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Yu. G. Borodko and Corresponding Member of the Academy of Sci-
ences of the USSR Ya. K. Syrkin

Temperature and Concentration Dependence of
the Frequencies and Intensities of Raman Scat-
tering Lines of Mixtures of Ketones with Chloro-
form

The study of IR absorption spectra and Raman scattering spectra of the ace-
tone—chloroform system showed that the frequencies of the stretching vibrations
of the carbonyl group and of the C—H group of chloroform do not change in
comparison with their values in the individual substances. Meanwhile, the in-
tensity of the corresponding bands increases significantly (1~%). The increase
in intensity in this case is the result of the formation of a molecular compound.
This example shows that the formation of a hydrogen bond may be reflected to
a considerable extent in the intensities and to a lesser extent in the vibration
frequencies.

To clarify the nature of the interaction, we investigated the temperature de-
pendence of the frequencies and intensities of Raman scattering lines in the
nonpolar solvent hexane, and also in ketone—chloroform mixtures. Upon low-
ering the temperature, the interaction manifests itself more distinctly, since
the thermal disorientation that hinders the formation of molecular compounds
decreases. Below we present experimental data on the concentration and tem-
perature dependence of the Raman scattering lines corresponding to the stretch-
ing vibrations of the C=0 bonds of ketones and of the C—H, C—CI bonds of
chloroform in the systems, as well as in the corresponding individual substances.

In Tables 1 and 2 the integral intensities I = [ I, dv are given, expressed on an
arbitrary scale, where the intensity of the Raman scattering line of an individual
substance at t = +30°C, referred to one mole, is taken as 100.

The measurements were performed on an ISP-51 spectrograph with photoelec-
tric recording of the spectrum. The optical part of the temperature apparatus
consisted of a thermostated cuvette. The required temperature was attained by
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evaporation of liquid nitrogen. When measuring intensities at different temper-
atures it is necessary to take into account the change in the ratio n?/d, where n
is the refractive index and d the density. In our experiments the greatest change
in this quantity over the temperature interval from +30° to —90° is about 4%.
The error in measuring intensities is 10%, and in measuring frequencies +2 cm™*.
The temperature from +30 to —30° was measured with an accuracy of up to 1°.

The errors in measuring lower temperatures did not exceed 3°.

The experiments show that the intensity of the C=0 and C—H lines increases in
the ketone 4 chloroform system and decreases in solutions of these substances
in hexane. The intensity of the C—CI line in both cases changes practically
not at all (Fig. 1). The constancy of the frequency and intensity of the C—
Cl line indicates that the intermolecular interaction affects mainly the C=0
bonds of the ketone and the C—H bond of chloroform. The picture of hydrogen-
bond formation is complicated by the fact that ketones at room temperature
are strongly associated and, apparently, partially dimerized. This con—

Table 1

Concentration dependence of frequencies and intensities

AcetAuetone AcetApherplenone

+ + AcetAnetone + + AcetApbtopinéibic
Acetcllechlo+ + Acetdpbehdae- + Chlogeform + + + + + +
concro- ro- hex-hex-concro- ro- hex-hex-concace- ace- ace- ace- hex-hex-hex-hex-
[C], formformane ane [C], formformane ane [C], tonetonetonetoneane ane ane ane

mol/Avele Avelp-gnol /A clo PAvolo-gnol /Molg Avolgrdvola dvelera
13.61708100 1708100 8.5 1682100 1682100 12.53019100 667 100 3019100 667 100

6.8 1709131 171291 4.3 1682116 6.7 3017 668 95
5.5 1711137 171485 4.0 1686106 6.2 3018127 667 97
4.2 1712155 2.0 1681139 4.0 3018140 667 104
2.3 1713158 1.3 1691115 3.8
2.1 171674 1.1 1681149 3.6 301978

0.7 1693118 2.7 3017148 667 103 669 99

0.3 1680170 1.9

1.8 3016158 667 101 669 101

Table 2

Temperature dependence of frequencies and intensities
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DietDidthyl

ke- ke-
tondone
Acethertone idpetdpdiemdien o Ben Beplzepdieaone

Acethoetpnet chloehlo+ + + 4+  Acethpdtepdiaone
4+ + chloehloAcethertone  ro- ro- chloehloehloehlo+ 4 chloehlo-
chloehloro- ro- + + fornfornrp- ro- ro- ro- hexhexro- ro-
ro- ro- fornformhex-hex- di- di- fornfornfornfornane ane fornform,
fornfornchloehloane,ane, ethydthydce-ace-chloehloace-ace-benben-
ace-ace-ro- ro- ace-ace- ke- ke- topliephe- ro- topleplmeplephe-

tongondornforntonconeA cethertometonamonaonéornforrmonamonaonaon€hlétbforaform,
7 7 626.27.57513.613.64.84.825259 9 0.70.73.2 32125125
t, molhiol ol Aol kol ol fiol ol Aol Aol flol ol ol flol Aol Aol Aol Aol Aol Aol /L
°C Avdeg&vdar Avdea-&vda-&Vda SdVda-dvdar Avda-dvda-dvdar i
+30170833 301908 17134 170800 171123 1681133 301920 169318 16531 301900

0 151 123

—10 123 119 156 128165370 301917
—201704723016 170909 170428 1670157 169129

—30 138 134 167366 301445 165373 301923
—40 167468

—50170388 3014145 170325 170343 1707146 167285 301363 165203 301930
—60 301940
—70170206 301265 1703 170054 160 165226
—90169&22 3010 169967 170396

is confirmed by the increase in the vibration frequency of the carbonyl group
of ketones in hexane when ketone dimers, associated probably in the form of
quadrupoles, dissociate:

Such an assumption agrees with experiments on the dielectric polarization of
acetone solutions, which changes from 160 cm? in extremely dilute solutions in
nonpolar solvents to ~ 40 cm? in pure liquid acetone (°). In the presence of
CHCls;, the vibration frequency of the carbonyl group does not change, despite
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Figure 1 and Figure 2

Figure 1: Figure 1 and Figure 2

the fact that chloroform causes dissociation of the dimers. This is explained, pos-
sibly, by the fact that simultaneously with the dissociation of the dimers there
occurs the formation of a molecular compound with chloroform, and moreover

Fig. 1. Concentration dependence of the intensities of chloroform lines:

1 —intensity of the C—H line (3019 cm™!) in acetone solution;

2 —intensity of the C—Cl line (667 cm™!) in acetone and hexane solutions;
3 —intensity of the C—H line (3019 cm™!) in hexane solution

Fig. 2. Temperature dependence of the intensity of the acetone line (1708
cm1):

1 —in chloroform solution (6.5 mol/1);

2 —pure acetone;

3 —in hexane solution (7.5 mol/1)

the vibration frequencies of the carbonyl group in dimers and in the molecular
compound are very close. Another reason for the constancy of the frequencies is
the relatively low concentration of complexes at room temperature. Thus, when
the temperature is lowered to —90°, the vibration frequency of the C—H bond
of chloroform, Av = 3019 cm™!, in the acetone—chloroform system decreases
to 3010 cm™!, whereas in pure chloroform it remains unchanged down to its
melting temperature.

The change in the intensity of the carbonyl-group line in liquid acetone, in a
solution of acetone in hexane, and in a mixture of acetone with chloroform as a
function of temperature is shown in Fig. 2.

The intensity of the lines of the carbonyl bond and of the C—H bond of chlo-
roform is composed of the intensity of the lines of isolated molecules ([,,,) and
of molecules associated in the complex (I;), where I,, > I,,. The enthalpy of
formation (AH) of the acetone + chloroform molecular compound can be esti-
mated from the temperature course of the change in the integral intensity of the
line with frequency 3019 ecm ™! of chloroform. If it is assumed that the intensity
of the 3019 cm™' line of chloroform at a given temperature is composed of the
intensities of the lines of monomeric molecules and of molecules associated into

a complex, which are not resolved, then

c, 1
Ip =L, + (I, — Im)03h1:| (1 _ e—hu/kT) '

where I_ is the intensity of the line at the given temperature; I, is the intensity
of the 3019 cm™! line in hexane, extrapolated to infinite dilution; I, is the
intensity of the 3019 cm™! line in acetone, extrapolated to infinite dilution; C,,
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is the concentration of the molecular compound; C§M is the initial concentration
of chloroform.

1
The factor 1 oho/iT for Av = 3019 cm™! remains practically constant in the
— e 1%

temperature interval studied. Therefore one may take

Cy
O(():hl :

IT = Im + (Ikilm)

From the experimental data we calculated the equilibrium constants for the
reaction

H,C H,C
CO+HCCl, 2 C=0..H—CCl

at temperatures of 301, 263, and 243°K, and obtained the values 0.2, 0.44, and
0.75 1/mole. From these quantities we found the enthalpy and entropy of the
reaction: AH =~ —3350 cal/mole, and AS = —14.3 entropy units. According to
the data of Melvin-Hughes from vapor elasticities (°), AH = —4070 cal/mole,
while according to Pimentel’ s data, obtained from proton magnetic resonance,
AH = —2500 cal/mole (7). The values we found lie in between. The standard
free energy of formation of the molecular compound is 910 cal/mole. This
explains its instability at elevated temperature.
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