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Solvent-Induced Effects on Infrared Spectra

R. E. KAGARISE
Physail Cheuisthy Branch

Chemistr Division

T-.e historical development of theories for solvent-induced infrared frequency shifts is given and
several of these theories are then examined in the light of accurate experimental data. The bulk di-
electric theory of Buckingham predicts that the ratio of the itnegrated intensity of an absorption band
and the square of its frequency is an isotopic invariant. This prediction is checked using the C-H and
C- D stretching bands of CHCIs and CDCh; CHCIsBr and CDChsBr; and CHBr3 and CDBrs. Ratios of
1.73, 1.54, and 1.20, respectively, are observed. These values are in significant disagreement with the
predicted value of unity. Bellamy-type plots are constructed for the C-0 vibrations of a number of
solutes and, in general, the resulting curves do not pass tf"rnugh the origin as predicted.
origin as predicted.

Theoretical band contours resulting from two overlapped bands are computed for various band
maxima separations, and the effect of intensity changes of the individual bands on the shape of the
resultant contour is discussed. These theoretical predictions are then applied to the interpretation
of a number of mixed solvent studies which show the complexity of most solvent-solute interactions.

Finally, these techniques are applied to the 750 cm-1 band of tetralin and the 680 cm-1 band of ben-
zene which are unusual bands in that they show a "blue-shift" with increasing solvent polarity. The
observed behavior in the intensity and shape of the bands, as a function of solvent composition, cannot
be explained in terms of either complex formation or bulk dielectric effects. These observations pro-
vide additio"-l evidence that frequency shifts are probably due to a number of interactions which in-
dividually produce frequency shifts of different magnitude and direction.

HISTORIC.LL BACKGROUND interaction. The energy of such bonds is typi-

It is well-established that molecular interactions cally in the 10 to 15 kcal/mole range. At the

can give rise to a number of changes in molecular other end of the scale one encounters the rela-

spectra. The frequencies of the normal modes of tively weak interactions which involve bond en-

vibration may be either raised or lowered; the in- ergies of 2 to 3 kilocalories/mole. The com-

tensities of the bands may be changed by as much plexing of chloroform and acetone is character-

as an order of magnitude; and the half-width and istic of such interactions. Finally, we have the

shape of the bands may change drastically. In addi- very weak interactions which give rise to rela-

tion, these interactions can result in changes in tively small spectral changes and which have been

the effective geometrical symmetry of the absorb- the subject of a great many theoretical and ex-

ing entity, which results in the appearance of perimental papers during the past 25 years. This

previously forbidden transitions. Finally, combi- report will be concerned primarily with these

nation bands involving zimultaneous transitions weaker effects. In particular, we shall be con-

in a molecule and one or more of its neighbors can cerned with solvent-solute interactions as opposed

result. The study and understanding of these to the modification of solute-solute interactipns

spectral changes is an important approach to the by means of dissolution in an essentially inert

determination of molecular dynamics and inter- solvent.

actions in condensed media. The study of weak solvent-solute interactions
The magnitude of molecular interactions en- began with the work of Kirkwood, as reported by

compasses a considerable range of energies. At West and Edwards (1), and Bauer and Magat (2).
one extreme, one encounters the very strong in- These investigators, working independently, de-
teractions which result in the formation of rela- rived a formula which relates the relative fre-
lively stable complexes. The strong hydrogen quency shift experienced by an oscillator in going
bonds which result in the formation of the car- from an isolated environment to a condensed me-
boxylic acid dimers represent a somewhat weaker dium in terms of the dielectric constant of the me-

NRL Problem C07-01, Project RR 001-02-42. This is an interim report; dium. The theory is based on the concept of a re-
work is continuing on this problem. action field which is the mean electric field acting
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on a molecule due to the polarization induced in to explain solvent effects solely on the basis of
neighboring molecules by its own charge distribu- specific interactions. This school of thought has
tion. The theory generally assumes a point dipole been given its greatest impetus by the work of
located in a spherical cavity surrounded by a uni- Bellamy and co-workers (20-24). The approach
form medium of dielectric constant, E. The result- taken by these investigators is to compare the fre-
ing equation is the well-known "Kirkwood-Bauer- quency shifts of two different solutes in a variety
Magat" formula (KBM) of solvents. By this means, Bellamy, et al. (20)

reasoned that one could eliminate those properties
AvIv = C(e - 1)/(2E + 1) (1) of the solvents which operated to similar extents

in the two cases. They further reasoned that if the
where v is the frequency in the vapor or isolated frequency shifts depended upon some property of
state, Av is the frequency shift, E is the dielectric the solvent such as the dielectric constant, a sim-
constant of the solvent medium, and C is a constant pie linear relationship with a slope of 45 degrees
which depends only on the properties of the vi- would result, but if the properties of the solute
brating molecule. molecules are also involved, a line of different

The KBM formula, which is the basis of the bulk slope would result. Bellamy and co-workers have
dielectric theory of solvent effects, has been ap- studied a number of solute molecules and have
plied to a wide variety of solute-solvent systems been able to show that the slopes of the resulting
(3-14). The general conclusion reached by most straight lines differ considerably and can be cor-
of these investigators is that the KBM relationship related with the proton-donating or accepting
is valid for nonpolar solvents but fails in the case power of the vibrating entity. On the basis of
of polar solvents. In order to explain the fre- these data they have suggested that specific in-
quency shifts in polar solvents, additional terms teractions are responsible for solvent-induced
have been added involving the refractive index frequency shifts, and have given considerable sup-
of the solvent and other parameters such as the porting evidence for this hypothesis by studying
molar volumes of both solute and solvent. How- frequency shifts in mixed solvents (22). By this
ever, most of these theories relate observed fre- means they were able to show that the solvent
quency shifts to bulk properties of the solvent shifts exhibited by a number of X - H stretching
and neglect specific interactions. Such modifica- vibrations were due to local or specific interac-
tions of the original KBM theory have been pro- tions rather than nonlocalized dieleatric effects.
posed by numerous investigators (5,6,15-19). The first'systematic attempt to isolate the indi-

The proponents of the bulk dielectric theory vidual contributions made by specific and dielec-
have long recognized the existence of specific tric effects to the total frequency shift was made
interactions between solvent and solute mole- by Caldow and Thompson (25). They attempted to

cules, and have explained the exceptions to KBM- fit a number of sets of experimental data to an

type theories in terms of such interactions. Thus equation of the type
it is generally agreed that solvent-induced fre-
quency shifts are due to both dielectric effects and A,/v = C, + C, e -1 + C, fn -1I + C4 or*, (2)
to specific interactions. However, little has been 2e + 1 2n2 + 1

done to evaluate the relative magnitude of the
individual contributions to the total shift. It. is where e is the dielectric constant, n the refrac-
interesting to note that most of the vibrational fre- tive index, or* the Taft inductive factor (26,27),
quencies which have been utilized to check the and the Cs are constants characteristic of a given
validity of the KBM-type formulas are due to func- solute vibrational mode. While this approach was
tional groups which are known to form hydrogen partically successful in fitting the observed data,
bonds. These include such groups as N -- H, 0- H, it was not adequate to isolate or indicate the rela-
C=O, C=N, and the C- H group in chloroform. tive importance of the various factors contributing
Thus one is naturally skeptical about the relative to the frequency shifts.
significance of bulk dielectric effects. In a recent series of papers, Whetsel and Kaga-

In rather sharp contrast to the bulk dielectric rise (28-30), utilizing the technique of mixed sol-
theory of solvent effects, a second school of vents, have been able to partially isolate the con-
thought has more recently developed which tends tribution which complex formation makes to



U.S. NAVAL RESEARCH LABORATORY 3

solvent-induced frequency shifts. In general, the fore subject to considerable experimental error.
specific effects exceed what could possibly be at- The quantity Ap/p is likewise an isotopic in-
tributed to bulk dielectric effects. More recently variant, according to the Buckingham theory.
Heald and Thompson (31) have suggested that dis- The integrated intensity of the C - H and C - D
persion forces are quite significant in the case of stretching vibrations of several haloforms, both
CO 2 and several C=O group containing com- as pure liquids and in dilute C! 4 solutions,
pounds. It therefore seems quite certain that have been measured, and the results are given in
any theory for solvent-induced frequency shifts Tables 1 and 2.
must consider the contribution from specific in- These'data were obtained with a Perkin-Elmer
termolecular interactions be they dipole-dipole, Model 112 double'pass spectrophotometer
dipole-induced dipole, or dispersion forces. equipped with a 75 line/mm diffraction grating.

In this report we shall present data which serves The spectral slit width used was about 0.5 cm-.
two purposes. First, it will demonstrate that exist- With this resolution, it is felt that the intensity
ing theories are inadequate to explain the ob- measurements are reliable to ±10% in an absolute
served facts. Secondly, it will discuss some tech- sense and considerably more reliable in a relative
niques which should prove useful in isolating the sense.
various factors which give rise to solvent effects. An examination of the data given in Tables 1

and 2 shows that the prediction that Ai/p is an
isotopic invariant is substantiated. However, it

EVALUATION OF EXISTING THEORIES should be pointed out that the ratio (Avl/)HI

The Kirkwood-Bauer-Magat Theory (Av/p), is slightly greater than unity in every
case and there seems little doubt that this is a

The bulk dielectric school of thought, as exem- real effect.
plified by the KBM-type equations, has reached The quantity A/l 2 on the other hand, is quite
its most sophisticated state of development in the sensitive to isotopic substitution. For chloroform
work of Buckingham (17,19). One of the conse- CHCI 3 , the ratio is about 1.75, both in the pure
quences of this theory is that the integrated in- liquid and in CCI4 solution. This value decreases
tensity of an absorption band dividing by the as the degree of bromine substitution increases.
squareof the frequency (A/l 2 ) is independent Thus the data clearly demonstrate that A/lp is
of isotopic substitution. The intensity data, rather sensitive to isotopic substitution. This
which Buckingham used to check this predic- sensitivity is probably related to the reduced am-
tion (the C-H and C-D stretching band of plitude of the deuterium atom as compared to the
CHC13 and CDCI,4 were obtained in different hydrogen atom during the stretching motion. In
laboratories using prism instruments, and there- a previous study (32) it was shown that the energy

TABLE I
Comparison of Frequency and Intensity of C - H and C - D Stretching Vibrations

of Some Haloforms in the Pure Liquid

HCCh DCCII HCCItBr DCCIsBr HCBrs DCBra

,(vapor)* 3033.4 2263.6 3040.3 2267.1 3048.7 2272.2
P(liquid) 3020.2 2254.6 3020.6 2252.8 3020.6 2251.9
Art 13.2 9.0 19.7 14.3 28.1 20.3

l0V,-x I ( 4.35 3.97 6.47 6.31 9.22 8.93

At 706.6 227.7 1177.5 425.7 2174.8 1010.6

AlIs' xIO' 77.5 , 44.8 129.0 83.8 238.4 199.3

1.09 1.02 1.03
(AlV1)1(A1,2), 1.73 1.54 1.20

*Al I reqtaan , iesare xr e iin m

tAr - ..(vapor) - mhquid)

$1ntegpated intensity in units of liters mole I cmu
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TABLE t

Comparison of Frequency and Intensity of C - H and C - D Stretching Vibrations
of Some Haloforms in CC4 Solution

HCCI DCCh HCCIBr DCChBr HCBrs DCBrs
,(vapor)* 3033.4 2263.6 3040.3 2267.1 3048.7 2272.2
v(in CC4 ) 3019.8 2254.1 3023.9 2254.0 3030.1 2258.7
Apt 13.6 9.5 16.4 12.1 18.6 13.5
AVv/ x 10X 4.48 4.20 5.52 5.34 6.10 5.94
• 558.9 170.8 753.8 279.8 1463.1 679.0
A/•I X 10 61.3 33.6 82.4 55.0 159.3 133.1
(AIV)HI(AVII') 1.07 1.03 1.03
(A1P,)H1(AII1s)D 1.82 1.50 1.20

"All frequencies are expressed in cm-.
Mw - P(vapor) - &.(liquid).
$1ntegrated intensity in units of liters mole-1cm-n.

of the haloform-acetone complex decreases as one and the three completely halogenated methanes
goes from chloroform to bromoform. Since the in- (curve D) fall on straight lines. However, these
tensity changes in the band due to the C- H or various curves are separated both in intercept and
C-D stretching mode are closely associated with slope by significant amounts. One would certainly
complex formation, it is perhaps not too surprising conclude from these data that the KBM relation-
to observe the above-mentioned changes in A/,' ship is not adequate. One can further test this
with isotopic substitution, theory by varying the quantity (n2 - 1) / (20 + 1)

In many of the earlier attempts to check the va- for a particular solvent by simply varying the
lidity of the KBM relationship, solvents were temperature. As one lowers the temperature,
chosen primarily on the basis of their transpar- the density increases and the refractive index
ency in the region of interest and on the basis of n increases. The effect of such a temperature-
their dielectric constant and refractive index induced change in n on the carbonyl stretching
values. While this resulted in the widest possible frequency is shown by curve E. Although the rela-
range of values for the function (ns - 1)/(2n2 tionship is quite linear, the slope of this line
+ 1), it did not provide an opportunity to study differs considerably from that of curve A. One
systematic changes in solvent properties. To rem- must therefore conclude that the change in fre-
edy this situation the carbonyl frequency of ace- quency in at least one or perhaps both of these
tone has been studied in a number of halogen- cases is not due solely to changes in the refractive
substituted methanes and benzenes. The observed index of the solvent.
frequencies and frequency shifts and computed It should be pointed out that several other sol-
(n2 - 1)/(2n2 + 1) values are listed in Table 3. vent properties vary in an essentially linear man-
These data are also shown in Fig. 1, where the ner with the function (n2 - 1)/(2n2 + 1). Two of
frequency of the carbonyl group stretching mode these seem to be particularly significant as will be
is plotted as a function of the quantity (n1 - 1)/ pointed out later. The first of these is the electro-
(2n' + 1). It is obvious from these data that the negativity of the substituents. In the case of the
KBM relationship is inadequate. However, it is haloforms it is reasonable to assume that the hy-
possible to note some linear relationships if one drogen bonding ability of the hydrogen atom is
considers solvents of similar structure. related to the electronegativity of the substituent

For example, the C=O frequencies for the four atoms. In Fig. 2, the sum of the electronegativities
haloforms lie on straight line (curve A) as do the of the substituent atoms is plotted as a function of
points for the three methylene halides (curve B). (n2 - 1) / (2n2 + 1) and the presence of linear rela-
Similarly, although with somewhat greater scatter, tionships is apparent. Secondly, if the solvent
the data for the halogenated benzenes (curve C) shifts are due to dispersion type interactions one
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TABLE 3
Frequency of the C=O Band of Acetone in Some

Halogenated Methanes and Benzenes

Solvent Jc-o AV, aiP x 109 ns - 1i2s + 1

Cd4  1717.2 19.8 11.4 0.215
CClsBrs 1714.1 22.9 13.2 0.234
CBr 4  1708.0 29.0 16.7 0.253
CHCl3 1711.1 25.9 14.9 0.210
CHCIsBr 1710.0 27.0 15.5 0.228
CHCIBrs 1708.9 28.1 16.2 0.242
CHBrs 1708.0 29.0 16.7 0.255
CHCi, 1712.1 24.9 14.3 0.204
CHtBr* 1709.9 27.1 15.6 9.239
CHsls 1707.0 30.0 17.3 0.287
CsHsF 1715.6 21.4 12.3 0.219
CHSCI 1715.3 21.7 12.5 0.235
CsHsBr 1714.2 22.8 13.1 0.244
CsHsI 1713.1 23.9 13.7 0.260
Vapor 1737.0 0 0 0

............... .tially linear over a refractive index range of 4.3 to
(D) 1.7. Since this range encompasses most of the com-

mon organic solvents, it is apparent that frequency
shifts may also be correlated with dispersion

"• ~forces.
Thus it is clear that the existence of a linear re-

lationship between frequency shifts and the bulk
A dielectric properties of a solvent is inadequate to

1 0eliminate the presence of specific intermolecular
?(E) forces which may play a dominant role in deter-

mining the magnitude of the solvent-induced fre-
quency shifts.ITh• *l*,s*

0.. a.20 O..U 0.24 0.26 o1 010
(00-1)/ (21+1)

Fig. 1 - Plot of the carbonyl frequency of acetone vs the re- The Bellamy Theory of Specific Interactions
fractive index function (P;' - 1)/(2n' + 1), for various hal-
ogenated solvents. Curve (A), the haloforms; curve (B), the The position that solvent-induced frequency
dihalomethanes; curve (C), monohalobenzenes; cprve (D), shifts are due primarily to specific interactions
perhalomethanes; curve (E), at various temperatures in has been defended most strongly by Bellamy and
chloroform. his co-workers (20-24). They have based this on

the so-called Bellamy plots in which the AP/a,
would expect the shifts to be a function of the terms for a series of solutes is plotted as a func-
mean polarizability of the solvent molecules. Ac- tion of Av/1' for a reference solute. According to
cording to the well-known Clausius-Mosotti equa- the arguments proposed by Bellamy, those solutes
tion, the mean polarizability is proportional to the which interact more strongly with the solvents
quantity (ns - 1)/(ns + 2). If one plots the quan- should yield straight-line plots of the slope less
tity (ns - 1)/ (ns + 2) as a function of (ns - 1)/ than 45 degrees, while solutes having weaker
(2ns + 1), the result is a curne which is essen- interaction energies should have steeper slopes.
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9 "there is no reason why they should be equal for any
two given solute molecules. Thus we see that bulk
dielectric theory would also predict plots similar to

4- those predicted by Bellamy on the basis of specific

interactions only.
A second indication that the Bellamy approach is

inadequate is that many plots do not pass through
the origin..Examples of this are shown in Fig. 3
where Aviv for five solutes have been plotted as a

s 0"202function of APv/ for ethyl acetate. The solvents
used included cyclohexane, methyl iodide, ace-
tonitrile, 1,2-dichloroethane, nitromethane, meth-

0 ylene chloride, syin-tetrachloroethane, chloro-
o• form, and bromoform. An examination of this fig-

.al ure reveals that most of the lines do not pass
4- through the origin. Moreover, with those which do

the intercept may be either positive or nega-
If one makes the reasonable assumption that

the frequency shifts are due to several factors, in-
3- ca0 "oG,, DP cluding both dielectric and specific effects, the

complexity of a Bellamy plot becomes apparent.
For this purpose let us use the formula proposed

0 . 04 0 by Caldow and Thompson (25) which is0.t0 0.tt 0.t4 0.t6 0.tO 0.30

(10-1)/( I A POlv= C 1 + C2 (e- 1)/(2e+ 1)

Fig. 2 - Sum of the halogenelectronegativities as a function of
(n" - 1)1(2n' + 1) for various halogen-substituted solvents + C' (n' - 1)/(2n' + 1) + C4o'*. (4)

A similar equation applies to a second solute and is
These lines should pass through the origin. There given using primed quantities for the solute de-
are two rather obvious shortcomings to this ap- pendent terms
proach to solvent shifts, which is the opposite

extreme of the bulk dielectric theory. First, one A'/v' = Cl' + C2' (e - 1)/(26 + 1)
would expect to obtain similar plots if the KBM
theory were correct. Let us consider the follow- + C3'(4n2 - 1)/(2n2 + 1) + C4'o'*. (5)
ing example of two solutes whose frequency shifts
are given by Equation (5) is solved for or* and substituted in

SC, (e 1)/(2e + 1) Eq. (4) to give

and AV,=C, - .C + C2 -___
P_4P 4, C4 '\2 e+ -1

Av2/v : = C2  ( e - 1)/(2 e + 1). ,) 1 _ I ).+ CS-• l\2n---+l+ s.C4---- ' 6

By straightforward manipulation it follows that

Using the data of Caldow and Thompson (25), we
%VIlv, = (C,1C 2) Av2/v2. (3) have evaluated the constants C1, C2, C3 , and C4

for the carbonyl stretching mode of acetone, di-
A plot of this equation would yield a straight line methyl acetamide, and acetyl pyrrolidine. In gen-
whose slope is determined by the values of C, and eral, Eq. (6) will result in a complex relationship.
C2. Since these constants are solute dependent, However, in practice the range of values in
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Fig. 3 - Plots of As/Iv for the carbonyl stretching frequency of ethyl acetate vs the correspondifig
quantity for various carbonyl groups containing compounds dissolved in various common solvents

S-ODI9THYL ACITAMI

00
LO-

00

Ik O-M-AGETYL PYRROLImINE

av'/si' X l0t

Fig. 4 - Plot of A P/ v for the C-0 band of acetone vs A P/ r for the C-0 bands of a-acetyl pyrrolidine
and dimethyl acetamide in various common solvents. The solid lines are theoretical curves based on
the Caldow-Thompson equation for solvent-induced frequency shifts.

(e- 1)/(2e + 1) and (n2 - 1)/(2n2 + 1) is rather Composite Theories
limited and one can consider them to have a con-
stant value which is close to their median value. On the basis of the foregoing discussion it is
Substituting constant values of 0.45 for (e - 1)/ quite apparent that solvent induced frequency
(2e + 1) and 0.2 for (ns - 1)/(2n' + 1) in Eq. shifts cannot be satisfactorily explained in any
(6) yields the straight lines shown in Fig. 4. The simple manner. The assumption of either bulk di-
solid line having the greater slope depicts the re- electric effects or specific interactions as being
lationship between Aa,/, for acetone and dimethyl the predominant factor is a gross oversimplifica-
acetamide, while the other line is that for acetone tion. Thus it seems certain that if one is to under-
and acetyl pyrrolidine. The experimental points stand the nature and origin of solvent-induced
are shown by the circles and these agree reason- shifts, an experimental approach must be devel-
ably well with the predicted lines. oped which will enable the isolation or separation
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of the various factors which are responsible for and understanding of these spectral changes can
these shifts. The need for such an approach has be invaluable in leading to a proper interpretation
been recognized and pointed out by Heald and of mixed solvent data.
Thompson (31). They have attempted to eliminate
some of the many possible interactions such as Caculaon of Overlapped Band onturs
dipole-dipole and dipole-induced dipole by study-
ing the effect of solvents on the infrared absorp- The starting point in any calculation of the con-
tion of CO2 , a molecule which does not possess a tour of overlapped band systems is, of course, the
permanent dipole moment. These results indicate shape of the individual bands. A recent study of
that specific intermolecular interactions predomi- frequency shifts by differential spectroscopy has
nate and that dielectric effects are secondary. indicated that absorption bands may be described
However, because such an approach is limited to a fairly satisfactorily by means of the well-known
relatively small number of molecules, it cannot be Lorentz band shape. Deviations from the Lorentz
applied to the majority of solute molecules. There- shape were in many cases due to overlapped bands
fore, the need exists for a more general approach. and not to an intrinsic change in band shape.
In the next section we shall discuss some of the Thus, all the calculations reported in this investi-
progress that has been made at this Laboratory gation are based on the assumption of Lorentzian
towards meeting this need. band shapes. Certain other assumptions were

made in order to simplify the calculations. These

MIXED SOLVENT TECHNIQUES are summarized below, together with the band
shape expression.

The use of mixed solvents has already been 1. The bands have a Lorentzian shape, i.e.,
shown to be a powerful approach to an under- A = al (v - v0) 2 + b where A is the absorbance,
standing of solvent-induced frequency shifts P the frequency, and Po the frequency at the ab-
(13,22,28-30,32). If the solute absorption fre- sorption maximum. The constants a and b are
quencies in the two solvents are well separated, related to absorbance maximum and the width at
i.e., At, is at least several times the half-widths half intensity by the equations A...a= alb' and
of the bands, the interpretations of the solute ab- Ap,/t = 2b.
sorption in mixtures of these two solvents is rela-
tively straightforward. If bulk dielectric effects 2. The two component bands have equal widths

predominate, one observes a progressive shift in at half intensity.
frequency as the solvent composition is varied 3. The resolution of the spectrometer is ade-
from one extreme to the other. However, if spe- quate to give true band shapes.
cific interactions predominate, two separate and The various parameters used to describe the
distinct bands are observed in the mixtures and shape of the resultant band are shown in Fig. 5.
their relative intensities change with composition, The system illustrated consists of two bands
the frequencies remaining essentially constant. (dashed curves), Lorentzian in shape and sepa-

Unfortunately, many situations are encountered rated by 1.2 b or 0.6 API/2. The individual bands
where the two frequencies are not well-resolved, have maximum absorbance values of 0.5 and 0.3,
In these cases the separation and the half-width respectively.
are comparable and one never observes two clearly The resultant band, which is obtained simply by
defined bands. Instead one observes band asym- adding the absorbances of the two component
metries, changes in intensities and changes in the bands, is shown by the solid curve. Most of the
half-width. Thus it is considerably more diffi- quantities used to describe this band are self-
cult to discern between dielectric effects and spe- explanatory and need not be discussed. However,
cific interactions., With overlapped bands either the parameters 8P, and Sis require further expla-
effect will result in a progressive change in the nation, since they are used to describe a very
frequency of the absorption maximum. We have important property of the composite band, name-
therefore synthesized a number of hypothetical ly, the asymmetry. Their sum, 8P,' + 8,t - A=is,
overlapped band systems in order to elucidate the is the width of the band at half intensity. Their
spectral changes which occur as the relative in- difference, 8P,, - 8P,2, represents the asymmetry.
tensities are varied. It is felt that an appreciation This quantity is zero for symmetrical bands and
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______________'V.
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Fig. 5- Description of band shape parameters used in calculation of overlapped band contours

increases in absolute value as the band becomes 00 , , A ,
more asymmetrical. A, At

o.2 / a) Q6 0., ., -The procedure used in computing curves similar 0.- \ ) 0 0.3
o) 0. 0.

to that shown in Fig. 5 was as follows. For a given IN °.
value of Av, the quantities At and A2 were varied 0..
in a stepwise fashion such that their sum, A1 + As =
0.8. A typical family of curves obtained from
such a procedure is illustrated by Fig. 6. The o"
value of AP used in this instance was 1.2 b. This
corresponds to bands separated by 0.6 of their 50°/
half-width. Thus for a half-width (2 b) of 10 cm- 1,
AsP would equal 6 cm- 1.

The four curves shown in Fig. 6, correspond to
the intensities of A, and A2 listed in the upper o.
right-hand corner. There is, of course, an addi- OA

tional set of four curves which one obtains by in- --1
terchanging the values of A, and A2. However, °2A -ie -oA 0 i.e 2A as.
these are mirror images of the first set (with re- f
spect to the f= 0.6 line) and have not been shown Fig. 6 - Some typical theoretical band contours for two over-
in order to avoid confusion. lapped bands separated by 0.6 of their width at half intensity
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Similar families of curves have been constructed For two bands separated by 0.4 b, the maximum
for values of At, equal to 0.4 b, 0.8 b, 1.6 b and half-width is 2.12 b. Thus for A&,/s = 10 cm-1,
2 b. For the two higher Ay values, one obtains the change in half-width would be 0.6 cm- 1 ,
two distinct maxima when the component bands which is comparable to the experimental error.
are of equal intensity. At other intensity values, For a band separation of 0.8 b, and a half-width
the weaker band appears as a shoulder on the of 10 cm-1 , the maximum change in half-width is
stronger band. 2.4 cm-1 . While such a change can be measured

Having obtained the above described set of with reasonable accuracy, it would appear that the
curves, it was possible to relate such quantities as measurement of half-widths is not a particularly
A,,., 8v, + 8P2, and 8y, - 8V2 to the relative in- satisfactory means of differentiating between bulk
tensities and separation of the component bands. dielectric effects and specific interactions. This is

In Fig. 7 are plotted various quantities as a func- particularly true if the half-widths of the indi-
tion of the relative intensity A,/1(A1 + A2). In the vidual bands are not exactly equal, a situation
present calculations A, + As was maintained at a which is commonly observed in practice.
constant value of 0.8. Figure 7a shows the effect A second possible means of differentiating be-
of varying the relative intensity on the half-width. tween bulk dielectric and specific effects is illus-
In the absence of overlap, the half-width would be trated in Fig. 7b. For bulk dielectric effects one
2 b. Thus if bulk dielectric effects were responsi- would expect Iy, - 81'2 = 0 for all values of A2/
ble for the observed frequency shift between two (A, + As). Specific interactions, on the other
solvents, the half-width. would remain constant in hand, would result in the curves shown. The mag-
mixtures of the two solvents. It is assumed, of nitude of 8p, - 8v2 is strongly dependent upon A P
course, that the band half-widths are the same in as one might suspect. For At' = 0.4 b, the effect is
both pure solvents, too small to be observed. However, at larger At'

For specific interactions which result in two values one can probably observe the S-shaped
distinct bands whose relative intensities change character of the curve with a fair degree of
with the composition of the mixture, a funda- reliability.
mrentally different change in half-width occurs as Finally, one can use the changes in band inten-
shown in Fig. 7a. The half-width first increases, sities to distinguish between the two effects, i.e.,
reaching a maximum at a relative intensity of 0.5 bulk dielectric and specific interactions. If bulk
and then decreases to its original value of 2 b. effects are operative, Am,• should remain constant

I I 1-T 7 I

AS/ A) AV- tA b
11) -L" 3Lh,C) " .O8' 3

-I D) " 0.4'

0.

4 C

.10 0.3 0.A 0.At #1A + At)
'A.

O 0. 0.4 0.6 0.6
A , /(A, + At)

Fig. 7 - Predicted changes in band parameters as a function of the relative intensities of the two
overlapped bands and for various separations; (a) right, shows change in half-width, (b) upper
left, band asymmetry, and (c) lower left, absorbance maximum
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at all compositions. In the case of overlapped
bands, one would predict the behavior shown in,,..-.-
Fig. 7c. The absorbance maximum first decreases - . //
in intensity, reaching a minimum value at A2/ . .
(Al.+ A2 ) =0.5 and then increases to its initial ,' / ,:
value. Moreover, the sensitivity of this intensity\"
change is good. For half-widths of 10 cm-1 and a '.
separation of 0.8 b (4 cm- 1), the change in absorb-
ance is 0.11, which corresponds to a transmittance\ \ !
change of 0.046. It would appear, therefore, that ' 1
the behavior of the absorbance maximum as a
function of composition is a good criterion for
differentiating between bulk dielectric effects and '014 Gs.

specific interactions. 1.0 0.0 \ 'I
- 0.9 0.1

Applications 0.5 0.5

0.1 0.9 -

The results presented in the preceding section 0.0 1.0 a

have been used previously to interpret a variety
of mixed solvent-solute systems (28-30,32). In i
most instances the frequencies in the two solvents
have been sufficiently different to permit an un- Fig. 8 - The C- H band of chloroform in various compositions
ambiguous interpretation in terms of two distinct of carbon tetrachloride and carbon disulfide

bands. In the present investigation several sys-
tems have been studied which represent border- 7a and 7c. Bulk dielectric effects could not result
line cases between two overlapped bands and the in the observed changes. Thus one is led to the
continuous shift predicted by bulk dielectric conclusion that the chloroform molecule interacts
theory. in a specific manner with carbon disulfide and car-

The first example is that of the band due to the bon tetrachloride, both of which are nonpolar sol-
C-H stretching vibration of chloroform dissolved vents. Since the shift in C-H stretching frequency
in various mixtures of carbon tetrachloride and in going from solution in CCI4 to solution CS2 is
carbon disulfide. The spectral data were obtained only 10 cm-i, one is obviously dealing with a rela-
with the Perkin-Elmer Model 112 grating instru- tively weak interaction. However, the total fre-
ment described previously. The observed spectra, quency shift in going from the vapor phase to CC14
obtained at the indicated solvent compositions, solution is about 14 cm-1, so that even if this total
are shown in Fig. 8. While the band shapes shown shift is due to dielectric effects, the two shifts are
in Fig. 8 possess some asymmetry, there is cer- comparable in magnitude. It still remains to be
tainly no direct evidence of two overlapped bands. shown that the 14 cm-' shift is due solely to bulk
However, there is a marked change in peak in- dielectric effects.
tensity and band half-width. These are plotted in Since the ability to resolve two overlapped bands
Fig. 9. One notes that the change in frequency of depends primarily upon the ratio of the separation
the absorption maximum occurs in a very regular of the bands and their widths at half intensity, it
and in an essentially linear manner. Such a change is advantageous to study narrow absorption bands.
is most consistent with the bulk dielectric theory Two bands which ideally satisfy this criterion are
although one obtains similar results with two the 750 cm-' band of tetralin (1,2,3,4-tetrahydro-
closely spaced bands which are changing in rela- naphthalene) and the 680 cm-1 band of benzene.
tive intensity. The observed changes in the half- Moreover, both bands are extremely intense which
width and peak absorbance values on the other means that one can use both thin cells (and thereby
hand, are most readily explained on the basis of reduce solvent interference) and reasonably dilute
two distinct absorption frequencies which are solutions. The observed frequency and half-widths
badly overlapped. The curves shown in Figs. 9a of these two bands in a variety of solvents are
and 9b are quite similar to those shown in Figs. listed in Tables 4 and 5.
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Table 4
750 cm-' Band of Tetralin in Various Solvents

Solvent P Asvi 1
035 _ (cm-') (cm-')

Cyclohexane 741.4 4.5
n-hexane 741.7 5.0
CS1 742.0 5.5

0o0 Benzene 745.4 7.5
CH2lj 747.1 10.0

0 Acetone 748.9 11.0
Dioxane 748.9 11.5

02 Acetonitrile 751.0 12.0

TABLE 5

680 cm-1 Band of Benzene in Various Solvents

14 0 Solvent (cm-') (cm-1)

17 Cyclohexane 673.4 6.0

3020 n-hexane 6"74.5 8.5
CsFs 674.5 7.0

CS, 674.2 7.5

16 Ethanol 677.4 13.0•oCHCI, 679.5 1 1.5
1I4 p-dioxane 683.5 12.2

Acetone 683.7 11.8
Acetonitrile 685.9 11.0

100
30080

0 0.2 0.4 0.6 0.8 1 more precisely, solvent-solute complexes. The
VOLUME FRACT CCI 4 IN CS2  680 cm-1 band of benzene was studied in mix-

Fig. 9 - The C - H band of chloroform in carbon tetrachloride- tures of cyclohexane and acetone. The frequency
carbon disulfide mixtures: the effect of solvent composition difference in these two solvents is about 10 cm-',
on peak absorbance (top curve), band width at half intensity while the half-widths are 6 cm-1 and 11.8 cm-',
(middle curve), and frequency of absorption maximum (hot- respectively.
tom curve) In Fig. 10 are shown the observed changes in

the maximum absorbance, half-width, and fre-
The most interesting aspect of these data is the quency of the 680 cm-' band as a function of the

fact that the frequency increases, rather than de- volume fraction of acetone. The band remains
creases, as the dielectric constant of the solvent symmetrical within the limits of experimental
increases. Since it is well-known that hydrogen- error. On the basis of the separation and half-
bonding usually increases the frequency of bend- widths of the 680 cm-1 band in the two pure sol-
ing modes, one naturally assumes the existence of vents, one would predict a resolvable doublet in
specific interactions. Both vibrations in question the mixed solvent cases if specific interactions
are essentially bending modes involving the out- predominate.
of-plane motion of the aromatic ring hydrogen In the case of 750 cm-' band of tetralin, essen-
atoms. Therefore, it seemed logical to apply the tially identical results were obtained. The solute
technique of mixed solvents in an attempt to dem- was studied in mixtures of cyclohexane and p-
onstrate the existence of specific interactions or, dioxane. The band remained symmetrical
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interaction between -the dipole of the C - H bond
and the dipole of the solvent molecule. However,
such an interpretation is comparable to the as-
sumption of complex formation and is in disagree-
ment with the mixed solvent data. Moreover,

0.5 Buckingham (17) has shown that the frequency
I shift is proportional to (U" - 3U'A/we), where

U' and U" are the first and second derivatives of
0 the interaction potential function. This leads to

a modification of the KBM relationship of the
- form Aviv = Ci + C2 (e - 1)/( 2 e + 1) where C2

0.31 is either positive or negative depending upon
the signs and magnitudes of U' and U". Thus one

14 cannot discount a bulk dielectric effect on the
basis that it should always produce a "red-shiftL"U

SUMMARY

6 Although many competent investigators have
studied the problem of solvent-induced frequency
shifts, both from a theoretical and experimental

664- point of view, it must be concluded that very little
is known about the origin of these shifts. This

62 lack of understanding must be attributed, in large

measure, to the -complex nature of the liquid state
80o itself. The assumption that the solute molecule is

- located in a spherical cavity surrounded by a uni-
form dielectric medium, while facilitating a mathe-

?6 -matical solution to the problem, cannot be con-
sidered as more than an extremely crude approxi-

I4 mation to the actual situation. Unfortunately,
0.2 0 1. I 0 1 progress towards an understanding of solvent

VOL. FRACT ACETONE IN CYCLOHEXANE effects has been retarded by an overzealous ap-
plication of this theory, the so-called Kirkwood-

Fig. 10 - The 680 cm-I band of benzene in acetone-cyclohexane Bauer-Magat relation.
mixtures: the effect of solvent composition on peak absorbance As a natural reaction to this oversimplified
(top curve), band width at half intensity (middle curve), and dielectric theory, the Bellamy school of thought
frequency of absorption maximum (bottom curve) developed which tended to explain all frequency

shifts in terms of spccific interactions. Such an
extreme approach is likewise unrealistic and can-

throughout the range of solvent variation and not hope to form the basis of a general theory.
gave no evidence of multiple structure. In recent years it has become increasingly more

On the basis of these results one would con- apparent that solvent-induced frequency shifts
clude that complex formation does not occur arise from a variety of sources. Certainly specific
between these two solutes and the various sol- interactions play an important role, particularly
vents studied. Moreover, the observed "blue- with those functional groups %itzch tend to form
shift" is apparently in conflict with the original hydrogen bonds or charge-transfer complexes.
KBM theory. This conflict has been pointed out These groups include N - H, 0-H, C-O, C-N,
earlier by Glusker and Thompson (33) and la Lau and C - H groups adjacent to halogen atoms, and
(34). The shift to higher frequencies was inter- they are characterized by larger frequency shifts
preted by la Lau as arising from an electrostatic in comparison to such groups as C=C, C-C, and
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most C - H groups. Based on our current knowl- 7. Lascombe, J., Sourisseau, G., Saumagne, P., Castinel, C.,

edge, it seems reasonable to conclude that if a Dizabo, P., Leicknam, J.-P., and Josien, M.-L, Cah. Phys.
frequency shift exceeds 20 cm- 1, one should sus- 10:73-44 (1956)

8. Lascombe, J., Grange, P., and Josien, M.-L., Bull. Soc.

pect the presence of specific interactions. Numer- Chim. Fr. 773 (1957)
ous examples of even smaller shifts due to com- 9. Thompson, H.W., and Jewell, D.J., Spectrochim. Acta. 13:
plexing have been pointed out in recent investi- 254 (1958)
gations. 10. Josien, M.-L, Leicknam, J.-P., and Fuson, N., Bull. Soc.

Significant progress toward an ultimate under- Chem. Fr. 188 (1958)
11. Josien, M.-L, Lascombe, J., and Leicknam, J.-P., C.R.

standing of solvent effects appears to depend Acad. Sci., Paris 246:1418 (1958)
upon several factors. First, experimental methods 12. Baylis, N.S., Cole, A.R.H., and Little, L.H., Spectrochim.

must be developed which permit one to differ- Acta 15:12 (1959)

entiate between the various possible sources of 13. Lascombe, J., Thesis, University of Bordeaux (1960)

frequency shifts. For example, one can use non- 14. Inuzuka, K., Ito, M., and Imanishi, S., Bull. Chem. Soc.
porsolvents and solutes and thereby eliminate Japan 34:467 (1961)

polar15. Hirota, E., Bull. Chem. Soc. Japan 27:295 (1954)

dipole-dipole and dipole-induced dipole interac- 16. Pullin, A.D.E., Spectrochim. Acta 13:125 (1958)

tions. In addition, mixed solvent methods and 17. Buckingham, A.D., Proc. Roy. Soc. A248:169 (1958)

temperature studies appear to be quite useful in 18. Pullin, A.D.E., Spectrochim. Acta 16:12 (1960)

elucidating the presence of complexed species. 19. Buckingham. A.D., Trans. Faraday Soc. 56:753 (1960)

Secondly, the experimentalist must become cogni- 20. Bellamy, L.J., Hallam, H.E., and Williams, R.L., Trans.
Faraday Soc. 54:1120 (1958)
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intensities. He must. come to realize that many 14(1959)
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