0.3134 0.406 
Htx.NBr 0.3456 0.695 
Hep4 NBr 0.3446 2.382 

30m.tss% of CoHo 
Bu.NBr 0.3011 2.030 
1'1!n.,NBr 02684 4.322 
Hex.NBr 0.2529 4.622 
Hep,NBr 0.2541 4.394 

40 m.tss% of Co H6 
Bu.NBr 0.2028 4.089 
1'1!n.,NBr 0.1718 3.641 
Hex.NSr 0.1794 7.82S 
Hep,NBr 0.14S9 9.657 ------

thl' wholl' concl'ntration rang!' of thl' tetraalkylammonium halides 
in diffl'rl'nt binary solvl'nt mixtures of C6 H6 + THF and the data are 
providl'd in Tabll' 6. A rl'presl'ntative plot for Cr vs. cis shown in 
Fig. 2. and shows the variation of Cr with the concentration of thl' 
salts. It is observl'd for all the salts in all solvent composition that 
thl' amount of tripll'-ions in thl' solution mixturl' incrl'aSI'S with 
thl' increase in concentration of the salt as Wl'll as increase in the 
amount of benzl'nl' thl' solvl'nt mixture (35]. 

In Fig. 3,log(Kr/Kp) as givl'n in Table 4 has been plottl'd against 
logCmin• where Cmin is thl' salt concl'ntration at thl' minimum con
ductivity of the halides in C6 H6 + THF mixturl's. The graphs show 
an almost linl'ar rl'lationship. Thl' valul' of log(KrfKp) is found to bl' 
highest in Hep4 NBr and lowest for B14NBr as givl'n in Tabll' 4. 

4. Discussion 

Table 3 shows that with incrl'asing size of thl' tl'traalkylammo
nium ions, both thl' limiting molarconductancl's of the simple ions, 
Ao and that of the triple-ions, Aor decreasl' in thl' different binary 
solvl'nt mixtures ofC6 H6 +THF. Jncrl'asl' in 11.0 significantly incrl'ase 
the mobility of ions due to lowl'r solvation of thl' ions by the sol
vent molecules. So Bu4 W which has thl' smallest ionic sizl' has the 
weakest solvation among thl' R.W ions. Thus. thl' tendl'ncy of the 
ion-pair and tripll'-ion formation of R4 wx- depl'nds on thl' size 

0204 
0 184· 

-- 0.164. 

E 0.144. 

"" 0124-
~ 0_104-

~ 0.084-
: 0064. 

~ 0044· 
0,02~-

0.004• 
015 017 0.19 021 023 025 o.v 029 ()31 0.33 

C( X104 moldm<) 

Fig. 2. The plots of triple-ion constant, Cr versus salt concentration c for the salts 
under investigations at 298.15 K of 10mass% of Q,H6 in C6H 6 + THF mixture: (•) 
Bu4 NBr: (D) Pen4 NBr; (6) Hex4 NBr; (:lr) Hep4 NBr. 

----------.-----·------------ ························-----······ 
cxr( x 105 ) (p(x10" moldm-1 ) Cr(x109 moldm-1 ) 

0.038 0.316 0.012 
0.046 0.317 O.D15 
0.055 0.318 0.017 
0.060 0.313 0.019 

0.048 0310 0.015 
0.055 0.312 0.017 
0.107 0.343 0.037 
0.407 0336 0.140 

0239 0.295 0.072 
0.596 0.257 0.160 
0.611 0.241 0.154 
0.682 0.243 0.173 

0.329 0.19S 0.067 
0.345 0.166 0.059 
0.819 0.165 0.147 
1.072 0.132 0.156 

and the chargl' distribution of the ions. Similar typl' of results has 
bl'en rl'ported l'arlier by Sinha and Roy (36]. 

The Kp and Kr valul's (Table 4) prl'dict that major portion of thl' 
electrolyte I'Xists as ion-pairs with a minor portion as triple-ions 
( nl'glecting quadrupoll's) and also Hep4 NBr has thl' highest amount 
of tripll'-ions and lowest number of ion-pairs formed in diffl'rent 
binary solvent mixtures of Y;H6 + THF as compared to the other 
salts. judged from thl' K rfKp ratios the large association bl'twel'n 
the ions may be dul' to the coulombic intl'ractions as well as to 
covalent bonding forces, considl'ring the ionic sizl's of thl' spi'Cil's 
in the solution. The rl'sults are in good agreeml'nt with thl' works 
ofHazra and Muhuri (37}. 

At very low pl'rmittivity of the. solvl'nt. i.l'. c < to, l'll'ctrostatic 
ionic intl'ractions are vl'ry strong. So the ion-pairs attract the frl'e 
anions and cations presl'nt in thl' solution ml'dium as thl' distancl' 
oft hi' closest approach of the ions bl'come minimum. This rl'sults in 
thl' formation oftripll'-ions which acquire the charge of the respec
tivl' ions in the solution (5,38}, i.l'. 

M+ +A-<+ M+ .. ·A-<-+ MA(ion-pair) 

MA + M+ # MA M+ (tripll'-ion) 

(9) 

(10) 

oor--------------------------------------, 
·2.0 

-3.0 

-lo.ol-------.-----~---........ ---~--....-1. 
-2 1 -1 9 -17 -1 5 ·1 3 -11 

Ffg.l. The plots of Jog(Kr/Kp) vs.logCrmn• where Kp is the ion-pair formation con
stant, Kr is the triple-ion formation constant and Cmin is the salt concentration at 
the minimum conductivity for the salts under investigations at 298.15 Kin different 
mass% ofC6H6 +THF mixtures:(+) 10% ofC.H6 : (D) 20% ofC.Ho: (a) 30% ofCoH,; 
(X) 40% of CoHo. 
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Molecular Interactions by Antagonism, Synergy and Excess Functions 
Prevailing in Ternary Mixtures 

Arijit Bhattacharjee t and Mahendra Nath Roy* 
Department of Chemistry, 
North Bengal University, 

Darjeeling-734 013, West Bengal 
E-mail : mahendraroy2002@yahoo.co.in 

Rheology is the branch of science that studies material deformation and flow, and 
is increasingly applied to analyze the viscous behavior of many pharmaceutical 
products, and to establish their stability and even bio-availability, since it has 
been firmly established that viscosity influences the drug absorption rate in the 
body. 

The liquids were selected on the basis of their industrial use. Tetrahydrofuran and 
monoalcohols are important liquids which find a variety of applications in 
pharmaceuticals, cosmetics etc., which, in tum, have greatly stiniulated the need 
for extensive information on their various properties. Beside this, dimethylsulfoxide 
is a powerful broad spectrum solvent for a wide variety of inorganic and organic 
reactants. Having low toxicity, it can be used in biology and medicine, especially 
for low-temperature preservation. 

From the experimental measurements excess molar volumes ('vE), viscosity 
deviation (All), antagonism and antagonic index (/A) are deriv~ by the equations 
developed by Kalentunc-Gencer and Peleg and Howell, respectively. A power 
factor, F11 has also ·been introduced here. Also, the speeds of sound of these 
ternary mixtures have been measured over the whole composition range at the 
same temperature and thus, the isentropic compressibility (KJ and excess isentropic 
compressibility (K

8 
E) have been evaluated from the experimental data. The results 

are discussed in terms of molecular pac~ge, specific interactions and nature of 
liquid mixtures. 
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Conductl~itie-~ of wmc tc:tr3alk)·lammomum halide-•. 
•·U:. lo:tr.lhut) !ammonium bromi<k' (Bu4NB.r J, telr.JFnl~ l•nn
momum bromiJ.c (I'I:II.,jNBr). tctrahcxyla.mroomum bro· 
11mk (lle~~NBr) and retraht:ptylarnmomum bromu.lc 
ltlep_.NUr) wom: ~su~ al 29lU5 1< m "r11F + Cl>116 
llli~l\11\=- With 10. 20. J(lattJ 40 1113'' perc-elll or C611h. 1\ 

tninlroun• in thl; eoodt.cton'll:lric cu!"'es tmolar cOOrJI)C· 
lance, '' ''S \41U~re root of C'.Ql)l;~lltr•rion. ,lc) wa.s ub
o;.erwd :.t ;~ ~mcenrr.uiorr~ ~·hich \kromdent hmh o11 tile 
~:.h ant.l the 'ol\c;ru. The oh"'!rvc:d molu c;uoducti~itit:~ 
were C:\f'llim:u b~ tlw: fom1aJi•m ,,f 10n-pai~ (M' + X 
,__, \IX • .li'pl and tliple-i•:tft.i (2M+ ~ X .-.., M!X •: ,:>.J • 

+- 2X H MX1•. K1J. '' linc-.. tr rclottion~hlp bo:t"'·•-.:lltlr< 
triple·ion (umJ;~Ii<'n con tams flo!! <KTIKrH and the <c1!1 
'(lllO:CI!Ir.!liC>tl~ atlhl: Rlillirmun (XlllUUCti•·lt}' (log C""") \\,I~ 
given inr a!l \:111~ i11 Tllf + C'I'>H6 mi•run.~. The forrna· 
tilm vf uirl~:·Ml lllighr I'C mmhurcd h) tlit i~w1 ~•ze\ in 
solutif'ns in which rouloml>ic int.::rnctim,;; :.nd co•·:llent 
l>nmling force' act a~ th.: m.1in force• lloctwecn !be ion~ 
1R4S • · --X-) 

PHY!AI')-5: Apparenl mol:lr volume~ .-iscosil~ h..;u
effid~nts and ultra!IOnk "'pte(is of wmt :uuhHJ acid In 
aqm.'OU\ c:altch.ol 'olutinns at 2911.15 1( R:1jo:-<h Kllmar 
Oas•. l.• .yc:Jy Sartar ;md Ma.heodra N'Mh Ro>·•, Dt'pan· 
m.·nl c~( C!r<'"ll'lift,.... ·'kr:lr fl1'7i.~'71 Urm·n.,:ry. Darjulirrg-
7J4 OJ.> ll'nl 8tr.•gal 
!:.'.mail • nu~irf'n.-/rMr0-l001if!')·alu"·'· ,.., i11 

t\IJil;tfCntlll<)l:l! mlun~<.:>, ~·~. 1·i...:o~irics, rt. and appa· 
r~J'i i..oemr<'J'ic ct~mprc~'ibiliti<", K¢. ttl }!ly,inc. DL.•ala· 
nine, 1 · \ 1li1w ;uld L-ku.:mc m U.ll5. U.lO. 0. 1.5 mol lo.~ -l 
CJt<.xl"'l 'nluunn' h.:l''l! been d<!krm1rn:J Jt ~')~ J 5 K b) 
tn(!a~urinc rh.: llc:n~HI~'· ,. l~io:H51tlt.'' .n~ ~1Ur.t~m1' ~(X"..:J 

~·t' the ,,.,.,._,,c- -..tlutimt' '"'1"'~'"·~1}· 1"h..- 't.uMl.trJ p.tniat 
lll<C•I.tr ,,_,1\lllliCS V~1 • ,l;mJ;qJ \"r>JUII~'. ;·,f (f;J!I,f.:r ..\trl~, 
'tanJ.ml r:u11dlt-.et'•lro)'t~ ~-·~tlf't•'"llllliti.::l.. K~' . tr:tn,fc: 
Ulfll?f~" rnhltt'\ :.tr,l,-~, h)df ,1111>;( I"•UIIIl>I:C, .\'.,, OJ tf10: 

<lllllnt> l•·rtl~ lh•"~ I•''"" ~;..d~tui.OI~<ll;>r ltl\.:'"fJIHIS th~ ~an· 
~·u':. 1 11tcra;.' llnn~ in th~; h:lnil.rj \niuU:fifl'. TIK! hn..:Jr ...:nrn: 
l:tUtlt. t 1 1~,ln•a.l m.~.)lir nHumc .nxf \'l'-Ct.''ll) IJ.~u<·U:~·u:nr" 

.• .,rto """"''"l~ nunrll':r •llc,,tl!l>n .tl•lllh 111 dt.: ;1l~}l .t..,in 
lw. < ,.._.,.,, \h•~J 111 nplain th~ c"ntr il'llliltn of <:ll.Jr~.:d 1.'1\d 
~~· llf I 'ill t, C(JO J .ond the Cll! ,.:r•>I>J' t" \t Th< 
n: .. al !:.1 1

..: ht·~n ultt.:rprtll"ll m till' IJ}!bf 11f '"1LJt1.· ·.uh~m 

II ~ 

inte:rnclions in the mixed ternary solution~. 

PUY(AP)-6 : Oxldath·e ~nt.ratlon of carbon)·l com· 
pounds from o.xlmts by morpbollnilllll UllonxhromaM : 
A klntlic and mtcllanbtlc $CUO) S..ras...,au A&arw:~l~ an.J: 
Suni1.1 Dllll!.a.Jf. l'kpal'lmelll uf CJitmutry. Gow. J. D. B. 
Gfrll Coll'fle, Kota-JU 001. Rajlmlran 
£-m~lil : Jrphs27YJ>'~'illl)(>.n>~ll 

Thl! ox Illative dro~imination <~f ~,.trn1 nldn- and lett~ 
o~lnu.•s b)' morph<>linium chlorochromatc (MCC}. tr• 
dimclh} lsulpho.~tde ~ DMSO). exltibitfll <1 riNl Ol'o,ler Lk
pcndca.;e (IJ'l bOJlllhe (lximc and MCC. The: o~iddtrt•n of 
kelo~ime~ ts slower than tll:lll vf alllol!.i-n~o:'. The r.tt~ of 
m.id.1tion of .. tJo~imc,; cornlall!d wt'U Ul cc nn~ of f>;!~l.'lich· 
Tara dual sub.tiM:nl·p;ll'an'li:-ler eqiUtiQfl. The low posi
tive \':t.lue c•f pol~r- reaction con>Lan4 irnltc.tci!'IJ a n~,~>;l¢0· 
ph1lrc au~k by a dtron .. ue-oxygen on tbc c.arbon. TI~e 
rc~lillfl i~ ~uhj~'l:t Itl ~tcric hint.lnncc b} 11-.e all..yl gruup~ . 
n~e reaction OJI ,.~·ct,.IJJti\ im~ I~;~.~ hccn ,tudu:d in ninc:~en 

differe-nt org:llmc soh·.:nts. 'flte wlv.:lll <ll«t h.'l.' been 
an.ai)"\Ctl h)' mullll'Mamctri.: cqwUilllb. 1\ nx:cll3m~lll 11'1· 

\'ol\'ing Urc (ormari4m of :~~q·.:til:: ir.tem~di:nc, in the rJle
tk:l~rmining ~lcp. ha~ bo:cn proposed. 

Pli\"(AJ•)-1 : :1-lcc-hanhtk &"pec'IS or unc:ttlll}s.!d and 
~"'" eatotl)wd o\.idalion or s..nuorour;;cll - ''" anti
cancer dn.tl b~· alkali11t dlptrlodato:lrJiCcntalt"tlll) U!iin~: 
'lopj)(d Oow fMhniqur Xas;araj P. Sh~lli. P.G. I)(J-,m
m"'' •1/ Studits in Cilt'tlliur.·, Kamlllak Unin~r.,ity, 
Ol~tm•~uf-58(} 001, Karmrla~-~~ 

t-;.mail · nptltttri@yahtHJ. cow 

The oxidauon ot an anti~n.:cr .:!rug 5-tloornuracit (~
l'UJ b) dipcti,N.ltnar~ent.:rLLi- 111} (lJPM -...:~~ ~:.nr.cJ Pwt 

tJ..)(h 111 the ahscncc ami pn:sencc •lf o~mium{\'111) c;1taly'r 

m lblin<: rno:diunr :oil 17 "C and a con,tanlJ.<>OIC '''~llflh 
of 0.20 mol dmo' ~l'<~ltt'{llk•l(lllWtric:rll> ;ma.chcJ with 
III·TECI! SFr\·12 stHp~d llt>\1 .o~~:ces><.>r). TI~e •"r•l.ui''" 
pr."<iociJIIJl butlt 1111! I:<~!'C' 11¢1'1: i<kn1ifkJ a.Jo llu•m•ke:cnc 
•• n.,J ,\~_: 1 The .<I•'IChioniCtl'} b s.mn: intk'llll C:\-.c'. • o:: J'i-
1-'l!J : IDPA} = [ : l . I be: r<:ill:tion W.l\ of llrst ord<!r in 
lx~h CitLIIy-.cd anJ uncatal~·'<d ca<.<:\. wtlh r~t'l"'•liO IOI'r\1 
•• nJ ";a' lo:~\ th 11 Ullll nr.Jc:r 10 JS-FUJ and llc!)all,·c lr.M: 
111ort m Jal~alrJ Tilt lll'lk'r Ill o~"111 \11":1\ UOll~ In 1-o.llh 
ca><~ il\£tH 3IO~t:!J· it-.:lf ;, tile"'"'"" ,pe..-ir' <1l OI'A 
rho: uncat:1l~~<l r~actmn m :.lkali111: llh.'\1ium h.J, heo:n 
''~'"" "' prt..:<-.:J \1,"1 :1 DI'A·<;·tluor.!IUr.>o:il l"01f'k~. "hr.;· II 
<~Cl'<llp<I'<'S 111'" r.ltr d<!l<:miinint; ~4~:p U' ~1\<: lit<: pr,...J

och. In ~:;,r:tl) >e.J rc~"i•m. u biJ.,; l:to.-cn •I:('" II Ill pr•M·~d 
·.iJ a OsVIUj.Jluowur...:il ~··mpk'<. '"'lu.:h fttr:lr-:r f<'a<:h 

""11 <mv m••k.;~dc Ll Df'A m a r.JI,_. tk:t~"mmn,; ·~cp !l> 

~1w drc produd' llt<: r.:.-.;11"11 .:'lln~t.Sn!S m•oh<"d 111 Ilk' 

thlkrt ttt "''fl' •If :ll~ 111L'\.ILJ~l,m• -..er~ ..-~kttl;e!~d tnt !loth 
thL" JL•.1CLt-1Jno;o II~ ..:-.;11.1/LI.;.: ~·'thl.U'tt•A·_.I ""'·•" aho ... 1ku 
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