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ARSTRACT

£ e

For the determination of Formation Constant of acetic acid dimer
(linear and e¢yclic), a theoretical frame work has been constructed

where it is shown that

g, (Po= 2ps)2
PS5 = D X 7 + P1 3 Where Pi' Pz. D, PS, V and K are
1}‘”r’?f at reasuned Coneondodimd
molar property of monomer, dimer, D = Pz- 2P1. apparent molar propert{gh=45
»

volume w&gg& contain one mole of species and equilibrium constant res-

pectively.

The molar volume and molar polarization were obtained by measure-
ment of specific volume and dielectric constant in bo!utions of varying
concentrations for which PS and V uerehcalculated.ﬁgr:; ical methods
were employed on the basis of the above relation to obtain Pi' Pz. Wb

and finally K.

The results of such investigation in five solvents, such as, cc14.
benzene, chlorobenzene, high boiling hydrocarbon and cyclohexane have
been found to be satisfactory on careful considerations of various

effects of solvents and also of their peculiar structures.



D ( P, = 2r. )

1

Kz or K

A€

wWt. fr. or wt.fraction

e

(]

Chatige of molar property.

Formation constant of dimer
Weight fraction
Volume of the float
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Change of specific volume
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INTRODUCTION

Chemical Dond and Dissociaticn Fnergy

Much pf science of chemistry is concerned with making and
breaking of chemical bonds. Pauliug1 has defined chemical bond as
follows: "There is a chemical bond between two atoms or groups of
atom in case that the forces acting between them as such as to lead
to the formation of aggregate with sufficient stability to make it
convenient for the chemigt to consider it as an independent molecular
spécios".

| The word 'stability’ means the tatrength of chemical bond' which

is given by bond energzies expressed in Kecal/moles At room temperature,
the average translational energy in the direction of one coordinate is
%2 RT or ,3 Keal/mole. A simplified expression for the fractional number
of molecules posgsessing translation energy E or greater in two degrees
g E

of frecdem is =

e If two molecules collide, then it is rea-
Bg e KT

sonable to assume that the combined translational energy along the line
of collision represent translationul energy available for chemical
reaction (breaking of a chemical bond). Ordinary covalent bonds have
enthalpy between 200 - 90 Kcal/mole, whereas the forces that come into
operation, which have been recognized as interemolecular forces, involve.
enorgies from less much than 1 to 15 Kcal/mole. We can now lﬁok at the
stability bf fchemical bonds" by computing nE/ho at 300°K for different
values of E indicates that at room temperature (SOOOK) only 1% by

moloculnr collision involve 3 Kcal/mole and a very negligible number of



collision, 10'42% have energy equal to or greater than 60 Kcal/mole.
Thus it is clear that bond ecmergy involving more than 20 Kcal/mole
should have very little measurable dissociatien of bond at ordinary

tenperatures

Inter=llolecular Forces

B8ix types of inter-molecular forces are generally recognized:

(i) Repulsive forces, due to repulsion effect betveen closed elec=-
tron shells which is a Vefy short range interaction;

(ii) Pispersion forces, which are aiways attraciive for molecule or
atom in.tbcir ground state and arise even between neutral, non=-polar
molecules or atoms and are due to average interaction of an instanta=-
ngous moment of one molecule brought about by charge density fluctua-
tion and the electric moment induced on the other molecule or atom;
(iii) Polarization forceas, which arise from the polarization of atom
or molecule by an approaching atom or molecule forcing redistribution
of charges with concomitant effects on it s permanent electric moment,
due to the effect of charges or permanent electric moments of the appro-
aching atom or molecule;

(iv) oOrientation forces, due to mutual coloumbic attraction or repule
sion of the net charges or electric nnment; carried by two interacting
atons or molecules, such as interaction between two ions, ion-dipole

and dipole=dipole interaction. In a high dielectric medium at a distance



of 5 2 E can be mearly 5 Kcal/mole for two unit of charges of
opposite signs;

(v) 1Iulliken charge transfer forces, leading te transfer of an
electron from an eloctron donor molecule to an electron acceptor mole=
cule forning a well defined complex, known as charge transfer complex,
with concomitant appearance of a characteristic inténse band in the
visible or UV spoctrum of the regionz. The thermodynamic paramecters
for charseo traﬁsfcr complexes are of the-aame magnitude as for hydrogen=-
ﬁonded conplex and

(vi) Hydrogen bonding, due to involvement of specific H-atom of the
proton donor group wiéh.a localized site of high electron' density in

the sane or another molecule.

Repﬁlaive. dispersive, polarizatién and, most of the time,
orientation forces are very weak forces and hence are not "stable"
;nough leading to the formation of an aggregate with sufficient stabi-
lity to be considerod as independent molecular species. On the o¢ther
hand charge transfer and hydrogen=bonding have bond energios from
.30 Keal/mole down to 4 Ecal/mole or less. The important features of
these two types of conﬁlexes is that, at ordinary temperature, only a
fraction of the molecule are associated and at equilibrium, due to
kinetic energy of motion of the molecules, a certain number of new
molecules are continually broken while the same number of new complexes

are continually formed.



Hydrogen=ond

liydvopzen~bonds are almost as frequent and almost as important
in nature as ordinary chemical bonds and they will probably remain a
target for intensive search for many generations to come. liydrogen-
bond formation is a aspecial kind of dipole-dipole interaction.:ithen
hydrogen occurs linked to an electronegative element or group, the
polarized =atom permits a close approach to another negative atom
having a lone pair, giving rise to a specific bond formation, repre=

sented a8 A = I sase B and termed as H=bond.

The concept of Hebond was first lntroduceé by M. L. Hugglnss and
then Latimer and Rodebush4 iﬁ 1920 during their study about the inves=-
tigation of the associative nature of the vater molecules. Since that
time, there has been considerable discussion éf a suitable definition

of the H—hondso

A competent description of the hydrogen=bond has to be able to
take into account a number of important properties of Hebonded aggre-

gate for which extensive experimental evidence are availables

(1) 1Molecules forming lHebonds come much closer than the sum of the
vander waals radii of the nearest atoma would allowe In Figure t.1
this fact is demonstrated with the aid of two typical Hebonded com=

plexes = (HF)2 and (uzc)z.



Fige 1e1e Eqguilibrium geometry of (HF)2 and (H20)2, The circles

aroand the nuclel represent the vander waals radiieg

(ii) =-bonding increases the polarity of the molecules concerned. The

dipole moment of an Jl=bonded complex is larger than vectorial addition

of the monomer moments would’ suggest;

(iii) As a consequence of f=bonding the lengths of the IiX~bonds con-

cerned are sahewhat increased, IR stretching frequencies are shifted

to smalier wave numbers and larger integral IRiintensities of the cor-

responding absorption bands are found7 and

(iv) Eleciron densities at the protons involved in il=bonds are decre-

ased and consequently NMR signals nfe shifted to lower magnetic Iieldss.
The most common u—boﬁd donor seg&ents in the acidic molecule, in

order of strenéth, are W=, O=-H, N=H, . i'c1-n, S=Hy P=H and in certain

situations C=-H (as in chloroform, where C is attached te many negative

atong or in acetylene, where carbon atows are linked with triple bond

rendering the C-atom highly negative in character) can form H=bond. Only



the first three sogments are fairly strong while the rest are much
wepker in Ilbond activity.

Although the I=bond interaction preserves the identity of the
adducts, the structural relationship is altored to a great extent. The
existence of a fi~bond is demonstrated by the alteration of many
physiz-chemical properties through self association in pure substances
or by complex formation between donor and acceptor molecules in the
mixtures. The following are the causes of such alterations:

(i) Molecular aggregates of two or more come into existence, thereby
altéring the boiling point, melting peint, dielectric constant and the
colligative properties;

(ii) as the fl=bond interaction is attended with shortening of X see Y
distance, alteration of électronic environment at thia zone, the density,
refractive index and proton magnetic rosonance are also altered and

(1ii) As this combination will also alter in many way the vibrational
spectra of the uncombined molecules and a face new vibrations should

also appoar.

If these cxpectations are fulfilled in any particular situation,
then i{ is assumed that ll-bond exists. The effects of the Hl-bond on
‘self-association or association with a donor molecule on various
physico=chemical properties described giving the reasons ef such

changes in the Table - 1.1.
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_'!'_abla 1. 1

Effect of Hydrogen Bonding on Some Physico=Chemical properties

of Liguids in Liquid Mixture.

Behaviour of l=bonded

compounds relative to
non=bhonded state

Proporiy

Molecular weight
(by cryoscopy)

‘Density

Refractive Index

Dieleetrie Constant

Thermal exponaicn

Thermal conductivity

Electrical conductivity

Acoustic conductivity

Vigcomity
Surface tension
Vapour pressure

Melting and boiling
point

NMR chemical shift

Hizher

Higher

Higher

Mostly higher

Lower

Higher

Higher

Higher

Much higher
Higher

Lower

Higher

Shift to lower
fiocld generally

Causes of the behaviour

Number of molecule decreases
due to H-bond intermolecularly.

Contraction of volume,

flectron density increases at
X"'H eesece Y.

Vector addition of moments of
adducts.

Resistance to breakage of
H=bond.

Protons high vibration freedom
facilitate transfer of internal
kinetic energy in the bulk.

Proton tunneling and rotation
of molecule help electrical
charge transfer.

Extensive molecular arrange=
ment.

Longer & complex molecular
size.

Molecules held together by
H=bond,

Molecules held together by
If=bond.

Resjatance to break H=bond
holding together many molecules,

Rapid exchange of Heatom between
two electironic environment,




Pinentel and MeClellan? have thoroughly described the uses of
these physicoe=chemical properties in their book. The importance of
these propertioes for investigation of f-bond interaction, in order of
frequency of their uge, are;

{1) Spectrascopic'methods; Gege Ue Voo I. Rey Raman spectra, and
-ﬁuclear magnetic resonance, and

- {ii) Hoaspeciroseopic methods. waong these moethods, the dielectrie
properties have beer largely preferred over others, mainly due io the
‘relative case of their quantitative interpretationm.

A brief digcussion on the spectroscopic manifestationa will
convince one that i=bonding has all the attributes of a regular che-

mical bond with some interesting differences.

Spectrogeopic Manifestations of fHylrogen DBond

Infrared and Raman spectra reveal the characteristic frequencies
of molecular vibrations. Such frequencies are fixed by the wasses of
the vibrating atoms, the molecular geometry and the restraining forces
holding the atowg in their equilibrium position in the molecule. Since
the restraining force (force constant) is siuply related to chemical
bond order, vibrational spectra have been an excellent source of infor=
mation concorning the l=bonds The different vibrational mode in the

B-bonded pubstances are shown below:

1. )é Re A= e 400 B =— A = Il stretch(anti=symmetric)
(3500-2500 cu™1, 3-4 4 )



2. lé Re= A= Hoaoee B Re= A~ Hbond ( in plane)
Y (1700 =~ 1000 ca” t, 6=10 /()
3. ’}i Re A= é;).. B Re A= H torsion (out of plane)
(900 - 300 en” ' 11=304)
4. H%. Re A= HoeeescB— A eesssess B stretch
( 250 = 50 ca Y, 40-200 /()
5. 'Vgg Re A=1 9 A=H eose B bend (450 em™ L, zoo/().

The mest pronounced changes that occur are (i) A-il stretching
fregquency (‘Lé ) is shifted to lower frequency, (ii) the breadth of
thig froguency increases markedly ~nd (iii) also the intensity igs une
usually large. This anti-symmetric stretching frequency, l% occurs near
3500 cm.i {(3/4) and these changes have properly assumed the importance
of qualitative criteria and quantitative indices of the H=bond strength,
bond energy and other bond properties. This stretching frequency shows
spectacular changes with change of temperature, concentration and to a
lesser cxtont, change of préssure. The increase of temperature reduces
the intensity and so does the reduction of concentration, the increase
of pressure, on the other hand, has the effect like the increase of
concortrations The extreme seasitivity of)%;to these changes cloarly
indicatos that [=bonding systems involve the non=bonded species and the

bonded species in rapid equilibrium. The intensity of IR strotching

frequency'( th%) is much used for the measurement of equilibrium constant,
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K of the l=bonding in self-association or of association with another
base mplecule, The measurement of K at different temperatures permits

calculation of the thermodynamic gquantities All, AS and AF,

The shift of stretching frequency (A&L@,), brought about by
R-bond formation, has been found to be related to various physice=-
chenical properties. The first and wmost important relationship invol-
vingA),% vas proposed by Badger and Bauerm in 1937, Since then,

11'18, there has been a general

throuzh the vworks of many other authors
acceptance of the proposal thathQyﬁ%;provides an index of AH of H=bond
information., Also, various other physical preperties have been found to
be diroctiy related’tozS§Js; such as acid strengthig, base strengthgo.
reactivity or rate consﬁuntzi. Hammett sigma function22 and Henry's

law eonstantgs.

A technique of rapidly increasing importance in the study of
H=-bonding is the proton magnetic resonance, H=bonding causes a very
large shift to low field of the X-Il proton resonance. The position of
the proton signal for X-ll involved in ﬂ-banding is both temperature and
concentration dependent. The H=bonding being essentially dynamic in
nature, the formation and breaking of the bond occurs rapidly. Because
of the relatively long “observation" time of NMR nensurnmenia,'only‘onca
signal is observed, corresponding to the average environment of the pre-

ton distributed between free aond complexed state. The freguency of the



observed peak is thus the weighed mean of the frequencies of all the

components present at the equilibriun24.

The mecasurcment of the association constant at difforent tem-
peraturcs loads to the thermodynamic quantities, All and AS. Several

o
workors“5-27have obtained theze gquantities from the measurement of
chemical shifts. Many worker928 claim that the change in chemical shift
on li=bonding, A , is a measure of the atrength of the bond. The exis=

129 30-31

tonce of roughly linear relations between & and O z)s s O and pka
er beiwecen A and £3ﬂ24 indicate in a semiquantitative way the linear

rel ationship among AYs A oeADH and b and distance of X eccce Y,
o

Theory of ilydrogen=-8ond

A successful theory of the H=bond has to be able to explain all
the proporties for which extensive experimental evidencea are available.
The rocent development in theory m~de it possible to define certain con-
tributions to H=bond energios. Estimate on the relative importance ef
forces of different origin (coulomb, polarization, dispersion forces etc.)
becamne accessible to various quantum mechanical approach and give a
fairly correct description of isolated dimer or in some cazes, isolated
trimer but fails to deal with largeor clusters.

Somotime ago it had already been suggested by Coulson and

2. _
Daniolaon3 and independently by Tnubonura33 that the main proble=z in



the thoory of hydrogen=bond is brought about by a complicated super

position of the five men contributions which are of similar magnitude:

(i) Electrostatic or coulomb energy,

(ii) ©Exchange and repulsion energy,

(iii) rolarization energy,

(iv) Charge transfer energy or covalent contribution and

(v) Dispersion energy.

The efforts of recent calculations meet exactly these idease.
Various methods of application of perturbation theory and M. 0. uefhods
to theorctical investigation on IH=bond héve been described in détatlb
in "The Hydrogen Bonﬂ".-Vol.-i(by Schuster, Zundel and Sandorfy)North-
Holland publishing company.

All reliable calculations agree in the fact that conslderablo_
overlap between the molecule forming the H-bond accurs, and the whole
phenomena can be described neither by the electrestatic theory nor by
woak covalent bonding alone. A nice example demonstrating the superpo-
sition of different contribution to the H=bond energy was presented by
Kollman34. vho was able to explain the stereo=chemistry of [=bonded

structures by superpoasition pf coulomb and charge transfer energy.

Classification of Molecules vis-a-visg Hydrogen=Bonding

All molecules can be conveniently classified into four types with

respect to their ability to participate in the hydrogen-bonding(Table=1.2).
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Table 1. 2

Classification of Molecules according to Pimentel and MeClellan .

Description

mnolecules with one or more donor
groups (acids) and no acceptor
groupa

molecules with one or more
acceptor groups (bases) and
no donor groups

molecules with both donor and
acceptor groups.

molecules with neither donor
nor acceptor groups.

35

Examples

haloforms, highly halo=
genated compounds and

“acetylenes.

ketones, ethers, esters,
aromatics, tertiary amnines,
nitriles and isonitriles.

alecohols, water, phenols,
inorganic and carboxylic
acids, primary and secon-
dary amines.

saturated hydrocarbonéas,
c¢arbon tetrachloride and
carbon disulfide.

liydrogen bonding molecules are divided into types I through III,

while molcocules incapable of H-bonding form type=IV. The latter inclu-

des compounds which are used as the so called inert solvent in studics

of H-bonded molecules.

Varioug Hebonded Bystems ocerr vhen one or more of the three~ '

types of moleccules are present, The bulk of studies dealing with -

bonded systems have been performed in the liquid phase; and unless

othorvise specified we will restriet ourselves to solutions, It is

instructive to consider some of the types of H-bonded systems (}-bonded

equilibria) formed in solutions of various types of molecules.
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Typo I plus type IX molecules form Jl=bonded complexes, fre-
quently in a simple 1:1 ratio. The strength of H=bonding depends pri=
marily on the relative acidity of I and the basicity of II. The system

chloroform acetone is a typical example:

- ' ‘_'; - -
Cl.C - H » (cn3)2 C=0 — 013c Hoeeeo O = c(cn:,’)2

3
Type IIX molecules can selfe-assoclate by Hebonding with themselves.

Two types of H=bonded complexes may be formed:

(i) intermolecular, involving two or more separate molecules; and
(ii) imtromolecular, involving donor and acceptor sites within the
same molecule. The strength of H-bonding depends on the relative aci-
dities gnd basicitics of the donor and the acceptor sites and in case
of intramolecular H-bonds, on the spatial arrangement of donor and
accoptor sites. Self association through intermolecular Hebonds can
form a large variety of open illnear) and cyclic (closed) polymers.

The exact nature of the H=bonded molecular spéciés'present in water,
liquid alcohols, and phenols, and in thoir solutions in inert solvents,

remaing unclear inspite of a great deal of effort over the last 20 years.

Consequence of [lydrocen Bond Formation
A direct consequence of H-bond formation is the "self-association’’
of a compound to give dimer, trimer, or higher polyneri. Rydregen bond

formation causcs water to attach itself to foreign molecules, so that

their solubility in water is increased, Multiple bounded arrangements
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occur in liquid water and in liquid I and they are common in car-
boxylic acids, alcohols, phenols, amides, proteins, polypeptides and
polyhydroxy organic and inorganic materials. How thesevalcohola as
well as phenols and carboxylic aci®s form these polymers, are shown

below:

R R ' R
]

L y
/0° /0° /o:
b;n | T“H . ’.B'/

If

( In case of alcohol and phenols)

HeeoO 0 == H eeel 0-——-1!.--.0 0-—“
(In case of carboxylic acids)

Self Association and Eguilibrium Constant for Differont Self=-

Associated Species

Many He=bonded molecules cont:nin both donor and acceptor groups
and such molecnles can self associate through Hebonds in two or more
differont ways into a number of complex species (polymers, multimors,

n-ners) which may co-existx with one another in a sories of complicated
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equilibriage The most complicated cases of self-association are the
ones where the cyclic and linear Hebonded species co-exist. The best
known examples are water, alcohols and phenols. Their self-associa-

tion can be generalized schematically as in Fig. 1.2.

R R
' +ROH v % .rom R R R rom

Re(Hess O ——— R=OHesOHe s OH —— R=0H¢ « OHo « OH¢ « Ol === T

72 T

ROH+ROH R '
\ ' 0
Heo O %
\ ///H,= +ROH / \ +ROH 1 H +ROH
R=0 ‘O=R s R-O, ‘B __‘—T——-—A——-R"‘o =R ——— ete.
8 H/ ‘e H= O& ,t /
v H . H
R o "
‘

dimers triwers R tetramers

Fig. 1.2 Possible equilibria in the self-association of phenols and

alcohols (The terminal OH groups are underlined).

It is obvious that analysis of such systema requires the deter-
mination of many equilibrium comstants, Rigorous treatments using IR
absorption measurements are pessible in prlncip1Q36. but difficult to
carry out in practice.

The usual approach in studies of selfe-association using IR and
PMR technigues has to develop a model which assumes that only a few
ll-bonded species are presont (usually two or three) and then to carry

out couputntions from the experimental data to ascertain vhether con-
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~=sistent values of the association equilibrium constants are obtained.
In g typical example, ethanol was assumed to exist in 6614 solution
as mononer, opén dimer and trimer, and éyclic tetramer;7. Thig inter-

pretatioh yiolded Kiimer = 0.95 litre/mole, K = 95 litrezlhole3

trimer

and K = 650 litre®/moles.

tetramer

In the same study the diclectric polarization of ethanol was
measured and found to increase upto a mole fraction of 0,001 and then
to decrease with further increase in eothanol concentration. This evi-
dence was judged to indicate increasing dipole moments in the order
monomer< diner <trimer, due to open or linear form, and decreascd

dipocle mouent in the tetramer, due to the latter's cyclic form.

Acetic Acid:

It is novw eiear that a close study of even monomer-dimer
equilibria ig infested with various formidable complications. The
present work was undertaken to study only the monomer—dimer equili-
brium of acetic acid in various types of solvents.

Hegkmanss postulated the existence of monomer=dimer equilibrium
in order to explain the anomalous freezing point depreasionsg of carbo=-
xylie acids in inert solvents. Since this early work acetic acid has

been extensively studiedsg and the presence of a monomer-dimer equili-
brium has been corroborated.

<
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Using eloctron diffraction Karle and Brockway U concluded that
in the gas phase acetic acid exists as a cyclic dimer, Based on a
model assuming only a simple monower-dimer equilibrium, several att-
empts to measure this hydrogen bonding equilibrium constant have

resulted in a considerable range of Values41-45.

In the infrared spectroscopy, the extreme sensitivity of the
IR stredching frequency(llﬁ) indicates that Hebonding systems fnvolve
the nonebonded species in rapid equilibrium. The intensity of stret=-
ching froquency(l%;) is much more rsed for the measurement of equili-
brium congstant K of the H-bonéing in self-association, It is disturbing
to note that the magnitude of the equilibrium constant (dissociation
of the associated species) obtained from infrared intensity data decre-
ases rapidly vith increase of acetic acid concontration42-44.

lowever, the dimerigation of acetic acid has been gtudied
extonsively and the dimerization constant can be determined by various
methods, They include cryoscopy, ebulliéscopy at ntnospherié and re=-
duced pressure, Isopiestic measurements, absorption spectroscopy (visible,
UV and IR) and ultrasonic absorption. Useful summaries of such works
upto about 1953 were included in the papers of Lefevre and V1n046 and
Allen and Caldineso. Almost all of the recent investigations are limited

to IR47'49, NMRSO. dielectric polarizution51'52

and ultrasonie ntndless?
It is well known that the concentration dependence of the NMR

chenical shift can be uged to study hydrogen=bonded systenu54. nggins,
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rimontal and Shoolerydo first studied the NMR chemical shift of acetic

56-58

~acid in CCl,. This work was extended by Reeves and others « Recently

4
the MNMR chemical shift of the acid proton of acetic acid in CCl4 has
been investigated by Goldman and EMersonso. It was observed that con-
centration dependonce of the acid protonechemical=shift can not be
accounted for guantitatively by a simple - monomer-cyclic dimer equi-
libriume. Cne must conclude that other hydrogen bonded specics are
present in solution. The ebservation of long chain polymers in crys—
talline acotie ncid59 along with cyclic dimers in the gas phase lead
one to postulate that acetic acid in the liquid state can be described
as aa cquilibrium mixiure of the gas and solid statese. Recently infra-
red and Raman evidence indiecating the presence of chain polymers has
been repnrtedﬁo-sz.'éoldman and Emcrsonso explained the observed che-
mical shift quantitatively by assuming that acetic acid is present as
an equilibrium mixture of monomers, cyclic dimers, linear dimers and
linear polymerse

The structure of acetic acid dimer, trimer and tetramers as

represented by Ritter and Simons63 is given in the following:

C
G - H... O H3
c C’/’ *§>c Cl é
LN & PN
ovooﬂ" 0 /O Q
X b2
dimer y
V4
cus" lcl‘ G = [laosoO = (‘: - 0"3 cns.c o 0= HeeoO 2o C = C}%
? o trimer
i h
' g
0 0
L
CH.o= C = Qeseili= 0 = 8

3 = Chy
tetramer



A8 ve now sce, even monomer-dimer equilibrium of acetic acid in
solvents is not vithout problems. Let us look at the following equili-

briumg occuring simultaneously,

K
A+ A ‘"‘1—*5‘32 (open chain or linear)
e ——

A
and I \\ K3

K, .
As A——m— A; (cyclic chain)

wherao,

and

Ky i‘z_l
Ks = - Wil e

2 (4]
Therefore, it appears that in a simmltaneous formation of linear and
cyclic dimer, the ratio of concentration of two forms remain in a cons-
tant proportion and in such a case, this will appear one interaction

only as A e A—( Ay ¢+ A; )3 where a differeat equilibrium
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constanty K, appears.

4

Thug, _ T}

These pictures are applicable to ideal solutions only. The
solvent effect frequently complicates physico-chemical studies in so-
lution; of which ve gef ample evidence in the present work. For this
reason ve must take into account the factor which may distort the
equilibria of the interactions,

Finally it will be of interest to look at the table below. It is
seen that the value of K (association) cover a very wide range of

values from 27.7 to 5550 litre/mole.

Table 1. 3
solvent Temp.(°c) ) KAssociation(Iitre/mole) Method References
ccl, 25 5,550=-3200 IR 42
25 1,000=-2,650 IR 43
31 63.57 (linear) NMR 50
31 181 (cyclie) NMR 50
25 1800 IR 47
Benzene 30 370 DeC 84
25 116.3(polar) D.C 85
23 45,45 (non=polar) p.C 85
20 27.70 IR 86

28 500 IR 87




The lower values seem to be more reasonable. The lovwest value,

as seen here for acotic acid and benzene system, 27.7 litre/mole com=
pares vwell with the results of this work. The reasons for such diver=
gence of results are due to experiments at different concentration
ranges, use of different theorét!cal frame work and disregard of other
interactions exhibited by different solvent effects. Unfortunately most
of these reported works do not give the experimental data. For this
reason their coﬁparison in the same theoretical frame work could mnot be

possible,

solvent 1f¥fects

The closest approximation to a truely ideal system is the vapour
phase. In liquid astate no completely neutral solvent can exist since
dissolving take place only through some interaction between solvent and
aolute:molecuies. In his original develcpment of the method for the
determining dipole moment through measurement of dilute solution, Deb e
givesdue consideration to the question of whether the values so obtained
would be iﬂdependent of the nature of the solvent and identical with the
moments derived from the measurements on the vapour. In 1929 he suggested
that, as the internal forces which control the interatomic distances in
a molecule are of electrical origin, one might expect small difference,
which would increase with increasing dielectric constant of a solvent.
The existence of a "solvent effect™ was not given full credence until

1
attention was drawn to the matter by Mulle et in 1933, The first atteapt



- 23 =

to evaluate solvent effoct theoretically was by Heiglogo who distine
guished three possible factors which may contribute to the effects which

are observed. These are,

(a) sn extra contribution to the (apparent) dipole moment, acting in
the same direction as the latter, through the orientation of solvent

molecules by the field around the dipole;

(b) The change in the mean polarizability of the molecules under the
influcnce of an external field due to the orientation produced by the

dipole and

(e) The induced moment produced in the medium through the asymmetric

geometrical form of the dipolar molecule.

Since 1933 there have been innumerable attempts to derive equa-
tions relating to the apparent dipole moment of the substance in solu-
tion with the dielectric c&nétant of the medium, with the eventual aim
of permitting the calculation of the true moment of the isolated mole~-
cule from measurement on solution. The theories and emperical equation
so far attempted in pure liquid state interms of their distortion pola-

rization and dipole moment have not been completely successful. It has

been generally realized that Debye theory, developed for gases and vapour

and latter extended to dilute solution, where the polar molecules are
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relatively far apart, is inadequaye to cover the strong interac-
tiong which must occur between polar molecules in the pure liquids,
and therefore the treatment of the problem suggested involQed drastie
modifications. None of the theories have been thought satisfactory;
nevertheless they have made important comtributions to the understan-
ding of the subject. A full discussjion on the subject have been
excellently revieved by smitﬁ? The important types of interaction

that take place between solvent and solute may be classified as:

(i) Dipole =~ dipole interaction whereﬂboth solute and solvent

are polar;

(ii) solute permanent dipole = solvent induced dipele interaction

whero the former is polar and the latter is not;

(iii) Solvent permanent dipole = solute induced dipole interaction

for the reverse cases

(iv) Dispersion interaction between the solute transition = dipole

and the dipole induced imr the solvent;

{v) specific interactions such as hydrogen - bending, charge trans-

fer = complex formation, etc. and
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(vi) Solvent ~ cage compression effects on the solute where the
solute occupiea a volume larger than the site in the solvent quasi -

lattice.

(i - iv ) may be classified as general electrostatic solvent
effects and much of the theoretical work on seolvent shifts fnvolves

these interactions. Howover, where present, (v) and (vi) are likely
to domingte the spolvent = solute interaction and ara generally treated
as strong interactions leading to complex formation. But the other
effects (i) = (iv).can not be avoided by choice. The effects of
solvents on charge transfer complex have been extensively discussed

in ® Molecular Association ¥ Vol. I, by K. M. C. Davis, (Page 130=204),
Acadenic Pross, 1975. The H=bond complexes are not immune from such
effectss We will have more on these points in our discussion on the

results of the present investigation.

about this Work

In the present work an investigation on only monomer-dimer asso-
ciation equilibrium in‘;iVQ\nolvents of diverse nature by measurement of

specific volume and dielectric constant have been undertaken. The five
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solvents are:

(1) Carbon tetrachloride,
(ii) - Benzene,

(iii) Chlorobenzene,

(iv) Cyclohexone and

(v} itigh boiling hydrocarbon (#BH) ( 150°C = 200°C).

Carbon totrachloride; AMthough it is ordinarily thought that this

solvent is inert and have very little effect on solute molecules, it
is to be noted that BSharpe and Walker have published several papers
concerning interactions of carbontetrachloride with alkyl and hetero-

s4-§s. In general the interaction

cyclic amnines, ethers and sulphidex
of poly halogenated alkanes with a variety of lone=pair donors are
no louger in doubtﬁ7.

Benzene: This solvent is widely known to be a [ =electron donor68

which readily form a weak H=bond, (iauuﬂfmg,with highly polarized

fleatom such as aleohol, carboxylic acids etc.

Chlorgheonzene: The structure of chlordbenzene is given as,

: €€+ ) épi{_ : (:;j\';_“

%@5_4__% é___:,;;--.é

pr 2L

¥ fTaken from "pPhysical Chemistry™ by W. J. Moore, page=706,
prentice-Hall, Ince., Inglewood Cliffs, New Jersey, 1972.

see also,

trleetric Dipole Moments™ by Smith, Page=200, London Buttervorths
gcientific Publications, 1953,
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Thus we have two most important sites, (i) positively polarized
Cle-atom and (1i) donor ring orbital for interactions. We will find

profound effects of these sites in our present investigation.

Cyclohoxane and IMH: Although, in chemical sense, these two solvents

should be tinert! in comparison to all other kinds. We have here a new
kind of effect which will be called "solute - hole interaction®.

In thig work it is proposed that, at first, a very detalled
picture of variations of a measured property should be build up ( in
our case specific volume and dielectric constant), by very accurate
and careful experiment approaching from very high dilution to more
concentrated solution; so that it is visibly evident that some kind or
other interactions are most probably taking place within the range. The
importance of finding the ranges of various interactions is that the
variations of property with changing concentration can be examined
analytically so that it become pertinent to subject them to particular
calculation of important paramet;rs. The measurement specific volume
has been done by "Magnetic Float Densimgterﬁ:an& dielectric constant
by "Dipole Meter® using a very large cell; the éxanination of error of
data and building of curves has been done by a powerful graphical method
known as "Linear Transform" and the examination of these variations of
property have been done by a new formulation of variation of apparent

molar proporties with the change of concentration.
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THEORETIC AL DISCUSSION

Yolume Changes on llydrogen=Bonding

In the absence of W-bonding, therefore, the distance between

A and B should be as represente& in the following diagram:

ooo-t)| seace
[

=
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=

i
|
:
|

o —

i
& l

> s |
Ran Ry B

N

where RAH is the covalent bond distance of A Ry Ry is the vander
waalts radius of the li-atom and Ry is the vandar waal's radius of the
B-atom. Therefore, the closest distance between A and B in absence of
any intoraction should be egual to ( RAH +* R“ + RB )o Therefore, the
observed distance between A and B when subtracted from this calculated
distance, gives the contraction of A «e.s B distance on R-boand formation,
denoted by é;(g....n).-and similarly the Hlee..B distance is less than
R, + B, by an asount {(/leessB)s It 18 to be noted that §(AeeesB) is not
exactly egual to (SXH....B) and vhich indicates that the H=bonding is
never without an effect on the length of the original covalent A-H bond.
This effect seems to be the expansion of this bond under some sort of
an attractive force on the H-atom.

The study made on the over-lapping of vander waal's radii of H and

B and the position of Heatom with relation to A and B by Barman and Rahim

is worth—notinge. where it is indicated that H=bond formation not



only shortens the He...B distgnce but also leaves an overall shorten-
ing of Acee.B distance of comparable in mggnitude and which must cause
an overall volume contraction., Thus, there is an excellent possibility
of detecting the H-bond formation by measuring the volume contraction
of the recacting specics;.we may réﬁresent the geometry of the molecules

before and after the il=bond formation in the following manner:

Gverlapping zone, indicated by the shaded pertion, represents
the volume contraction consequent to the shortening of H....B distance.

Therefore, the important postulates are:

(1) There is a net definite volume contraction for the formation of
particular molecular complex, and
(i1) The shorter is the H-bond interaction the greater is the volume

contraction.

3

Diclectric Chanzes on llydrogen-Bonding

The formatien of a He=bond A~He...B leads to an increased polarity
of the bond A~H and hencey to a large d., ¢. and greater dipole momente.

The de ¢+ {(permitivity) is proportional tn/fodThus, the two dipols A-H,
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each of moment [ , associate to form a structure - A=Hseoso A=H of
momont 2,/% s the increase of permitivity ié proportional to an incre-
ase of 2 /igv/to e A )2.-Th13 has been viewed for basic reason for

the abmormally large permitivity of water.

Matual polarization of the donor and acceptor molecule involving
ll=bond substantially influences the d. c. measurement. rhese pélariza-
tions change the dipole moments of both the partners in the complex by
an unknown amount it is seen that the dipole moment of the complex is
appreciably:greatar than the vector sum of the components. The use of
permitivity measuremenés in the study of intermolecular H-bonding in
solutions is exemplified by - the isomers of octan0l by Dannhauser
Qnd his collaborator359. Tt is poesible to distinguish linear and

cyclic self=association of various alcohols.

When the complexes studied dissociate strongly we have specific
design of experiment and specific design of mathematical processing for
the different physical methods. There are general approaches for
-atudying veoak intermolecular reaction some of ?hiéh are graphical
interpolation method which are widely used and can be termed "Linear-

fzation of relation with insuffjcient numbo?70.

Theoretical Treatment

Prosent work utilizes a new theoretical frame work developed
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by Rahin’*s The ingencous way it has been developed is presented in

the following:

The molar property of a pure substance is calculated by multi-
plying the specific property by its molar volume and the molar property
of a solution is calculated by multiplying specific propetty of the

nigture by its molar volume, which can be expressed as :
Pm BPIVE sensesscsssnes 2. 1’

Vs here is the volume in which $Z{= 1, where xj, the mole fraction
of ith species and thus molar volume is calculated by Vm = UG xi Mj in

which \% ig the specific volume of the aluition’ o,

There are varioug molar properties which are found to be struc-
turally additive (vectorig¢ally or othervwise, such as, molar volume,
molar refraction and molar polarization‘. Théso properties seem to
follow simple additivlty rule in mixtures where no appreciable intere
action between species 1s expected; the additivity rule can be expressed

Aas,

Pi = ZPI xi XE RN ERREREE RN R 2‘ 2.’

vhere, Pl' Pi and Y; are the molar property, specific property and
mole fraction of fth species. Whemever there iz a devigtion of the

observed molar property P from Pi' an interaction between gpecies are
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taken into consideration., This rule holds fairly well so that this
deviation of molar properties are widely used in the studies of va-

rious molecular interaction in solution - 00,

Suppose we have x, mole of a subastance A, which remain in
solution in various polymeric forms, such as, monomer, dimer, trimer
etc., designated as A1. Az' ‘3' eees in a solvent B, then the molar

d
B and X, enote
molar property and mole fraction of the solvent B. Let us divide both

property would be P’a<£_pixi + Py x§42.3) vhere P

sides of eguation(2.3) by X, 0 the mole fractjon of subgtance A and we

have the equation{2.4) ,
xi; x

P, B - o ‘
| e o p —c *P [y v PecsccsvEves 2.40
x, 7 i X, B x,

The equation(2.4) can be expressed as,

? &= ipl xi + ~ 8 Seooetsoessssossane 2.5

Pp¥p

A
gpecies which is equal to xi/xA. Please note that the mole fraction,

Where, P = P/xA and S = and Xy is the mole fraction of ith
Xg is now calculated only in terms of species A alone and solvent species
is kept apart being calculated on the basis on its actual presence por
mole of substance A.

Thus E—S = p‘:ﬁ issseesbsseensaee L¢ B
Note that P=S is the apparent molar volume of substance Ay now desi-

gnated as PSe
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Suappose one mole o: A is dissolved in Xb mole of solvent B in
which only monomer and dimer exist. In that case, the equation (2.6)
becomes PS = P1X1 * Pz 5 eevsccese 2,7, showing that the appafent
molar property is dependent on the relative presence of moncmer and
dimer,.
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