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ASS0CIATION COMPLEXES : A SHORT REVIEW



1.1 Association Complexes

Interactions between molecules occur with varying
degrecs of intensity. At one extreme are the non-siecific inter-
actions due to vander Waals forces, including classical electro-
static and quantum-meghenical London dispersion forces of attrac-
tion and “"exchange®™ or "Steric™ forces of rejulsion. At the other
extrene are strong interactiones leading to chemical reactions in
which interacting molecules lose thelr identities and form unew
sjecies.

Betwneen these extremes lies the class of moleculer or
association complexes. In such complexen, formed by specific
interaction of two or more molecules, the moleculer partners still
§reserve their identities to a large extent. The interaction 1is
Prizarily due to electron exchange, one jartner acting as the
electron donor and the other as electron acceptor. Such moleculer
or Donor-Acceptor comjplexes, comjomsiticns of which can be expressed
by integral mole ratios of the comjonents, are in many instances so
unstable that they cannot be isolated in pure state at ordinary
temperatures but exist only in solutions in equilibrium with their
components. In certain cases, however, the resulting products are

characterised as sclide, the comjpositions of nhich can bde rejresen~

ted as sizple mocleculer ratios, usually 1:1 of the conjonent parts.
They can of course be detected readily because of differences in
their physical properties and sjpectroscojic characteristics from
thome of the jure cosjonents. The rates of formation in solutiom,
are generally, s0 rajid that Kinetic studies can seldom be made.



Electron donors and accejtors canm be classified in
various ways. The scheme adojpyted by Nulliken is described
here. Donors and Acceptors are broadly classified into
increvalent and sacrificial tyjpes, the former meaning that the
donor or accejpytor action makes new bonds jossible without
affecting the bonding esituations in the donor or acceptor and
the latter meaning that the internal bonding is weakened thue
decreasing vibrational fregquencies with conseguent increase in
bond lengthe. Individual donor or acce;tor is designated by a
tera describing briefly the nature of the donating or accejpting
orbital. Thus l,l is classified as an n -~ donor since ite
donor MO 4is moetly a lone-pair A0 (n means non~bonding);
bengene is & DT donmor, eince its donor X0 4is a bonding \' MO;
ml, is v accejptor, since ite acceptor MO is ajpjroximately
a vacant valence shell boron AQ; trinitro bengene is an O
acceptor, since ite acceptor EO is an antidbonding \| orbital;
I, is an ol aeceptor. Hajor classes of domors and acceptors,
classified by this scheme, are given im Table 1.1 and 1.2

resjectively.



Zable =~ 1.1

Hajor Classes of Electron Doners

Structure type ,l

Nature of

Examples

(a0 or nT) Valence shedl  [,0rovalent
lone pairl
v 0" =be:
srong nding ele0- g erifiotal
v T wbonding Sacrificial
electrons
R
(RCT or Rll) Valence elec- De jends on
tron. Fartner

- N donor action.
Syabol Site of domor
action.

Amines, Ethers,
Hallides etec.

Alijbatic hydrocar-

Aromatic and unsa-
turated hydrocar-
bons - momo and
Yolyeyclie.

Atome and radicals
0ede

Ba, 628’1 odd anioms,
LT Ar etec.

1) not always strictly lone.
2) Very weak donors ; unimjortant tyjpe.
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Zable = 1.2
Major Classes of Electron Accejptors.
1
Structure Type Bature of i
donor : Sxamzles
3 ymbol Beceiving orbital | *Otien
mﬁ—
v
(va er vwir) Vacant ence Increvalent BC1 * ete.
<o P
adq G".Iu".“l‘ Sacrificial Iz.lQ. hydrogen
electrons balides, halo-
substituted
Paraffins, Feeudo-
halogens ete.
T Sacrificial Aroasatic and Unea-
") ;L"“'““"‘ turated unﬁull
and esjeclially
derivatives such as
trinitrobengene,
Tetracyanoethylene,
ehloranil which
containa strongly
oloetnuuug
substituents.
Q Valence shell Dejendes on Atoms and radicale
orbital Partoner e.g. Cl,0H; odd

cations like Ar

— i e -~

e Pty e

1) not always etrictly vacant.

2) some more movel \| ~acceptors are given by Foster.>

Radical donors (R) and acceptors (Q) usually have
an 0dd number of electrons, while classicel (n or v) and most
non-clas~ical (b1, BT or all, aJ) donors or accejptors mont
cften have an even numbder,
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Many molecules ¢an function sismultaneously as donors
and accejtors in complexes stabilized by two way charge-transfer.
It is also possible that a molecule may be cajable of functioning
in different ways at different loci. Thue lzo ean act as a
strong B - donor as almo am an ad accejptor through one of the
O =« H bonde in He-bonding with an n-donor. Iyridine may act as
n=-donor through the nitrogen lone jair and also as & %eak T domor
through the arcmatic ring acting a= a whole. PFyridine may also
act am» an a0 -accejptor. zs.lf-oonyluos of benzene poseibly ianvolwe
such amjphoteric charscter. It has been suggested that polycyclie
aromatic h ?fnoarhou which act as good domors should also be good
accejtors. It is aleso injortant to realise that all donor or
acceptor action, even if it is etrongly localised, still involves
to wsome extent the whole molecule. for examjle, when an n-donor
begins to donate electrous from an atom largely locslised on one
atom, electronic charge flows into that atom by intramoleculer
‘inductive’ action from the attached atoms to comjensate for the
loss. #ulliken has aleo gresented a classification of different
moleculer complexes by giving the symbol for the donor and for
the acceptor. Thus the R N.ECl, comjlex is classified am sn n.v
comjplex. Tyjdoal 1:1 Donor - jsccejptor comjplexes are shown in
Table -~ 1+ 3
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Jable = 1.3

Typical 1:1 Donor = Aecejptor Comjlexes

wa v al— ai

B sl
o

B R.BX; i Very sumerous ; IT.Cgligh*-CH, He.He'
"534 3 R8.1;;Me,0.HCL, 1™, oxp or".al
Q . m’o ) 12'

y .l!, ¥ .HF,
80 existence Very waak come Comjplexers not Bot Important

of comple~ jlexes, if any; known
xes doubt- some Contact

ful. comjilexes 0.8.
Heptane. Ia
[ s «H.. o Remction in
= ”.2?13' O6Fg- T2t Celig- TONE 3 l.dhtcc.o.::’.
CgHge HCL 5 CgHg+ THB ete.  CgFg1s
ioniged dimers
Cﬁl—,’. B!"" Very numercus u-.:,'
R TCAE .Na'  Unknown (TexE) Stable mole-
cules ..
0!,31.

Abbreviations: Ar, sromatic molecule; R, alkyl rsdical;
X; balocgen atom; HQ, Fromsted scid; TRE, trinitrobengenej
TCNE, Tetra Cyamncethbylene.

R T T T T T S T T T e e

I
|
:
|
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Not included in Table -~ 1.3 are the hydrogen-bonded
complexes which are a group by themselves. Generally, Donor =
Acceptor interactions, where the domor is an n - donor as well
as a /| =donor, and the acceptor is a hydrogen containing mole-
cule like hydrogen helides, Bydroxylic comjounds, haloforms or
baloalkanes, take place not through normal domor to acceptor
charge~transfor jroces=es but through formaticn of hydrogen-bond
between the donor and acceptor. Actually the term ‘Hydrogen
donor' may be more approjriate than ‘accejtor' for the demcrijpy-
tion of several molecules jarticijating in such comjplex forma-
tion. Infra red and NNE sjpectroscojic studiees have bDeen used for
characterisation of such interactions. Thums, by means of infra-
red studies of their interactions «ith strong proton acceptors
like ygyrim. - l, and dimethyl suljyboxide - dgs £t was establi-
shed that a variety of substancees containing at lLeant one
hydrogen~bonded to carbon can act as hydrogen doners. Fenta=-
ckloro cyclopropane, Pentachlore ethame, Br,CHCN, cm,,cu, and
many other comjpounds gave larger C - H shifte than OHCJ.J. an
accejyted and well-studied proton donor. The order of halogen
spectral shifts wae cas:-,y OHI_.D caa.l’; cur, gave inconclusive
results. t-clz-! compounds (X, ¥ = Cl, Br, I, CN) and cis - and
trans - 1,2 - dichloroethylene also behaved as jroton donors.
The proton domnating cajpacity of a C - H group, as manifested in
the infrared sjectral shifte which result on complex formation,
was found to decrease with changes in hybridigzation of carbom in
the order C (9p) = B) C(95%) = E)C(7p3) = H. Hydrogen-bon
propensities of haloorms were aleo studied by NER techniques
and thermodynamic constants for their as=ociation with
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tetrahydrofuran were evaluated. Hydrogen-bonding with some con=-
tributions from B - ¢* charge~transfer ab=orption was sugges-
ted for complexes of several bhaloalkanes and haloforms with the

n - donors di - 0 - octyl ether a;g di - n -~ octyl thicether from
sas=-liguid chromatogrsjhy studies. Asstciation constant was
found to increase on rejlacing a Cl atom by Br in haloforms and
dibalomethanes. This was interpreted to indicate that although the
acidity of the hydrogen was reduced through such replacement, the
incereased charge - tranafer more than compensates for the dimini-
shed hydrogem - bonding. Fhencle were found to interact with many
nitrogen Or exygen -~ containing dbases in omff

There i» also en abundance of evidence that aromatic
and alipbatic 7| -donors may co-ordinate with hydroxyl bearing
substances. The fact that jbenol is less self-associated in
bengene than in 001‘ is indicative 1in this regard as is the fact
that the fundamental and harmoniecs of the - OH streteking vibra-
tion ajpear at lower freguencies in benzene than in 001‘. The
nagnitude of the shift in the O - D band of cu,on an the solvent
was changed rom ccl‘ t0 & variety of arcaatic m.‘l.nnt-gsuc used to
give relative strengths of the various aromatic domors. Inter-
action of water through H - bonding with || -electrons of aromatic
molecules had been suggested. < Interactions of bengene and
toluene with :oh}onful were shown to be through ucncu-h:ziz:.
Huggine et al used NER studies to establish hydrogen-bonded
comjlexen of cwxs. fimiler comjplexes of cncx, with bengene,
toluuo‘sgntyluo. acetonitrile and dimethyl sulfoxide were also
studled by HMR technlques. DSengene sas showa to form [[ -bonds
with the hydrogen atom of the cnrz group in 05550 cnr,. P = OyN,
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c‘l‘.cnra and ¥, GK.CPZ. CH,OE from RER studies.

The iresence of charge-trausfer absorjption along

with hydrogen bond formation has been stressed by many workers
12=118,12 119=122

from theoreti As as exjperimental asjects. Determi-
nation of stability constants and dipole moments of the organiec
base [htm‘snnrann. (C,Hg) 38, CgHg 7=—halo-form complexes
ipdicated that charge-transfor as well as H « bond interactions
were res;onsible for complexation. A competitive jpresence of
charge - transfer and l=-bond interactions were suggented in
assoclation comjleses between C H,_ _ X - base L p=1,2; X=Cl,
Br, 1; base = (02!,),l. THP, (C4Hg)y0, Tetrabydro pyran_7 which
were atudied by ctoloetricigglnrtuatioa. Vibrational spectra,
B.¥.H., and microcalorimetry.

As shown in Table - 1.3, unsubstituted saturated
hydrocarbone e.g., jaraffine do not have any noticeable tendency
to form moleculer couplexes (excejpt for contact interactions which
d0 uot lend to formation of chemically stable coujlex) decause of
the absence 0f suitable donor or acceptor orbitals. However,
halo-substituted hydrocarbons often act as partners in molecular
complexes. For examjile, CCl, and other halomethanes which have
long been considered inert solvents are now knoen to form a number
of uelooul;s complexes, 0014 was found to cajture mlow moving
oloctron-§ Ohnmo-tuuirag comilexes of CCl, with 1 =donors like
“m“:& o 35-1.“!131“13. ’ I;:ﬁnno. mesitylene, hexamethyl
bengene and with iodide iones (m -3gonorJ have been characte—

rised. Comjlexes of cc1.4 with p=xylene and other alkyl substi-
6

tuted benzenes 2 gsere howsver found to have mo CT absorption band
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and were characterised as weak comjlexes dound by physical forces.
Interactions of CCl, with N,§ - dimethyl aniline and l.l.l'.:‘;‘
-tetramethyl - p-jhenylene diamine in n - hexane wam rejorted
with association constante of 0.06 litre/mole and U.13 1itre/
mole respectively. The results were interjreted in terms of weak
charge - transfer interactions.

A number of recent yhysical studies show the jossi-
bilitiems of existence of molecular comjplexes Of saturated systems
like n - paraffins. Complex romt:gg between n -~ jaraffins and
aqueous urea solutions was indicated from measurements of surface
activity of alijhatic and ¢yclic organosul phur comjounds. Alphatic
and Cyelic orgamosuljhur comjounds were found to exert imbibiting
effect on such complex formation and this effect was related to
surface activity of the suljhur comjounds.

Charge-transfer adsorption frequency end 13, - ﬁg
spectra of oycloprojane derivatives and ejoxides were studied.
1t waes found that dickloro cycloprojane withdraws electrons from
an aromatic ring inductively and the ejpoxide groups act through
hyjperconjugative and inductive action.

Nolar excess enthaljpy measurements have also been
ang“‘to study associatione of saturated and unsaturated hydrooar-
bons. Thus, binary mixtures of n-hexane or ccl‘ + f=hexyne, +3~
n=-hexyne and for n-bejptane or CCl 4 +i=n=hejtyne were studied im a
continuous titration calorimeter over the whole comjosition range.
The influence of the position of the trijple bond on the T -1 and

T =n interactions was discussed.

However, no electronic sjectral evidences showing
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participation of n-paraffine in cozmjlex formation has so far been
rejorted.

1.3 Hature of bonjing in Holecular or Association Comjlexes.

Although it wae recognised that only weak inter-
actions are present in electron donor - acceptor ty,e of associa-
tion comjplexes, the exact nature of bonding had been a subject
of extensive and controversial discussions. The fact that
interactions, though often weak, take place betwoen chemically
saturated molecules was a matter of great confueion, Pfotffbt‘
suggested thaet bonding occurred through the saturation of
“rosidual valeucies®™ in the comjponent molecules. At that time
Chemintry was in an early stage because the basiec #.wo of 1light
absorption was not well-founded. Beneth and willie, in discussing
complexes of aromatic substances with nitro comjpounds took the
opposite view and jrojosed that covalent bonds were established
baetween the donors and acceptors. They adhered to the idea that
colour formation iamjplied compound formation. However, the instan-
taneous attalonment of equilibriua in solution is incompatible with
the concept of covalent bonding. X-ray diffractiom studies have
aleo clearly established that the distances between the -ifil
complex g::solcat- far exceed normal covalent bond lengthe.
Briegled osuggested that the aromatic hydrocarbon-nitro compound
adducts were the result of electrostatic attraction between the

localised dijoles of the nitro group and tbol*ninccd dipoles in
the hydrocarbons. Briegleb and “chachowskoy emjihasised that
their interjretation was in terms of localised digpoles s0 that

a molecule like 1, 3,5~trinitrobengene, while having an overall
gero dijole moment, is nevertheless an effective jpolarizing
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component in the cozplex. However, the colourations accompanying
molecular asscciation is inexplicable in terms of dipole~induced
dijole tyye interaction.

Gibson and Loorncrﬂ suggested that there might
be sufficient transfer of charge in collisions of suitably
oriented molecules of the two sjpecies., The intemsification of
colour of solutions of aromatic amines in nitro-aromatics whea
the hydrostatic pressure was increased and the loses of colour
when such sclutions were frogen, were used as evicence im support
of such collisional comjplexes. The term ‘'Contact Charge-Transfer'
has recently been app%ioa in describing collisional electromie

exchanges of this klll?

14
¥eiss enjbhasised the electrom donor-acceptor

nature of the cosponent molecules but held the view that the
complexes wore essentially ionic -~ a result of complete electron
tranefer. In support of this view, the greater atrength of
binding than that provided by dipole interaction or disjersion
forceas, very fast rate of formation of the comjplexes, colour of
the comjplex arising from electronic transitions of the two free
radical ions making up the complex, electrical conductivity ete.
were cited. But the low enthalpy changes (~ 4 K Cal/Mole or
less), high e uilibrium constants, low electrical conductivities
and insolubilities in and/or decozjposition by water as observed
in majority. of the molecular comjplexes point to the ojpjosite.
There may, of course, be some redominately ionic coajplexes but
they are excejptional. The majority of comjlexes are now generally
accejpted %0 have only a small degree of ionic charascter in the
ground state. Despite the obvious conflict of theory and faect,



Weiss had brought his theory quite close to the correct answer
as understoocd now.

A different apjroach was made by Bmtu;? He
projomed the term ‘comjplex resonance' %o describe the inter-
action as a resonance hydbrid of a no-btonded structure and a
structure in wshich & bend ie esteblished. Bruckmen, however,
did not suggest that the second of the Swo Cancnical structures
bad Ln:%nd single electron transfeor botwaen the components.
Pauling made a formulation, similar to Erackman, regardiing the
olefin-asilver ion complex.

>c « o >cic+< ot —— el
ag* by

A

Benesi and maobrandi-;r in 1949, rejorted that
svluticns of iodine im aromatic hydrocarbons had an eloctronie
absorption mot ,iresent im either comjponent alons. They recog-
nised thin band as characteristic of the complex as a whole and
obtained the formation constant as al#o € max (Fesk molar
abporptivity) by measuring the absorption as a function of the
cvoncentrations of the hydrocardom selvent and iodine. %ince K
proved to be small, the interaction waa Serzed ‘weak'. However

€ max is very large, sbout 1.5 x 10‘ for Cglg.1, comjplex.

1,18
Ealliken 5 rrovided s guantum-mechanical

exjlsnation for the etability of suck complexes, the strong
abserption band and the dipole moment of the complex. FHis work
hse irovided explanation for many jrevious otservations and was
the main stimulus to the extensive develojmente which have taken
place in this field since 1352.
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Mulliken 's valence - bond (rescnance) descriptions
explaine weak interactions betseen an electron domor (D) and
an electrom accejptor (A) in terms of the ground atate save
fumction \VH whick is the lowest-energy solution of the
9chroedinger wave equations for all the electrons in the
comjlex. Assuzing an 1:1 complex:

Ve (0a) oa Vo08) ¢+ (0 = &7)  cocecocs(tet)
ao=bond dative

Here D and A ere in their totally symuetric groumd
states and have been assumed t0 be even-elesctron systems but
the sase, with apiro,riate msodification, would be true for odd-
even or 0dd-odd donor-acceptor interactions. The mo-bond wave
function \{, (D,A) corresjonds to that structure in the complex
(DA) in whieh binding resulte from such ‘'jhysical ' forces as
dijole-dijole and dijyole-induced dipole interactione, London
dispersion forces and H - bonding. The dative wave-function'
corres;onds t0 a structure in wshiech one electron from an NO
in D has been transferred into 2 ,reviously uncecujpyled MO of
4 and a bond between the 0dd electrons available on D" and A~
has been formed. This wave function re,resents the extra stabi-
lity of the comjlex, its dijole - moment, changes in geometry,

a new U.V. or visible abeor;tion band and other noticeable
effecta, The mixing of the no-bond and dative structures
imjarts resonance stabilizationes to the comjlex.

The idea embodied in eqn. (1.1) explaine a variety of
molecular complexen, even the 'classical ' comjplexes of the Lewis
types ljl.hxj (other types, like ‘76“6’12 complex, may them be
called non-classical while com;lexes like l,l.lz having classical
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donor but nom-classical acceptor may be called semi-classical).

The eqn. =may be generalised t0 include the following

particulars:

(1) The electron provided by D does not necessa-
rily have to come from a lome ;air AC but ean
be an electron from an MO involved in the
bonding within D.

(2) The vacant orbital on A does not have to be a
vacant AQ, dut can be an anti-bonding MO.

(3) The tranafer of the electron from D to A does
Bot have to be complete but camn occur fraction-
ally to any extent from gero %0 one.

(4) The stabiligation of the comjlex i» not due
simjly to an increased weighting of the dative
bond in the structure of the comjplex, but is a
quantum-zechanical resonance stabliligzation, even
in classical complexes, and esjecially in weak
complexes.

The description of the ground state im egn. (1:1)

implies the existence of an excited state using the same H"om
\-H e This excited state is given by the wave function \Y'I ]

\-I/' ~— a \-’/1 (D’ - -, - ‘)F \FO (3.‘) ..-....(1.2)

Here a, b are determined by the reguirements that \'}/v te
noraalised and othogonal to \1/!. Ao @ first ajiroximation,
a*~a, b*=-b. The V state descridbed by egn. (1.2) is called
a charge-transfer (CT) state. This state is often lower in
energy than any of the locally excited states of the complex
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(excited states primarily of D and A sejarately, but somewhst
modified because of the interaction of D and A in the complex).
The comjlex has in general a strong absorption bvand (allowed

" traneition) called the charge-transfer band (CT band) corresjyon=-
ding to thia V<— N transitions at longer wavelengths than
any of the band due to transitions to the 10«11: excited states.
The charge-transfer transition energy should be a fuanctiom both
of the ionigation jotential of the donor and the electron affi-
nity of the acceptor. Qualitative evidence of the dependence of
the transition energy on the donor iomigation potential is to bde
found in the fact that the intense UV, absorption jreaks for
iodine complexes shift to longer wavelengths as the donors are
changed from bengeme (), 2907w ) to toluene (X, > 300w
to mesitylene ()\’,M;-"J 330nw),

For weak donor-accejptor complexes, simple perturba=-
tion thoorhﬁm the following expression for the emergy of the
C. 2% MGS

%' - }\;ic’ ™ In - * . (ﬂ‘o - G') + (11 + lol see (1-3)

where IP and f. are the domor I.F. and acceptor E.A. respeoc-
tively. X5 is the ground state resonance energy of interaction
between the states Y(D,A) and \/(D* - &™) while X, is that for
the excited state. UP is the energy of the "no bond" inter-
action and G, is the interaction of D* aend A~ 1in the exvited
state. X, and 11 are shaz bys
X, o (B9 = %04%’
g ~.%
(Hyy = 89y %)%

- cosses (1.5)
“ W%

PP (1.4)
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where I‘ and lo are the energies of the dative structure and
the ‘mo bond® structure in eqn. (1.1) ;

.01 = f‘f’oH \H OUT. H being the exact Hamil tonian for the
entire set of nuclel and electrons; the overlajp integral

%0¢ * f\‘f)n %d"qj :
It o= (Hy, - 85,%) and (3| = (Hy, =S9,%),

we have ﬂo % {3‘

3 9 = ‘n- 000(100
for = Pop = 1 ('.*0'-00)’;’-“'4'010%)

This egquation is only applicable to interacticus
which are sufficiently weak. For strong comjlexes like !’l -)"3
tyye, in which the binding energy is fairly higk, the varia 1)
method has been suggested for calculating the resonance energies.

The resulting expression is:

e [ 4 3o 3,
® Ban & wmed 1 ooe (9.7
s e Y - ) TN i

Hany examiles showing the uuhhogosf these ex~-

mnxo?;‘ ;’or Egp bave been reviewed by Foster and Andrews
& Keefer.

The expression given dy egu. (1.6) can be approxie-
mated as Bgp = I° = B' - C where C reyresents all coulombie
interactions. It is this coulomd contributions to the CT e¢nergy
which is usually the most difficult to estimate since the dimen-
sions of the complex are often unknown. This is uri&oularl: 80
for weak complexes which exist in solutiom only. Their binding
energies are usually saall 20 that in solution many different
configurations of the comjilex may exlet in equilibrium with one
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another. The CT energy will differ for each configuration and
the net result will be a broad absorption band without any vibra-
tional fine structure.

One furthsr characteristic of the charge-transfer
bends ie their wavelength semnsitivity to the solvent polarity.
This is because the excited state is highly jolar relative to the
ground state. This has been confirmed by Kosower for alkyl
Fyridiniua Iodide ...p;.,.;? " and by several other workers.

According to equ. (1.1), a whole ronge of molecular
complexes starting from a =1, b=0 %t a=0, b1 are
sossible, the former extrese refers to the case where the charge-
transfer state does not make any significant contribution to the
ground state, whkile the latter refers to cases where the ground
state ie lonic. In between those oxtremes lies the cases db-uo-
terised by the jrevence of charge-transfer absorjtion which are
commonly termed as the charge-transfor comjlexes., Mulliken's
classification of such comjlexes in terms of the orbitals used by
the donor and the accejtor givem in table 1.3 illustrates this
point.

Hot all complexes which may be classified according
to Table 1.3 are necessarily of c!'gaf;;o-tmnfor tyye. Bentliey and
Dewar - as also Dewar aad Thompsch  have shown that some V\-mole-
cular complexes formed by D -toluene suljhonic esters with Poly-
nuclear aromatic hydrocarbous as doners do not show any CT
absorption. They considered such comjplexes us vander walls
agsregates i.e. jphysical forcer were the only mode of binding.
Similar conclusions have been drawn from recent consideratioms of
the measured dipoles of so-called charge~transfer oumuufu
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In the solid 1:1 comjlexes CCl, . p-xylene, CBry .
p-xylene and Brp . 5'6' uoa{;grnut of halogen pure quadrupole
frequencies of the comjplexes and the halogem containing com-
pounde (ccx‘. CBry Brz) together with information from X-ray
structure determinations, it wam concluded that little, if any,
charge~transfer exists in the ground state of these comjlexes.
Evidences for inter molecular associations in binary mixtures of
192 = dichloroethane with bengene, tolueme, P-!nm have been
obtained from ultrasonic and thermodynamic studien. These weak
complexes of dickloroethane with the aromatic molecules are shown
to be nelither of the charge~transfer type mner buve any hydrogen
bonding, the association being through dipole~induced dipole
interactions.

Haloalkanes like dichloromethame, Bromochloromethane,
dibromoethane, baloforms, as also CCl,, Clrcls v CBr, have been
found to bebave as accejtors in oon?‘lorug with donors like di-n~
oetyl ether and di-n-cctyl tnioothor. It was concluded that
the major contributions towards the binding forces in such
complexes are jredominantly dijole~dijole and/or dijpole-induced

dipole interactions.

28
fatrick and Frosser rejorted the formation of com=

plexes between hexafluorocbengene and various aromatic hydrocar-
bons, for example, a 1:1 solid complex by mixing bengzene with
hexafluorobenzene. Swinton 9% al. made & qarcﬁn.l study of the
shane dh‘mifg excess volumen of mixing and dipole momenis '
of various binary bhexafluorcbengene aromatic hydrocarbon systems.
fvidence for charge-transfer interaction in most cases is not
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ovnruhnlaiag;,°  Thus, the measured dipole momentsof hexafluo-
robengene, & well known 1) -acceptor im various aromatic solvemts
are unusually low for charge-transfer comjplexecs thnuah comjlexa=-
tiom is indicated by 15, NMR measurements. The very small
shift of 19, resonance suggents a very small degree of charge-
transfer in such complexes. Charge-~transfer absorption, however,
occurs in mixtures of hexafiuorobenzene with wvarious l-aonnr!:ss
Beaumont and Davis - al=0 confirmed abeence of any charge-trans-
fer absorption band between | ~donors like bengene and joly-
cyclic aromatic hydrocarbones and hexafluorobengene. They conclu-
ded that jrincipal stabiligation energy was due to classical and
weak hydrogen bomding forces, with very little contridution from
charge-transfer intersction.

in viow of these 1t should be borne in mind that
many of the weak assoclation complexes may derive their stability
from factors other than charge~transfer interaction.

However, it must also Le notod that even in truly
‘eharge~trausfer comjiexes, the identification of the charge-trans-
fer band is often made difficult by many factors. 1t is jarsicu~

larly difficult where the components have strong local excita-
tions which tend to mask the charge-transfer band of the comjplex.
The extra absorption characterietic of the complex am a whole

(CT absorption) ie however, more easily observed than those re-
sulting from ‘local excitations' in strong comjplexzes resulting
from interaction between u strong domor and a strong acceptor. In
such canesn, the transition usually appears ao a separate band at
considerably longer wavelongths than the absorjptions of the com=
jonent molecules. In general, it may be said that only rarely is
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the C.T. band not overlapyed by other bands and due to very poor
resolution of the CT band, calculation of the cecillator strength
is often difficult, The molar abeorptivity is then taken an a
measure of intensity of the abscorption band.

1.4 Contact charge-transfor sjectra;
17

The application of Benesi~Hildebrand equation
to determime X and €DA of donor-accejptor systema, in some
situations, leads to apjerantly surprieing rosult : £ = 0 with
€pA = , im exjlanation for this behaviour resulted in the
prediction of "contact® charge-tranefer pairs in shioch charge-
trenafer takees place through random encounters of component mole-
cules without any specific interaction.

The claseic exanjple of contact eharﬁ‘o-tnnnfcr
spectra is that of I, or Brz dissolved in n-heptane where a new
band appears in a solvent which has 90 little donor strength that
there is no evidence of comjlex formation. The band for I, im
n-heptane has been u.nxn.?'" with a shoulder at 225 v on the
strong local absorption bsnd of I, with peak at 180 ™. Corresjon-
diug bande of Iz in other alijbatic bydrocarvons (in some Casecs
with distinct peak instead of Just u shoulder) appear to corre~
late with ionigation ugnthl of the hydrocarbon, 8;. exjeted
for contact CT bands. Evane bad shown earlier that 02
dissolved in n~heptene or in strouger donor solvents shows the
sane kind of behaviour -~ a new absorption dand aroumnd 200 nw,
Association constant for the imteraction, as in the Iy-n-hejptane
cane, is Zero. For thie reason, n~bejtane and other aliphatic
hydrocarbons must be sade free from O, before using them as
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inert solvents in study of CT bands in this region., Zvane also
-honda? that dissolved HNO also yielded comntact CT npoctra;”
cuozi‘. soz and trinitrodbengene also act as “"contact™ acceptors.

The intensities of the comtact CT bands are much
greater than normally should be exjpected considering the weakness
of the interaction of the components im the ground states. Orgel
and mxuu” considered the problem theoretically. They had
shown that there are two contributions %0 the traasition moment =
one Az related to the ground state stabiligation through o in
egn. (1.1) and the other is the moment of the transition density
betweca she state M (DyA) and the ortbogomal state (D' - A7)
- Sg4 \V.{Dya)e They showed that the transition moment may be
non-negligible even when © = O im egn. (1.1) and attrnuso‘a. go
contact CT band to tnis effect. On the other hand, Murrell
suggested that the major part of the contact CT absorption may
result through mixing of the charge~transfer excited state with
nearby excited states of tie donor or accejptor to wmhich strong
transition occurs in the free comjonent. The extent of amixing
of the two states dejends not only on the Hamiltonlan matrix
element between them but aleo on the difference in eunergy. %ince
(0* = 47) will usually be closdr im energy to (D*,A) and (D,A%)
(the first excited etates) tham to the ground state (D,4), this
will favour the introduction of domor and acceptor excited-siate
character in the charge~transfer state. Combining both the
energy and overlap considorations it has to be concluded that the
CT state will almest certainly take on more donor-excited-state
character than ground state character, and it may have more
acceptor-excited-state character also, dejending ou the balance
between overlap and energy considerations.
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With weak comjlexes like the Cglig . Iy comjlex, there
will certainly be differeant configurations of the complex re-
sent in the solution. Some of theme confmntu;x;c will be
better deseribed as contacts. Orgel and NMulliken  jyresented
an intereesting and reasonable argument %0 support the conclusion
that apjroximately one~fourth of the charge-transfer band inten-
sity for CgHg ~-1, interaction in CCl, is attributable to absorp-~
tion by a complex and the remsining three-fourth results from
contact absorption. FEvidence has also been presented that
in solutions of Iy and Folynucleur aromatic hydrocarbous in m‘
in which the halogen concentration is very high, the character-
istic U.V. absorption should be attributed mainly to CT absorp-
tion.

A number of different exjperimental methods have been
used in investigating equilibrium between Donor-Accejptor come
Plexes and their comgonents. Some of the more imjortant tech-
nigues are briefly discussed below.

I. Ultraviolet and Visible 3 ectrophotometry:

In situatione whbere interacting D (electron domor) snd
4 (electrom accejtor) s,ecies show uot only absorptions of D and
Ay sometimes noticeably modified, but aleso a new band or bends
due to intermolecular charge-tranafer transitious im the comjplex
DA, the intensity of this new band may be used to detemine the
equilibrium constant.
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One of the most frequently used methods for determining
the equilibrium constant from the Spectrojhotometric l1llil is based
on the use of the well knmown Benesi-Hildeband equation (eqn.1.8)
for 1:1 complexen

£1AJ—1- L + 1 1 seesseas “-B’

€
DA e, £0d7,

where /[ A7; and /[7D7; are the initial concentrations of the
acceptor and donor respectively, d is the optical density of
the solution, K 1is the equilidrium comstant ¢f the interactiom

D“ ;—.'h D. TR R -.(1-9}

and €DA is the molar extinction co-efficlent of the comjlex. The
assumjptions made in deriving this egquation are that only the
complex absorbs at the region of measurement, Beer's law is
obeyed, the cell jath length im 1 em. and that /70 735> [ a7y
Flots of [A7i/4 against 1/ [ D7, gives straight lines with
slojye of V‘Gm and intercept of 1/cp,. K and €pa Day thus be
calculated. For using this egquation, the donor concentration is
made much greater tham that of the accejtor. Donor solution im
the same conceatration is used as blank and measurements are made
on solutions of widely varying /07 and A7 . The constaney
of K values under such conditions confimme presence of a single
1:1 sjpecies in solution.

Many urhl;;- )gt ;ho lcnul-nud;baruu egquation has been
used by other workera. L Eetelnar et al. deviesed the following
relatiouship for detercination of association conssants shen the

accejtor moiecule has some absorption at the wavelength of



measurement:
1 1 L -
' = - se s (11-103
€a =€A K07y (€p-6) €oA - €

where €a and €A are the aprarent and actual molar absorpyti-
vities of the acceptor (A) at the wavelength of measurement. It
wan assumed that /D7 > /[ A 7. %traight lines are obiained
by plotting 1/€a =€A againet 1//°D _7; whose slope and inter-
cept gives K and € DA. This equation reduces to the Benesi-
Hilderband egn. whem €4 4s negligible compared to €DA or €a.

The Ketelaar eqn. is thus a more general form. This egn. has
also been usmsed in many different forms by different investigators.

Other attenjts have alao been made %0 use %jpec~-
trophotometry in the study of donor-accejptor complexes. Thus the
Rose-Drago oquntioa” is apilicable when both 0 and A have
significant absorjptions at the wavelength of measurement and
when mo conditions are made regarding values of /D7, and

LTy

I1. Infrared 3pectrephotometry:

Donor-Acceptor interaction leads to change in
bond lengths of the components with consequent changes in vibra-
ticn frequency. Theme changee and others which are charascteris-
tic of syammetry los=es lending to vibrations forbidden in [ree
donors and acceptors, are generally apjarent in the infrared
syectra of the comjlexes.

Thus shifts in 9! = @1 result when hydrogen
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halides interact with alkyl lanscno-to rh079! - C1 values are
linearly depyendent on the ionization jotentianle of the donors
in keeping with the asmumjption that deocreames in freguencies
are gqualitative measures of the relative strengths of inter-
actions. YH = Cl in 0C1, solutions of CgHg, CgHg. CHy, 1,3 =
CgH, (cn,)a. 153,5 = Cgliy (cn,)s are respectively 2765 tm~1,

2735 ca™', 2733 ca~1, 2718 ™',

Interacticn of aromatic hydrocarbons with balo=-
gen is accompanied by an enhancement of the intensity of aro-
matic 1.R. absorption bands. The 850 and 993 ca™? poaks of
bengene are euhanced both by Br, and Iz. These intensity changes
are presumed to result because of changes in symmetric ring
breathing modes.! Related increases in syumetric methyl stret-
¢ching modes are rejorted to accompany iodine - polymethylbengene
latonnetloa.“

The interactions of halogens and ICN with nitro-
gen containing compounds are accomjpanied by proncunced changes
in I.H. opocttu.‘a The absorption bands around 1000 Ca™' found
in the syectra of pyridine and substituted pyridines entirely
disappear when bhalogen complexes are formed and are rejlaced by
strong new bands at some what higher frequencies.

Many other examjles are given elseghere in this
chapter.

Analytical determinations are based on measure-
aents made on a band occuring in the sjpectrum of oune or other
component and in the m,eotrum of the comilex. There must be a
sufficient difference in intensity of absorition by these two
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sjecies at some wavelength. I1If the extinction co-efficient for
& transitdon in the donor ia €‘\D and that in the complex is Ef“,
then for a pathlength of 1 Cm of solution:

A

....:_-53 (p_?* -/l 007 ) 06:‘ CONT eee  (1.11)

where A 1s the absorbance of 1 Cm of solution and [ D7 s

the initial concentration of the domor.

Az an alternative, an exjression involving iate-
grated band intensities may be used. The eguilibrium constant
may be evaluated from measurements Of a series of solutions in

4
whieh [ A7 » [ D7 by esploying the rona.ouu oxpm-m“ (of
the tyjpe described by Ketelaar et al. Ja’

Ko - i + _ﬂ[&h (1.12)
(4 = ag) e P 1 e =¢ )

A

where lo is the absorbance of 1 Om of sclution and

L D75 1s the initial concentration of the donor.

Intermolecular interactions in the systems OI’GI-
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Cglgh, CH,CN - (cn,),to and CHCN - CH,CHO bave been studied by
I.RB. sjectra using the shift of «CN stretching vibratioa band
at 2254 Cn' which depends on CH,CN concentration. The sjec-
tral shifts suggest hydrogen bonding (2 Co™' shift) between - CN
gr. and #§ - atoms in Fyridine, hybridization of electrom clouds
of interacting N end O atoms in CH;ON-(CH,), 80 o;ztll (5 cu~1
shift). BHo shift was found inm CHJGI = CHCHO systom.

Far infrared studies of the cryetals mejarated from
aixtures of bengene bheve confirmed the existence of 2:17%014-0‘l‘
molecular complex and 2:1 and 1:1 cm_, - a.n‘ comjlexes.

The comjposition and structures of CHClj; with I and
n-donors h%o been determined from their I.R. and Raman band
intensities. :

Infrared studies bave almo been utilised to demons~
Gy
trate the comjlexation of trinitromethane and 1:1 dinitbethane
with dioxane, tetrahydrofuran, (6235120 and ca,o CH, CH, 0033.

The use of infrared sjyectrojhotometry in the "nd‘1
of association coustauts bham been reviewed by Keefer and Andrews.

Estimates of association constants may alsc be
obtained from intensities of Raman lines. This method, however,
appears to have been ajillied only to comjlexes of inorganic Lewis
O
111. Buclear Hagmetlo Hesonsuce S4e0troacopy:

#hen the molecular environment of a nucleus under-
goes rajpid reversible change, the position of the magnetic reso-
nance absorption of the nucleus will rejpresent a time-averaged
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resultant of ites behaviour in the different envirommeant. The
meusured chemical shifts of such a nucleus ie 5=Z’Pc& where P,

is the population of the mucleus in the 1i'® cavironment relative
to the total pojulations of the nucleus (i.e. T ¥y = 1), and ic
is the cheamical shift the nucleus would bave Af it were purely
in the 1% environameat.

In the simjle case of an equilibrium between a 1:1
complex DA and ite components D and A, in which the forward
and back reactions are very fast, the measured chemical shift of
e nucleus in, for example, the acceptor molety is 5= P,,&+Pw.goa )
where P, 1im the fraction of A uncomplexei and P, 1is the
fraction of comjlexed acceptor molecules, $Since (P‘ - Pm) -1,
this egn. may be written as:

8-. ’m ( gm -(5; ) *5‘ ooo-.o-o-.(‘o',)

A plot of Fp, Ve. § sbould bs linear. This regjuires
the insertion of lm as a variable jarameter which is adjusted
until the values of F,, obtalned from it vary linearly with the
corresjonding values of & ,46

Althougk qualitative and quantitative evidence for
complex formation may be obtained from chemical shift changes,
the results will not in themselves distinguish the so-called
charge~transfer complexes from others having no charge-transfer
contribution. 1t ie imjosesible t0 make a clear demarcation
betwoen such complexes and some other types of complex, for
example, those involving dipole~induced dipole or H-bonding
forces., Thus ‘Aromatic solvent - induced shifte’ (A.%.1.9.) have
often been used to suggest formation of association complexes
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for .mf"f.i aof carbonyl comjounds and ethers with aromatie
solvents. = But there is little evidence of significant charge
-translfer comjonent in these comjilexes.

However, many examplees are aloo known for comjlexes
where N.M.R. studiees bave confirmed their charge-transfer nature.
This requires thst a aignificant fractiom of the donor or accep-
tor nuclaus deing measured is in the complexed =tate.

Some recent examples Ou the use of NER Sgectroscopy
in identification of assoclaticn complexer ars described below.

Complex formation between 1,3,5 - trinitrobengene and
alighatic amines in DMSO has been examined by HME, u:g_}run
conduc tance measurement and UV - vieible sjpectroscopy. Evidence
for interaction could be obtained cnly with jrimary and secondary
anines and IRJ but not with tertiary anines.

Interections of By,8 - dimethyl formamide with bensgene,
toluene, toluene - d; and halobeagene derivatives were studied
from the chemical shifts of the cu, -é'mwu of DEF by the
method of ideally associated mixture. Association constants
and free enthalpies of mixing were calculated.

N.M.R. data established that in the interaction be-
tween cm, and O‘I,llz. co-ordination ocours far more exten-
sively at the Tf’-doctrgrg system of the aromatie ring than at the
nitrogen atom of aniline.

Molecular association was detected detmeen ea,c: and
ccx‘ by ;ueuu field contribution to the lrotom magnetiec
lhl.ldll‘.



N.M.R. study of °J-5 -gycloalkanes and corresponding
saturated heterocycles showed intermolecular interactions in the
~-CH, groups of th& Cycloalkanes, in the «-cn, groups of the hete~
rocyclic comjpounds. Association of acetone with cunrs. CHC1 3
CHyCl,, Br CH, CH, Br, ClL CH, CH, Ci, Br, CH CHBu, end Cip CH
CH Clp has also been studied by RMH and lqunlbr%%. constante as
well as heats and entropies bave been caloulated.

IV. Diatridbution Hethods:

In some cases it is couvenient to messure the distribu-
tion of one comjoment, ususlly the domor, betwmeen & liquid jhase
in which only that component is apjreciably soluble and a liguid
phane which containe both domor and acceptor and all of the com=-
#lex. Comjplex formation between aAg* 1on accejtor with various
unsaturated Lydrocarbon donors in aguecus selution was -wu«‘t by
measuring the solubility of the domor in aq. A.;lo.3 solutions of
conatant ionie strength.

An Anteresting veriant of thie method is the measurement
of aswocliation constant for compiex formation betweon @ volatile
and won~volatile reactant in a volatile solvenut by gaasmru‘ the
partitioning betwmeen the liquid aund the vapour phase. The experi-
ment involves the determipation of the ratio of ta¢ volatile com-
ponents in the vajpour over the ternary mixture, which is comjpared
with that over the binary mixture in which the mon-volatile com-
ponent A= omitted. The method ajppears to have bewn apjlied ounly
to hydrogen-bonded mystems.



v. Folaregraphy:

The reversible ome-electron reduction of organic
acceptor molecules in aprotic sclvents is modified when an elec-
tron donor is asdded to the systes and the first wave of the
acceptor shifts to more negative yotcnt1|1-?1 This shift
(Al1/2 ) 48 related W the assoclation comnsSants. Holm et algf
obtained aseocintion constants [or a series of Polymethylbengene
= T37:6,8 = tetracysnoguinodisethane complexes ia chlorofom
sclution.

There is, howaver, =ome uncertainity about the
results obtained by Polarogrs ihic methods. But even then this
constitutes a remasonable spproach to the deteraination of egquili-
brium constants of association comjplexes when other methods may
not be easily applied.

VI. pielectric comstant mesgurementa:

Estimates of association constant for hydrogen~
bonded comjilexes have been obtained from measurement of the
dielectric constants of solution of one solute in a solvent in
various constant sixtures of the second sclute and solvent. The
method is applicable to systeus where the comjlex formation is
acoompaied by appreciadle change in dipole woments.

Intermolecular interacticne in ferrccens solutions
were investigated by following the difference between exjperimental
and additive dielectric conetont values, %olvents studied in-
cluded bnﬁseno. Cyclohexane and hexane at the temp. range -80°
to 20°C, Most effective intermolecular interactions asers
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observed in the Ferrocene-~Bengene nluuon:? The increase in
dipole moment of dioxane in Cglg a= compared to more fully iners
solvents was shown to be due to both the disjlacement of the
chalr-boat equilibrium toward the boat form in CgH, as well u“
to the formation of a polar || -~complex between CgH; and dioxame.
Aspociation constants were obtained for mixtures of Iyridine,
aniline, 2« and j~amino-pyridines with pheuol and 2, }=dihydroxy-
napthalene in bengene. l'h&g interactions imn thees zystems ocour
through hydrogean bonding.

VII._Other metbods:

Maxiza or minime frequently are cbserved in plots
of phy=ical projerties versus compositions of domor and acceptor
‘n.txturea. Stoickiometry of the adducts formed can Ve deduced
from locations of these maxima or minima. Freeszing point Vs.
comjomition diagrams are commonly used am bases for establishing
the formula of complexes. Loss oom’gly eaployed are prn;%u;:-
in which heats of mixing, viscosities and surface tensions 'aro
determined as a. funetion of conponent composition, Generally
these procedures are not adaptable to the evaiuation of assoclia-
tion constants, although a method for calculating such constants
from the results of surface tenmion mecsurements bas beenR sugges~
tcc?s A procedure for the evaluation of enthaljiies of inter-
action which is based on the results of cryoscojpic measursments
has aleo been doulon?!. Phyaical methods of dotorﬂuﬁn of
aanociation constants have been reviewed by Andrews.

Determination of thermodynamic projyerties have often
basn used to study assocliasion comjlaxes. Thus eathalples of
mixing were determined to show comjplex formation between m‘
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and alkyl substituted holu'ao:f. Molar volume, dielectrie
constant and viscosity mensurements have shown (1:1) -ol.on%;r
assoclation between K,N - dimethyl aniline and bromobengene.
Heats and emtrojies of solution of CHyCl,, CHOl,, CC1,, (CH,),CO,
onscl and N,N dimethyl formamide in 2.4‘2 dimitrobengene showed
formation of stable intermolecular bonds. Complexation between
Oﬂﬂll and q;q‘. Gslg.cn3 has been lllonstrntgg by determination
of excess enthalpies of the binary mixtures. Chemical contri-
bution t0 excess enthalpy was calculated and the difforence
between the calorimetric and calculated excess enthaljpies has
been attridbuted to rhyesical (non~complexing) contributions.
Asscciation coastants for interaction of donor hydrocarbons like
bengene, toluene, xylene, mesitylene with the accejptor 1,2,4
~trichloropeczene have been obtained from measurement of the
excess volumes of mixing and the wvalues are mua:o correlate
with the ionisation potentials of the hydrocarbons.

A structural and theraodynamie study of the asso=
ciation of balomethanen with Fyridinces or benzenece in or without
¢yclohexane by dlelectric polarigation, I.%. end sicro-calori-
lotrg indicate charge~transfer (due to the balogen of halome~
thanes) ae well as hydrogen-bonding 1attrnetion-b‘l1¢¢n et al.
cbacrved intorectione ia bengzene aniline mixtures.

If the domor, the acceptor or the comjlex ias an iom,
the formation conata:;.s ¥ be evaluated by the use of appropriate
electrochemical cells. The cholce of solvent used in this
procedure is limited to water or other substaucee 0f relatively
high dielectric constaut.

A conductometric method haes been used in detemmining
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equilidrium constante for formation of -comjlexes, zuch as,

Ar I,*o ¥, in solutions of Folymethylbengenes in HF., HElectrical
conductivity study was used to establiesh ionic association in a
medium of sliphatic alecohols and thelr binary mixtures with aro-
matiec h’tmarm:?

Ultrasonic studies have sometimes been used to
establieh molecular aszsociation, Kiyohara et al. established
comjplex formation Ntn?"l.z - dichbloro ethane and Lengene,
toluene, xylene, p-xjylena. Ultrasonic velocity and compressi-
bility of the mixtures aniiine - ccl‘, N,N~dimethyl anline - cu.,
Fyridine -~ CCL, or quinsline~CCl, were found to exbibit a non-
linear behaviour due to moleoular asscclation and this was con=-
firsed by K.M.E. amdln.."
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