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CHAPTER T

INTRODUCTION

In this Chapter the general aspects of molecular
complexes (including the theories) and some of the spectral
and nonspectral methods which are of relevance to the
studies, reported in this thesis, and of zeneral interest

have been briefly reviewed.

T. 1. ETECTRON DONOR ACCEPTOF

e e -

It has been well known for many years that when
molecules. like arometic hydrocarbons, amines, phenols, etc.
are nixed with a large class of molecules like nitro-
compounds, quinones, halogens, etc., in suitabhle solwents,
the colour of the solutions change. When the solutions of
the two such reagents are mixed, the profound change in
colour clearly indicates the formation of a complex, The
principal feature of the type of complex fornation is the

appearance of a new and intense abisorpticn band in ultra-
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violet or visible region of the spectrum. Pfeiffer
first classified these complexes sug,ested that the utili-
zation of secondary valencies was involved in their forma-

tion.,

When the molecules interact strongly, the molecules
come very close to each other gnd the distance between the
molecules will be very small; this leads to the formation of
new chemical entities and the ‘chemical'! (valence) forces
are operative in such cases., The engrgies of such inter-
action are of the order of 100=400 kJ/mole, The interaction
occuring at large separation (i,e, weak interactions) are
due to 'physical? (van der Waal) forces and the energies of
such interactions are of the order of a few kJ/mole. This
comprises of electrostatic (or coulombic) induction and
dispersion energies, In between these two extremes of
'chemical! and 'physical' forces, there are forces whkich
arise due to the interactions occuring at fintermediate!
separations, These are called 'Charge-transfer? forces?‘5
They are cohesive in nature and are an 'admixture® of the
chemical and physical forces, whose contributions depend on
the molecules taking part in the interaction, They are
relatively stronger than physical forces but much weaker
than chemical forces. Thus they lead to the possibility of

tergded” interaction between the molecules and the



formation of "molecular complexesfi,

It is difficult to define precisely the term
molecular complex’, However, according to Mulliken and
Person?’5 YA molecular complex between two unlike molecules
is an 'association' somewhat stronger than ordinary Van der
Waal's interactions, of definite stoichiometry. (This
definition can be extended to hydrogen bonding also), The
partners are often already closed shell (saturated valence)

electronic structures., In weak complexds the identities of

the original molecules are preserved to a large extent,

I. 2o GENERAL FEATURES QOF MOLECULAR COMPLEXES

P

Whenever the molecules interact to form an
Massociated species’’, there will be new absorption in elec-
tronic/infrared spectral regions or there may be any pertur-
bation of the donor acceptor bonds. So any theory of mole-
cular complexes (EDA systems) should explain satisfactorily
the following general features of absorption spectra and

energy changes associated with such comnlex formation%

(1) Generally, a new absorption band (due to the complex)
is observed in ultraviolet or visible region of the
spectrum, However, the absence of such band in the

ultraviolet or visible region does nct necessarily

Qo



(ii)

(iidi)

(iv)

(v)

(vi)

mean that the complex does not exist and in such cases
the changes in other physical properties (nonspectral)
can be noticed, |

The broad absorption band suggests the loose nature of
binding in the ground state of the complex. The }\max
corresponds to the energy required to exgite the elec~-
tron from the most probakle ground state to the

xcited state of the complex,

The charge-~transfer band is generally highly inteunse.
The molar extinction coefficient of the camplex can be
as high as 10% an? mo1™" w1,

The enthalpies of formgtién of molecular complex gre
of the order of 5-75 kJ/mole. This indicates the weak
nature of binding in the ground state of the complex,
The intermolecular separation of the complex is much
larger than norwmal ionic or co-valent bond lengths,
but slightly smaller than the Van der Waals radii,

The complex formation affects the cnarge-distribution,
in the donors and acceptors to some extent, Thus
generally, the colour of iodine changes from violet to
red or to brown as the ability of donor to donate
electron increases. At the same time, the position of
iodine absorption maximum shifts to shorter wave

length (blue shift), VWhen an iodine molecule in the

complex is excited, the promcted electrons of donoxr
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passes from a bonding (or non-bondingz) orvital to an
antibonding orbital of iodine. The result is an
increase in the size of the molecule, Therefore, due
to the exchange repulsion in the complex and iodine
molecule, more energy is required to promote the elec-
trons. S0, lodine agbsorption shifts to lower wave-
length, The molar absorptivity coefficient of comglexed
iodine may increase or decrease,

(vii) The couplex formation invariably occurs between mole-
cules of low lonization potential and high electron
affinity. It has been found that for a given acceptor
iZnaX varies directly with the donization potential of
gonors having similar structures,

(viii)Generally, the donor, acceptor and complex differ in
polarity.

(ix) The charge~transfer band position depcnds on the nature

of the medium/solvent,

An evaluation of the thermodynamic parameters of EDA
systems/molecular complexes, such as chansge in_enthaipy,
—AHO, entropy, -=-A‘~So and standard free energy, -AGO,
occuring on complex formation, provide useful evidence
regarding the nature and strength of thce binding of the
complex., These thermodynamic paraneters are determined frowm

a knowledge of the equilibrium constants of complex formatiom
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at different temperaturesal In addition, one can also obtain
uselul information regardins the oscillator strength and the

>

transition divpole moment of the charge transfer bandsy

Hydrogen bonding is an important aspect in the study of
the interaction between elcctron donors ané acceptors (i,c.
proton acceptors and donors) and it is ne.dless to euphasize
the importance of this phenomenon in chemistry?"1o As hydro-
gen bonding is an attractive interaction beotween two mole=-
cules (cr between two parts of the same molecule) which
requires the presence of a hydrogen atom in thce vicinity.
So the general term molecular complexes/electron donor-accc-
ptor system include hydrogen bonding (proton acceptor-donor

systemn), Thorefore general theory of nolecular complexes can

be extended to hydrogen bonding also.

I. 3. MULLIKEN!'S THEORY OF MOLECULAR COMPLEXES

o= A e

Electron transfer theory has been developcd along
two separate lines, nawmely, Mulliken‘s5’11 Charge~transfer
theory aud Hush'512 intervalence transfcr thsory. The former
deals with electronic effects and is rclated to transitions
in the uv and visible rcjion (and is rclected to formation of
molecular complexes) whereas the lattcer onc deals with
vibrational cffects and is related to transitions in the

infrarcd resion, HMulliken's theory nainly concentrates on



electronic effects (and it neglects molecular structural
changes after complexation and vitrational structure in the
transition is ignored), whereas Hush's theory in its use of
two displacec harmcnic oscillators neglects electronic effects

1>

(and neglects Franck-Condon overlap factor), So reccntly
13

Ying-lan Chiu hias developed o unified molecular charge-
transfer theory and includes all ranges of molecular inter-
actions, This urified theory of molecular charge-transfer
reduces to Muliikents theory of charge-transfer mclecular
complexes when only strong electronic eficcts arc considered
and becomes Hush's theory of intervalence of charge-transfer
wihen the vibrational effects are more predominant, Person?
in his rccent article has examined the gencral theory of
intermolecular forces. The resonance structure theory of
molecular complexes which has becon developed by Mulliken§’11
has been generally accepted (for electronic transitions).

We will summarize the salient aspccts of ¥ulliken'se theory of

wolecular comrlexes.

The interasction between an electron doner, D, and an
electron acceptor, A, leadinz to the formation of = complex,
DA (in the absence ¢f any media), can be reprcscnted by the

following resonance structures,

D + A £=> (DyA) 4= (D'-1") &> . (D -2")
T IT IIT v



The structure I is for molecules, when they are far apart and
there is no interaction hetween the nnlcculcs. In structure
IT, the donor and acceptor are at equilibrium separation of
the complex, but only 'physical forces'! are operative between
them and it is called fno-bond? structure. The structures
IIT and IV arc the dative structures; in IIT an electron is
transfered from donor to acceptor and in IV, from acceptor to
to donor. In view of the electron donating and accepting
tendencies of D and A, the contribution of the structure IV
can be neglected.

The wave function for the ground statec of complex,?ﬁp

Ead

can be expressed as a linear combination of the weve funce-
tions of the 'no-bond! structure, ?6’ anc¢ tne dative struc-
ture, Vﬁ’ nezlecting the contribution ol the ionic structures,
(0"— 2%

Wi = & yi(Deee.n) + bW DT—aT) LTl

A corresponding excited state of the comnlex can be

representcd by the wave function, K?E,

Wy = 2 7 (D" —4") = b Yo (D, 4) A -

The difference in enerygy between the two states is
equal to the enerzy of quantum at the waximum of the absorp-
tion band. The ratio bz/a2 in the norial state rcpreseunts

the proportion in which the dative and no-bond structure



contribute and can vary from zcro for no electron transfer

to infinity for couplete electron transfer, The coefficients,
a# and b are nearly equal to a ardd b, .The energies of comp-
lexes, in ¥s ground state (WN) and exclted state, Wp, can be
obtained by solving Schrifdinger Wave functions which are
normalised, For weak interactions the ground state energy,
WN’ and the excited state energy, lip, may be obtained appro-~
ximately by second order perturbation theorpy:

{ - WaeSnq)
WN = W [ d HO1 O‘ 01 e e Io 30

Q .

) 2
(Bny, = WyeSn,)
01 ad 1 OT""‘ s & IC LI'O

¢ W, - W)

and WE = W 1 +-

where, W, = [ P oE ol T
Wy = ﬂ‘/1H prar
foy = JVsE e
So1= [Yo Yaol

The difference in cnergy between these two gtates, i.e.,
between WE and WN’ is equal to the cnergy of the quantum at

the maximum of the absorption band,

The schematice energy diagrams for spccira of molecu-
lar complexes are shown in Fige I. Te and Fige I. 2. It can
be seen from the figure I, 1 that

5 = - (F - T 3 - .

= ID - EA Loadd & ¢ e I. 6.
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where Ib is the ionization potential of doncr, Eq, is the
electron affinity of the acesptor, EC, is Tthe Coulcubic
- A, + - o + 143 Y Ly, - 3 -~
L 5 1 — allc bl v . Q- a4 €X &
egnergy hetween D A and D =<4 , VO is the no-bond energy
anc X, and XN are resonance energies of the excited and

ground states,

"

AN Bo + Wy = Xp + Xy

Wy = AH = Wy + X

The term, Charge-transfer absorptiocn, thus is applicable to
all absorption associated with the transitions frow the

normal (ground) state to the excited state of the complex.

As it can be seen from the above eqguation, (I,6,),
Charge-transfer energy klg%mp increases with the ionization
potential of the donors (for a particular acceptor) having

simllar structure. The enrergy associatced with the Charge-

]

transfer transition is relatec to the ID of the donor (for
particular acccptor) is given by h{%T = Ip = By ~ &
1-2182/(ID ~ E, -A ) 7. In the case of aromctic hydrocarbon-

lodine systens, Brieglebm has shown that
' C
Pt et

where C1 and 02 are terms containing (EA - EC + WO) and

* 0 I.?.

-~

0
including electrostatic energy (dipole~dipcle interaction
A

Q@Od-% 1312) respectively, W, is thc sum of scyeral terms

ete,) and
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/?O = Hyy - WySy{ end j91 = Hyy - WSy,

When hs) was plotted against T Briegleb1q found that the

D?
data ecould be fitted Ly curves of the form given by eguation

I.7. Although, the rclation expressed by the equntion (I:7)

ig non~linear between h%%T and ID’ the plots are only slightly

curved over the observed (or practical) range of Toe Thus,

nost of the data can be fitted by a linezr relation of the

form (for weak 12 complexes and within the limits of experi-
mental erwor).
hDCT = 0.8? ID = 0.56 ‘... s s Ioac

Such linear relationships have slopcs sonewhat less than
unity. The constants in the linear relation have no direct
theoretical significance,

Amines do not fall in line with the hi%T vs Iy relation

/" Bq. I.7 7 oheyed by wealk I, complexes. Yada, Tanka and
Nagakura15 have derived the following equation for such

strong complexes

W, = W~ |
(hDCT)E = 1 0 1 [‘] + M_z <9.

It is now realized thet linearity between n>bm and I

15-17

is not universal rule, since with thc change of donor,

. . 16
the other factors such as the overlap intesral vary as well.

L number of workers have correlatced h;%T valucs with ID for
S



the intceraction of a related series of donors with an accep=-
tors and the results of such corrclaotions arec summarized by

Rao, Bhat and DwivedilS

In the spectra, the band width is due to the loose
coupling “between the donor and acceptor components in the
ground state of the complex. The loose coupling permits a
continuous range of rclative orientations of the two and
thercfore, generally causes a continuocus variation in the
energy of the ground state, The absorption corres»vonds to
the transition from the most probable ground state alignment

of thc donor and acceptor species, ,

The charge-transfer absorption depends on the transition

probability anc¢ transition moment, Thc oscillator strength,

£, for an electronic transiticn is siven hy

- 2
- 2e 50% mC - %
f = '
]TeZWO fzv

= L3108 x KV%EVSV

Z L322 x 10776 AP

o ’;‘

-1

4 & O LR B J I‘-’O.

where A». 1s the width in cm of the banc between the two

2

frequencies at which &= (%) &

max’ Tere it nmust be noted

that the accuracy of the ap»roximation depcnds on the band

ghapc.

ot

The intensity of a charge-transfer band is proportional

. . o 2 ; .
to the square of the transition moment,dr1vw. The oscillator



oy
¢S

strength; f, and elcctronic transition diPOlub/(VN’ are
related by,

T A

VN

JM'VN = 0.0958 r"[:e’*d'?“",]%

ax:zE§1‘1%
{
‘9 -l

( 8?( Che )ﬂ(ﬂVN )

=z 0,0958 7' P A

There has been considerable discussion in Iiterature
about the role of charge-transfer to the ground state stabi-
lities of molecular complexes (particularly in the case of
wealk molecular complexes), Mulliken'35 theory has been
guite successful in explaining the spectral characteristics
of strong as well és weak molecular comploxces. However,
rceent quantum chemical studies have suggested that many
such complexes, espccially weak complexes are Fformed primearily
due to t'electrostatic' or 'polarization’ intecractions, 19-21
Umeyama et al 22 have drown that the interaction enecrgy of a
complex, comprises of five components, elcctrostatic, which
arises from multiple interactions between the molecules D
and A (which may be attractive or rcpulsive); polarization,
which i1s due to induced multiple interactions and higher
order coupling (and is always attractive); exchanie repul-
sion, which is the short range repulsion duc to electron

distribution of 4 with that of D; Charge~transfer, which is

due ta charg cwtransfer from donor to acccptor (it is always



attractive); and coupling encrgy, which accounts for higher
order interactions: 1In addition to this, there is a contri-
bution from correlation encrgy, both intrasmoleemlar and
intermolecular, A part of intermolecular correlation energy
is dispersion energy, which results from instanh@neous pola-
rization of D and A. As mentioned in the beginning, Chlu'>
hag - developed unified molecular charge-transfer theory

which includes all ranges of molecular interactions; in the
ITimit of strong electronic effcct (UV and visible region) it
reduces to Mulliken's theory., It must be mentioned here;, as
prointed out by Person3 that Mulliken's theory still holds
good for whole range of molecular complexces; in the case of
weak complexes, the no-bond structure, which comprises of
above interactions, except charge transfer, is the major
contribution to the ovérall wavefunction of the ground state
of the complex (gj)b), and hence to the ground state stability,
So the term "molecular complex' rather than ""Charge-transfer®
or electrostatic compléx (or Electrcn Donor-Acceptor Systems)
seems to “he reasonable to represent the systoems.,

After Mulliken's5 valence bond approach for the study of

molecular complexes, attempts were made to describe the donor
acceptor interaction by molecular orbital method and the
perturbation theory is used to describe weak intecractions
namely, /T= T and ]fLCf'complexes?3'27 The stability of the

complex is due to the deecrease in the potential encrgy of the



system, But this perturbation method could not be applied

for strong interactions?’1 Fukui28

used linear combination
of atomic orbitals of the donor and acceptor for representing
the molecular orbital of the complexi Guryanova et alZ3
briefly summarized the applicability of VB and MO method for
the study of interaction between molecules,; and are of the
epinion that both these methods are approximate and semiempi-
rical and for describing the weak complcxes, the Mulliken's
VB method which is simple, is better, while thc more modeérn
MO method may be more suitable for describing complexes with

stronger intermolecular bonds,

Since the intermolecular interaction is fairly weak, the
original bond cnergies are slightly changed, leaving the
absorption bands of donor and acceptor almost unchangzed,

In other words, the intecraction cnergies in the ground
state are small compared with the transition energies to the
excited state, Each such transition méy be considered as
arising from the transfer of an electron from a filled
orbital of the donor to an empty orbital of the acceptor,

The energy of this transition is given by
e = = . - * LY e I’ .
E 5 nd Ay - By 13
t

. A .th
where A. and D; arc the energies of the j (lowest unoccu-

]
pied orbital) and i™® (highest occupied) orbital. In

aromatic hydrocarbons the energy of the hishest occupied
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.M.0. in the ground state may e expresscd in a simplc

Huckel treatment, Di = oéV#jQ)%f where OC is the coulomb
integral,JB is the resonance integral and X4 is the Huckel
paramecter for this orbital. The energy of the first transi-
tion band of the complex of such hydrocarbon donors with the

given acceptor is given by,
h;bT = Aj - D. + P
= A' - &‘ _ngi + P s e s 0n I.}L{-o

where P is an energy term which corresponds to a perturbation
of the appropriate energy levels in the donor and acceptore
The applicability of this model was tested with tctracyano-
ethylene as acceptor and different aromatic hydrocarbons as

6

donors.

I, 4. CLASSIFICATION OF DONORS AND ACCEPTORS

Mulliken® has classified donors and acceptors of
various types leading to the formation of molecular complexes
of varying strengths, i.c. the encrgy of formation of mole-~
cular complex in the ground state (Table I.1.). At onc
extreme, we have the strong Lewls acld~Lewis base addition
compounds, and at the other, the weak ‘icontact pairs¥. The
various types of donors and acceptors and the approximate

energy ramges are shown in Table I,2, The j{-donors- §-



Table T. 1.

Classification of Donors and Acceptors

Donor Type

Functio%—_
of

Acceptor

Type

Number
Elechnw Type

%tructuresg Examples § Structureg Examples

0da . TFree R NO, CZH5’ H el
Even (a) Incre- n RBN’ R58, v
valent, Rzo, R5CO.
(b) Sacri- £ Aliphatic s
Picial, hydrocarbois.
T Aromatic and T

unsaturaccd hydro-
carbons and those
substituted with

clcctron donating
groups; intramole-

cular donor isiand

groups,

X, 3, OH
BFB’ AlX
5nCl

39
]+o
CCl

(X = halogens)
Aromatic and
unsaturated
hydrocarbons
with electron
withdrawing
groups; intra-
rolecular

acceptor

island groups
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Table T, 2o

Donor Acceptor Systems and Their Energy Ranges

Type

B

Examples Energy Ranges,
kJ/mole

Te

Contact pairs

i
<

Cyclohexane + I

23 <1O

Benzene + CCL

n

Benzene + I3 5-20
Phenanthrcnc + 12
Naphthalene + gym~ 5-20
trinitrobenzene,

Amines + I,; 15=75

Carbonyl compounds + Iz.

Ether + BF Very strong

3§

Amines + BF5 addition

compounds.
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acceptor complexes and the p-donor- §~acceptor complexes may
exist as £:100 or as 1:1 complexes; the :p8 complexes are
gencrally found in solid state and the 1:1 complexes in

solution and vapor phases,

The molecular complexes formed between n-donors and
f~acceptors are very strong and there is a considerable
contribution of the dative structure (D+—-A") to the stabi-
lity of the ground state., Scveral attempts have been made
to establish a pattern of the relationship betwecn hE%T and
JNDA’ the dipole mément of the charge-transfcr complex in the
ground state, and the heat of formation, - AH, of the

complex?B:

N L 1
Moa T TR By s B+ (B2
h» 1 2 *. 2
= M—C_T - .« 8 e 0 o« s a:‘l (a12150
CrA
2 ¥\, 2
‘ - a - b (@20l
h 3 = + =
wherc A a=(1 + 5 801 Y1+ 5+ (q*)a eeelo16

a
From thec experimental values of -£3H’~/{DA and hibT’
equation I,10 can be used to estimate the overlap integral
SO1' The contact molecular complexes arise out of collisions
between donor and acceptor species. The enthalpics of forma-
tion of such complexes are very small, For wcakly inter-
acting systems, Ke’celaara+ assuned that b2<<a2 and (b*)adi

(a¥)? and derived the equation



QW]
<o

2
QH r,;’\/"l ———EZ— oo e 10170
hi)CT a

The magnitude b2/a2 is a measure of the palarity of the
complex, After - {H and hﬁbT have becen experimentally
determined, oune can use this equatiom to calculate bz/aa;
this evaluation will be very approximatce In between thcse
two extremes, the molecular complexes of varying strenfths
are formed depending on the particular donor and acceptor
species forming the complexes, It must be mentioned here

that the terms, donor and acceptor are only relative,

I. 5. METHODS USED IN THE STUDY OF MOLECULAR COMPLEXES

ISR WA A o

An important feature of weak attractive interactions
(molecular complexes/hydrogen bonding) in solution is that
at ordinary temperatures, only a fraction of the molecules
are generally assoclated, At equilibrium, whilc a certain
number of new complexes arc continuously brokcn, duc to the
kinetic energy of motion of the interacting molecules, The
formation of molecular complexcs, hydrogen bonds may be
proved and their compositions may bce established from a
study of the associated characteristic abrupt changes from
ideal behaviour in certain physical propertiecs, Any physi-
cal property will be suitablc for such studies if it is

revcrsible to the effects of dilution and temperature?9 This
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properties include the absorption of ultra-viclet or visible
radiation, vapor pressure.dielectric constant, refractive
o
index, conductomctric titrations, wviscosity, surfacc
3 25329"'314- t Ta 4 13 h he
tension, etc, Recently valuable information have been
obtained from calorlmetry?5 37 Gas-liquid Ch:c*omatograqgmy‘z,c';938 0

TESNA

ultracentrifug atlonqj fluorescence measurcment, solubi-

lity method?/ constant activity method? microwave spectro-

scopy?7 ~20 double diffusion uv-method; vibrational spectro-
scopy)1 =55 Raman spectroscooy?6 ~60 picosecond spoctroscop}@"&r

72,73

. 6 ~a
nuclear magnetic resonance, >~71 electiron spin resonance,
positron annihilation life tine 11easurn,r1cntsw+ dielectric

and dipole moment moasuroments77 76 NQR smgctroscopy77 78

chenical dyndmlcs?g Mossbauer spﬁCLroscooyU 0581 Mass spcctro-
motry82 -0k Overhauser effects§5'06 optical dichroZism of
87-90 91

single crystals; magnetic circular dichrozisnmg

92-96

Xeray

and neutron diffraction studicsy electrical and optical

. . g3 - .
propertics of solid wmolccular complexes’7’97 105 magnetic

properties of molecular complexe592 106-111

and phasec dla@lan112 -117 cyclic voltametry,

interferrone try}az 125 differentiel thormal anelysis,

127-135

phase transition

118-121 ultrasonic

126 The

contributions of Tamres and coworkers in understanding

the nature of interactions of molecules in vapor phascs and

contact charge trausfer complexes, Nagskurc and coworkcrs on

136

exclples, Kuroda and others on PES/E“CA157 140 Matsunaga

141

and coworkers on the studies of charge transfer and
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proton transfer processes, Muralikrishna and coworkorézyma e

in using CT comploxes in analytical studics, Fnownik and

L 160-169

coworker in the effect of solvents cn spectra and

thermodynamics of charze-transfer comploxes, Plusinski and

170

coworkers on detection of chargce transfer complexes 1n

solution by the method of isosbhestic points and recently

photo~acgustic spectroscopy}71 Radiotracer techniques}72
polarographic techniquesl?za’b stopped flow technique168 are

also being used in the study of molecular interactions. 1In
addition, theoretical studies on molecular complexcs are

1 beinz o 172-180 A%~ -

also being carricd out, Such studics will undoubtebly
be very useful in understanding the nature of molecular

interactions.

Generally, the molecular complexes canno?%e isolated in
purc state, but exist in solution in equilitrium with pure
components, So it is not surprising that nolecular complexes
have been studied most extensively in solutions, though many
recent studies have been done in vapor phases as well]g1
Although, thc interaction of an elcctron donor D, with an
acceptor, A, may give rise to more than onc spccies of
complex in solution, most of the methods used for evaluating
the association constant asswics that a single complex
species with a definite stoichiometry is formed, Thus, for

equilibriun,
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a thermodynamic egquilibrium constant, ¥, is obtained:
/DA 7

[ D7/ 87
/DA 7

([ 0.7, - [ DEN[E] - /D7)

K

i

cele 19,

where /"D 7, [ A7 and / DA_7 represent the equilibrium
concentration of donor, acceptor and complcx and [”D_7O and
["A_7, are the initial concentrations of donor and acceptor,
respectively., It is generally assumed that as the solutioans
are very dilute, the activity coefficients of the spccies DA,
D and A are \;m.iit;y.m-z"'181’L When the concentration of donor is
very much in excess of that of acceptor (D}}A), (or vice
versa) then (/D7  ~ [TAD_7) can be replaced by / D 7  in
the above equation. Expressing the concentration of. the
complex in terms of experimentally meaéureable absorbance
(/Do 7 = C.D./€.1.) the above cquation (I.19) can be

rewritten as,

(A7 1 1 1
s - oy = - ~ -+ LI IC ZO'
0.D. K.& /D7 €
This is the orizinal Bencsi-Hildesbrand equation]aa BEvene

though, the Pencesi-Hildebrand eguation can be uscd to oblain
the egquilibrium constant, one has to usc modified equations

for abtaining the corrcct values. Thesc nodified and -
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new equations apd summarized by Rao ct a118 as well as by

32a

Foster in recent reviews,

Recently, it has been felt that the data obtained by
optical spectraoscopy on molecular complexes should be
supplemented by non-spectral mcthods!85 The arguments in

favour of above ideas are -

(1) In using spectral methods to study complex formation,
it is necessary to infer two parameters from a set of
measurements at-various concentrations, the equilibrium
constant of complex formation, X, and the molar extinc-
tion coefficient, c ; of a spectral band., Although
the product K., € can be determined from spectral
measuremnecnts restricted to the dilute solution region,
the resolution of the product K.€ into separate values
of K and € , requires spectral measurements extending
into concentration ramges in which a sizable fraction
of the least concentratcd solute (usually the acceptor)

86-168 Thus, in studics of

is in the complexed form]
complexes for which K is considerably less than ] M‘1,
it is necessaryv to usc solute concentration well in
excess of 1M. At such concentration levels, the mcdium
remains hardly equivalent to purce solventy in fact,it

may be expected that both the spectral and the thermo-

dynamic propertics of the solute species are signifi-
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eantly ciliverent from thOSGﬁthi&LbG dilution,
Atte.ants have been aacde to account for the effccts of
sizable concentrations of dissolvec sclutes . on specific

anc nonh-specific interactions of tize solveut wich donor,
a O\”’O -- 908

acceptor and comnlex 1*.101(—:(:1).1-983/Q 191 in adcition, there

iay be higher order (n:m) counlexes at nirsher donor/

- iox
acceptor concentrations?2e-195

(ii) The interpretation of the spectra of donor, acceptor
and couplex may be complicated by the presence of nume-
rous orientation isomers, of the 1:1 couplex or contact
charge-transfer complexes and the calculated value of
€ is the welghted average of extinction coefficients
0f various orientation isomers}94 So, doubts have been
raised on the validity of optically determined values
of X and é"(ffsm E€ ), particulariy in the case of weak

molecular complexes.w5

In developing and testing theories of molecular inter-
actions, it is essential that we must have accurate values
of K and & for weak complexes too, for which the conventional
spectral method alone annot yield reliable results, It is
believed that it will be fruitful to euwploy several non-
gpectral methods (such as solubility, vapor pressure, refrac

[
tive index, dielectric constant and dipole momentlgo‘ZOO

4201

viscosity measuremen surface tension?B’54 ceclligative
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property2021293 conguctivity, etc.).  These methods are

probably capable of giving reliable values of K for complexes
even in solutions that are so dilute that only a small frace-
tion of either of the donor or the acceptor .olecules are

in complexeq form‘.aoq Thus, if spectral and non-spectral
methods are employed conjuncfively, accurate information can
be obtained about both the spectra and energetics of mole-
cular complexes, In additiom, it is to be noted that the
same technigue can not be used under all conditions,
Although it is mentioned in the literature that fhe stoichio-
netry of the complex can be determined by the continuous
change netho 202 or by the molar ratio method§06 these methods
_using the measurements of physical properties like uv-vis
radiation absorption etc, are not much helpful when either,
the interaction between the molecules is so weak that there
is only slight perturbation in the spectra of the interacting
molecules, or when compdex formed dissociates to give ions
in polar media??7 Under such circumstancegone can determine
the stoichiometry of such ionizable complexes either by
making use of any convenient non-spectral method or by
meagsuring the electrical conductivities of the solutions in

a suitable media,.

This thesis embodies the results of studies on mole-

cular complexes/hydrogen bonding by using the above mentioned



less familiar methods -~ conductometry, viscometry, in addi-

tion to the usual . it =- infrared spectroscopy.

I. 6, QUTER AND INNER COMPLEXES

A N TS e 7

When the donor and acceptor molecules interact to
form a complex, the gpound state of the complex which depends
largely on the coulombic interaction between the components
is influenced markedly by the dielectric constant of the
medium, In some n~-donOr=- giacceptor complexes, the new bonds

which are formed are loosened due to envirommentsl assistance

and transform to the 'dissociative' inmer complex, due to the
rupture of the bond, In the presence of n01nioniz;ng 50 lvents,
the two ions formed by the rupture of the € bond will be
together (ion pair); while in an ionizing solvent they are

2s11,208 4 ¢ compared the #disso-

separated out, Mulliken
ciative' and lassociative’ donor acceptor interactions/
reactions in detail, The ‘'associstive! mode helps to form
the 'outer complex! while the dissoclative mode to 'inner
complex', In the presence of a strong environmental condi-
tions, the activation energy for the transformation of the
outer to inner complex decreases, If the environmental
influence is sufficiently strong, the inner complex may be
the stable form, The kinetic study of transformation of

outer complex to inmer complex helps in understanding the
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nature of interaction and the effect of environuental influ-

ence an the transformationggg'21?

I. 7. CONDUCTOMETRIC TITRATION

If the intcraction between the donor and acceptor
is very strong, then a high dielectric media will facilitate
the transformation of the 'outer complex! into the 'inner
complex! by loosening the new bonds which are formed218;
such donor and acceptor species are ionic, Gutmann and
co—worker5219 had demonstrated that conductometry/conducto-

T

metric titration can be used to study the foruation of
such complexes, In addition to this, the stoichiometry of
such lonizable complex can be determined conductoumetrically.

(I'efa 220—226) .

I.8, VISCOMETRIC STUDIES ON MOLECULAR COMPLEXES AND
HYDROGEN BONDING

When molecules interact to form complexes the
physical properties of the new specles forned will be diffe-
rent (however small it may be) from those of the reacting
molecules, S0 in principle one can study the interaction’
between the molecules by noting the change in any of the
properties, e.g. viscosity of the systems under difTcrent

conditions, The viscosities of the "hinary® and "tornary"
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systems will be different from these of calculated (i.e.
using additivity rules) values and the dJeviation is an indi-
cation of interaction between the molecules. It has been
pointed out that viscometric method can he used to ©btain the

equilibrium constant of complex-hydrogen bonding directlf??éhz

I. 9. INFRARED SPECTRA OF SOLID MOLECULAR COMPLEXES

The increase in bond lengths which result when
donor~acceptor interaction takes place are generally accom-
panied by corresponding decreasge in vibration frequencics of
the components?53 These changes (and appearance of new bands
as well) and other changes which are characteristic of
symmnetry losses lecading to vibrations which are forbidden in
free donors and acceptors, generally apparcant in the infrared

spectra of the adducts,

The interaction of donor with acceptor results either
in perturbation of the vibrational frequencies (if the inter-
action is weak) or accompanied by pronounced changes in
infrarcd spectra. So the fshifty of the donor/acceptor band
frequency is a measurc of the strength of intersction,
Yarwood and comworkérsz54 have carried out systematic and
exhaustive investigations on measurement and interpretation
of vibrational spectra of molecular cowplexes. Similarly

;
Hague and co«workers?55 Wood et al§5o Devlin et a125? made
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significant coatribution in undirstanding the nature of

interaction bhetween molecules by vibrational spectroscopy.

The Charge-transfer complexges are of interest and
are being studied in all branches of chemistry. Tamresa58
had listed the general areas of recent research (experi-

mental) on charge-transfer complexes:

1e Vapor phase charge-transfer complexes,

2. Solvent effects on charge-transfer complexes.

%« Pressure effects on charge~transfer complexes,

L, Contact charge-~transfer complexes,

5. Execited state properties of charge-transfer complexes,

6. Electrical, optical and magnetic propertics of
charge~transfer complexcs.

7« Structure of solid charge-transfer complexes,

8. PES/ESCA studies of mole cular complexes,

9. Polarised absorption spectral studies of single crystals,

10. Charge~transfer complexes of polymers.

11e Optically active charge-transfer complexes,

12, Charge~transfer complexes of biological interest
involving carcinogenic compounds, drug rcceptors.

13. Charge~transfer complexes in analysis, chromatographic

separation, catalysis.
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15-

16.
17,

Charge-transfer complexes involving donors with
multiple sites,; species which behave cither as donors
or acceptors.

Charge-transfcr complexation for estimating electron
alfinity of acceptors,

Reaction intermediates involving CT complcxes.

Organometallic charge-transfer complexces,

Carc has been taken fto give proper credit for the work

of other authors in the literature. The author would like

to apologize for any omission which may have occurred by

oversight or error in judgement,
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CHAPTER _ IL

KINETICS OF TRANSFORMATION OF
OUTER CHARGE TRANSFER
COMPLEXES TO INNER COMPLEXES

II. 1. INTRODUGCTION

T R W T e W T e

The interaction of electron donor 'D' and
ﬁacceﬁtor tA' leads to the formation of new molecular
species, 'Molecular Complexes! or fCharge~transfer
Complexest, Mulliken1 pointed out that a donor acceptor
pair can form either the associalive ffouter complex’ or the
dissociative "inner complex’ depending on the distence of
approach between the donor and the acceptor and the relaslive
magnitude of the no-bond or dative wave functions, It was

also suggested that the formation of the inner complex from

L

¥ A paper based on this work has apveared in the Journal

of the Indlan Chemical Sociebty, &0, 842 (1983),
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the outer complex should be gtrongly dependent on environ-
mental conditions, i.,e, the probability of charge-transfer
in solution increases with increasing permittivity, € , of
the medium, Tf the envirommental influence is sufficiently
high, the inner complex may become the stable form of the
donor-acceptor pair and with lifttle or no environmental
influence the outer complex may represent the stable form?
Thus, for a given dongr-acceptor pair under a particular set
of environmental conditions, ohe usually observes either an
inner complex or an outer complex; the outer complex once
formed can transform to the inner complex under favourable
conditions., One of the early evidences for the transforma-
tion of outer complex to inner comrlex was the increase in
electrical conductance of iodine in pyridine (with time)
which was explained on the bagis of the equilibrium involving

the outer and inner complexes?

7 e
C5H5N + IZ C5H5N.12
-f- Y
B I T. PRS- 1" I\
Quter Complex Inner Complex

An examination of the literature shows that in many
donor-acceplor systeus with halogen acceptors, the formation
of trihalide ion is often noticed, which can only result

through the formation of inner complexes from the initial
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2,428 qyical of such systems are dimethyl~

outer complexes
Sulphoxide—iodine? acetonitrile-iodine, It is surprising
that eve%£hough one can obtain = . information- about the
stabilities of the complexes by noting the electrical
conductivity of the solution with time (whenever a reaction
occurs with a change in the number or kind of ions present
so that the electrical conductivity changes, measurement of
the resistance/conductance offers a convenient and accurate
means of following the course of tie reaction), hardly any
attempts have been made in this direction. In view of the
limited information' available in the literature (on the
kinetics of transformation of outer molecular complexes
into inner complexes) we have investigated the transforma-
tion of a few outer complexes between n~donors (methanol,
ethanol, water and acetonitrile) with iodine (ff;acceptar)

with particular reference to the factors afiecting the

formation of inner complexes,.
IT. 2. MATERTALS AND METHODS

Methanol, ethanol, acetonitrile and iodine were
purified by following the standard proccdures, the details

29

of which are given belows

Methyl alcohol (SD's B.N, 031/11/24021) and Zthyl

glcohol (drum sample) were refluxed over quicklime (which
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was pre-ieated in a Muffel furnace at 500 °C for 5 to & hr)
and were distilled; care was taken to avoid moisture.

These were finally treated with Mg/I2 cake to obtain abso-

lute methyl alcohol /“b.p. 62 °¢/662 ma; 1it, 64 °C/760mny
and ethyl alcohol [—b.p. 76 OC/66O nmg 1it. 78 OC/76O mm)uZ

Acetonitrile (IDPL B. Wo, 09400182) was Tefluxed over

phosphorug pentoxide for 4~5 hours, distilled and cllected
in atoppered bottles, [-b.p. 79 °c/661 mmy 1it, 8000/76Omg2

lodine (Sarabhai M, Chemicals B. No. 9GP9192) was
resub_limed thrice from a mixture of 10 g of ilodine with
4 g of potassium iodide, The m,p, of iodine was found to

)

be 111 %C (1it 113.5 °c).

Conductivity water was used as such.

A known amout of lodine was dissolved in required
anmount of solvent (alecohols, water or acetonitrile) which
has already been kept in a thermostated jacketed bath (at
the required temperature) and the electrical condiuctivities

OC). The concen-

were noted at 2%, 30, and 35 °¢ (£ 0.1
trations of iodine in the solvtions were also determined by
titrating the iodine solutions with standard sodium thio-
sulphate solutions and the concentraticns of iodine deter-
mined by both the methods agreed well (with experiitental

error limit of £ 0.0001 M); this indicates that lodine has

not formed any new compound with the donor, but is attached
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loosely (reversibly) to the donor / Our attempts to deter-
. . - -
mine the electrical conductance of the coaplexes (ROH,ILVI )
in less polar solvent like CHEClz,etc. weré not successful

due to very low conductivities of the solutions 7.

As the transfermation of outer complex into inner
complex occurs with a change (increase) in the number of
ions present, the‘electrical conductivity increases with
time and the measurement of electrical conductivity offers
a convenient (assuming the conductivity and concentration
have a simple relationship at high dielectric constant)
neans of following the course of the process. The time
dependence of electrical conductance of the solutions at
25, 30 and 35 °C¢ were measured by using Flico Conductivity
Bridge (Model CM -~ 82) during the first half an hour. The
temperature of the solution was maintainecd constant (ip.1oc)
using a thermostat. The velocity constant for the trans-
formation of outer charge~transfer couplex to inner complex

was calculated using the first order rate constant

k = 1 ln & .« e II.T--

where k = the mte constant; t = time ; a = initial concen-
tration of the reactant ; x = change in concentration of

reactant in time t.
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The conductivity of any solution depends on (i) the
number of charge carriers, (ii) charge on the charge
carriers, and (iii) the mobility of the charge carriers.

In the present case as the charge on the charge carriers
and nobility of the charge carriers (as long as the dielec~
tric constant of the medium, charge on the charge carriers
and temperature of the system are constant) are not affected
the electrical conductivity of the solutionrn mainly depends
on the concentration of the charge-carriers, i.e, ionsg,
which in turn, depend on the concentration of the products;
the increase in conductivity of the sclution (with tinme) is
a measure of the increase in concentration of the product.
So one can calculate the rate constanf by meagsuring the

increase in conductance with time and using the equation;,

ko= 22303 1o, &= 5%
t 8.~ Ot

where ¢f3, Q; and 6% are the conductivities at 0, ® and

LI s e II.Z—.

t time respectively., The rate constants were evaluated by
subjecting the experimental data to least square treatment,
The energy of activation, Ea’ for the transformation was
calculated from the Arrheniug equation (log k =

- Ea/Z.BOSRT+1og A) (i.,e. by plotting log K against 1/T).
The uncertainity in the value of E, was generally + 400 J/

mole. Entropy of activation was determined by using
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Byring equation, from absolute rate theoryBOu}é
: 7
k= KT gas#/ﬂ. R %/RT'

where, k = rate constant; K = Boltzman's constant,
h = Plank's constant;zxs# = Entropy of Activation;
0

AH"= Enthalpy of Activation; R = Molar Gas Caonstant;

T = Temperature in Absclute Unit.

IT. %, RESULTS AND DISCUSSION

Ethyl and Methyl aleohols form 1:1 outer charge-
transfer complexes with lodine and their charge transfer
bands appear ~225 and 220 mm respectivelys> The equili-
brium constants of formation of tnese complexes in
n--Heptane at 25 °¢ were 0,95 and 0,65 @n” Mol™ | while the
enthalpy values were 13%,398 kJ 1*:101"1 nd 12.55 kJ mol"1
respectively}'2’’7)L'L Water-iodine on the other hand does not
show any charge-transfer band above 220 nm, Bhowmik and
Chattopadhyay35 have reported that they could detect a btand
at 202,5 nm for water-iodine system. These observations go
in parallel with ionization potentials of the donors. The
ionization potentials of EtOH, MeOH and HEO are 10,49,
10,84 and 12,61 eV respectively?6 The equilitrium constant

for iodine-water system at 25 °C is very low 0.04201é;

1ol x 10™2 M"15?7 These results show that the stability
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o1l lodine~R0Y systems vary in the order Ethaﬂolﬁiodin§>

Methanolmlodine;>FatermIodine.

Tse and Tamres53 have reported that tne iodiae coup-
lexes of ethanol and methanol are quite stable in nonpolar
solvents like cyclohexane; similarly, lodine complex of
DMSO is quite stable in non-polar solvents?8 As these
complexes are quite stable in non-polsr solvents the elec-
trical conductivities of these complexes in cyclohexane
were very low (Au10'12 Mha cm-T) and there was no appre-
ciable change in the conductivity with time, When lodine
was directly dissolved in methanol (dielectric constant
32.5), ethanol (dielectric constant 24.3), water (dielectric
constant 78,5) and acetonitrile (dielectric constant 36.,7)
the initial electrical conductivities were 0.208 x 107 %,

~4, 1,180 x 10~ 4 and 3,120 =z 10*4 mho cm” | at

0.201 x 10
25 °¢ for 0,05 M diodine (except in lodine-water where the
concentrationyodine was 0.,00125 M) in the respective sol-
vents, and the conductivities increased with time and
reached a maximuwa value in sgbout 24 hours (Table II, 1.).
However, for the sake of brevity the variation of elecirical
conductivities with time, concentration, temperature of

0 and iodine-acetonitrile

2
for the first half an hour are given in Tables II,1.—~-I11.IV,

iodine-MeQH, iodine-EtQH, iodine~H

It is reported in the literature that the intensities of



Variation of Electrical Conductance of Iodine

Complexes of Methanol, Ethanol, “ater

Acetonitrile, with Time

Temp, : 25 oF

and

Conc, % 0,05 M

Y Tame

Conductance x 1OL+ Mho

Minutes § MeOH-I, EtOB-1,, g H,0-I," CH40N-T,,
0 0.208 0.201 1,180 3,12
1 0,218 0.216 1,191 3.3
2 0.222 0,227 1,205 3,70
3 0,233 0,229 1,209 3,98
L 0,238 0,234 1.212 e 29
5 0.238 0,236 1,215 L 62
10- 0.290 0.248 1,227 5.97

15 0. 333 0. 261, 1,232 6.70
20 0,285 0,265 1,235 7.80
25 0. Ll 0,272 1,238 8.70
%0 0.480 0,279 1,241 8,90
oc 2,17y 0.763 1,302 37.20

* Concentration of Iodine in Water is 0,00125 M,

Error Limit =

+ 06001,
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Table  II, 2d.
Variétion of Electrical Conductance of Iodine
Complexes of Methanol with Time at Different
Concentrations

Temp, : 25 °c

'Tima, ‘ Conductance x 104 Mho
Minutes 0,05 M g 0.025 M % 0,01 M
o 0,208 0,196 0,157
1 0,218 10,208 0. 164
? 0,222 0.217 0,169
3 10,233 0,222 0,175
I 0,238 0.227 0,179
5 0.238 0.227 0.182
10 0.290 0. 24k 0,200
15 0.333 0,250 0.212
20 0.385 04333 0,222
25 Oe 4hly 0. 357 O¢232
20 04480 0. 377 Os24h
< 2174 1,49 0.667

Error Limit = + 0,001,
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Tgble  TI. 2b

Variation of Electricsl Conductance of Iodine
Complexes of Ethanol with Time at Different
Concentrations

Temp, : 25 OC

Time, ? Conductance x 104 Mho
Minutes 0.01 M ] 0,025 M 0.05 M
0 0, 105 0,130 0,201
1 0e111 O¢ 147 0.216
2 0,176 0,159 0227
3 0. 122 0.167 0,229
L 0125 0,170 Oe234
5 0.126 0.172 0,236
10 0.13%6 0.183 0.248
15 Oe 141 0,193 Q42604
20 0, 150 0.201 0.265
25 O 154 0.210 0.272
30 0. 157 O0.214 0.279
o 04 405 0.508 0.763

=

Error Iimit = + 0.001.



Table T1. 28

Variation of Electrical Conductance of Iodine
Complexes of Acetonitrile with Time at
Different Concentrations

Temp, = 25 °C

Tine, Conductance x 104 Mho
Minutes 0.01 M g 0.025 ¥ 0,05 M
0 118 1497 312
1 1e28 2014 3¢ 28
2 1.36 2.18 3470
3 Te37 2.27 3498
b Te43 2e 37 Le 29
5 Telt7 2461 e 62
10 1459 2496 5.97
15 168 %.28 6.70
20 1.89 3.67 7.80
2> 1.99 3699 8,70
30 2,06 e 26 8.90
o6 11.70 23,6 37,20

Error Limit = 4+ 0,001,
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Table I1. 3a

Variation of Electrical Conductance of Iodine
Complexes of Methanol with Time st
Different Températures

Conc, =-0,05 M

Time, Conductance x TO4 Mho
Minutes 25 °¢ 0 % | 35 °C
0 0,208 04333 04435
1 0.218 0. 3614 0,488
2 0,222 0,377 0.526
3 04233 0,392 0,625
" 0,238 - . 04 400 0,667
5 0,238 04 400 0.714
10 04 290 041417 0. 769
15 04333 0.435 0,909
20 0,385 0.476 1,00
25 O blsly 0,500 1.020
30 0,480 . 0.526 1,061
oC 24170 2,50 2,77

Error Limit = 4+ 0.001.
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Table TT. 3b

Variation of Electrical Conductance of Iodine
Complexes of Ethanol with Time at
Different Temperatures

Conc, = 0,05 M

Time, Conductance x TObr Mho
Minutes 25 %¢ } 30 °¢ ; 35 °¢
g
0 04201 0, 301 0¢315
1 0e216 0. 309 Oe 347
2 Qo227 0.348 04358
3 0¢229 0. 350 Oe 366
4 023 0.360 04375
5 0.236 0.362 0. 380
10 0,248 Oe 391 O0«420
15 0,264 0,405 04439
20 0,265 0. 409 O 461
25 0.272 0.413 OulLiB1
30 0,279 0. 1422 0.488
. . . .
2 , ; :
o< 0:763 le23 1690

Error Iimit = + 0.001.
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. Table L1, G

Variation of Electrical Conductance of Iodime
Complexes of Acetonitrile with Time at
Different Temperatures

Conc, = 0,05 M

Tine, Conductance x 1OLF Mho
Minutes 25 °¢ 30 ¢ 35 %c
0 3512 3437 4408
1 3438 3494 4e59
2 370 3«99 4498
2 2,98 Lo 4B ‘5e35
L Le29 5.38 592
5 ha62 5.9% 6.28
10 5497 8410 8.17
15 64 70 9.12 10,20
20 7,80 10290 114 10
25 8,70 12.0 12480
30 8490 12,80 13,20
N : ) .
o< 374 20 39470 13,80

Error Likit = + 0,007,
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Table Il. 34

Variation of Electrical Conductance of Iodine
Complexes of Water with Time gt
Different Temperatures

Conc, = 0.,00125 M

Time, ' Conductance x 10q Mho
Minutes 25 °c 30 °C E 35 O¢
o 1,180 1,435 1,764
1 14191 104649 1,931
2 16205 10477 . 2,092
3 1,209 14479 2,170
L 1.212 1481 2,242
5 1.215 1,188 2,398
10 14227 1,511 2,688
15 1.232 1.520 2,874
20 1.235 1,524 %4049
25 1.238 12530 2,145
%0 124 14541 3,257

oG 1. 302 14667 14587

Error Limit = + 0,007,
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charze-transfer bands of MeQH-~I Et0H-T acetonitrile~T

2’ 2? 2
and HZO—I2 decreases with increase in time and accompanying
the decrease in the intensity of the charge-transfer band,
progressive intensification of the triiocdide ion absorption
(at 297 and %63 mm) is notieed! So it is felt that the
time dependence of the electrical conductivity (4i,e.
inerease in conductivity with time) is due to the transfor-
mation of the initially formed outer charge~transfer comp-
lex folloﬁed by the very fast reaction of the inner complex

with iodine to form the triiodide ion,.

R.OH + I, =——> ROH.T., —22%% (romrt)r

2 T 2
(Outer Complex) (Inner Complex)
. fast
. Hy o as ey -
| (ROHI™ T + I2 ———=  (ROHI) + I3 .
(R = CHBQ 02}5, H or ROH =.0H30N).

The kinetics of transformation of tihe oulter complexes

£ jodi < H.T J
of iodine, namely CHBOH‘Ia’ GZHEOn‘*E’ HEO.I CH CL.I2 to

2’ 3

the inner complexes were studied employing the time depen-
dence of the electrical conductivities of the soluticns.
Since the formation of the triiodide ion from the inner
complex is likely to be a fast step, the rate determining
step will be the transformation of the outer complex to

inner complex., The reactions are of pseudo first order

(Fig. II. 1) and the rate constants are quite large. (It
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appears that in these cases, the driving force is the
solvation of ions formed)., The rate data are summarised in
Table IT, 4 and II. 5 along with the values of activation
energies and entropiles of activation (the enthalpy values
are included for comparison)., It can be seen from the data
(Table II. 4) that the velocity constant for the transfor-
mation of outer complex to inner complex increases with
concentration of the reactants/complexes (which is
expected)., The transformation of the outer complex of
C2H5OH'I2 to the inner complex is much slower and is asso-
ciated with higher activation energy than the transformaticm
of CH,OH,I

3 2*
for the transformation of the outer complex to innecr

In all these systems, the activation energy

compaex is small., The activation energy decreases with the
increas& “in dielectric constant of the medium, It is
interesting to note that the enthalpy value for the forma;
tion of the outer complex is also much lower in the latter
case, In the case of 62H5OH,I27 where the enthalpy (-NE)
Value is higher, the transformation would be expected to

be much slower than CHBOH.IZ- Water, on the other hand,
seems to form a less stable outer complex (very low —szo)
with iodine which can be visualized due tc high I,P, of
water (12.61 eV). The low ﬂAHO value facilitates thc

easier transformation of outer comnlex to inner complex}



Table 1. 4

The Velocity Constants for the Transformation
0of Outer Charge~Transfer Complexes into Inner
Complexes at Different Concentrations

Temp., = 25 °C

Average K#9 M:'Ln"1 X 103

System Concentration (M)
0e05 0.025 g 0.01 j 0.00125
MeOH-TI, D73 5.04 e 62 -
EtOH.--lT2 Ze 1 2438 1.68 -
Water~I, - ~ - 13e 4t
Acetonitrile-I, L4e23% 3,12 Te 77 -

# Error limit in the value of ¥ = + 0,002,



Table

Il

)

The Velocity Constant, Entropy of Activation,

Activation Energy for the Transformation of

Outer Charge-Trausfer Complexes into Inner

Complexes (Concentration of Iodine = 0,05 M)

e e o e s

? Average ke min~! x 103§EAverag Activa=—
: p ntropy § tion “AI° d
Systen f Acti< Energy, ’
25 %¢ 1 30 O 35 O ati%n EZ, kJ/
: AST, J/mole & mole
: { kTt w100
Methanol- 573 8.32 15.8 75.7 73.4 12,55
Todine (7.94)¢
Ethanol-~ 3,17 4+ 89 6430 152.3 52.3 134 39
Todine (8.78)°
Water— 13,40 14,50 20,10 212.7 20.4  7.80%
Iocline’wr
Acetonitrile~ L.23 578 .78 162.2 485 7«95
fodine
¥ % = T

a) Error limit in the value of X =

b)
c)

e)

Error limit in the value of &S
Error 1imit in the value of Ea =

Concentration of JTodine in Water

J. Chem, Phys., 25, 1192 (1557)

£) Indian J, Chem,, 174, 85 (1979).

0.00125 M.
+ 0,002
= +39% W,

+ 400 J X~ T,
d) 4ppl. Spectros, Revs., 5, 1 )(1972).



On the basis of these findings it is possible to propose a
potential energy diagram of fhe type shown in Fig. II, 2 for
the formation of outer complex (- AH) as well as the enermgy
activation, Ea’ for the transformation of outer to inner
complex. A stable outer complex (associated with greater
charge-transfer in the ground state as well as a higher
value of ~ AH) shows a larger Ea for the transformation of
outer charge-~transfer caomplex., The velocity constant for
the transformation of outer complex o{ water-iodine (din
water) to inner is 13.4 X 10"3 win™ ! at 25 °C (conc, = 1.25
x 10™2 M) indicating that the transformation is quite fast,
This can be easily visualized in terms of high polarity of
the medium, Simillar cases have been reported in the lite-
rature for triphenyl phosphine-iodine, etc. in highly polar

solvelrl‘cs.sgmlH

Acetonitrile forms an outer complex with iodine and
the velocity constant and the activation energy for the
transformation of outer to ilnner complexes are given in
Table IT. 5. Eventhough the interactions involved are n-§
type, it is not possible to campare the data with those of

ROH,I., systems as ROH (R = CH

2
Sh

hydrogen bonded systemss

C,H:-, H) is inter-molecularly

3" T2

The entropy of activation is large and negative in

o
all the systems that we have studicd. The ncgative AS”



POTENTIAL ENERGY

Figl II. 20
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Potential energy diagram for the formation of
outer and inner complexes kctween donors (D)
and lodine, Three cases (I, II and III), are
chown with progressively decreasing - H° of
formation of the outer complex and E_,. Case
711 ig for a system which may not fofm the
outer complex, but directly gives the inner
complex, while case I is for a system which
formg a stable outer complex and may not fornm
the; inner complex with ease, Case 11 is an
intermediate case. Dielectric constant of the
medium or. substituent effects affedt E
sppreci ably. For the sake of simplicity 2 tne
energy of the inner complex is shown to be the
same for all the cases.



values are indeed what one would expect in reactions
involving ionization of neutral molecules?o’31 Since the
transformation of the outer to the inmer complex involves
lonization, it is‘likely that the activated complex is
also similar to an ion pair, and will therefore be stabi-
lized by solvation to a greater extent than the outer
complex {(initial state)?z The negative entropy indicates
that the activated complex is less probable (and the reac-
tion should be slower than normal) and the probability
factor P is very low?o In the present case; methanol,
ethanol and water already exist in a partially frozen
state due to strong intermolecular forces - hydrogen
bonding., .S0 we are not in a position to comment on the
reverse trend of activation energies when these solvents
are used, The loss in entropy in amn ionization includes,
the change in entropy of tue complex (molecules) which
ionizesand the change in entropy of the solvent molecules

which surround the ions.

From the above study it appears tThat the rate deter~
mining step in the formation of triiodide ion is probably
the transformation of the outer complex and it follows the
first order rate law and the ease with which the transfor-
mation proceeds depends on the relative magnitude of

enthalpy of formation of the outer charge transfer



complexes, It is possible that in some cases, the inner
complex may be the more stable form, particularly in

solvents favouring solvation of the inner complex or its

ions.
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CHAPTER __ TII

CONDUCTOMETRIC STUDY OF
CHARGE TRANSFER GOMPLEXES

IIT. 1., INTRODUCTION

The interaction of electron donor 'D!' and
electron acceptor 'AY, leads to the formation:of new mole-
cular specles : Molecular Complexes or Charge-transfer

complexes, Mulliken1

pointed out that a donor-acceptor
pair can form either the asscciative 'iouter complex' or the
dissociative fiinner complex' depending on the distance of
approach between the donor and the acceptor and the rela-
tive magnitude of the no band or dative wave functions. It
was. also suggested that 4f the environmental influence is
sufficiently high, the inner complex may became the stable

form of the donor-acceptor pair, and with little or no

environmental influence the outer complex may represent the

¥ A paper based on this work has been communicated for

publication in Electrochimica Acta.



stable form? When the interaction between the donor and
acceptor is very strong and the dielectric constant of the
medium is high, the complex may dissociate into ions giving

rise to agppreciable lomnic conductivity, according to the

genersl scheme\;.h'LF )
D + 4 - DA
DA === DY AT e DT o4 4T L IILL .
(Outer Cowmplex) (Inner Complex)

The formation of inner (charge-~transfer) complex can be
followed by measuring the changes in the elcctrical conduc-
tivities of the solutions, of say, the donor in an :fnert
(or nearly inert) solvent of sufiiciently high permittivity,
upon addition of a solution of acceptor in the same so0l-

vent or vice vcrsa5"21

For determining the equilibrium constant and the other

thermodynamic parameters, either by Benesimﬂildebranda2 or
ol
the modified forms of Benesi—Hildebrandz7’23’L4 one must

know the stoichiometry of the complex. The usual method =
Job's25 Continuous Variation procedure, is of limited appli~
cation when the outer complex is transformed into inner
complex, dug to, say environmental cooperation, leaving
behind only a small amount of neutral camplex in solution,

Under such circumstances onc may be able to obtain the



stoichiometry of the complex in highly polar media Dby
measuring the clectrical conductivities of the solutions by
following the procedure suggested by Guitmann and'Keyzer?

30, we have made an attempt in this direction to obtain
information on the mature of interaction between the donor
and acceptor, the stoichiometry of the complex in polar
media, the effect of concentragtion, teuperature and dielcc-
tric counstant of the medium on the clcetrical conductivities\
of the complexes in solutions, Tor this purposc, the elce-
tron dounors chosen are acetone, methyl ethyl ketone, igg~
butyl methyl kctone, dimethyl sulphoxide, triphenylphosphinc,
triphenylarsine, triphenylstibéne, methanol, ethanol,
n-propanol (all n~donors) and the elcctron aceceptor choscn
is iodiae ( &=acceptor), The solvents uscd are acctonitrile

and mixtures of acctonitrile and carbontctrachloridc,

IIT. 2. MATERIALS AND METHODS

I1IT. 2(i) Materials:

The electron donors, namcly acctone, methyl ethyl
ketone, iso=-butyl methyl ketone, dimethylsulphoxide, tri-
phenyl phosphine, triphenyl arsine, triphenyl stibene,
methanol, ethanol and p~propancl and the clectron acceptor

iodine were purified following thc standard procedures?6



)
2y

scetone (Sarabhai M, Chemicals, B.N. 1H8 11052) was
refluxed with successive small gquantitics of potassium per-
manganate until the violet colour persists. It was then
dried with anhydrous potassium carbonate, filtered from the
desiccant and distilled., Precautions were taken to cxclude

moisture, B.P, 52,5 %C/662 mm (1it, 56.2/760 mn),

Methyl Fthyl Kcetone (BDH, B.N, L326/20,3610) and

iso-Butyl Methyl Ketone (BDH, B.N.L353/10-2612) were dried

with anhydrous calcium sulphate, filterced and distilled,
The boiling points of methyl ethyl ketonc was 77 °C/662 mm
(1it. 79.5 °C/760 mm), wherecas that of igo-butyl methyl
ketone was found to be 107 °C/661 mm (1it., 110 °C/760 mm).

Dimethx#gulphoxige (SD's BN, 28089/98L0) was kept
over calecilum sulphate overnikght, refluxed over KOH and

distilled amd collected over molecular sicves of 5A (B.P,

187 9¢/662 mm; it. 189 /760 mm).

Triphenyl phosphine (Aldrich, USA), Triphcnyl arsine

(Aldrich, USA) and Triphenyl stibene (Aldrich, USA) werc

uged as such.

Methyl alcohol, Ethyl zlcohol, n-propyl alcohol, were
purified by following the procedures given in Chapter ITI,
The procedure for purifying loding is described in

Chapter II.
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Acetonitrile was purified following tue procedure

given in Chapter Il.

One litre of Carbon tetrachlorige (BDH, B.IN. 1084/
974602) was treated with potassium hydroxide, dissolved in
an equal weight of water and 100 mi of rectified spirit and
the mixture vigorously shaken for 320 minutes, After wading
with water, the process was repeated with half the gquantity
of potassium hydroxide, The alcohol was then removed by
shaking several times with water, followed by shaking well
with esmall portions of concentrated sulphuric acid until
there was no further colouration, Carbon tetrachloride was
then dried overunight over amhydrous calcium chloride and

distilled, B.P. 74 °¢/662 mm (lit. 76 °C/760 mm).

ITI. 2(ii), Method:

The stock solutions (0.1 M) of electron donors
were prepared in acetonitrile and acetonitrile-CCl4 mixtures
of various compositions for obtaining media of different
dielectric constants, For obtaining the stoichiometry of
the complex formed, the conduectivities of the solutious
containing different amounts of donors and acceptors
(keeping the total volume constant) were measured at con-
stant temperature, In conductometric titration, a known

volume (of knowm concentration) of either the domor or the



acceptor solution was taken in the coaductivity cell which
was thermostated and the accefitor or the donor solution (in
the same solvent) was added from burette; the solution was
stirred after each addition -and a constant time interval
(~5 min) was permitted to elapse between the addition of
titrant and the bridge adjustment, The electrical conducti-
vity of domor solutions, acceptor solutions (of different
strengths) and their mixed solutions were measured at 25, 30,
35 and 40 Q¢ {x Ou.1 9¢) in different diclectric media.

(For obtaining media of different diclectric constant,
appropriate amounts of acetonitrile and carbomntetrachloride
were mixed), Philips PR 9500 conductivity bridge was used
for measuring the electrical conductivities of the solutions,

The cell constant was 1¢5.

Acetonitrilc, which is used as solvent, has low conduc-
tivity and the conductivity of the soclution appears to be
mainly iomnic, The stoichiometry of the complex may be
deduced from the conductivity pcak by slightly modifying the
prodedure which was originally suggested by Gutmann and

6

Keyzer,

The total nct conductivity, &, of a given system of

non-interacting charge carriers is given by,

6' -~ ] Zl-nizi‘Mi_7 oo x [ ) IIIC 2.
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where 1 1s the different species of charge-carriers
presentsymi is the concentration of each species having a
valence 2y (i.es the number of electronic charge car-ied),
j&i is the mobility of the species and the summation has to

be extended over all the 1 species of charge carriers.

If there is only a negligible interaction between the
different carrier species, so that each moves as 1if the
ather were absent (i.e. the law of independent migration
holds good), the addition of a solution of conductivity 01
to another solution of conductivity, GEP gives rise to

conductivity cf given by,
6> = KD * O)A

Ze [[Cp(Mp + CpMp) 7 eee TILZ

1

where CD and CA are the concentration of the solutes D and
A respectively, and the M's refer to the mobilities of the
carriers contributed by the D and A solution, We shall
assume that 2 = 1 for all the carriers, concentration will
be used instead of activities and the conductivity of the

solvent (or medium) will be neglected,

In a titration, where the volume changes upon addition
of titrant, donor arnd acceptor, are supplied to the system

in concentrations, €% and C9, respectively, so that
3 D A’


http://specD.es
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o _ D .

Cy = D¢, /(AO + D) } R—
Q A .

C,” = ACy /(Ao kD)

where DO anrd AO refer to the volumes of stock solutions of

D

D and A, with concentrations, C0 and COA, respectively,

which have been supplied to the system, e.g., from a buretie,

1f there is no interact~ion between donor and acceptor

o

(neglecting the solute-solvent interactions), then CD = CD

and CA = CAO. Since the conductivities are additive, it
follows that, §, in the absence of interaction should be
linearly related to the concentration of the titrant

(Fig. ITI. 1),

Considering now, a case where charge-~transfer does
occur, resulting first in the foruation of a complex, DA,
followed by its dissociation inta ions D" and A~ (1.€, trans-
formation of outer charge~transfer complex into inner comp-
lex) and thus giving risc to excess conductivity (ahave auy
due to the solvent and stock solutions themselves). Let,
the concentration of the complex DA be given by CDA and thc

concentrations of D' and A~ be CD+ and CA respectively.

CD and C, refer to the concentration of uvnrcacted doaor and

A

acceptor, dee., (GDO - CDA) and,(CAQ - CDA)‘

For the interaction of D and A (1:1), we can write

(a) complex formation:
D + A e DA



O/,mho -

0.0 2.0 4.0 6.0 8.0 10.0
Stochiometry
(Relative Acceptor)

Donor Acceptor
Solution Solution

Fig., III. 1. Idealised plot for Conductometric Titration.
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C
B, = @B = (€, D L. IILS.
' CD.CA
(b) complex dissociation:
e L - oo
DA ——== D A === D"+ A
+ -
N
KZ - D A f‘(é,T‘.u) cu-tIIIt6'
Cpa

(¢) direct transfer and recombination:

D" o+ AT =~ D + A
-
Cre C
K hand E A f“(e’T)'.)GtthIIO'?.
> Cp eCy

.l ITIT.8..

The conductivity, &= en M M)
= 60 n >0 ......:1;]:]:.9.

Now, CD qé.CIF and CA =k CAO and the charge carriers,

" and A, are present im the solution. Assuming that the

D

contact charge-~transfer interaction is negligible, we can

write,
0
"'OIII!.tOD
0
CA = CA - CDA -~ n
From IIT.5 and III.6, we get,
R i
D A = K1K2 =- KB-T‘ IOOOIIII‘I‘I.
Cre C



Ji

Introducing n from III.8 and comparing with IIIL,7,

we obtain,
Cre C

DA _ 7 =1
> = K3(===K1k{2)
> cess 11112,
n
C =
DA e
2
Equation III,10 becomes,
2
G = CO - /— 1 + n 7
D D £ TX -
e cees IIT, 13,
Q - HZ
CA - CA - Z K2 +- n__7

Combining III,12 and III,13, we get,

- 2 _ 2
(7o - (=B« m) 7/7C,° - ( f; + m)_7
Ko Ko

2w oy 1 -
—_ 11 \K,‘KZ) [ X N 3 I,LI.TL}-.

The conductivity, gj, which is oroportional to n, thus
follows as fourth power relation to the added donor or .
acceptor, However, it can be seen that n, anc thus cf s 18

a maximum for CDO = GAO, i.e., for 1:1 couplex.

S0, equating dn/dCDO to zero yields,

2
- CAO - ( n ) + n = O ce oo 1110150
Kz

But, from III.13, n + (nz/Kz) = CDO - Cp, and 5



will be peak 1if,

¢y = Cp = ¢C;° eeee III 16,

By combining III,10 and III,16,

: _ o} ]
n + CDA =. CA seve LIT.17
From TIIT, 10,
n +* CDA = CA H+ n o+ CDA e III,18.
So that, o
C, = 05 Cp = 0 and Cp =.cAQ W III, 19,
or, in terms of Titrating solutions:
D A
DC = AC
00 00 .. ITT,20.
‘ _ —n Dyn & o1
D@/Ao = [ Co /Co 7

Thug, the stoichiometry of the complex may be deduced from
the titration volumes at the emnd point, i.,e,, the conducti-
vity peak and from the known concentrations of the staock

solutions,.

The above derivation assumes both the donor and the‘
acceptor to be umivalent resulting in a 1:1 complex, (The
same treatment applies to other stoichiometries., The sharp

conductivity peak is to be expected only for ideal cases).

The value for the conductivity peak above the base
line connecting the conductivity of the donor and acceptor

solutions is a measure of the excess conductivity caused by



the formation and subsequent dissociation of the complex,
The molar conductivity coefficiert, Cfmg was calculated
using the well known equation of Gutmann§

Gn = (— Y -
kM a5 ves ITT.21.
oL &n

i
—
.
i
;j
~

where, of is the dissociation constant of the complex, M is
the molar concentration of the titrant (either donor or
acceptor) at the conductivity pealt where 5 = ép‘.go is
Jinearly interpolated conductivity background read off a
base line Jjoining the conductivities of pure donor and pure

acceptor solutions.

IT7, 3. RESULTS AND DISCUSSION

ITI. 3(1i) IQDINE COMPLEXES OF ACETONE, METHYI, ETHYT KETONE,

iso~-RUTYL METHYL KETONE AND DIMETHYLSULPHOXIDE:

It is well known that the electrical conductivity
of iodine in pyridine changes with tine and this hgs been
ascribed to dissociation of the loogely bound donor-acceptor
interaction product to form N-iodo-pyridinium iodide, an
inner (ionic)/compleX? It is reported in the literature

that the ilodine complexes of acetone, ethyl¥methyl. ketone



are not stablec, that too in highly polar solvent (The
absorption of CT peaks of these couploxes decrease with the
increcase in time), In the wnrescnt casc, lodine, acetone,
nethyl etnyl ketone, isg~butyl-methyl lictonc and dimethyl
sulphoxide were dissolved sepaia ely in acetonitrile and
the conductivities of fpure’ solutions (wheracver feasible)
and those of the mixcd solutions were measurcd, For the
sakke of brevity the electrical conductivity data of iodine
complexes of acetone, methyl ethyl kctone, isow-butyl
methyl ketone and dimcthyl sulphoxide at one temperature
~and one concsniration are summarised iz Table IIT, 1. It
cain be secn from the Table ITI. 1 and Fig, III. 2 that the
electrical conductivity of iodinc in scctonitrile (0,01 M)
which was initially 125 x 10 -k (the low conductivity is
ducz to few I° formed) has increcascd with the addition of
acctone (0401 M, kceping the total volumc/concentration
constant, i,e, 5 nl of 0,01 M) and rceached a maximum value
5b x 10 ~5 3o and then started decreasing with
further addition of acctone, (The cenductivity of the

¥ rises lincarly, though slowly, with time, This

C .

complc
may bo duc to thu slow dissocisetion of ths cemplex as well
as duc to the adsorption on thc elsctrods), The decidedly
none-linear plot in an isomolar scrics indicates the

prescnce af o complex. A peak becomes cvident at



Table . TIX, 1

The Electrical Concuctivity Data of Todine Complexes
©f Isomolar Geries) of Ace tone, Me=Et-Ketone, 150~

Bu-Me-Ketone and Dimethylsulphoxide in Acetonitrile
Temp, t: 25 °C; Conc. of Iddime Solution : 0,01 M

Conc, of Ketone/DiSO so0l,: 0,01 M

Volume owikblume OPE CondvctJv1ty iz 104 Mhos "
dorox OJ‘HG cetone- § Me~Et- isonBua§;~
added Fo1n. %. Ketone Ketare-I, DHMSO-I,
(ml) hdded
(nl)
0.0 5.0 1625 1.25 1.25 125
0e5 L5 1440 1454 1.75 1.56
140 LeC 1e51 1461 1681 1.64
1.5 3¢5 1e 24 1.604 1.85 1,69
2.0 340 TeL9 Te51 1,75 1,63
2e5 2.5 1¢39 Te 4y 1.64 1649
340 2.0 1.20 1426 Tel43 Te 34
345 165 1,00 Te 1t 1420 1416
L4eO 1.0 0.77 0.83 0.95 0691
b4eD 0.5 048 0.56 0,64 0.61
540 0.0 0.25 " 0,307 0.40° 0,38

[ - - -y A F T TF LG T WIEIT Terwrior sy

*  Frror Limit : + 0,01; #%¢ Dxtrapolated Value,
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Fig, III. 2. Variation of Electrical Conductivity
of‘Ketones/DMSO-I2 Systems (Isomolar)
at 25 %c. Conc. = 0,01 M.

Solvent :: Acetonitrile.
1. Acetone—I?; 2, Methyl Ethyl_Ketone—I2;

3. DISO-I,; L. iso-Butyl tethyl V-Ct”‘eﬂ?.
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‘stoichiometry of-2:3 (D:A). (It must be noted here that
due to non-ideal behaviour the conductivity peaks occur

slightly off the stoichiometry).

In conductivity measurements corrgct choice of the
solvent is also important, If its conductivity is too high,
conductanee changes due to complex formation may become
obseured, if its permittivity is toa low, the complex may
fail to dissociate. If the solubility of the complex is
low, the complex might precipitate which may even lead to
the reduction of the number of charge carriers present in
solution and cause the appearance of a conductivity minimum
in the titration, If the solvenf‘itself can function as
an electron donor or acceptor, then it may compete with the
reagents and actively en®er into the reaction and thus may
- affect the stoichiometry, equilibrium constants etc. In
the present case, acetonitrile and aacetonitrile-~carbon
tetrachloride nmixtures are used as solvent, It is well
known that acetonmitrile itself has donor character. So it
is possible that acetonitrile may compete with ketohes/DMSO
for forming complexes (with iodinc). In addition, even the
donors (ketones/DMSO) may also interact with carbon tetra-
chloride whieh is a weak electron acceptor, So iwn such
cagses one has to take into consideration all these aspects

bofore coming to a definite conclusion about the stoichio-
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metry of the complex, The preliminary exmerimental results
for the determination of stoichiometry of acetone-iodine in
acetonitrile ancd acetonitrile-carbon tetrachloride mixtures
by refractometric method showed tuat the stoichiometry of the
complex was 2:3, whereas for acetone~iodine in cyclohexane
it was 1:1. (We have made an attempt to deterwmine the
stoichiometry of acetone~iodine complex in cyclohexane by
conductometric titration method using Keithley 610 High
Resistivity Meter ;and it was really heartoening to note
that the stoichiometry of the complex was found to be
=111 Our further atitempts to study these in detall was
not succegsful due to the limitation of the instrument),
Here it can be noted that in the case of pyridine-iodine,
Gutmann and coworkers6 have noticed (during the conducto-
metric studies) the change in stoichiometric ratio from 1:1
to 2:3% and 173 when the solvent was changed from aceto-~
nitrile to carbon tetrachloride and they feel that aceto-
nitrile is an inert solvent towards pyridine-iodine, whereas
pyridine can intcract with carbon tTetrachloride. Sa we
feel that our present resultsi i.e. the stoichiometry of
ket@ne/DMSO—Ia (2:3) in acetonitrile and acctonitrile-carbon
tetrachloride mixtures is not contradicting the literature
data (obtained by spectral method), i.e, the 1:1 stoichio-
metry of ketone/DMSO-Jodine in cyclohexane/heptane). In

fact, as pointed out earlier, the conductometric studies
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can be successfully used to know the stoichiometry of such
complexes which disscciate in polar media and where the
concentration of undissociated species may so low that it

may be difficult for svectroscopic studies,

In order to understand the effect of media on the
glectrical conducfivities of solutions, the media dielectric
constants were changed by mixing appropriate amountg of
acetonitrile with 0014? It can be secn from Table III,2
and Fig, IITI.3 that the dielectric constant of the media
affects the electrical conductivities. As the dielectric
constant of the medium is increased from 15 to 36,7 (the
dielectric constant of the medium can be changed either by
changing the solvent or by mixing appropriate amounts of
two solvents of different diilectric.constantse The latter
method is better as the 'nature’ of interaction between
solute and solvent remains the samc whereas in the former
it differs duc to the difference in nature of solvents, Sog,
we have varied the dielectric constant of the medium by

varying the compositions of the mixtures of CH,CN and CCL

3 b
to eliminate the contribution of varying degrees of solute
solvent interaction), the electrical conductivity increases,
probably due to the increasc in the degrce of dissociation

of the complex (and hence increase in the number of charge

carriers) and the increasc in the mobilitics of the charge
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Table III. 2

=}

Effcct of Dieiectric Conmstant on the Electrical
conductivity of Acetone-~lodine Systea at 25 C¢
Solvent :: Acetonitiile + Carton tetraciiloride
Concentretion of Iodine Solution = 0,01 M

Concentration of Acetone Solution= 0.01 M.

Volumne Of( Voiume of Conductivity, x 104 Mhos

Acetone Todine T i e v i . s S e e

Solution | Solution €= 30¢71 €=30 f&=25 C. = 15
(ml) i (nl) j

5.0 1.25 0.52 Co 2L Reslistance
L5 140 0,6% 029 of the
Lo O 151 0,69 0.70 solution

‘N
.
\J1

e 2L 0.71 0+ 31 was too

N
™y

B
—~—
.

o
Xo]

0,69 0e29 hign
0,65 0.2 (310° ofm)
0,26

P
*

\Ji
.
W
O

fw
[
s
.
PV
O
O
Ui
O

1eD 1600 053 023
C 100 Ce?? Ue 412 C.18
0.5 0.48 Ce33 e 14

0.0 0,25  0.20%% 0,09

*

P~ ey - 5 x ORI T R oA =

Exror ILimit: + 0,07 #%  IExtrapolated Vazlue,



Vo

—

4

o x 10, mhos.
S
T

0b

OvO ] 1 | J.
0-0 1.0 2.0 3-0 4-0 50
Volume of iodine solution, ml. —

¥ig. III. 3., Effect of Dieldctric Constant of the Media
on the Flectrical Conductivity of Acetone—I2

(Isomolar) System at 25 °c. Conc, = 0,01 1,

. € =367 2,.€=306. 3 ¢ =25,
Solvent i: Acetonitrile + Carbon Tetrachloride

6



carriers, These results jre in harmony with our earlier
findings where it has been shown that the rate of electraon
transfer in EDA complexes is enhanccd by scolvent polarity
(refs 2,7,27)s A goneral trend of decreasce in electrical
conductivity with decrease in the diele&iric constant of

the media has been observed im all the cascs we have studied,

It has been mentioned carlier that the conductivity of
auy solution depends om the number of charge carriers, the
charge oﬁ the charge carriers and on the mobilities of
charge carriers. In the present case (i.e., transformation
of outer complex inta inncr complex) the mumber of charge
carriers depend on the concentration of the complex and omn
the degree of dissociation of the complex (assuming the
charge of the ion as ome). As the concentrations of each
of the donor as well as acceptor are increased from 0,005 M
to 0.02 M the elcctrical conductivities (at the peak)
increase from 0,95 x 10%# Mho to %.23 x 10™% MHo at 25 ¢,
(Tabde III, B and Fige III. 4). This incrcase in conducti-
vity With the increase in conccntration of the donor/accep-
tor is probably due to an increase in number of charge

carriers,
The conductivity depends on the mobility of the charsge
carriers in addition to the number of charge carriers,

When the temperature of the solution is incrcased, the



Toable . I1J, 2%

Efiect of Concentration on the Flecirical
) () o ] - Y s O
Conductivity of Acetonewla Sysiem at 25 7C

Solvent @ Acetonitrile

. . Lo .. %
Volume of@\kﬂume o% Conductivity x 107 IMio
Acctone Todine ” ' N
SO 1 .;l tio n SO 1 u ti O n R aBe S I R ; - v -ex;y*:s.r&rmmwmnwmqa»
(1a1) (:al) . 0,005 M ‘E 0.01 M g 0,02 M
. S —_— o ] e

0.0 5,0 0.83 1.25 2466
0u5 o5 0,87 1,40 3,03
1.0 AN 0.91 1651 3417
165 35 0e95" Ta5i 32}
260 340 0.91 1e 49 ZeOL
245 Pe5 0,80 10739 2,67
340 Ze 0 0471 1.20 2435
3¢5 1.5 0462 1400 1.89
te 0 160 Ou 46 Os 77 1435
Le 5 0«5 O« 30 Ce 48 Os 77
540 040 0.10"" 0.25"" 0436

AU GRSV A T Sl e TR TR ML T T S ey

*  Error Limit v # 0,01; *%  Extrapolated Value,
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Fig. III. 4. Effect of Concentration on the Electrical
Conductivity of Acetone-I, (Isomolar)

System at 25 8.
£, 002™M; 2. 0.01M; F. 0.005 M.

Solvent :: Acetonitrile,
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nunber of charge carriers (due to the disséciation of the
complex into free components) and the mobilities of the
charge carviers will be affected. In the present case (i.e.
in transformation of outer complex to inner complex) when
the temperature of the system is increased, the equilibrium
constant for the formation of complex decreases, i.e., the
amount of complex formed will bhe less and hence the number
of ions formed (from the complex) will be less. (i,e., thé
number of charge carriers is veduwced). However, the mobi-
1ity of the charge carriers increases with temperature
(assuming the solvation number and hence the size of the
solvated ions do not change with temperature which may not
be true always), So, the conductivity of the solution can
increase or decrease depending upon which factor will be
more predominant (as the temperature is increased)., In
acetone-iodine, we have observed an ilncrease in conductance
with increase in temperature (Table III. 4 and Fig. III.5).-
So it appears in the present case, increase 1n the mobility
of the charge carriers is more responsible for the increase

in é&anductance,

The electrical conductivities of iso-molar solutions
of methyl ethyl ketones, iso-butyl methyl ketones, dimethyl
sulphoxide-iodine complexes were also determined. at diffe-

rent temperatures (25, 20, 35 and 40 OC)3 at different
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Effect of Temperature on the Flectrical
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Table  IIT. 4

!
v

=
h

ffect of Temperiature on the Electrical Conductivity

8]

f Acetone-Todine System
Solvent :: Acetonitrilc
Conecn, of Iodine Solution = 0,01 M

Concn, of Acetone Solutiorn = 0,01 M

—

Volume of § Volume of Conductivity x 1@4 Mhos*
Acetoune Icdine - -

Solution § Solution E 25 °c 30 °¢ g 35 O¢ §4o Cc
(m1) o ()

eV w - > B e a e an

0.0 5.0 1,25 1,33 1.5 1,72
0.5 LoD 140 1eli7 1.70 1.65
1,0 140 1,51 1,58 1479 1.96
1e5 ) TeDL 1e 6L 1482 2,00
2.0 3.0 1. 49 1461 1.72 1.92
2.5 2.5 1.39 1449 1,61 1,79
3.0 240 3.20 Te 30 1o 47 1.59
345 1.5 1.00 1418 426 1431
4,0 10 0. 77 0.87 0.91 100
IS 0,5 0448 0459 0.65 0,69
5,0 0,0 0.25° " 0,35 0,29 0.43

AL i S o

=3

*  Error Limit : 4+ 0.01; #%  Lxtrapolated Value,
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concentrations and in different dielectric media, ©Dut for
the sake of brevity the data at only one temperature aud
aone concentration are reported in Table IIT,1, It can be
seen from the Table III. 1 an¢ Fig. III., 2 that methyl
ethyl ketone, iso~butyl methyl ketomne, dinethylsuvlphoxide
also form - 2:3% complexes with iodine in acetonitrile,
(However, in spectroscopic studies non-polar solvents have
been used and the stoichiometries are reported to be 1:1).
The electrical conductivities of methyl ethyl ketone~,
iso-butyl methyl ketone-, dimethyl sulphoxide~iodine comp-
lexes at 25 °C for maximum deviation are 1,64 x 10”4,

1.856 x 10~k and 1.69 x 1O"L'r Mho regpectively (comc, : 0.,01M).
The equilibrium constants and the other thermodynamic
parametérs show that the stabilities of the complexes vary
in the order DMSO-12;> iso-butyl methyl ketone~12:> nethyl
ethyl ketone-I2j> acetone-I2 in cyclohexane anc¢ the elec-
trical conductivity of these complexes vary in the saue
order (except DMSO~IZ}. However, one must be cautious
before commenting on the stability of the complexes solely
depending on the slight difference in the clectrical condu-
ctivities of the solutions, It can be recalled that the
equilibrium constant of formation of the complex depends
on the mature of solvent, (Moreover, the enthalpy values

reported in the literature do not have any such trend),



105

S0 it is not possivle to compare concuctivity data with that
of thermodynamic data (which are obtaincd under different

conditions).

Dimethyl sulphoxide forms an outer complex with ilodine
and under favourabhle conditions, the ovter complex formed
im transformed into imner complex, 20 (just like in the
case of acetone-iodine complex). It is expected that the
non-bonding electron of sulphur/oxygen will be taking part
in the complexes, Klaboe et a129 have reported that in
DMSO-I, and acetone-I, the shift in IR frequoncy are
AP (C=8) = 30-60 cu~! and &Y (C=0) = 1550 cu™!, i.e.,
in both case the AV, (that is, shift in Vo g and Py )
are nearly the samc. So our prescunt conductivity data go
in parallel with thnosc of Klaboe et al§9 wno has come to
similar conclusion from the IR studics of DMSO--I2 and
acetone-Iarcomplexes (but the medium was differcnt)
indicating that tHese complexes arc probably of ncarly the
same strength, DMoreover, the cnthalpy values for both the
complexes are also cqual (<15.5 kJ/mole), cveg@hough the

equilibrium constants arc guite differont?9’30
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IIT. 3(ii) IODINE COMPLEXES OF TRIPHENYL PHOSPHINE,

The conductance wmeasurements of lodine complexes
of triphenyl phosphine, triphenyl arsine and triphenyl
stibene at different concentrations (0.02, 0,01 and 0.005M)
were carried out in acetomnitrile and acetonitrile~carbon
tetrachloride mixtures (dielectric constants of 36.7, 30,

25 and 19) and at different temperatures (25, 30, 35 amdlDQD.
For the sake of brevity, as in earlier cases, the conduc-
tance data at one tenperature and one concentration (0,01 M)
are reported in Table III.5 and Fig, III.6, Triphenyl
phosphine-iodine and triphenyl arsine~inpdine systems have
the conductance maxima at ~2:3% (1it, 1:1)“1L stoichiometry
wheréas triphenyl stibene~iodine has conductance maxiwmunm at
~1:4 stoichiometry, (The difference in stoichiometry of

the complex may be due to solvent effect).

At 25 9C, the electrical conductivities (at the maximm
point, i.e. at the approximate stoichiometry) of gbBP"IZ’
-4

¢%AS“12 and ¢35b=12 complexes were 11,11 x 10 7, 7e14 X
10~4 ana S5.41 x 10~% Mho - respectively (conc, : 0,01 M),
leee, the electrical conductivities vary in the order

— \. - ~ S‘L)).., N 1 b i
¢3P 12/, ?% Aerad/ 3 Sb—IZ. It willl be interestiug to
note that the stabilities (i.e.,, enthalpies)of these

complexes vary in the reverse order, i.e, ¢BP-IZ‘<:¢BAS~15<
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Table . LIL. O

The Electrical Conductivity Date oi Todine

Complexes of Triphenyl vphosphine, Triphenyl

Arsine and Triphenyl Stibene at 25 °c
Solvent :: Acetonitrile
Concentration of Iodine So0ln,: 0,01 K

Concentration of ?%P/(ﬁ%As/(#%Sb : 0,01 il

Volune of ) alume of% éoﬁductivity B wjéf ﬁios*
%%R/QbBAs/ odine g e
¢55b Soln, folution | P.P-1, P he-1, P50-1,
(m1) (nl) ) R

0.0 5.0 1e25 1.25 1.25

0.5 Lo Le55 327 s D1

1.0 La 0 7ol 5.68 5e41

Te5 3¢5 g.09 6.67 Lel?

2.0 3.0 11,11 Y1l 370

245 245 9.52 6.45 5e 335

3¢0 2,0 8400 5,88 3,03

a5 1e5 5.80 500 2,63

40 1.0 he17 e 00 2,00

Le 5 0.5 2427 2.13 1625

540K 0.0 1.0 0,85 0,50

s

*  Error Limit :: 4 0,01; #*%  Jxtrapolated Value,
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QSB.%-IZ}” These data show thet as the stability of the
complexes increase the rate of transfornation of olter to
inner complexes decreases and due to the decrease in number
of charge carriers, the electrical conductivity decreases.
So our present electrical conductivity data are (in confor-
mity with the expectation) as anticipated. Tor the sake

of brevity, the effect of concentration, temperature and
dielectric constant of media an iodine complexes of (ﬁBP
are given im Table III, 6 (Tig, III, 6; IIi. 7 and III. 8),
Triphenyl .arsine and triphenyl stibene hkehave in similar
wayY. The conductivities increase with increase in concen-
tration (due to increase in the numbher of charge carriers),
increase with increase in temperature (due to increase in
mohility of charge carriers and zlso partly due to increase
in dissociation rate), and decrease with decrease in dielec-
tric constant of the medium (due to decrease in mobilities)
as in the case of Ketones—-I2 complexes, however, in the
case of 9§3As the stoichiometry of the complex changes from
2:% ta 1:4 as the dielectric constant of the media changes
from 36,7 to 15 (Table III, 6d and Fig, ITI, 9. / Similar
unusual observations were made (in our laboratory) im the
case of pyridine-iodine and picolines—iodine_7. It was
difficult to obtain reliable value of conductivity data and

hence the stoichiometry of the complex in .Jow dielectric


file:///vith
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Table . 111, 6a

Effcct of Concentration on the Electyical

Conductivity of Triphenyl nhospbine-lodine

Tenp, : 25 °C Solvent : Acectonitrile
Volume of § Volume of Conductivity x 104 Mhos
¢3P Todine Bt e S e
Solution Solution 0,005 M 0,01 1 0.02 M
(1) (ml)
0.0 5.0 0,83 1.25 2,06
0e5 N 2 56 125 e 14
1,0 LeO e 17 7ot 11.76
1.5 3¢5 5.13 9.09 1333
220 3.0 5,06 116 11 14429
2e5 2¢5 571 Geo2 1333
3,0 240 5.26 3400 11.76
3¢5 Te5 La17 5,88 10.53
440 140 2,94 Lo 17 300
405 O¢5 1054 = 27 L;-; 7‘6
3¢ ¥ ¥* * K
5.0 0.C 0.10 1.00 1,90

*  Error Limit :: + 0.01; ¥*  Txtrapolated Value.
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Iﬁ*b—;a@;., B N m6,1§’.

b=

iffect of Temperature aon the Electrical
Conductivity of Triphenyl phosphine=Iodine
Systeu in Acebtonitrile Solvent
Concentration of Iodine Solution = 0,01 M

Concentration of (’Tb:;)P Solution = 0,01 M

i 3 s
Volune of iVolume of Conductivity = 104~ Mhos&
¥§3P Iddine > T 4 g

Solution [ solution § 25 °C § 30 ° { 35 °c } 40 °c
(ml) (ml)
040 5.0 1.25 1.33 1654 1e72
05 Le5 Le55 5456 580 0.67
1.0 4aO Te 41 8437 9.09  10.00
1e5 %5 9409 10,20  10.87  11.36
240 340 11.11 1176 1225 12.82
2e5 245 952 10452 10,98  11.63
30 240 800 8469 9650 10400
345 1e5 5.88 6467 Tl 8400
3.0 1«0 e 17 Se26 S¢ 40 5488
LS 0u5 2,27 2498 3¢51 3.85
5.0 0a0 1,007 1.407° 1,707 2,207

¥  Frror Limit :: £ 0.071; #%  Extrapolated Value,



Iable  IIT. G¢
Effect of Dielectricl Constant on the Electrical
Conductivity of Triphenyl phosphine-Iodine
System at 25 °C
Solvent . 1¢ Acetonitrile-Carbon tetrachloride
Concentration of ITodine Solution :: 0.01 M,

Concentration orf 7”‘}31) Soluticn :: U.01 M,

Volune of § Volume of Conductivity =x TOQ Mhos*

9{_')313 Iodine 7 -
Solution § Solution f& = 36.71&=30 §€=25 t&=15
(ml) (ml)

0.0 5.0 1.25 0,52 0.2t 0.15
0.5 Le5 4,55 172 1.43 0,30
1.0 40 Tuli1 2,78 2.25  0.45
1.5 3.5 9,09 3.64 2.7 0.53
2.0 3.0 11e 11 e 35 2.94  0.56
2.5 245 9.52 3,85 2.78 0.5
3.0 2.0 8,00 3,23 2,38 0.53
3.5 Teb 5.88 2.56 1.92 0. 48
4,0 1«0 Le 17 2e13 1452 0. 36
Lo 045 2.27 1.67 1.28 0.2L
5.0 0.0 1,00 0,90

* N 2
Oe?5 0.05

*  Error Limit :: + 0,01 ; =¥ Extrapolated Value



Table . I11, 054
Eflect of Dielcctric Consl=nt on the Llectrical
Conductivity o Triplhenyl arsire~Todine System

at 25 ¢
Solvent ! Acetoniftrile-Carbon tetrochloride
Concentration of Iodine Solution :: 0,01 M,

Concentration of ¢%As Salution :: 0.01 M,

. ( ——— e - —

Volwne of olune of Conductivity x 704 Mhos*

) qJ As odine g 3y e e s e
3 - .

Solution fSolution €= 76,78 € = 30 € =258 &£ =15
(1) (nl) )
0.0 5.0 1,25 0.52  0.24 0s15
005 405 3«57 2-38 2400 0451
1.0 )HO 5.88 5051 20911- 0-85
Ted 36> 6.67 L4 00 34 70 Qe 7l
Z.O 3.0 7. TLI- :/)s ?O 3-22 Oo 65
2.5 2;5 6c ”—15 53 :‘_/) 2—0 78 Ot 57
3.0 2.0 5.88 ?’91-{- 2027 Ot51
3¢5 1e5 5.00 256 1.85 0,40
Lia O 1.0 L OO 2¢13 Telt] Ge 27
lLe5 OCud 2613 Telr] 1«00 0. 15
5.0_\': 0.0 L.CS*JL 0.65** 0.45-::-* ()‘05-*-»:

%#  Error Limit :: + 0s01:; #*¥ Ixtravolated Value,
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Fige III. 8+ Effect of Dielectric Constant of the Media
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media, as the conductivities were very low. As the polariby
of the medium is decressed, Tthe amount of iodimne in the
complex has increased, (Similar observations have been
reported by Sahiai et al15 for ftriphenylphosphine~iodine, but
thelr results could not be reproduced in our laboratory).
This unexpected observation (for ?)3‘%"12) cannot be
explained with the existing model. Omne possibility is that,
at reasonably low permittivity, the complex which exists as
¢%Aﬁ+ T~ might have combined with free iodine present in
the solution and thus the iddine content in the complex

night have been incteazsed,

TIT, 3(iii) IGDINE COMPLEXES OF METHANOL, ETHANOL AND
n-PROPANOL:

The conductance measurements of the -iodine comp-
lexes of methanol, ethanol and p-propancl were carried out
at different concentrations (0.02, 0.01 and 0,005 M) at
different temperatures (25, 30, 35 and 40 °C) and in diffe-
rent eiclectric media (3647, 30, 25 and 15)., For the sake
of brevity the conductance data at one temperature and one
concentration are set aut in Table III. 7 (Fig. III. 10).

A1l these complexes have the conductance meaximum at-2:3%
(1it, 1:1)°ktoichiometry, At 25 °C, the electrical conducti-
EtOE~T

vities (at the stoichiometry) of MeOH~I and

27 2
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Table IXL. 7

The Llectrical Conduckivity Deta o7 lodine Complexes

of Methanol, Ethancl and p-Propancl in Acetonitrile
- 0 . . .

Teup, 3 25 “C; Concentration of Todine : 0,01 M,

Concecutration of n-Alcohols : 0,01 i,

p- i - - T
R o . a . . *

Volume of § Volumec of Conductivity x 104 Mhao
f-Alcohol § Todine , R -

Sclut n-PrOt~T

(ml

B e N et a3

O‘O

Oq. 5

10
leD
20
245
240
3¢5

4,0 .

Le3

D40

ion Solution MeOH»I2 EtOH-~T
) ) _ gm.l ) b

2 9 2

5.0 1,25  1.25 1,25
e 5 14 20 141 1.47
0 1439 Te 49 1. 54
365 Telt] Te 5L 1456
3.0 1435 1,47 1,50
245 1426 1e %9 1,42
240 1,10 1,19 1,23
1,05
0,70 0.80 0.8

Te

—t

.

(O REN
|
»
O
.
Q
<

0eD1 0.5%

0,25 0.31

LS

W%
04 40

O O

» ”

(AN
@]
»
[

[ Sy

*

N B T TI T T I

P I

Error Bimit :: Q.07 #¥%  Extrapolated Value,
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n-PrOH~I. (of 0.01 M concentration) complexes awere l.41 X

L

2
107", 1.54 x 1074 and 1.56 x 10~

respectively, The effect
of coancentration, temperature and dielectric media on iodine
compleres of MeOH are summarized in Table III, 8 and Figs,
I1T. 14. The electriecal conductivities of the solutions
increase (0,111 X 10'4 ta %.51 % 10"4 Mhos) with increagse in
concentration (0,005 M to 0,02 M) and this is what has been
expected. As the concentration of the alcohols increases,
the concentration of the complexes incrcases, and due to
ionization (of more complexes) the nunber of charge carriers
incresse, which in turn increasesthe electrical conductivity
of the solutions, Here it should be noted that as the
teuperature of the sysiem increases the interaction between
alcohol molecules (i.e., hydrogen bondings-polymers)
decreases?1 So the nature of intcraction between alcohols-
I2 may change with an increase in temperature, The increase
in temperature causes an increase in conductivity (due to
increase in wobility as well as increase in the nature of
charge carriers)., However, it is not possible to say which
factor 1s more predominant., The decrease in electrical
conductivity of iodine~MeOH with the decrease in diclectiic
coustants must bc duc to the decreasc in the mobility of the
charge carriers as well as due to thc formation of lesscr

number of "free' jons (in low dielectric media). The
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Takle _III. Oa

oy W ey

Effect of Concevntration oxn tl.e Tlectrical
. o ar S , = O

Coaductivity of ueOdmIE Systert at 25 C

Solvent 7 Acctonitiile

Volurie of § Volume of Conductivity =x 104 Mhos*

Methanol Todine e T

Solution § Solution 0,005 11 0,01 M 0,02 M
(1) (rl)
8:0- " 5.0 Qe83 1225 2,86
Oed LeZ 0e95 1420 3¢2%
1.0 4O 1.0% 14 39 Z0h5
Te2 35 la11 Telt %e D1
260 3.0 TeQ 135 3e20
2e5 2e5 0.91 1,28 2,86
340 240 0.80 1«10 253
5e2 14D 0.63 0.91 2.C0
e 1.0 0. 483 Q¢7h Teli1
L5 0.2 Oe 22 0,08 0.80
540 040 0.10"" 0.25" 0.30

*  FError Limit :: 4 0,01;  ** Lxtropolated Value,

>
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Table 11T, 8b
Bffect of Temperalture on the Electrical

Conductivity of Methanol=Iodine System

Solvent Acetonitrile _
Concentration of Iodine Solution : 0,01 M
Concentration of MeOE  Solution : 0,01 M
z 7
Volume of | Volume of Conductivity x 10% ihas"
Methiegnol § Todine
Solution § Solution § 25 %¢ 30 ¢ 35 %°¢ § 40 °c
(xalY fraly
Oel: 50 le25 Te 335 TeDL Te'72
Oe> LoD Te 20 TeliS Te 6L 1685
Te0 LeO Te 2% Te 4 1469 189
Teo 262 Telt1 Teo4 Te72 (1°
240 3e0 Te 30 Te52 1459 1e82
Ze5 2e5 1428 1e 35 Te 50 Ta72
20 2a0 Te 10 Te 18 Te33 Te56
36D TeD 0491 102 Tet2 1e29
LeQ Te Qa7 0eG3 0«91 1e 10
lre2 Oe2 Oe L& 056 Oe63 069
5.0 0.0 0,25 0,35 o.u1™ 0,437
*  Frror Idimit ::f 0.071; #*  Extrspolated Value,
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Table IIT, 8¢

Effect of Dlelectric Constant om the
Electrical Conductivity of lethanole

Iodine System at 25 °¢

Satvent :: Acetonitrile-Carbon tetrachloride
Comcentration of Iodine Solution i 0,01 M

Concentration of Methanol Solution :: 0.01 M

Volune of
Methanol

Solution

N
Volume of Conductivity x %O# Mhos

Iedine ;

Solution B€= 36,7 } & = 30‘5 E=25F€=15

(ml) (fml)  §

Ca0 540 1625 0452 O 24

Oe5 e 1430 0.57 0e28 Restistance
10 LeO 1o 32 0663 0e30 of the

Teo 202 leltl Oeb7 Os 32 the

2e0. 340 - Te35 0e63 De31 solution
2e5 265 Tel0 Ow59 0e29 was

%40 240 Te 10 e 51 0e26 too

365 Te2 ' 0.91\ 0 ls6 Oe22 high

L0 160 0u7% 0.3  0a17 € 10° ohm)
LoD O Ou 48 Oe 2Lt 0e 12

540 040 0,25 0,12°°  0.06""

*  EBrror Limit :: + 0,01;  ** Extrapolated Value,
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stability of these couplexes vary in the crder g—PrOH»Ié}
EtOH—IZ:> MeOHulz; and the relectrical conductivity vary in
the same order, As mentioned earlier, it is not easy to
interpret these conductivity data imn terms of 'simplet

stability data alone.

From these observations, we feel that conductometric
titration (where the outer complex is traunsformed into inner
complex which is assisted by the envirommental cooperation)
rethod can be conveniently used to determine the steoichio-
metry of the éomplex formed in polar media. Fowever, if
more than one type of complexes are formed, or if inter-
action between solute and solvent is counsiderable, then one
has to be cautious in establishing the stoilchiometry of the
complex by this method. Moreover, if interaction between
the molecules is wegk, or if the pernittivity of the medium
is low, then this conductivity nethod will be of Iittle
help to determine the stoichiometry of the complexes in

solution,



le

2

Se
LE:

5

120

REEERENCES

Re S, Mulliken znd W, B. Person, Molecular Complexes¥,
A Tecture and Note Velume, Wiley Interscience, New York,
1969.

Se N, Bhat and C, N, R. Rao,

Je Am, Chem, Soc., 88, 3216 (1966),

C. Reid and R, S. Mulliken; J. A, Chem, 80c.s 26, 3869(19 540
a) R. Gopal and J. N, Srivastava,

¥, Ind, Chem. Soc., 29, 898 (1952).

B) R. D, Srivastava, V. S. Mishra and P, W, Tripathi,
Electrochimica Acta, 27, 863 (1982),

¢) Re D..Srivastava and R, C. Verma,

Electrochimica Acta, 17, 2129 (1973).

M. V. Ramamamurthy and P. V. S. S. Prabhu,
Electrochimica Acta, 27, 481 (1982).

a) F, Guimann and M. Keyzer,

' Electrochimiea Acta, 11, 595, 1163 (1966).

Ce

b) J. P, Fargos and I, Gutmann, in "Modern Aspects of
Electrochemistry?, Ed. by Borkis and Conns, Plenum Pabl,
B. Bhattacharjee, A, Varshney and S, N, Bhat,

J. Ind, Chem, Soc., 60, 842 (1983).

L, F, Audrieth and E, J, Birr,

J. Am, Chem. Soc., 53, 668 (1933).



e

10.

11

T2

15

16.

1.
1‘8‘«

121

&

) J.» J. Tondear and A, Borghese,

o

&

Electrochimica Acta, 22, 729 (1977).

b) A, E. Beozer, M, Orban and J. V, Tyrrel,

Acta Chem. Acad. Sci. Hungr., 99, 415 (1979);

CA, Ql: 113227b,

Pe Ce Dwivedi, and A. K, Banga,

Electrochimica Acta, 24, 837 (1979),

P. C, Dwivedi, A, K. Banga and A. Gupta,

Electrochimica Acta, 28, 801 (1983).

Ze A, Siddigui, N. A, Ansari, M, A, Lutfullah and

S. A Ae Zaidi, Ind. J. Chems, 204, 320 (1981).

N, Chattopadhyay and R. Basu, J. Chim. Phys. Phys, Chim,
Biole, 76, 364 (1979); CA; 91: 56142u.

K. R. Bhaskar, S. N, Bhat, S5, Sing and C. N, R. Rao,

J. Imorg. Nucl, Chem,, 28, 1915 (19667,

R. Sahai, V, Singh and R. K, Verma,

Ind, J, Chem. 204, 1017 (1981).

A, X, Trofimchuk, E, ¥, Gorenbein,

Zh. Obshch, Knim., L1, 34 (1971); CA, Zhi 1469981,

H, Gusten and L, Klasine, J. Phys, Chem., 76, 2452(1972).

Ce Liu, G, Li and ¥, Zhao,

' Huaxue Xuebao., 42, 1 (1984); CA, 100: 109885b,

19,

Ae J. Popov and ¥W. A. Deskin,

J. Am, Chem. Soc,, 80, 2976 (1958).



20,

2l

254

2le

2
26,

2.

29
20,
3le

Ve S. Mighra, D, C, Tewari and P, N, Tripathi,
Electrochimica Acta, 29, 1335 (1984).

Ce Re Das and A, N, Bose,

Bull, Chem, Soc, Japane., 46, 818 (1973),

H, A, Benesi and J. H. Hildebrand,

Je Am, Chem, Sac., ZIL, 2703 (1949).

C. N. R. Rao, S, N, Bhat and P, C, Dwivedi,
Appl. Spectros. Revs., 5, 1 (1972).

R. Foster, 10rgamic Charge~Transfer Complexes',
Academic Press, New York, 1969.

P. Job, Annls, Chim., Qs 113 (1928),

A., T, Vogel, "Téxﬁ Boek of Practical Organic Chemistry',
ELBS and Lopgman, L4th Ed., 1978,

a) V. P, Shedbalkar and S, N, Bhat,
Electrochimica Acta, 28, 359 (1983).

b} Molecular Complexes!, Vol, I and II, Ed. by
R, Foster, Elek, Science, London; 1973, ﬁ9777

a)

Re S. Drago, B: Waylend and R, L. Garlson,

Je 4m., Chem, S0C., 83, 3125 (1963). n

b) B, Musulin, W. J. Jones and M, J, Bleen,

J. Imorg. Nucl. Chem,, 26, 239 (1964).

E,Augdahl and PJKlaboe, Acta Chem, Scand., 18, 27 (1964),
HeYamada: and K, Koxima, Jo. Am, Chem, Soc., 82,1543 (1960).

H.Ce Tse znd M, Tamres, J. Phys, Chem., 81, 1376 (1977).



123

CHAPTER IV

VISCOMETRY IN THE STUDL OF
MOLECULAR COMPLEXES *

IV, 1. INTRODUCTION

There has been an increasing interest in the study
of molecular complexes. The most common technique used in
the study of molecular complexes is absorption spectroscopy
in the visible and ultraviolet regions of the electromagnetic
spectrum, as absorption spectra in these regions arise from
electronic transitions in the molecules modified by the
vibrations of the molec:u]uaszz"'5 However, this technique can
be hardly used when there is only slight perturbation of the
donor aor acceptor band due to weak interaction between donor
and acceptor, In such cases it is not only difficult to get
a correct stoichiometry of the complex formed, but also to

get an accurzte value of K and £ of the weak complexes by

-

# A paper based on this work appeared in the Proceedings of

the Indian Academy of Sciences,(Chem, Sci.),92, 147(1983).
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the conventional spectral method alane. So in order to
suppliment the spectral methods a number of different experi-
mental procedures have been suggested to investigate the
interaction between electron dongrs and electron acceptors
with or without a third component, All the methods available
to study the molecular structure and the nature of chemical
bond also apply to molecular complexes, However, in spite
of the fact that,in principle, the interaction between
molecules and the composition of the complex formed can be /
established from the study of the characteristic gbrupt
departure of some physical properties from ideal behaviour,
like dielectric constant, refractive index, optical absorpe
tion, surface temsion, viscosity, etc., many of the methods
are hardly used?'am By a careful selectiom, one may f£ind one
or more sultable experimental methods for the dinvestigation ..
of all kinds of complexes, It must be emphasized, however,
that a careful consideration is necessary as to whether the
gffects of complex formation are quantitatively rcflected in
the wmeasured property., To choose an adequate method is a
pre-requisite for obtaiming reliable equilibrium constants.

Recently, Bhat and cowarkers>e—e!

used non-spectral methods
like surface tension, refractive index measurements, constant
activity method etc, to study the interaction between the

moleeulss in solutions, amd demomstrated their applicabilitics
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in obtaining the equilibrium comstants even in the case af
very weakly dinteracting systems directly. Although the
measurements of various thermodynamic excess functions of
binary solutions have been the subject of much research (from
viscosity measurements) there is hardly anmy report on using
viscosity measurement method for ternary systems?a'BE It
was therefore felt worthwhile to study the imteraction of
electron donors with electron acceptors, in suitable media,
vigcometrically and to obtain the equilibrium constant
directly. The systems, chosen for the studies are benzene~,

toluene-, g=xylene-carbom tetrachloride-cyclohexane,

v, 2. TERIALS D METHODS

Cyclohexane, carbon tetrachloride; bemzene, toluene

Z
and g~-%xylene, were purified by the standard pxocedures:6

Cyclohexane (IDPL B,N. 0010380), Benzene S(S.D.'s B.N.
070401007), Iolueme (BDH B.N., 101/11/05101), xo~Xylene
(IDPL, B.N., 0010477) were purified by shaking repeatedly with

about 15 percent of their volumes 0f concentrated sulphuric
acid in stoppered separating funnels until the gcid layer
become coalourless (or very pale yellow) on standing. After
z2ach shaking the mixture was allowed to settle, amd the

lower layer of zcid was drawn off, The upper layer was
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shaken with water for a couple of tiiies to remove most of
the acid, once with 10 per cent sodium carbonate solution.
again with water and finglly dried overnighc over anbydrous
calcium chloride and distilled, All the solvents were sm-ed
in tightly stoppered bottles over sodium wire, Benzens :
B.P. 79 °C/662 mm (1it., 80 ®C/760 mm); toluene : B,P. 108°C/
662mm (1it. 110 °QP60 mm); o-xylene : 140 °C/662 um (1it,
143 ©C/760 mm); cyclohexane : 79 °C/662 mm (Iit, 80-82 °¢/
760 mm),

Carbon tetrachlorade was purified and dried by followitg

the procedure given in Chapter IIT,

The densities agmd viscositles of pure samples amd those
of tbinary mixtures! of known composition (mole fractions)
of bemnzene, toluene, g-xylene aud carbon tetrachloride Zn
cyelohexane were determined at 25, 30, 3% and 40O S¢q (# 0,1°0)
using Ostwald's Viscometer (No. BS/IP/SL(S); No, 3) and .he
coefficients of viscosities were calculated, Similarly <=he
densities and viscosities of ternary systems (of known
compositions) aof benzene—CClq~cyclohexane, toluene-CCL, -
cyclohexgne and g:xylene~CClq—cyclohexane were determined.
The oxperiments were repeated at least twice and the resvlts
were reproducible within the experimental error limit of

+ 00150 milliZpoise,
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The stoichiometry of the 'complex' was determined by

Job'ﬁ§7 Continuous Varigtion method,

The non limear plot of any physical property of a
tnixed solution' against the concentration of the components,
ise., the deviation from ideal behaviour of the pure compd-
nents in solution, is an indication of the interaction
between the two species, namely the donor D and the accéptor
A (after deducting the solvent contributiomn), If one cam
assume that the deviation is entirely due to the complex
alone, then the deviation should be proportional teo the
concentration of the complex. Baur et a138 had developed =z
procedure for obtaining the equilibrium constant of a comp-
lex by studying the change in polarizability of the species.
However, it is felt that tue equilibrium constant KC car he
calculgted by modifying the procedure of Yoshida and

39

Osawa~” which is of more general =nature,.

For an equimolar mixture of D and A (with total concen-
tration C), the maximum deviation RS of any physical properiy,

that isy {here,q ) from the additivities can be written as,
RS =£X L ss 00 IV. 1.
where of ig the proportiomality constant and =x is the

concentration of the complex, When the total concentratiorn

is changed from C to C!', then
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R'Sl —_ GCXY s s e s ¢ e o IVQ2.
therefore,
RS3 — ...;‘ZC.._}.(.._ = _L—bn}i{;—p:k'..‘:[v. 5,
R'S? &K x! x!

In the present case,the Kx ig given by,

K = %/ [ -x)7°%
X - 2 -
= X!/ é:-( ?'9":" - X'>_72 ooanIVO L{-o
2

Combining IVe 3. and IV, 4, and rearranging, we obtain,
I .
K = 2fk]fie (©eo) - (Cx KCH)F/(C - k0F)2
seee IV, 5,
As the plot of z'.'n’i ys mole fraction is not always symmetri-

cal, k is actuglly the ratio of the area under the curves.

It was pointed out by Scottqo that in dilute solutions
eveqﬁhough.in principle, the molar, mole fractiom and molal
scales are linearly related to ome amother, in practice the
relationships arc non-linear and became Increasingly so as
the solute concentrations increases. S0 the inconsistencies
will arise if experimentally determined association com-
stants are estimated as the concentration gquotients. By
following the suggestions of Foster]“l“9 and Trotteramd_Hannég

(for reasonably low value of K), the following relationship
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was used to obtain.KC values:

K % K e 1000d /M sSene Iva 6.
% (84 S S

(%

where Kx and'Kc are the equilibrium constants in mole frac-
tion amd concentration units, ds,is the demnsity of the
solwent in g/ml and MS is the molecular weight of the

golvent,

IV, 3. RESULTS AND DISCUSSION

The viscosities of benzene, toluene, g~xylene and
carbon tetrachloride in cyclohexane were determined af 25,
30, 3% and LO OC and these values agree with the literature
values, The viscosities of benzene and zlkyl benzenes in
cyclohexane decrease with increase in concentration whereas
that of carbon tetrachloride in cyclohexane increases with
concentration, For the sake of bwevity, the viscosity
values of these binary systems, only at 25 Oc are listed in
Tgblec TV. 1o, Here it camn be noted that benzene and alkyl
benzenes gre electran donors whereas carbon tetrachloride
ig an electron acceptor, Therefore, the interaction between
benzene/alkyl benzenes and cyclohexane are of different
nature, The viscosities of &ll the mixtures studied are

lower than the expected values (Table IV. 2), 1.€e,
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Viscosity Data and Grunberg .and Nissan Parameters(d>

for Benzene-, Toluene-Cyclohexane Binary System dt2500

(1) Benzene=Cyclohexane Bingry Svagten

Mole frac- Calculated; Observed ( A?l(:

tion of Viscosity : Viscosity eal ~ 720bs d

Benzene millipoiseE m poise
060 - 842678 ~ -
Oe 1 80394 7o 1789 0,5605 = 0,7550
02 . 78110 68998 09112 = 0.7236
0e3 7.5826 6¢5130 10696 = 00,6771
Oe Lt 7e 3541 641939 141603 = 0.6645
0,5 7. 1257 29435 1.1822 =~ 0,6736
046 68373 548710 1.0263 = 0.6181
Oe? 646689 5¢7621 069068 = 0.5524
048 6o 4405 57507 046898 - 0.6524
09 6.2121% 28198 O0e3923 = 0639253
10 - T 9837 - -
Error Idmit :: 1+ 0,0150

Table IV, 1a contd..



Table

IV, la (contdee)

((i1) Toluene~Cyclohexane Rinary System

{

Mole frace Calculated § Observed [}n-(:

tion of Viscosity Viscosity ??cal - Yopg) ¥ d

Taluene millipoige § millipoise
Oco ond 802.678 - -
Oul 249981 2o LT15 0.5866 - 0.7762
OOZ ?0’2284 6‘&8«106 05917,8 had 007183
003 7014-58‘7 6&338)4- Te 1204 ~ 047014
Oely 7¢ 1891 640309 141581 - 0,6565
005’ 6'09194 50841{4 1.0750 - 005979
0.6 66497 e 457 09040 ~ 065293
Oe 7 6. 3800 546079 067720 = 045325
08 6o 1103 5e 5455 05650 = 045222
O0eG 5,8L07 55342 03065 = 0.,5123
100 hand 5.571‘0 k2 -
Error Idmit + 040150,



Lable V. 1k

Viscosity Data. and Grunberg and Nissan Parameters
for o~Xylene~, CC14—Cyclohezane Pinary Systems
at 25 °c

(1) o-Xylene-~Cyclohexane System

Mole Fraction Calculzted § Observed .A?l:

of Viscosity § Viscosity chal- nobs) d
o~Xylene millipoise § millipois

0.0 - 82678 - -

Oet 81559 7+6911 0,4648 - 0.6419
0.2 8.0441‘ 7+ 3090 0,7351 ~ 0.5886
0.3 749322 7.0598 0.872L4 - 0,5445
Ouly 78201 69115 0.9090 =~ 00,5043
0> 7« 7085 6.8373 0.8712 -~ 0.,4692
Oeb 765966 6.8280 07686 = 044338
0,7 7. L8148 648040 0.,6810 = 0.4433
0,8 743729 6e 7910 0.,5821 = 05030
0e9 7+2610 6.9750 0.2861 = 0,9241
140 - 7e 1492 - -

——

Error Limit = # 0.0150 Table IV, 1b.contd,
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Igble IV, 1b

i - e Svat
(i1) C01%>C1@lg exane System

h
Male Fraction Calculated § Observed ZNq:

of Viscosity i Viscosity Teal -'qobs) d
CCl4 willopoise § mollipois

0.0 - 862678 - -

Oe1 83940 8e1764  0.2176 = 0.2817
Oe2 845203 8. 1890 063313 =~ 0e2375
Ou® 846465 842386 04079 - 062199
Oely 8s7728 8¢ 2720 05008 - Oe2347
Oe> 88991 8¢ 3778 0e5213 = Q0e2314
Oeb 9.0253% 8e5583 Oeli671 = 0o211L
0o 7 9¢ 1516 87031 Ouiisi5 = O0e2294
048 942779 90140 0e2640 - 0,1705
09 9e 4O4T %.2791 0.1250 = 0.,1390
140 - 9¢530L - -

Brror Iimit = * 0,0150.
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Excess Viscogities Cﬁ?z::‘qcal - qobs) of Benzene-,

Toluene~Cyclohexane Binary Mixtures gt Different

Temperatures
(1) Beugne =CyvelohexaneBingry System

Mole Fraction

4&71, millipoise

af

Benzene 25 9c %0 ¢ g 35 %¢ 8 50 °c
Os1 045605 04 4986 Qe 4314 0e 3350
Oe2 0.9112  0.7653  0.7323 05850
Oe3 1.0696 0.9329 048570 Oe 7230
Ou 1. 7603  1.0037  0.9006 047979
Qe5 1.1822 1,036L 00,9109 0.8230
Oeb 1,0263 0.9118 0.8158 047646
Oa'? 09068 0.8076 047410 0,6686
048 046898 0e5902 05565 OeD535
0e9 0e3923  0.3821  0.3680 Oe 3491
Error ILimit =z 04,0150,

Table

IVe 2a. cOntdeees2/=



Lable IV, 2a

(i1) Doluene=~Cyclohexsne Binary System

Mole Fraction

e

Z&q~, millipoise

L »

S ] e

of

Toluene 25 %¢c E 30 ¢ E 35 ¢ g 50 °c
0«1 0,5866 0.5106 0, L4758 0, 4108
0.2 0.9178 0.8227 047106 0.5913
0.3 1.1204 0.9562 0.8175 0.6829
Culy 1«1581 0.9732 0.8291 0.7030
0.5 1.0750 0.9251 0.7755 0,6638
0.6 0.9040 0.7921 0.6727 0.5923
0.7 0. 7720 046599 0432370 0. 4672
0.8 0.5650 0w 4391 0. 3858 0, 3316
0.9 O« 3065 0.2345 0, 1962 0. 1599

o s

Brror Tdamit

=meipra

= + 0.0150.
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Iable IV, 2b

Bxcess Viscigities (Jﬁyiz Neal ™ 'qobs) of o~Xylecne-,
0014~Cyclohexane Binary Mixtures at Different

Tenperatures

(1) o~Xylene-Cyclohexane Binary System

Mole Fraction % A7, willipoise

of o -

o-Xylene 25 9¢ E 30 °¢ E 35 9¢ g 1o °c
0.1 0. L4648 0., 4279 0.3967  0.3230
0.2 0. 7351 0. 6471 0,5646 0. 4887
0.3 0.8%724 0. 7651 0.6670 0.5694
Ouly 0.9090 0.7879 0.6850  0.5937
045 0.8712 0.7383 0.6L96  0.5144
0.6 0. 7686 0.683%2 0,5920 0. 4610
0.7 0.6810 0.5666 O 4550 0. 3651
0.8 0.5821 0, 4027 0.3288  0.2623
0.9 0, 2861 0,2216 0:1527  0.1417
Error Limit = 4+ 0,0150,

Table IV. ab. COl’l"Cd; v e o/-'



(11)  CCk, =Cyclohexane Blnary Systom

-

Ak Lruh

Table

AV, .2b

T
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Mole Fraction

Z172, millipoise

of

coL,, 25 %¢ F 30 °¢ g 35 °¢ g uo0 °¢
Oul 0.2050 0.1914 0.0530 0.0250
0.2 O« 3439 0.2821% 0.1145 0,0740
0.3 0, 4079 0. 3369 0.2892 0.1833
Ouly 0.5008 0.3768 0.3382 0.2620
0.5 0.5213  0.4236 0. 2810 0, 3089
0.6 0w li671 C. 3725 0. 3157 0. 2637
0.7 04 4485 043510 0.2193 0.1630
0.8 0,2640 0.2631 0,1512 0.0559
0.9 0. 1250 0, 1029 0. 0750 0.0288

Error Limit

= '_t 0001500
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z_\:-r[E =y - (R o+ Mgg) e IV 7
where 319 is the observed viscosity of the mixtures and:
'ﬁA and ?iB are the viscosities and XA and XB are the mole
fractions of the components A and B respectively, It can
be seen fram the tahle that the excess viscosity values
(AN = Hobs = 'qcal) of the binary systems,are negative
over the entire range of ecomposition indiecating that disper-
sion forces are dominant as expected, However, a well
defined maximum oeccurs at X1 (Cyclohexane) A 0.5 for
benzene~cyclohexane whereas for toluene-cyclohexane and
g-xylene-cyclohexane it is at 0,6 molefraction, These
deviations from . ideal behsviour indicate that there are
interactions between benzene/alkyl benzenes and cyclohexane,
Here it is worth mentioning that Singhand cowarkers17 have
demonstrated the existence of imteraction between benzene
and Xylenes. / The other approaches to describe the visco-

L%

sity of binary mixtures are of Grunberg and Nissan, l.e,.,

To Tlmix = XAJH'QA +- XBln qE + XAXBd
where d is proportional to W/RT where inN being the inter-
change energy; and glso thase of Katti and Chaudhm:'yL*LF and
RaMan.et.al%S using Eyring conecept of viscosity, l.e.,
%nquys; = XAIHQKVA + XBlngBVB +: XAXB'—gf‘ s where W
iz the energy of viscous flow. In all these cases, the

46

parameter has the same significance as given by Guggenhein


file:///viiere
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in the treatment of his regular solution theory, and '&f

has been regarded as a better measure of the strength of
interaction between the components in sojution, However, as
we were interested in the study of ternary systemm we have
used the equation IV, 7 (except for calculating *d! in
binary systems). Our present data go in parallel with the
observations made by Islam and Ibraﬂaimf“z The maxinum devia=
tion in the plot of ﬁrq, i.€s, the differences in the calcu-
lated and observed viscosity, agzinst the mole fraction of
benzene in benzene~cyclohexane appears<t. 0.5 mole fraction
of benzene whereas faor toluene and g=xylene the excess
viscosity maximum gppears at 0.4 mole fraction indicating
‘the pregsence. of 2;3 complex (Pgble IV, 1), Similar obser-
vations: were made by Lorimer and Janes&&and they are of the
opinion that this is due to the resultant of specific and
non-specific interactions, In addition, as Grunberg and
Nissan's%E'parameter, d, is al=so negative for these systems;
so, specific interactions are anticipated (Table IV, 1).
However, the magnitudes @fzéﬁaamd those of d are not large;
these low values indicate the weak nature of interaction -
T—-¢ type. As the temperature increases the magnitude of
A and d decreases, le.e., the systems tend towards ideal
condition, Here it can be recalled that Tslam and Ibrahin®’

from the excess volumes of eyclohexane and toluene have
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come to similar conclusions, As thce deviation from the
ideal benaviour is due to the interaction between the two
different types of molecules, the rclativo deviation should
be an indication of the rclative strongth of interaction
between the molecules, From thc present data (i.e,, devia-
tion from the ideal behaviouy) it is clear that the
strength of interaction between cyclohexane and alkyl
benzenes vary in the order, benzene-cyclohexanc > toluene~
cyclohexane‘> g-Xylene~cyclohexane (Fig. IV, 1) This
trend is maintained at all the teuperatures that we have
studied, [/ Excess viscosities, il.e., A%, of benzene-
cyclohexand, toluene-cyclohexane, g-xylene-cyclohexane at
different temperatures are listed in Table IV, 2_/, This
is an indication that the strength of the interaction not
only depends on the polarizability (clactron donating
naturce) of the molceule but also on the geometry (size)

of the moleculeg, Evquhqugh polarizabilities of alkyl
benzenes increase from benzene to g-xylene the shape/sizc
of the molcculcs also vary, and probably thesc bulky

+
v

groups may not allow cyclohexaxnc to approach closcly duc

to which the interaction becomes weaker., This trerd is in
good agrecment with the observations wmadc by Nigem ot al“g

=
and @thers)o for aromatic hydrocarbons-nitromcthancs and
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Fige IV. 1. Variation of Aq, the Difference between 7ZCal
N and 7 obs?® with the Mole Fraction of Alkyl
Benzenes at 25 OG.

1. Benzene= 2+ Toluene=~ 3. 9=Xylene=
Cyclohexane, Cyclohexane- Cyclohexane,
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halomethanes, In addition, it can te seen from the data
(Table IV, 1b) that carbon tetrachlo:ride and cyclohexane
also interact and form 1:1 complex, However, the inter-
action seems to he weaker compared to that between benzene-
cyclohexane (i.es, the LEQ¢Values are smaller) and the
gstrength of interaction as expected decrease with increase
in temperature. Similar observations were made by Brown et
a151 and Scatchard et a152 by calorimetric studies. So
from this dgta it is clear that even cyclohexane and carbon
tetrachloride do interact to form 4 -4  type complexes. Now
it is evident that visewmetric studiesaare better than some
of the conventional methods like spectroscopic methods in
detecting the presence of interaction between such moleales,
The -activation energies for the viscosities of benzene,
toluene; g-~xylene, carbon tetrachloride and cyclohexane
were 8.23, 9.25; 10,98 and 13,58 kJ o1 respectively.

.
|
(o

However, for the binary systems there is slight increase in
the activation energy with increase in size of thc molecule

(1039, 9.96, 1079 and 1169 kJ o1 respectively).

The viscosities of ternary systems, namncly benzene-
CClh— cyclohexane, toluene~0014—cyclohexano, g:xylene—CClq~
cyciohexane of different compositions were determined at
different temperature (25. 30. 35 amd 40 °CY. No maxims

werce found in the viscosity curves but the non-linear plot
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of the differcnce in viscosities of the mixed solutions
(1ee,s Qpal - ‘QQbsd) against the concerntration of benzene/
alltyl benzenes in cyclohexane indicates the presence of a
compley (Fig, IV, 2). For the sake of brevity, the visco-
sities of mixed lution of benzene/alkyl benzenes-carbon
tetrachloride~cyclohexane only at 25 ¢ are listed in

Table IV. 3 (Fig, IV. 3). A continuous variation plot of
i&q, the difference in viscosity between the calculated

and the observed values for the ternary systems - i.c,,
benzene—cCluwcyclohexane, shows the presence of only a 1:1
camplex (i,e,; maximum deviation at 0.5 mole fraction) in
the experimental range of concentrations (Fig. IV. 2).
(Similar observations were made by scveral workers from
calorimctric studiesqa). As mentioned earlier, the devia-
tion between the observed and calculated values is duc to
the interaction between the two species. From Fig, IV, 2
and the data (Table IV, 4 and IV, 5), it is clear that there
is an interaction between the benzcne and carbon tetra—
chloride (in cyclohexane) which decrcases with increase in
temperature (Table IV. 4). Similar trends arc observed inm
the casc of other alkyl benzcnes. Thesc observations indie-
cate that the intcraction between the alkyl benzencs and
carbon tetrachloride decrcases not only with the increase in

temperature (which is expected) but also with the size and
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Yoble TV, 3a

Vigeasities of Mixed Solutlons of Bonzene-Carbon
Tetrachloride in Cyclohexane at 25 °C

Total Conccnbration i 1.0 mole

Benzene 0014 Caleulated § Observed ZX7 =

(in Cyclo=- § (in Cyclow~ § Viscosity Viscosity 75a1' zobs

hexane) hexane). millipoise) § (m poise) § (» poise)
(mol) (ra01) :
Oe 0 teO 8o lO3Y Ge1792 0e2239
Oe1 Qe 9 Ge 3649 860636 Ce3013
Oe2 0u8 Be 3271 79970 -0e3301
Oe3 Oe? £e2892 19302 0. 3588
Oels Deb Be2514 78469 O 4045
Ou> Oe> 8e2137 77620 Oe 14520
Cab Oe &t B 1756 746521 Oa 4835
Oe? Oe3 Be1313 Te511h 045199
0.8 0s2 8.0924 765014 05310
09 Out 8.0533 735110 0e35430
3.0 040 840249 Ce 1191 04558

Brror Limit :: +# 0,0150

0 L3 »
For the sakef;onveﬁlences the concentracions are
expressed in wolar units.
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:P%ieb;{:ﬁvk-amm@ 23
Vischeities of Mixed Solutiouns of Benwmene-

. - - - k) G
Carbon Tetrachloride in Cyclonerene gt 25 C

Total Concentrabtion :: 2 woles
Benzene 0014 Calculated § Chserved
(in Cyclo~ § (in Cyclo= Viscosity § Viscosity %§a1 7obs
hexane) hexane) (milld (milld (12illd
(mol) (mol) peise) DOlse) gboise)
).
QeC 20 3e2353 81330 0. 3523
Oe2 Te8 8¢ 4599 79865 Celi'?35
Co it 1.6 Be 3547 78462 0.53285
Oeb 1ol 8e3102 7e 7048 0.6054
Oed Tel Be 2352 7e5617 0.6735
1.0 10 8. 1604 7o 141130 0e 7174
1e2 Oeb 8.0860 e 514235 O¢ 2137
lekt Ceb 860118 7o 2340 0. 7778
1.6 Oelt 79351 71161 0.8220
de& o2 78645 6e Q933 0.8706
2e0 0.0 7+7310 648695 049215

Brror Limit 10 2 0,0150,

For the sgike of comyentence, the concentrations
are expressed in molar units,
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Excess»Viscosities,(zﬁylzz‘qcal - Q@be) of Mixed

Solutions of Benzene-Carbon Tetrachloride in

Cyclohexare at Different Temperatures

Total Concentration

1 mole,

Benzene § Carbon Tetra~ fﬂ?z, nillipoise

0.0 160 0e2239  0.2190 0.1948 0, 1476
Oet 0«2 0e3013 062499 0,2460 0.1791
Oe2 0.8 O0e3301 0e2734 04,2720 00,1873
O¢3 Qe 7 043588 00,2993 00,2850 0,223%6
Oo 1t 0.6 0.20L45 043207 04,3000 0.2475
Oe> 0D 064520  0.3467 0,330 0.2843
Oub Oely 0s44820 043750 00,3470 00,3097
0.7 O3 0e5199 063913 043697 043743
0e8 Oe2 065310  Del4164 043880 043333
0.9 O 1 0s5430  0,4423 O0.4130 03585
F0 040 0,5758  0eL617 044286 0.3718
Error Linit i & 0,0150

Tor the

sake of convenience,

are expressed in molar units,.

the concentrations



Table IV
Excess of Viscosities of Mixed Solutions of Benzene-

CCL,, Toluene-CCl,, ngylene-CC14_in Cyclohexane

Temgerature v 25 OC; Total Concn, :: 1 mole
Benzene/ : Carbon | AN~ SYSTEMS ( MNeal ~ Nebs)
Ayl Tetra=
benzenes. chloride;@eﬁzene“0014f oluene—CClaf ggX$kne—CCId¢

(mol) (mol) Cyclohexane yeclohexane Cyclohexane
060 1¢0 02239 0e2239 Qe2235
Qe 049 0.3013 042850 0.2617
Oe2 0u8 0. 3301 0. 3190 02963
0.3 0s7 0. 3588 Oe 3469 O. 3326
Oelt Oeb 0¢ 4045 Oe 3834 0. 3572
Ou5 Oe5 Oe 44520 0e 4269 0. 3380
0e6 Delt 0e 4835 Oe 4697 Oe 122
Oe7 O3 045199 05070 0o 4355
048 Oe2 045310 O 5092 Ou 532
049 O 1 0e 5430 0e2390 O« 4943
160 040 05758 Oe 5507 0s5121
Brror ILimit i + 04,0150

For the ggke of convenience , the concentrations
are expressed in molar units,
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A7, milipoise

1 1 1 ]

0.0 04 0.8 1.2 1.6 20
Molar concentration of Benzene —>

Fige IVe 2o Variation of Aq with the Molar Concentration of
Benzene in Benzene-CClh-Cyclohexane System at 25 ¢,

¢ Total Concentration :: 2 Molar.

2. Total Concentration :: 1 Molar.
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Fig, IV. 3., Excess Viscosity Yg Molar Concentration of

Benzene~-, Toluene-, ngylene-0014 in
Cyclohexane at 25 QC.

e Benzene-CClh in Cyclohexane,
= Toluene-CClh in Cyclohexane.
3 _cg;p}{:,rlerxe--C:(:ILLP in Cyrlohexane,

.0
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O
w

0.2¢

i
0.0 0.2 0.4 0-6 0-8 1.0
Molar concentration of Benzene —>

0-1 1 | |

Fige IV. 4e Excess Viscosity xg Molar Concentration
of Benzene i Benzene-CCl~Cyclohexane System at

1. 25°%; 2. 20°%; 3. 2 %; 4 10 %c.
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ghape of the molecules (Fig. IV, 3)., Equilibrium coustaunts
(caleulated fron using equations IV, 5 and IV. 6} and the
other thermodynamic parameters of alkyl benmenes-~—carbon
tetrachloride in cyclohexane are listed in Table IV.G. It
can be seen frow the tables that the equilibrium constants
obtained by viscometric method are higher than the litera-
ture data obtained by spectroscopic method. Here it can be
recalled that Kohler53 has rightly pointed that the thermo-
dynamic properties of liquid mixtures are frequently influ-
enced by association or complexation equilibria between
certain molecular species, It is often possible to follow
the shift in those chemical equilibria by spectroscopic
methods, One of the difficulties in comparing thermodynamic
and spectroscopic evaluaticn of complexation equilibria,
frequently neglected im literature, is caused by the fact
that thermodyﬂamics is determined by the gectivities of the
species whereas spectroscopic properties are determined by
their concentrations, (Furthermore, intensity of spectral
lines is not always proportional to concentragtion, but might
be influenced by properties of surrounding liguids),
Fostert! has pointed out the. limitations of various methods
used in determining the equilibrium constants, Pruew1L has
argued that even purely contact charge-transfer complex can

give rise to equilibrium constant of the order of }KC =
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gble IV

Equilibrium Constanis and Other Thermodynamic
Parameters of Zalkyl Benzenes~Carbon Tetra-

Chloride.ig Cyclohexane

&

g * pE? # i pg® M L ag
SYSTEM -
25 ¢ BOOC 259 QOOC zd/role § kd/mole § kI/mole
Bat 25°c 8 at 259§ at 25 °C
Benzene= Qe34 0629 026 0,23 20,6 2e 66 04078
0014 (Qe215) (5,28)
Toluene- 0427 0025 0,23 0.22 1140 Za 27 04048
ocy,, (Oe413) \ (4o 3B).
_Q:-Xyleneu 025 Oe23 Qo222 0.21 a7 239 Oa 04ty

ccl,

A g

Error Tamit $: # 0401
Error Tdmit :: + Ta5
Cglculated freon Kc Vglue at 25 O'C.

The Values in parentheses refer to the Iiferature
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0.3 1 mol"1 and it is difficult to accopt the lower values
reported in the literature, However, recently Bhowmnik and
Paul55 have carried aut a (spectroscopic) study of inter-
action of aromatic hydrocarbons with helonils and the K
values = 0,07 for anthracene~0014, etc, in heptane and A H
are == 8 kJ/mole, It must be noted that in all such systems
the equilibrium constants are very low and one should lock
into the trend/relative values rather than the absolute
values, 80 we feel that the equilibrium constants for alkyl
benzenes—CGlh in cyclohexane obltained by viscometric method
seem to be reasonable, Moreaver, the results obtained by
different methods mway or may not agree as the experimental
conditions may be different. Not only that, it is reported
in the literature that even for the same system, the equili-
brium constants obtained depend on the concentration range
of the systems, So under such circumstances, we are not in
a position to comment omn the slightly higher/lower values of

KC obtained by viscometric method,

The equilibrium constant, KC, valuc 1s decreaging from
benzene~CCL, o g~xy1ene~CClq. AHC values are also varying

b The trend in
in the saue ordcr, a bur present data agree well with the

Hewever, our values are(xcjh&\\m the lierafure vdlues.
literature data reported by calorimetrit studicsy A Or the
basis of polarizability/ionization potential, one would

naturally cxpect that thc interaction between benzene and
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carbon tetrachloridc will be weaker conpared to elther
to]_ven@--CC]LL7L or g—xylene-CCl4. But from the present data it
appears that the trend is reverse, i,e., thc interaction bhet-
ween benzene and GClh is stronger than that between toluene
and CClq which in turn is stronger than gmxylene~0014. Sa,
from these ldmited data we feel that, at least in the preseat
case, the size and shape of the molecules (i.e., geounetry)
are more predominant factors compared to the polarizabilities
in molecular interactions, as thc shapc of the molecule
determines the YWcloscness® of the partners, It is alrcady
reported that g-xyleone, duc to its structuvre, cannot gpproach
Ccln more closcly compared to benzene, So one can ratimslise
this trend, iee., the interaction between alkyl benzoncs-
0014 in cyGlohexanc varies in the order g?xylene—0014<<
toluene-«CCILF<benzone~CClL\L (by lookins iuto the structure/
shapc of wolecules) The low positiveA a% valuos iadicate

the low values of X,

As it stamds; the present viscoiietric procedure demands
very careful measvrements of viscosities invoilving long flow
times to realise significant differences between solvent and
dilute solutions. In addition, there are experimental diffi-
culties, such as accurate measurements of flow times, large

amount of solutions, precise temperature control, dust free



b
[eBg |
—2

naterials, etc, lorsover, the nmcasuvcments are time
consuning, However, this method is useful wherc no other

alternative is available,
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CUAPTER ¥V

s

VISCOMETRIC STUDIES OF
¥
HYDROGEN EONDING

V. 1. INTRODUCTION

Although the spectrophotometric method is probably
the commonest method used for the deteruination of the
association constants and other therrodynamic parameters of
hydrogen bhonded systems and charge transfer conplexes,
doubts have frequcontly been raised as to the significance
of the values of Kc and & , obtained by spectral nethod
a}_onej"3 Eva%@hough, in principle, the forwation of mole-
cular complexes and hydrogen bonding can be detected and
thelr composition can ke established from a study of chara-
cteristic abrupt departures from ideal behaviour in some

physical properties, e.g., Vvapour pressure, refractive index,

* A paper based on this work hag apveardin the Proceedings

of the Indian Acadeny of Sciences (Chem,Sci. 344,451, 1985,
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surface tenslon, etc,, many of these nethods are hardly usecd
for the study of hydrogen bondjng?"18 Recently attempts are
beings made, in our laboratory, to explore the possibilities
of using various non=spectral metheods like ~ surface tension,
refractive index measurements, constant activity methods,
etc,, - for studying the interaction between the molecules
in solutions to obtain K directly and their applicabilities
in obtaining the equilibrium constant directly have been
demonsﬁrzatedjg"EB Tt is heartening to note taat eveﬁﬁgough
the measurements of various thernodynauic excess functions
af binary solutions have been the subject of wmuch research,
there is hardly any report on using viscometric nethod for
the study of hydrogen bonding in ternary Systems?4”31 It
was thérefore felt that it mey be worthwhile to make an
attenpt to study the interaction beltween proton donors and
proton acceptors (i.e.; hydrogen bonding/uolecular complexes,
or that is, between electron acceptors and electron donors)
viscometrically, in suitable nedia and to obltain equilibrium
constants Ydirectly", The systems chosen for the studies
are : methanol, ethanol, p-propanol and p-butanol as proton
donors, acetone as proton accetpor and carbon tetrachloride
as solvent, Here it can be mentioned that as "hydrogen
bonding’ is considered as molecular association/complexes,ioth

the terms are used synonymously in tne discussione
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Ve 2. MATERIALS AL MBTHOD.

Acetone, carbvon tetrachloride, mechanol, ethanol,
n~propancl eund n~butanol were purified by the standard
procedures.}2

Acetone : Purification procedure of acetome is given
in Chepter ITT,

Carhon tetrachloride : Purification procedure of
carbon tetrachloride is described ia Chapter IV,

Purification of methyl zlcohol} and ethyl alcohol are

given in Chapter II. pn-Propyl alcohol (Sarabhai M Chemicals
B, N. IJP810604) and p-butanol (SD's B.N. 031/61/22031)
were also purified by the similar procedvre, Bdling point:
n-propanol : 93 °C/661mm (lit. 96 Oc/760mn), and n~butanol :
113 9¢/658 mn (1it. 116 2¢/760 ).

The densities and viscosities ol ovure samples and
those of "binary mixtures’ of known coupositions (mole
fractions) of methanol, ethanol, n-propacncl, p-butanol and
acetone in carbon tetrachlioride were determined at 25, 30,
35 and 40 °C (+ 0.1 9C) by using a pyknometer and Ostawald's
Viscometer (Wo., BS/IP/SL(S) No. 3) respectively and the
coefficients of vwiscosities were calculated; similarily the

dengities and viscosities of ternary systems (of known
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compositions) of alcohols—acetone—CCl4 were deltermined,
The experiments were repeated at least twice and the results
were reproducible within the experimental error of

+ 0.0150 milliTpoise,

The stolchiometry of the Yassociated species (complex)!

was determined by Job's continuous variation process?3

The procedures for calculating the equilibrium
constants and the other thermodynamic parameters ol

alcohol—acetone~0014_are given in detaill in Chapter IV,

V. 3. RESULTS AND DISCUSSION

The viscosities of nmethanol, ethaaol, n-propanol,
n~butanol, acetone and carbon tetrachloride and their solu-
tions in carbon tetrachloride werc deternined at 25, 30,

35 and 40 °c, The viscosities of ethenol, p~propancl and
n-~-butanol in carbon tetrachloride increase with increase in
concentration whencas those of methanol in carbon tetra-
chloride and acetone in carbon tetrachloride decrease with
increasc in concentration (vide Table V., 1), The observed
viscosity of methanol in carbon tetrachloride is higher

than that of expected/calculated valuc /[ i.e,, lﬁyL::

JQQal - ‘Qpbs = (x1111 + xaﬂliﬁﬁis negative 7 whereas



Table V., 1.
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Observed Viscosity Data of MeOH-, &LtOH-, p-PrOH-,

n--BuOH- and Acetone—CClq Binary Systems at 25 O¢

.

Mole ] Sysﬁems _

:?aCtion MeQ H- i EtOH~ | n-PrOH- | n-BuOH- | Acetone-

slcobols/ CCl4 i CC].L+ CGZ!:.LE CGILL+ CCJLbr

acetone ?o-bs "‘Zobs "gobs Tobs. Tl,obs

i ‘polse m poisg m poise m poilse m poise

0.0 95304 95204 945304 9.530L 9+ 5304
Oe 1 9.1188 941380 92455 e 41451 845907
Qa2 869251 901398  9.366L 9.8004 749163
0s3 8.8163  9.2466  9.7378 1044036 7.2726
Oolt 8.6916 9.3640 10.3530 113046 646655
Oed 841879 9.6%342 111959 12.3174 6, 1150
0.6 8.203%5 9.9281 12.1499 145598 55883
lO.? 7.7798 10,2150 13,2538 10.6548 5.0811
0.8 7.160% 1045164 14,4706 18.8728 L, 6074
0.9 663787 1047843 15,6995 21,0146 Le 1231
1.0 S5e4140 10,9760 1647230 2340350 346460
Error ILimit + 0,0150.



in all other alcohols and acetone in carbon tetrachloride
they are lower (i.e., ﬁnzis positive), The deviation
between the observed and calculated values in methanol—GClq
systen, i.e, ﬁbz, shows that therc is interaction between
methanol and carbon tetrachloride and maxinum deviation is
abserved at 3:2 compositions and the stoichiometry is
temperature independent (Tablce V, 2)., As the obscrved
valueg ' are higher than the expcected valucs, 1t appears

3OH and

GClq molecules) the viscosity of the system incrcased.

that due to "complexation/Association® (between CH

Similarly, in the case of acetone—-CCl4 systems expccted
and observed valueces of 11 arec diffcrent, which again indi-
cate the existence of intceraction betwcen acctonec and
carben tetrachloride, The “taximum devistion in the plot

of ﬂnl against the mole fraction of acetome in aco’cone---CCZLI+
appears at 0.4 mole fraction of acctonc indicating the
presence of 2:3 complexs It is known in the litcrature
that accltonc and carbon tetrachloride cdo interact to form

36

a complox?4’35 Singh and Rao have shown from infrarcd
studies that methanol and cthanol formed dimers or trimers
even in very dilutc solutiors (in 0614) (A2 0,01 M), &n
NMR study of mcthanol in CClq showed the existence of

57

trimers and octamers .even in very dilutc solutionsy

Thercfore, it is guite safe to assumc that methanol cte.



Excess Viscosity ( &n = y

Table

V. 2

lcal = Tobs

Grunberg and Nissan Parameters@pf Alcohols—,

Acetone-Carbon Tetrachloride Binary Mixtures

at 25 O¢

) Data and

(1) Methanol-CCL, . Ethanol-CCl and Acebone-CCl,  Systems;

e,

—_

4o

Systenms

Mole frac-~
tion of 'hﬁggﬁ;6014 Et0H-CO1L,, Acetone~CCL,
Alcohols/ —
Acetone Ay a | 4 g a § MM 1a
m poise m poise m polse
o - 0.0646 00,1377 045360 -0,6241 0,3512 ~0,0858
0.2 0.2180 0.2967 0.6797 -0.4381 0.437  0.,0413
O3 0.5208 0.4369 0.7177 -0.3457 0C.4925 0,0851
Oul 0.8077 0.5586 047445 -0.3087 0.5111 0.1117
0.5 1.0157 0.6676 0,6190 ~0,2391 0.4732 O.1467
0.6 141429 0.7890 0.4697 ~0.1827 0.4115 0.1779
047 1.1309 049185 0.3270 -0.1404 0.3307 0,2078
0.8 0.9230 %.0404 0.1703 =0.0908 0.2155 0,2616
0.9 045531 141936 0,0472 -0.0388 0.1113 042983

Error Limit

i+ 0.0150,

Table V. 2.¢ Con'bd. e A/"‘



Table ¥, 2
(contdees)

(it) L-PrOfi=CCL, end n-BUOH-CCL, . Systems:

Mole frac- 5 Systens

tion of - f npron-ce, | 1 BuOH~CCl,,

n-Alcohols g~

&1 « | e
m poise m poise

Oul 1.0042 = 0,9620 1a 4360 - 1.0806
Qe 1.6025 - 0.,8113 20 4309 ~ 0.9286
0u3 19504 - 0.7007 3.1782 - 0,8433
Oply 2,054l  ~ 045922 345476 - 0.7302
0e5 1.9308 = 0.4803 34652 - 0.5798
0.6 1.6961 =~ 043939 36073L ~ O« 4406
Oe? 1.3114 - 0.30%9 2.3288 - 0.2836
0.8 0.8139 =~ 0,2013 1e4613 ~ 0415424
0e9 0.3042 = 0,0770 0.6699 ~ 0.0394

P - e ey

Error ILimit :: # 0.0150,
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associate through hydrogen bonding even in carbon tetra-
chloride solutions. Scatchsrd and lis colieagu0538 had
studicd the intceraction between mcthanol and carbom tetra-
chloride calorimetrically and had come to similar conclu-

gions. So whern carbon tetrschloriae mclecule approaches

Q

alcohol molecules, theore is a fbhrcaking' of hydrogen
honding between aleohol molccules and, formation of hydro-
gen bonding between (oxygen of) methanol and (chlorine of)
carbon tetrachloride occurs?9 Motnanol is smallar moleculc
(compared to other alcohol moleculcs) and the dimerization
energy in metharol is maximun and it dcecrcasces from methanol
to grbutanol? As the dimerigation erncrgy ic more for
methanol molecules, stability of “asscciated! specics is
higher. So naturally breaking of hydrogen bhonding of
methanol molccules (l.e., structure breaking ¢ffect) and
then forming new hydrogen bonding (i,c., structure naxing
cffeet) between MeOH and CCl4 is less favourced comparcd to
ethanol-, or n-propancl-, or g—butanol«CClé gystens and
that is what has bcen observed? From the data (Table V.2),
it can be secen that the deviation, An s, Jncreasces in the

order He0H~001, < Bt0H~c01, { pe-Proi~col, { n-BuOH-CClL,,

L

indicating that MeQOH~CCL, interaction is loss favourcd

b

(ncgative values) coupared to Q_--BuOH-«CClLP (Fig. V., 1). This

trend is naintained at all the tomperaturcs, f.,e., 25, 30,
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Fige V. 1. Variation of AT, the Difference between M eal and
Nobs with the Mole Fraction of p-Alcohols at 25 °c.
1. pn~BuOH~ 2, p-PrOH- 3, EtOH- L4, MeOH-

Cel CCL 0014 CCl

b L b
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35, 40 °C, that we have studied (Table V, 3)., As mentioned
earlier, from the plot of LXq’against the mole fraction of
alcbhols (ethanol, propanol and outanol) (Job's;method)?3
the maximvm deviation appears at ~ 0.4 mole fraction., of
alcohol indicating the stoichiometry 2:3 in EtOH~CCl4,
n-PrOH-CCL, and grBuOH-CClqg gimilar observations are
reported in the literature for higher alcohols-dichloro-
me’clqanef*O’vLH The deviation decreases with increase in
teumperature showing that the interaction between n-alcohols-
CCIL4 decreases with increase in temperature, which is
expected in all the !'exothermict! equilibrium ceses (Table
Ve 3)e The energy of activation (for viscous flow) of pure
components, mnamely, methanol, ethanol, n-propanol, n-butarol
and acetone amnd carbon tetrachloride were 1045, 16.9, 19.1,
2140, 6,9 and 10,9 kJ mol” ! respectively, and for the

binary mixtures of these respective alcohols in CCL, the

Iy
values are 10.5, 119, 12.7, and 13,7 (+ 0,01) kJ mol™!
respectively. From the presemnt data, eveq@hough one would
be tempted to conclude that the viscosity and energy of )
activation depends on the size/shape of the moleculc, one
has to be cautious in cases, l1ike the present one, where one
is dealing with already 'associated’ species and there may
be more than one H-bonded speecies between donor and acceptor

molecules. It can be seen from the above dota that the
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Excess Viscosities of Alcohols—, Acetone-Carbon

Tetrachloride Binary Mixtures at Different

Temperatures

Systems
o 4 L 4 4 L
c A | Am A b A
gm polise) (m poisel(m poise) ¥ m poise) § (m poise)
25 ~ 1.14529 0,745 2,054l  3.5476 045111
20 -~ 0.9919  0.6582 149357 2.9503 Oul4124
35 - 0,9905  0.4%743 T+4309 24 3751 0.2250
4O ~ 0,907L4 043500 142267 1,997 Oe1%782
* Mole fraction of MeOH = 0,6,
# Mole fraction of EtOH, nePrOH, p~-BuOH, Acetone = O.l.

Error Limit -

+ 0,0150,
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energies of activation of the 'mixtvresi of alcohols-»CCll1L
arc lower than that of alcohol, whiclh we are not in a posi-
tion to explain as we are dealing with fcomplex''/Vassociated’

molecules,

The viscosities of ternary systcms, ramcly alcohols-
acetone~-carbon tetrachloride of different compositions are
determined st different temperatures (25, 30, 35 and 40 o0y,
No maxima are found 3in the viscosity curves. But the none
linear plot of the difference in viscosities of the mixed
solutions (i.ee, ‘?kal - 7obs) againat the concentration
of acetone indicates the presence of hydrogen bonding/a
complex, A continuous variation plot of zyq, the diffe-
rence in viscosity between the ‘mixcd solutions' and the
calculated viscosities of the solutions shows the presence
of 1:1 complex in the experinental rangce of concentration
(Fig. V. 2)s The viscosities of mixed solutions of
n-alcoholg~acetonc~carbon tetrachloridec at 25 °C arc listed
in Tables V, 4 and V. 5. From the Figurc V., 2, it is
clear that there is intcraction between acctone and alcohol
in CClq. The interaction (area under the curve in the plot)
is inercasing from MeOH—acetone—0014 to grBuOH—acetone-0014
systems (Figure V., 3), and this indicates the rclative
strength of the Ycomplexes™, i, e., grBuOH~acetone-GCl4>

B-ProH-acetone~CCL, > EtOH-acctanme-CCl, > MeOH-acetone-0Cl,,
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Table Y

Viscogities of Mixed Solutions of MeQH-~Acetone in

Carbon Tetrachloride at 25 °¢.

Total Concentration :: 1 mnole,

MeOH { Acetone - YNear JQObs An?'ﬁbal“QObs
(mol) § (mol) E (millipoise) willipoise)y (millipoise)
1.0 0.0 941533 9.1066 0,067
0.9 0.1 9+1359 9.0311 0.1048
Ced 0.2 %.1183 8.9847 0. 1336
0.7 0.3 9. 1006 848971 042035
0u6 Oelp 9.0828 848449 0,2379
Oe2 0.5 90649 8.8019 042630
Oel 0.6 9.0469 8¢ 7507 0.2962
O3 0.7 2.,0287 847051 03236
0.2 0.8 9,0105 8.6565 0. 3540
Oel 0.9 - 8.9922 83,6033 0. 3389
0.0 1.0 8.97%6 845760 0.3976

Error ITimit :: 4+ 0.0150,.
Far the sake of convenience, the concentrations are

expressed in molar units,
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Table V. h4b,

Viscosities of Mixed Sclutions of MeQH-~Acetone in

Carbon Tetrachloride at 25 O¢

Total Concentration :: 2 mole.
Methanol § Acetone Qcal ﬁobs §sz-—. ]?,Cal -~ Qobs
(mol) (mol) (millipoise) millipoisj? (millipoise)
2+0 0.0 8.8143 849586 - O« 1445
1.8 Ou2 87791 88344 -~ 0.0552
1e6 Ouly 8¢ 7U33 847330 0.0102
Tef 046 8. 7072 846399 0,0673
1e2 0.8 8.6706 845116 0. 1590
1.0 1.0 8.6336 Bel4171 0.2165
0.3 1.2 85961 8.3170 02791
0.6 Talt 845581 8.2251 03330
Ouly 1.6 845197 8o 1341 0.2856
O0¢2 1.8 8.4808 8.0698 C.4110
0,0 2.0 8o 4413 8.0020 Ou4t393

Error Tdamit :: + 0.0150.

For the sake of convenience, the concentrations are
expressed in molar units.
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Excess Viscogities of p~Alcohols-Acetone in

Carbon Tetrachloride at Different Temperatures

Taotal Concentratien :: 1 malell:1).
E - v s
Tempe~§ Systeus —
| s — R
rafure§ Moot Acetone~ § EtOH~Acetone- § n-PrOH-Ace— § n-BuOH-
a5 CCIs4 C:G]..4 tcne—CCl4 Acehxub0014
A (m poise) Aq(m poise) An(m poise) §47 (m poise)
30 0.1983 0. 4375 06174 0.7833
35 - 0.0081 042091 0. 3688 Oe 4940
40 ~ 040269 0. 1641 043072 Oe 4629
Frror Liwmit 1 % 0.0150,

Tor the sake of concenience, the concentrations
are exXpressed in molar units.
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Fig, V. 2, Variation of AY with the Molar Concentration of

Acetone in MeOH-Acetone-CClq System at 25 c.
1« Total Concentration :: 1 Molar.

2. Total Concentration :: 2 Molar.



A% , milipoise ———>

1.5

/ 4

I
N ™
*\\\\\\\\\ S
3
051 — N

/i/ -
O()Tﬁﬁ:ﬁ:zi/ﬁ- 1 i |

|
00 0-2 Q-4 0-6 0.8 10
Molar concentration of Acetone —>

Figse Ve 3¢ Excess Viscosity vs Molar Concentration of Acetone

in p-Alcohols-Acetone-CCl, System at 25 °c,

1. Acetone~n~Butano l—ccll{_.

2s Acetone-g_-PrOH-CClLP.
3 Acetone-EtOH—-CClh_.
Lo A%tone—MaOH—C'ClL}.



171

The equilibrivum constants were calculated (from concentra-
tion of the species rather than activities) by using the
equation given in Chapter IV, 6 and at 25 °C, they ame
0e22; 0,30, 0638 and 0.52 ulk (# 0,01) for MeQOH-acetone,
EtOH~acetone, n-PrOH-acetonme and n-BuOH~acetone in CC]_[+
respectively, Here it is worth mentioning that Tamres and
Strongqa'have rightly pointed out that even contact charge-
transfer complexes should have K values of the order of

O 11 M’1. S0 our present values of K seem to be reasonable,
Bquilibriuvm constants and other thermodynamic parameters of
n-alcohols-acetone in carbon tetrachloride are listed in
Teble V. 6, From the data it is clear that the formation
constants (of hydrogen bonding formation) increases from
MeOH-acetone to p-BuOH-acetone (assuming that the standard
enthalpy - of formation sto of the H-bond in a complex
A—HyeeooB and its standard entropy of formstion are
independent of temperatures). The heat of formation of
these hydrogen bonded systems were obtained from the plot
of log K, ¥g 1/T and these values are slightly higher than
normal.(-zgﬂg‘for MeOH-acetone, EtOH-acetone, n-PrOH-acetone
and p-BuOH-acetone in CCLQ are 63.4, 4645, 40.7 and 37.5
kJ/mole respectively), and the trend is reverse compared to
the equilibrium constants. However, similar observations

were made in literature for purine«H20~DMSO?5 heterocyclic
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Iable V. &

Equilibrium Constants and tie Other Thermodynamic

Parameters of p-Alcohols-Acetone in Carbon Tetra-

chloride

{ P Loae ] peo ~a8°
System kJ/mole kJ/mole § kJ/mole

25 %c 30 %c 35 e} uo °d o
at 25 °C §at 25%

MeQ - 022 Oel16 0,09 0,07 63,5 %e 1 Qe22
Acetone (2¢51)
EtOH~ 0430 0422 0,17 0,12 Li6e5 2.9 Ce 17
Acetone
!}:—PTOH— O-% 042.5 002.1 O.T? 1{0‘7 20’2 0015
Acetone
D-BuOH- 0.52 0,41 0,31 0.26 37.5 1.6 0.13
Acetaone (2.0L)
#  Error Iimit 1 # 0,01,
**  Error Limit i + 1e5e

Values in the parenthesis refer to the literature

data ¢+ J, Indian Chem, Soc., 28, 320 (1981).
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45

cc»m}:_;pundsmjphezaolﬁ*L+ malamine cyanourate, Here it can be
recalled that the large enthalpies ( ~60 1J/mole) of forma=-
tion of hydrogen bhonding of nitro-phenols with picric acid
has been explaincd in terms of formation of 1:1 proton
transfer cowplexcs in preference to the 1:1 .H-bonded
complexes? However in the present case neither we are able
to account for such high values of A H nor for such reverse
trend compared to the equilibrium constants, Mosl of the
time, the literature data are for binary systems, and here
we have all ternary systems, The values {or the heats of
conplexation/hydrogen bonding must be considered as repre-~
senting a composite result for aleohol-acetone~CCl

systems of different alcohol aggregation?6 rather than
individuall binary systems, The process of self association
and preferential solvation will result in a complex which
seems t¢ consist of acetone molecule interacting with an
aggregate containing many alcohol wmolecules, The number

of atcohol molecules in the aggregate is concentration
dependent because of different degrees of self association
and solvation., It is possible that the donor strength of
the alcohol may change after association. Molecular orbital
calculations on the association of water, methanol and
other hydrogen bonded molecules show that the charge
distribution of the pelymeric molecules is daifferent fram

47-50

that of the nonomers,
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The negative charge on the oxygen atom in the molecule
acting as theoroton donor increases when the hydrogen bond
is formed, and increases still more if a trimer is formed;
this in turn causes wore positive charge on proton and the
interaction between proton and oxygen of acetone will be
stronger. For an exothermic reaction, A6 will be negative,
However, in the present case A is positive (K( 1); and
,aso is negative and this 1is possible because of large

negative AHC,

As mentioned earlier, the present procedure demands
very careful measurements of viscosities involving long
flow times in order to realise significant difference
between solvent and dilute solutions, So eveg@hough the
viscometric method can be used for studying the interaction
between the molecules in solution (H-bonding), this method

may be more applicable where no alternative is available,
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CHAPTER VI

STUDY OF MOLECULAR COMPLEXES
BY INFRARED SPECTROSCOPY

VI, 1. INTRODUCTION

The charge~transfer theory developed by Mulliken1

predicts the perturbation of donor, acceptor bands and
appearance of new bamnds, depending on the strength of inter-
action between the donar aznd acceptor. If the interaction
between donor and acceptor is weak, there will be only per-
turbation of donor/acceptor bands anrd if the interaction is
strong, new band(s) may appear in addition  to the pertur-~
bation of constituent molecular bands. So the "amount of
perturbation’ in donor/acceptor band (and appearance of new
band(g)) is an dndication of the strength of interaction,

i.e., weak, medium or strong?

* A paper based on this work is communicated to

Indian Journal of Chemistry, 1985.
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The formation of D—A bonds, between donor and acceptor
moleculeg, usually leadsto considerable cihianges in the
vibrations of the systems in addition to the appearance of
new intermediate vibrations due to vibrational motions of
atoms and atom groups relative to the D—A bond and
sometimes due to the allowed tramsitions, as a result of
changes in moleculiar symmetry; moreover, the intensity of
the bgnds may be affected comsiderably. So the direct
information on the properties of De=A bonds can be best
provided by studying new intermolecular vibrations (and the
perturbed bands of the donor and acceptor too), mainly of
the valence vibrations of the donor-acceptor bands them-
selves, It is surprising to note that evegghough larse
number of papers on infrared and Raman spectra of n-§
complexes have been published, hardly any IR spectral
studies on n~J{ and J[=JU couplexes have been rcported
(ref, no, 2-~18). HMHoreover, most of the recsearchers, it
appears,were interested,ﬁn the spectra of halogens (acceptor)
rather than on the spectra of complexes. So we have made
an attempt to investigate the interaction of a few n donors
(which can behasve as 7T donors also) with 67 and yr accepbar
to undcerstand the mode of interactions between the donors
and acceptors, For this purpose, we have cuosen pyridine,

Kemy Py pricolinesAand 2-anino pyridine (which can
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behave as 1 as well as T[ donors) and iodine ( §-acceptor),

chloranil, bromanil and iodanil (jT~acceptors).,

VI. 2. MATERIALS AND METHODS

VI. 2(i). MATERTALS

The electron donofs? namely, pyridine, L-picoline,
/?~picoline, zf~picolinevand 2~aring pyridine and electron
acceptors iodine and chloranil were zvailable commercially
and were purified following the standard procedures}9 The
other two electron acceptors, bromanil and lodanil were
synthesized and purified following the recommended

procedures?o

Pyridine (IDPL B, N. 003%0980), e=picoline (IDPL B, N.
0010770, L=picolime ' (IDPL B, N. 00101797), _F=picoline

were - refluxed with XKOH for 4 to 5 hours and then distilled,
(Care was taken to any passage of moisture) and collected
in stoppered bottles, B, P. of Pyridine 111 °¢/672 mm
(1it. 113 ®C/760 mn), f~picoline 122 °C/670 mm (1lit. 125%
760 mm), A ~picoline 14k Oc/670 mm (1it. 146 ©C/760 mm),
¥ -picoline 138 ©c/670 mm (1it, 140 °C/760 mm).

2=Anino pyridine (SD's B. N. 18032/37135) was recrysta~
1lized from benzene, M. Po 56 °C. (1it. 575 °C)a
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Iodine (8M B. H. 9GP 9192) (10 g) was mixed thoroughly
with L g of KI and the mixture was resublimed thrice. The
resublimed iodine was collected and stored in a coloured

bottle,

Commereially available Chloranil (Loba, B.N. 100) was
recrystallized several times from toluene, M, P. of

chloranil 288 9¢ (1it. 290 “0).

Bromanil : 25 grams of hydroquinone (SISCO B, N,
B/705262) suspended in 150 ml of glacial acetic acid and
was treated with 200 g (6 mol) of bromine (64,5 ml at
20 OC) and the mixture was kept over night, To the mixture
was then added an equal volume of waler and concentrated
HNOB'and heated om the steam bath till bromine was no lounger
evolved, Bromanil was recrystallized from ethamol, M, P,
29 ®c (1it. 300 °c).

Todamil : 1245 grams of bromanil mixed with 11,5 g of
potassium iodide and 125 nl of alcohol were heated on a
steam bath (with a condenser) for two hours. The reddish
brown diiodo bromoquinone obtained in this way, after being
washed with water and alcohol, was transferred into a round
botton flask containing about 50 ml of glcohol and 20 g of
potassium iodide and was heated for about 2 hours on a
steam bath, Todapil, thus formed, was recrystallized from

benzene, M. P, 284 °C (1it. 290 “¢).
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VI, 2(ii). PREPARATION OF 1:1 COMPLEXES

a)e Ryridine~Todine Complex ¢ 04508 g (2 1 mol) of
iodine and 0,158 g (2mmol) of pyridire were weighed in a
stoppered weighing bhottle; few drops of methanol as solvent
were added and the mixture was kept at O ¢ for ~- 24 hourse
Care was ltaken to avoid the condemnsation of moisture, The
solid separated was washed with cold methanol and dried

and stored in g desciccator.

b). Picolines-Todine Complexes : 0.186 g (2 u mol) aof
picolines (JQ-,,/g-, ;{-picoline) and 0,508 g (2rmol) of
iodine were welghed in a stoppered weighing bottle; few
drops of methanol, as solvent, were added; the mixtures
were stirred well and ket overmight (at 0 °C), Solid
(reddish black) crystals separated were washed with methanaol
and then with dry carbon tetrachloride and dried and stored

in desciccator.

¢). 2-Amino pyridine-~Iodine Couplex : 0.190 g (2 muol)

of Z-azmino pyridine and 04508 g ( 2 m mol) of iodine were

weighed separately and mixed throughly in a mortar.

d), Pyridine~Halonils Complexes : 0.158 g (2 m mol) of
pyridine and 0.4920 g (2 m mol) of chloranil or 0,848 g
(2 m mol) of bromamil or 1.224 g (2 m mol) of iodanil were

taken in a well stoppered hottle to which few drops of
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3 b 1 : 1. 4 O
methanol were added and kept overmight (at 0 “C), Care was

taken ©o avoid molisture. The solid complexea formed were

seperatied, washed and dried and stored in o desciccator,

e). Picolines~Halonils Complexes : 0,246 g of chlora-
il (1 m mol)/f0.L24 g (1 m mol) of bromanil/0.612 g (1 mmol)
of iodanil were taken in a well stoppered standard flask
(10 ml), where 0.0931 g (1 m mol) of picolimes (¢ -, fos
'{Lpicolines} were taken previously. The mixture was shaken
well (after adding few drops of methanol) and kept overnight
(at O @C). Care was taken to avoid any passage of moisture,
Reddish brown complexes were separated, The solid products

were washed, dried and stored in a desciccator.

f). 2=Lmino pyridine~Halonils Cop : 0,190 g

(2 m mol) of 2~amino pyridine and 0,492 g (2 »m mol) of
chloranil/0.848 g (2 m mol) of bromanil/1.224 g (2 m mol) of
lodanil were weighed separately and mixed throughly in a

mortar.

VI. 2(iii), METHOD

The inffared spectra of pure components and their
s0lid complexes, as prepared above, (in mnujol mull and XBr
media) were racorded (4000-600 cm"1) on a Perkin~Elmer
model 297 . IR . gpectrophotometer., The error limit was

+ 2 e~ 1,
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VI, 3. RESULTS AND DISCUSSION

VI, 3(i)e Pyridine-. Picolines—, and 2-Aminc pyridine.

Iodine _Complexes :

The infrared spectra of pyridine, picolimnes,
C=aming pyridine and their iodine complexes in nujol/KBr

1 and the main

were recorded over the range of LO00~600 cm
spectral hands are set out in Table VI, 1, However, for

the sake of convenience the spectra in the region between
1800 and 600 cu™! are shown in the figures (Fig. VI. 1 to
VI, 4). The vibrational spectra of pyridine-, picolines-
iodine in mulls are generally quite different from those of
equimolar solutions of these complexes in non-polar solvents,
The broad absorption band between 3400 and 3600 cn™ ]

(Table VI, 1) is probably due to moisture present in the

air (all the earlier workers had also observed such broad
bands}?Tuag AS we are imterested in the tghiftit of the
donor bands after complexation, we have not assigned these

As mentioned earlier, evenﬁaough the IR spectra of
halogens in the complexed state in polar and unon-polar redia
(in far infrared region) heve been studied by Ginnso, Haque
and WOOd12513,14 and other workerg exhaustively, little

attention has been paid to the spectra of donors and their
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complexes, provably due to the difficultics involved in
accounting the spectral ohanges? Fany factors may bring
changes in donmor molecules (when complcexed with acceptors),
One of the factors is that the change in the symuetry on
complex formation can cause vibrationg which are isolated
in the dindependent molecules resulting in the sufficient
change of the spectrum, Due to the interaction between
donor aund acceptor, the bond length within the participating
molecule may increase or décrease resulting in a dccrease
or increase in the vibrational frequency of the components,
Sometimes, 1t is possible that the position ogbands may be
influenced by so many factors which are not directly related
to the changes in the electronic structure of the donor
moleculec because of chargé transfer during coordination,
The increcase in the vibrational frequcncy may be related to
the kincmatic effect of the interaction of the vibrations
of the donor and thc vibrations of the DA bonds with the
same type of symmetry?8 This effect is so important that
the appearance of additional bands may change the internal
field of force of the donor moleculc leading to changes in
the vibrational fregquencies, It can hc secn from the

Table IV, 1. and Figures VI,1, VI.2 and VI.3 taat the ring
stretching vibrations of pyridine are observed at 1600,

1580, 1480 and 1440 Cm"1 and thesc are very sensitive to
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substitustions and positions (Cue8e, picolines and 2-amino
pyridine), Im thc case of pyridine aﬁdlpicolineg, the
characteristic patterns of absorption of the ring stretching
vibrations, probably results from the complete interaction
of the C=C and C=N vibrations and therefore, it becomes
very difficult to isolate the differcat vibrations. When
pyridine or picolines.intéracts with iodine and forms a
complex, there is redistribution of charges (however small
it may be) which leads to frequency and intensity changes,
In the present case, there is intcraction between iodine and
nitrogen (i.c., non-bonded electrons of nitrogen) and this
is expected to affect the €b=C/C=N to certain extent and
this is what has been observed, In pyridinc~iodine, pyri-
dine bends (i.e., 1600, 1580 and 1480 om™ 1) shift to lower

1

frequencics (i.ce., 1590, 1568 and 1468 cm ' respectively

and the 1440 cm_1 band is shifted to higher frequency, i.c.
1450 cm"1) (Fig. VI. 1); the 5>C=C/C=N bands of L i:picoljne
were perturbed and shift to slightly lower frcequencies, i,c,
from 1595, 1570 and 1478 cm™' to 1585, and 1475 em™

respectively, However,; the 1432.cm"1 band is shifted to

higher frequency, i.¢., to 1440 cm"T. It is difficult ta

1

explain the absence of band s~ 1560 cm ' in the complex,

The same trend is observed in the case of A~ and y-pico-

12-14

lines (¥Figurcs VI, 2). (Haque et al had reported that


http://c5.se
file:///l/73
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they could disolate 3 distinct types of solids between
Jcpicoline and iodine,= ElpicwI)D+ 1" ~, but we could
obtain only onc typc of complex, 1:1, vrobably may be duc
to differcnt experimental conditions and procedureds The
small shifts of the bands (or porturbations) towards the
lower frequencles indicatc that this change may be due to
vibronic effccts which may arise as a rcsult of charge
transfer ilnteractions and/or classical clectrostatic
effects (dipole-dipole and dipole-induccd dipolc intor~
actions)?2 Here it can be nentioned that the vibrational
coupling cffects can bc guitc loosc, So one is tempted to
attribute the small shift due to "back bonding® from the
halogen molecule rather than neglecting the contributien
duc to vibrational mixing. In absencoe of Normal Coordinate
Analysis it is not vossible to account for this changes

The above mentioned cffccts affect . .the Mintensity™ of the
band but it is not possiblec to Vquantify® the effect on
intensity in solid state spectra. The C=C/C=N bhands arc
slightly perturboed (weakencd) duc to tac interaction betwem
nitrogen (non~bonded elcetrons of nitrogen) and iodinc,
Here it should be noted that as the shift is about 5-15 cm','1
one ghould look into the trend rather than the absolute
values becausc the ¥ electrons of C=C and C=N in pyridince

and picolines are decloealizced (clcectrons), Nevertheless
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the unambiguous shift towards the lower frequency indicates
that pyridine and picolines do interact with iodine and the
bond strength 1s decreased, Due To limitations of our

instrument (i,e., range 4000-600 cm&T), ye could not detect

e v s an s _
eitiier the ;)N.....I nor ;DI 1 band in the far infra

red region., These bands would have thrown more light on
the relative strengths of interaction between the donor

molecules (i.e,, pyridine and picolines) and iodine,

The C~H in plane and out of planc deformation bands
which appear in the region 1250~1030 and 850-700 em” | (for
pyridine amd picolines) are not affected much after comple-

1 is very nmuch

xation, However, the band around 991 cm
shifted to higher frequency (-~ 1000 cm51)‘ We are not able
to compare our present results with the literature data as
the literature data wostly refers to solution spectra of
complexes whereas ours is in solid state (i,c., the physical
conditions are diffcerent), In the absence of Normal
Coordinate Analysis, we arce not able to properly interpret
the frequency and intensity changes after complexation.

This observation seems reasonable since the primary effect
on complex formation is at nitrogen lone palr electrons.
These electrons in the complex are in the modificd form and

. . . 2 o
some degree of interaction between the nitrogen sp and pil

electrons distribution will Take place., However, such
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effects being small in themselves arc either vot transmitted
to the C—~H bonds or are so weakly transmitted that the
present method is too insensitive for dctection, Similar

16

obgservations wore made for pyridine~ICI complox?’ Hague
and coworkers! e~ 1% feel that the band at ~-1000 cm™ |
duc to (DaI)+ ione Thoy claim that picolinc forms an inner
complex with iodine and the band arouncé 1000 cmm'1 is duc to
(py,1)7. Tt cen be recalled herc that the maturc of the
comnpltex formed dependsron the 'envirommental' conditions
and cooperationg! (excess of reactant/SOlﬁent) and mode of
preparation of the complex. It is possible that our mcthod
of prcparation of the complex may be .diffecront from those
of Hagque ct al‘z"14 due to whiech they might have obscrved
bands due to (pica--I)+ wher: as we could observe bands due
to neutral species only. It has becen reported im the lite-
rature that thce naturc of solvent uscd in obtainiang the
solid complex nay affect the crystal structurcs and ncw
bands/signals may appcar even in ID/ESR s_ectra?3 However,
we could not detect any band around 360 nm {in clectronie
spectra) and this rulcs out the cxistence of Iaf, and in
turn, the possibility of the existcence of (DZI)f 120 e
abscnce of 13" band indicatecs that the ceonplex is neutral
and not ionie, The formation of IB" or (pyal)ﬁ'which Haque

ct al had observed is probably due to the following proccss:
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by + T, gmmmm> WL  eyl, T oyl I

pyI’ + py  mmmee— (py21)£§ and

+ e T
T IZ L 3

The formation of (DZI)%'is generally faciliated with the
environmental assistance (particularly in polar media, ie.€s
excess of pyridine/picolines), It can be noted here that
the study of changes of vibrational band shape (half band
width) could provide a great deal of information about the
molecular interaction. But as we are interested in solid
state spectral studies, we could not compare the present
band widths with the literaturs values as the environment
can. sufficiently influence the band position as well as

band intehsities,

VI, 3(ii). 2-Aming Pyridine-Iodine jx_gt_@_}}__

Im dllute solution the symmetric and antisymme.-
tric stretching vibrations of ~NH2 group of 2-agmino pyridine
are observed at 3415 and 3520 cm"T. As the concentration
increases, the peak of 3415 and 3520 decrease while broad
bands appear at 3450, 3340 and 3180 cn”™ ! which are due to
intermolecular hydrogen bonding?4’55 The two broad bands
at 3340 and 3180 en™ 1 are probably due to the Fermi doublet
caused by the resonaﬁce between the hydrogen bonded N-H

stretehing vibration and the overtone of the NH, bending

2
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vibration at 1630 cm” ! in the JeeH.....I' hydrogen bonded
i

1 cair be due to N-H

1

system, The band around 1600 cum
deformation whereas the band at = 1300 oz ' is due to C=N
stretching, When 2~amino pyridine interacts with iodine to
form a complex, the electron density around nitrogen is
perturbed, The band at 3450 cr~ ! is shifted to 2438 L
(ieGe, the mean H—N.,...H stretching frequency is lowered),
3340 cn™! band is not affected whereas 3180 em™! band
disappeared and a new band appeared at 1670 em™ | (Table

VI. 1 and Fige VI. 3)., This band is not due to skeletal
stretching, This shift of He=N—H gtretching to lower

freguency and appcarance of a band at 1670 e !

can be
assiganed to the cation of 2-amino pyridine, In the case of
Peamino pyridine-HC1 2 complex, the He—Ne i stretching
fregquency decreascs by about 70 om"1 and HeNe—H scissoring
freguency increases by about 50 cm'1. On comparison, it
appears that the charge transfer is certginly less in
2wamino pyridine~iodine complex coumdarcd to 2-amino pyridine-
HC17° The doublets at 1160 and 1140 cn™! arc shifted to
higher frequencies, l.e,, to 1165 and 115% Cmm1 and the band

at 1040 cm™! shifts to lower region, l.e., 1025 cm”T. The

most sensitive band 990 cu™!, shifts to 1015 cu™ I,
Similarly, the band ~+630 e ! -is shifted to 645 cn™ ! and ,

the shifts in 2-amino pyridise-iodine complox are more
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comvarad to pyridinc-iodine or picolines~iodine systens,
Thus qualitalive ssrects of the dete show that 2-amino
pyridine~iodine is a stronger complex comparcd to pyridine
comnplexe

2wgnino pyridine-iodine complex absorbs at ~s 360 nm,

-

which is due to IB « As mentioned earlier, the existence

-

of T, is possible only if thc complcx exists as an inner

3
camplex (lonic) rather than an outer canplex (meutral) or
if there is an equilibrium between inner and outcr complex.
Similar cases have been reported in the litersturc for
picolines~IX systemz; The new band, around 1670 cm"l, nay
be ascribed due to (2-aminc pyridine-I)", i.e., due to §H2
scissoring. So. from the IR and electronic spectral data 1t
appears thatl 2-amino pyridine-iodinc is a otronger complex

and 1t is ionic in the ground state,

As has becn pointed out carlier, the vibrational
changes which occur on complexation should lcad to frequency
and intcnsity changes and new 'bands! should appear if the
interaction is strong. So the frequency shift can be used
to compare interaction "strengths! within a closgely
related series of complexes (where normal coordinate changces
might be expected to be similar in cach casce), In the
present casc, the strapth of interaction should vary in the

order 2-awino pyridine~iodino>> q%, P {Lpicolinos-iodin§>
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pyridine—iodine, (The heat of formation of 2-amino pyridine
-iodinej)tﬁw,J@-, {»picolines»iodine:> pyridine~iodine in
n-heptane), In fact such trend has been obscrved in solu-
tion spectra of pyridine and picolines (i.ee; &K=y f=s
*{-picolinos~iodine:> pyridinouiodine;%quut it is not casy
to obscrve such trend in solid state spectra probably

except in single crystal polarization IR spectrae

VI, 3(iii). Pyridine-, Picolines~ and 2-Awming Pyridinc-
Ealonil Complexegs :
The infrared spectra of chloranil, bromanil
and iodanil (JT-acceptors) and their complexes with pyriding
picolines gnd 2~amino pyridine (n[ﬁ‘donors) were rccorded

over the rangze of LO00-600 cm ~1

and the significant
spcetral bands of pyridine~halonils, picoline-halonils and
Zeanino pyridince-halonils complexcs arc suuiklarised in
Tables VI.2-6 and Fig, VI. 4 (pyridince-halonils), It can
be scen from the Tables that chlorenil, bromanil and iodanil
have strong characteristic Qbsorption at 1690, 1673 an&
1658 cn™ ! due to e The bands at 1572, 1565 and 1515
el are duc to ;}C=C amd the bands a%} 1260, 11155 1215,
1066, and 1172, 1012 are due to :DC-C: These values agrec

well with those of Iida37 and Matsunaga?a
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Table VI, m,_Z_‘o

Important Infrared Spectral Bands of

Pyridine~Halonil Complexes (in nujol mull)

(8 ]
Pyridine § Chlora~ § Pyridine~} Broma~ § Pyridine~) Toda-< Pyri-
nil Chlhranil § nil Bromanil § nil dine-
e | _ en” | ; e ! cm'? e | cm™ ! Todaml
M @ b e Tw e e o
3400m, br 3320 ¢ 3400m 7 3400nm
3360m %360m :
3142m 3355m 330w
3080s
3050m
20358 N 2855sh
Sgggg 28 45sh 2850s 2850sh
2600w
2450nm
2290m
2210w
2130w
198 7
1950w
19211
1682w 1690s 71s
16815 46808 ‘2§l$ 16808
toiZs . 16598 16598
1630m 1650n 1650m 1642w 1650m

TR W W A T

Table VI, 2. contdua/~



Table VI, 2 (contdes..)

il @ b o wl ol @l ®

R

1%@08
15628
15725 15725
1571s 1;655
1o49s L5y
jug0s  1490sh 15559 4515m  1515m
1440vs
1 23
1 ggim ’ 1300w 1300w
1240n
12208 1236m 123%m
1218n
1210 . 12155
' e 11928k 1192sh
1 N
1170w 11720 117gf
1150s 11158 1126 . 1156y 11208
1110m
1070s 1110s
1054s
10308 10%0n -
0120 19198
990s 1010w
gSBB
Levw ]
G08n 9085
905n
P85 880n
869s 810w
SB5W
OV 2
8.10vw 955 s so5s L
7508 752s oW
/ 7218 721s
oS 7126 (T fl28 9izen
703vs 205w 058
6950 6955 695
675w 680n, br 68 2n
653w ei5n

606s
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Table VI. 3

uportant Infratred Spectral Data for

L=Picoline-Halonil Conplexes(in nujol null)

- - ( -
&npice-%hlora- §£~Picoline-g Bronae {{=Plcoline§ Toda- p~Picoline
line %il Chloranil nil roianil § nil odanil

e~ | g eal : e ! e ! en 1

i@ § o fw i oo e §om

-1

cm'1 cn

o v

3400w | 3400m,tr 34000
3360n >
0808 228 330w 3340m

3065n
2040w
2855w
27205h
2610w
1950w
1910w
1870w

28508 2850s  2850sh  20958h og5h

16908 1690s

‘ 1671s
1610w 16o0n 1650w 1642w 1642w
15958
1570s 15728 1571s

1g6gs 15650
1549s
1ok 15150 15181
1478s 1490sh
1450
14328
1380s
:2igs 1260s 1260s: 1260n
240s .
1238n ,
1210w 1210w

i 119 3sh
1192sh
11921 1174s

Table VI 3. contdes../-
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ST e e a SEar

i@t ) w i ol el o

e rar

1156w
11508 49158 11108 1110n 1110w

1100s 10665 1068 s
1054s 10528

1050s
1020n 1030w .
10270 4014n
1000s 10120
-
w
. 908m 943y
o 880  880sh
8698 8?08
8L+OW 8581W
8 35w
800m 82hw
?60s 755 .
7308 28 23
725 oo
720w 5o 715n
210w T 9108 (12sh
72082 DAL
201w 7055 (06
695n 695w 605s 695s
630w 61-[,513 61-}-51:1 6821

8, Sharp; r, mediun; Wy weak; Vv, very; sh, shoulder,

Bands at 2030-2860, ~ 1460, ~1375 cn” ! have been omitted
due to superinposition by nujol bands,
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Inportant Infrared Spectral Data of

B-Picoline~Halonil Conplexes (in nujol mull)

B-Pico
line

e

Chlorag-
nil

cnn"1

(1)

o ey — - e,

§ (2)

513=Picoline Broma-~ § 3~Picoline jToda~- §f~Picline

Chloranil

cm'1

nil

cil L

CPromanil il odanil

e 1 crn 1 e 1

(3)

(L)

SR ICE R

3400w

3080mn
3060sh

2850m

2740m
2610n
2465w
2390w
22001
1970w
1950w
1912w
1870w
1840w
1770m

1600s
15828

1478 s
1450m
14148

1295s

3360m

— ol
O\ O
Co\O
Pl ®)
[ 3171

1650m

1672s

1490sh

33551

28558

16928
1680s

1650w

16715

3340w

2850s

1681s
16735

1642w

1565s
15498

2Lh00m  3400sh
3340m

2855sh 2855s
28 LOsh

1680s

1673s

15628
1550m
15158 1520s

1300w

Table VI. 4. contd..../-
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i@ te tw i | i om
1260s 1260m 1260m
1240w 12380 1255m
; 1237m
12258 12188
1210w 1210w 12158 11
1192sh 93w
1190s 11758
11;§m
1156w
11208 11158 11148 110m
11005 ) 68
10665 10088
10548
1030s 10 30n 1030w ‘
I rorse
100011 .
375m
L}-OW 0.
) 90811 907m
885w 880m 875w
870s
869s 840w
835w
800 824w
S
7558 7558 753w
3528
A0s
7258
721s 721w
7125 (178 9ypg 7107 712sh
‘8% o5y go5m  7O8s
695w 695w 695s 695s
64,751 68 2
630s 630w 645m
S, sharp; n, medium; w, weak; Vv, very; sk, shoulder,

Bands at 3030-2060, ~ 1460 and ~ 1375 cm |

omnitted due © superimposition by nujol bands.

have been



20

[y

Table VI, 5

Inportant Infrares Spectral Bands of

i-PicolinenHalonil Complexes (ir nujol null)

X i (

XLPicomi Chlora- rXnPicoline- Broma~ §¥-P8ccline <3dangaLRbdmm
line ; nil Chloranil nil Bromanil @il _&odanil
en™ | : e ! E e~ ! cm"1 e cm"1 5 e |
@ e CREER S D)

3360n 3400 3400sh
3340m 3350 3340w 3340w
3070s '
3030s
285§§f;; 28505- 28508 20555 2855Sh 28)58
27358
2685w
2600mn
24605
2400n
2295m
22201
2190w
2020nm
2
n
1690s 16895 . 16828
1681s 16808 12015 )
! 1673s 1673s
1665m > oo 16618
1650m 6f2 1 598
1615s 16285 haw
16728
15625 1671m 15658 1565w
1949s 15470
14508 14905h

Table VI. .:5‘ COl’ltd. ‘oo -/"”
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mf@de fwi ol el o
o
S -
12605 1260m 1260w 1300w
12258 1255 e 12178
1210% 1210w 1209m 12158
1192sh 112gw
1178m
1165w }};gﬁ
11158 11145 1115w
1110m
1070 1068
S.
10668
1065s
1045sh 1054s.
10408
1030m 10308k 4450,
) 1018s
93551 995sh 1012m
972s '
908n 9075
880m 870s
869s 811w
gqgw
805m, br 35w
800s 7555 7558’ 7554
7308
723w
715s 715m 720w 721m
712W . ' ?128 4 71281’1
695w 6958 6958
L8 em
6 70m 630W 6’-{-5]’1’1 6451,[1
s, sharp; m, medium; w, weak; sh, shoulder; br, broad;

Bands at 30302860, ~ 1460 and ~ 1375 cu”' have been
omitted due to superimposition

by nujol bandse.
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Infrared Spectral Data of 2-Amino Pyridine-

Halonil Complexes (in XBr

media)

2~ Amino- § Chlora- § 2~-Amino- (Broma e-Anino~ § Toda~ ) 2« Anino—~
pyridine § nil E pyridine-t nil oyridine~ § nil pyridine-
) chlorandl : Bromanil Iodanil
om™ | ™| H em™ | cm e | e | cn” |
(1) (2) (3) w § o § e @
3450m, br .
5 ) 3400m, br 3L00sh
3340sh  oP0m  3360VW  g00 z3.0vy ’
3180sh 2150w 2950w
2920w 2855sh
1955w 28508
1915w
18358h o906 1690 16828
1681s 1681s.
168OVW 167[-{-8
16658 1673s 16595 1665s
16508 1642w g
162251 4 1625m 1625m, br 1620m
19728 4591m .
1565s 16655 1908V 1565m
1550m
14G0en  1515m 15498 15158 1515n
1485s . 1485
1475w 1475w
1470sh 144510
14408 1420V 1420w
1385  1385m 1388w 1385w
1380m 1380w ' - fosh
1300s
1340snh 1320w - _
13258 1320w 1325w 1325m
Table VI. 6ee...contd../-



Table VI 6z (contdis)

208

@ el wl e e w
1280s , ‘ 1280w
;gggs 1260m 1260w
i
1235w !
) 1215s 1215
1210w 1192sh
. . 1172m .
11608:}d 1155 1170m, br 1170w 1170, br
1140§ ’ 11108
1040m, br ;8%3 -
10279 4025vy
9205 1000w 100@s8h
960s
908m Q08w
2282 870mn
8605} 4 E
850s 840w
835w
7755 7708 770w %65
11l
1558 753w
7408 750m
725w
7158 715m 721m
768W 7125 ?128}1
705vw 7058 705s
695w 695w 695s 695m
682m
27OW - 6455 6455
30m w . .
625w 628vw 625w
s, sharp; m, medium; w, weak, sh, shoulder; br, broad;
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Chloranil, bromanil and iodanil are JT -acceptors and
their electron afinities are nearly the same (~ 2.1 ev)f&fQ
Pyridine, picoline and 2-amino pyridine hawve non-bonded
electkon as well as J{ electrons, It is well known that
pyridine, picolines and 2eamino pyridine are p—-donors
towards iodime, However, it is not known whether these
donors. hehave as p-~donors and /-donors towards Jl-acceptors,
_(1ike halonil), and it is not easy to speculate the
geometry of the complex, eventhough one would like to opt
for T =77 complex model rather than n-7 complex (as the
electronic effects of interaction are unlikely to be loca—
lized), Vibrational spectroscopy has principally been used
in order to distinguish neutral fouteri complex, D=A, from
the radical ion pair, D*—AL, formed from clectron transfer,
This distinction is easily made by a conparison of the
spectra of the ffree' components, the complex and the ions
(like zlkali metal salt of the acceptor); the latter is
being regarded as a nmodel for the sifuation in which comp-
lete electron transfer has taken place, Hall et alho have
studied the solid molecular complexes of hexamethylbenzene
and TCNE, They suggestced that the complex consists of
species which contains sequences 0f DeAwDwA=D-yi..0.0 It
can be seen from the Table: (VI, 2-6) that the spectra of

the complexes are almost the super-imposition of thosc of
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donors and acceptors. In the present case because of the
gimilar nature of substituted pyridines, it is difficult to
uncover any systematic spectral changes (of donors) during
complex formation, For this reason, emphasis is placed on
any significant change occuring in the spectra of halounils,
Had there been the formation of n~jU complex, one would
have expected considerable change in frequency shift of the
§C=N of d®unor (as the charge on nitrogen would have
decreased due to charge transfer) and z new frequency

corresponding to > f halonils, The acceptor

MeweaoCL ©
exhibits absorption at ~ 1690, ~A-1682 and ~ 1660 on™ !
respectivelye The lithium salt of p-~chloranil absorbs at
1518, 1594 and 1028 cu” ' respectively, (Similarly for
bromanil and ilodanil ions)., DBut we could not detect any
absorption bands in these regions, So the absence of bands
around 1518, 1594 and 1029 e~ ' in chloranil, bromanil and
iodanil complexes indicates that the comploxes are not iomnic
but they arc neutral in the ground state. In addition,
there is hardly any change either in the position or in the
intensity of ZDN-H band of 2-amino pyridine~halonil comp-
lexes, This rules out the possibility of intecraction of
halonils with nitrogen of Z~amino pyridine (as 2-amino

pyridine is already hydrogen bonded system),
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It can be seen from the tables that the -90_0 bands of
chloranil, bromanil and iodanil shift frow 1260, 1215 and

1172 to 1265, 1218 and 1175 cm |

rcspectively in the
complex, whereas the lithium salt of chloranil has absorp-
tion band at 1176 cm'"‘l (:DC_C). As there is hardly any
ghift in the band position of :ﬂc_c of halonils in the
complexed state it appears that there is hardly any chaunge
in elcctron density around C-C; this indicates that therc
is not much intcraction bectween halonils and pyridince,

picolines and the complexes are neuwtral in the ground

statc,

From these infrared spcctral studices it is clcar that
pyridine, picolines and 2-azmino pyridinc do intcract with
iodine, chlorenil, bromanil and iodanil, 2~auwino pyridinc
is a better elcctron donor (towards iodine) comparcd to
pyridince and pilcolines, and 2-amino pyridince-iodine forms
aun lonic complex in the ground state vhercas others are
ocutrel, Halonils form JT~/U complexes with pyridinc and

picolincs rather than n~7{ couwplexcs,
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(1)

The field of molecular complexcs (including
hydrogen bonding) has been a subject of extensive investi-
gations in recent years, A number of reports have appeared
in literature in which the results of donor—— acceptor
systems (particularly in the case of weak donor-accceptor
complexcg) do not confirm the theoretical predictions. So,
questions were raised about the religbility of the spectral
and thermodynawic paramete.s of such systens obtained by
spectral methods alone., Therefore, an attecmpt has been
made to use solle non-spectral methods to obtain the nece-
ssary informations on the nature of intoractions between

elcctron donors and acceptors.

The vpresent dissertation contains thc studies on mole-
cular complexes/hydrogen bonded systems by using the lcss
familiar methods, conductomctry, viscometry, in addition

to the usual infrared spcctroscopye.



Various aspccts of molecular complcxes/hydrogen
bonded systems, which are relevant to the studies reported

in this thesis have been briefly roviewed in Chapter I

The application of conductometry in the study of
transformation of outer charge transfcr couplcxes into
inner complexes constitutes the subject matter of Chapter
II, The donors used are methanol, ethanol, water and
acetonitrile where as iodine is uscd as an acceptor. The
transformation of outer complexes into inner oomplexes_are
found to follow the first order rate law. The effects of
temperature and concentration on the rate of transformation
have been studied, The results indicate that the rate of
trensformation vary in the order H,0-I,3 HMeOH-T, >
EtOH~I,. S0, it has been Jelt that the c.se with which
the transformation proceeds depends on the relative magni-
tudes of enthalpy of formation of thc outer charge-transfer

complexes,

The formation of charge-transfer complexcs can also be
followed by measuring the changes in the electrical conduc-
tivity of a solution (e,g.,; donor in inert solveant of
sufficiently high permittivity) on addition of another
suitable solution (i.e., an acceptor). 1In effect, this

amounts to a conductometric titration., Chapter ITII of the

(11)
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thesis deals with the applicability of conductometric
titration for determination of the stoichiometry of charge
transfer couplexes (where outer chkarge transfer complex is
transformed into inner complex) in polar media, The
systems studied arc : Todinc complexes of acctonc, methyl
ethyl ketone, isp-butyl methyl kectone, triphcnyl phosphine,
triphenyl arsine, triphenyl stibence, methanol, ethanol and
n~propanol, The stoichiometry of the complexes (in highly
polar media) are found to be =~ 2:3 (cxcept in the case of
triphenyl stibenc where the stoichiometry is == 1:4)., Thc
cffects of tcmperature,; concentration and diclectric con-~
stants of the media on conductivitics and stoichiometry
of the complexes have been reportud., The present resultis
showr that the elcctrical conductivitics of the complexes
in solution depend on tomperature, conccntration and
diclectric constant of the medium, whercas the stoichiow-
metry is almost indepcendent of the diclectric constant,
The limitations of conductometric titrations of molccular

complexes have been pointed oute

Chapter IV dcals with thce fcchnigue based on the

viscosity measuremcent in thc study of wecakly intcracting
systems, The viscomctric method has bcen found to be

applicablc mot only for deteccting the prescuncce of inter-



(iv)

action between tie donor and zcceptor but alsc to determine
the stoichiometry and equ=-ilibrium constants and other
thermodynamic parameters of weskly interacting systems,

The systems which are studied by viscounetric method

include benzene-CCl,~cyclohexanc, tOlUGRe~CClquy01OheXaHG

r

and o=-Xylene-CCL Imcyclohe}{ane. The eguilibdrium constants

n
(at different temperatures) and other thermodyreuwlc pares-
meters of these systems have been evaluated and compared
with the literature data., The results show that the
strength of the complexes vary in the order : Benzene—CClﬁ-
cyclohexame_) toluene—CClq—cyciohexane:> 0-Xylene-CCL,-
cyclohexane, The possible regsons for such reverse trend

have been given. The limitations of viscometric method

have been pointed out,

The applicability of viscometriec method in the studies
0f hydrogen bonding forms the subject natter of Chapter 1V,
The systems, which arc studied by viscouetric methods, ave:
methanol-acetone, ethanol-acetone, n-propauocl-ascetone and
n-butanol-acetone in carbon tetrachloride (lernary systems.
The equilibriwa constants (at differcnt tenporatures) and
the other thermodynemic parametors have been determined.
The strengths of the hydrogen btonding follow the ordecr:

Methanol-acetone~carbon tetrachloride (:ethanol—acetone-



(v)

carbon tetrachloride <:gypropanolmacetone»carbon tetra=-
cnloride 4:;?kmtaﬂoluacetone»carbon tetrachloride, Howeven
tlhie heats of formation of the complexes obtained by this
method were high, An attempt has been made to explain this
in terms of breaking of hydrogen bonding and formation of

new hydrogen bonding,

The studies of molecular complexes by infrared
spectroscopy ig the subject matter of Chspter VI,
Pyridine, O(—g JR—, yipicalines, 2=-amino pyridine interact
with iodine and halonils to form 1:1 solid nolecular comp-
lexes, Infrared spectral data show that (except 2-amino
pyridine-iodine complex) all these complexes are neutral
in the ground state, It is inferred from the present
studies that 2-amino pyridine is a better electron donor
(towards iodine) than pyridine and picolines, Halonils
form TJ[-JT complexes with pyridine and picolines rather

than p~7T complexes,





