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Variation of the Intensity of Infrared Bands of Chloroform and Acetone

with Temperature

By William O. George and David V. Hassid, School of Chemical Science and Technology, Kingston
Polytechnic Kingston upon Thames, Surrey
Wiltiam F. Maddams,* Research and Development Department, B.P. Chemicals International Limited,

Epsom, Surrey

Intensities of i.r. bands at 1213 ¢m~1 in chloroform (v,) and at 1087 cm-1 in acetone (vy,) are measured at
temperatures between 170 and 300 K using different spectrophotometers (one with pre-sample chopping). The
chloroform band is approximately independent of temperature but the acetone band has a negative temperature
coefficient. These results are independent of the type of spectrophotometer used. The implications of these
results and related data in the literature are discussed in connection with the use of i.r. intensity measurements at

different temperatures for the determination of thermodynamic parameters.

WE have reported # enthalpy (AH®) and in some cases
entropy (AS% differences between conformers in a
variety of saturated and unsaturated carbonyl com-
pounds. These determinations were based on the
measurement of the intensity of i.r. bands at different
temperatures using various methods and assumptions
which have been set out in detail3 The critical factor
is often whether the absorption coefficients for two or
more bands have the same temperature coefficient ® or a
zero temperature coefficient.® To some extent the
validity of these assumptions may be tested. Neverthe-
less it is desirable to have a better understanding of the
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factors which govern the variation of peak and inte-
grated absorbance values with temperature.

A number of limited studies of intensity temperature
coefficients of the i.r. spectra of organic molecules in the
liquid phase have been reported;?-17 these have often
related to neat liquids measured over a limited range of
temperatures above ambient. The conclusion is 121418
that both peak and integrated absorbance values in-
crease linearly with decreasing temperature, as the
result of intermolecular interactions from collisional
processes. The temperature coefficients appear to
be very dependent upon the particular vibrational
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mode 11415 but, from the limited evidence available,
similar results are obtained for solutions.?

The enthalpy and entropy difference measurements
on the series of carbonyl compounds * were made in
dilute solution in carbon disulphide over a range of
temperatures from ambient to ca. 170 K; it therefore
seemed appropriate to make careful measurements of the
temperature coefficients of intensity of a few well-defined
bands of organic compounds, for which conformational
changes cannot occur, under these conditions. This
also provided the opportunity to assess another factor
which may lead to errors in quantitative measurements
of this type, namely the radiation loss from the spectro-
‘meter detector to the sample when the former is at a
higher temperature than the latter. Mierzecki? has
give a method for calculating the magnitude of this
effect but the recent development of spectrometers in
which the radiation is chopped before and after passage
through the sample provides the means for a direct
measurement of the effect.

EXPERIMENTAL

The spectra run on a Perkin-Elmer 457 i.r. spectrometer
were obtained with the previously reported conditions.®
Measurements on a Perkin-Elmer 180 instrument, in which
the radiation is chopped before and after passage through
the sample, were also made at a resolution of ca. 2 cm™.
Preliminary studies had shown that the peak and integrated
absorbance values were substantially independent of resolv-
ing power under these conditions.

Analar reagent grade samples of chloroform and acetone
were used as solutions in carbon disulphide at concentra-
tions of ca. 0-2% v/v and 3-0% v/v respectively. The
absorbance values at the band maxima and the integrated
absorbances were measured from tangent base lines, a
simple procedure in the absence of overlap with adjacent
bands. A correction was applied for the change in density
of the solvent with temperature.

RESULTS AND DISCUSSION

Chloroform.—Peak absorbance measurements on the
1213 cm™ (v,) band of chloroform are given in the
Table. The intensity is substantially independent of
temperature over the interval 170—300 K with, per-
haps, a slight decrease at the extreme lower end of the
range. The fact that this result is obtained on both
instruments shows that there is no measurable error
resulting from the detector reradiating to the sample in
the case of the Perkin-Elmer 457 instrument. The
integrated absorbance of this band is slightly temperature
dependent and varies linearly over the range studied,
decreasing by 6-59, over the interval 300—170 K.
This decrease with decreasing temperature was anti-
cipated in view of the substantial independence of peak
height with temperature and the known decrease in
half-width with decreasing temperature.

Acefone.—In contrast, the intensity of the 1087 c¢m™
(vg9) band of acetone is markedly temperature dependent.
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Peak absorbance values as a function of temperature
are shown in the Figure. The photometric scales of the

Peak absorbance measurements on the 1213 cm™ band
of chloroform in solution in carbon disulphide, at
various temperatures

Instrument
PE 180 PE 457

T/K Absorbance TIK Absorbance
308 0:219 298 0-229
300 0-217 281 0-232
291 0-220 270 0-239
282 0-222 256 0-245
268 0-222 243 0-244
242 0-224 226 0-241
230 0-226 212 0-241
217 0-221 197 0-236
203 0-220 186 0-228
190 0-220 178 0-231
180 0-213

170 0-213

two spectrometers were not standardised and the work
of Schmid ef al.20 and of Shimozawa and Wilson 2! has
shown that errors of up to 109, are to be expected when
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Peak height, absorbance of the 1087 cm™! band (v,,) in acetone
at 3% v/v in 0-5 mm path length at different temperatures:
%, PE 457, O, PE 180

both peak and integrated absorbance values from two
instruments are compared, unless careful precautions are
taken.?? TFor present purposes the slopes of the two
lines are of primary interest and these are found to be
—0-00397 - 0-00013 K! and —0-00421 4+ 0-00013 K!
for the PE180 and PE457 instruments respectively.
Hence the difference is not significant. This conclusion
is also drawn from the integrated absorbance measure-
ments. These vary linearly with temperature and the
slopes are —0-00576 4 0-00024 K1 and —0-00552 +
0-00025 K1 for the PE180 and PE457 instruments re-
spectively. Hence, radiation from the detector, at
ambient temperature, to the cold sample produces a
negligible error in the intensity measurements, even for
temperature differences of 130 K.

This result is not surprising in the light of the calcula-
tions of Mierzecki.!® He tabulated values of the Planck

21 J, T. Shimozawa and M. K. Wilson, Spectrochim. Acta,
1966, 22, 1591.

22 R. T. C. Brownlee, D. G. Cameron, B. Ternai, and R. D.
Topsom, Appl. Spectroscopy, 1971, 25, 564.



1973

factor v3[exp (hv/kT)], which determines the energy
transfer when there is a temperature difference between
the cell and the detector, for various values of v and 7.
With T = 370 K the emission reaches a maximum
in the interval v = 700—800 cm™ and it drops to ca.
600 cm™ for T = 300 K and is lower in intensity by a
factor of two. At T = 300 K the emission at 1200 cm™
is smaller by a factor of two than at ca. 600 cm™. The
emission from an absorbing species is dependent upon
the absorbance being measured and Mierzecki has calcu-
lated the relevant corrections for a number of cases.
TFor example, measurements on a bromobenzene solution
at 370 K gave absorbance values of 0-304, 1-110, 1-240,
and 0-608 respectively for the bands at 902, 1022, 1067,
and 1445 cm™! and the calculated corrections are 3, 8-5,
8:5, and 2:6%,. This variation reflects both the change
in v and the absorbance of the band being measured.
In the present work v has been 1087 or 1213 cm™ and
T ca. 300 K and the absorbance of the bands measured
has not exceeded 0-8 and has usually been appreciably
smaller. In these circumstances the correction will
never exceed about 29, and, as has been found, will not
be observed when comparisons are made between
measurements on instruments with single and double
chopping systems. Hence, AH® and AS® measurements
of the type recently reported *# will not be in error on
this account, although this might not be true if the
temperature range used lay significantly above ambient.

General I'mplications.—The limitations imposed upon
AH%and AS° measurements by the assumptions involved
in the methods of Mizushima et af.> and Hartman ef al.%
are clearly more difficult to assess. The present results,
although adding to the hitherto limited knowledge of the
intensity temperature coefficients, are certainly too
sparse for general conclusions to be drawn. The dif-
ference in behaviour between v, of chloroform, whose
intensity is substantially independent of temperature,
and vy, of acetone, for which the peak absorbance in-
creases by a factor of three between ambient temperature
and 175 K would, in itself, be of less significance if it
were possible to discern correlations between groups of
compounds or to understand the reason for the difference
in temperature coefficients between the various modes of
a particular molecule. Unfortunately this is not the
case at present. One possibility is that the increase
in intensity with decreasing temperature which we
observe in acetone and generally in other carbonyl
compounds 34 is associated with components of the band
arising from sum and difference combinations. These
may be associated with upper torsional levels associated
with the methyl groups. These torsions are normally
anharmonic and the population of the torsional levels is
markedly temperature dependent.

The results of Bazhulin and Smirnov ! show that in
the case of chloroform, measured as a neat liquid, the
integrated intensity of v; increases by the factor 1-97
for a decrease in temperature of 100 K whereas the
corresponding figures for v; and v, are 117 and 1-00
respectively. These results were confirmed qualitatively
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by Lisitsa and Tsyashchenko,* although there are dif-
ferences in their temperature coefficients. These latter
workers also examined liquid bromoform 3 and found
that v, has the largest temperature coefficient, approxi-
mately twice that of v, and v;. Hence, the corresponding
vibrational modes in structurally similar molecules show
differing behaviours. On the other hand Lisitsa and
Khalimonova 1® have found an identical behaviour in
the case of the aromatic C—H stretching bands of chloro-
benzene and bromobenzene. It is therefore impossible
to generalise, although X-H stretching modes usually
have appreciable temperature coefficients.® %16

The only results previously reported for acetone are
those of Bazhulin and Smirnov ! for the neat liquid.
Integrated intensity ratios were obtained for a tempera-
ture change of 100 K for v4(1:14), v;,(1:28), v4(1-09), and
vo(1-47). Thus, the four bands have significant and
different temperature coefficients. The intensity ratio
method for expressing the results is only useful for com-
parative purposes if the two temperatures are given.
In the case of the Russian workers these appear to have
been 293 and 193 K and the corresponding ratio or
vgs from the present measurements, in CS, solution, is
1-40.

The essential similarity in behaviour of vy, for acetone
as a neat liquid and in carbon disulphide solution is in
line with the results of Zabiyakin and Bakhshiev 17 who
studied carbon disulphide, chloroform, and carbon tetra-
chloride in a range of solvents and compared their results
with published measurements on the neat liquids.
Although the temperature coefficients are mildly solvent
dependent there is an essential similarity between the
two states and they conclude that if the change of
intensity with temperature is the result of intermolecular
interactions they must be of a universal type because
they are clearly very similar for solute-solvent and solute-
solute interactions. Lisitsa and her co-workers had
previously suggested %1% interactions of this type and
had noted that they would be consistent both with the
fact that there is no obvious correlation with the particu-
lar vibrational mode involved and the increasing magni-
tude of both the peak absorbance and integrated absorb-
ance with decreasing temperature. This latter is a
consequence of the fact that the average distance between
molecules in the condensed (liquid) state increases with
increasing temperature and leads to a corresponding
decrease in theintermolecular interaction.28 Attemptsto
advance a more detailed explanation along these lines
and also to account for the fact that limited work on
gaseous samples 7 has shown that the absorption intensity
increases with increasing temperature have met with
limited success.18

It is therefore not surprising that calculations based
on simple models have also been of very limited value.
Brown,? assuming a statistical distribution of collisional
perturbations in the liquid phase and a Lorentzian band
shape, deduced that the intensity should vary as T+

3 V. N. Smirnov and P. A. Bazhulin, Optics and Spectroscopy,
1959, 7, 123.
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This conclusion, which is not in line with the experi-
mental evidence, has been criticised by Lisitsa and
Tsyaschenko  on the ground that Brown’s theory
requires that his parameter 4 = vD ,_[4, where v is
the band half-width and D_,, is the peak absorbance,
shall be independent of temperature. The Russian
workers pointed out that there is reasonable experimental
evidence to show that A4 often increases with increasing
temperature. They also criticise the approach of
Person % who considers the change of dielectric constant
with temperature as a relevant factor. His treatment
is based on Onsager’s theory, describing the connection
between the integrated absorption of a molecule in the
gaseous and liquid phases, and this is not confirmed
experimentally in many instances.

Despite the inadequacies and complications of these
qualitative and quantitative approaches it is clear that
a simple situation prevails in practice, namely that both
the peak and integrated absorbance values vary linearly
with temperature, although the magnitude of the
effect may be small, as in the case of the v; band of
chloroform. Only in the special instance of liquids at
higher temperatures is there some evidence for non-
linearity.1%26:27 This simple behaviour undoubtedly
accounts for the apparent success of AH® and AS°
measurements in many instances.l* The linear vari-
ation of integrated absorbance with temperature is
more surprising because of the variation of band width
with temperature, which is usually non-linear but is
often quasi-linear over a restricted range.?® The fact
that a similar behaviour is observed for various vibra-
tional modes of a wide range of molecules suggests that a
universal factor, such as general intermolecular interac-
tions, predominates. Nevertheless, factors of a specific
character, such as solvent viscosity,?® may contribute.

In conclusion, the simple linear relation between
absorbance, both peak and integrated, and temperature,
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one which seems to be almost universal on the basis of
what has been reported by various workers, should
enable the methods of Mizushima et .5 and Hartman
et al.8 to be used in many instances. Unfortunately, it
is not possible to predict in advance of experimental
studies which systems are amenable to this approach.
Substantial solvent effects appear to be absent and this
facilitates measurements of the type used for the present
work on a range of carbonyl compounds. The present
study has demonstrated the soundness of solution
measurements below ambient temperature, for AH? and
AS% measurements, for the following reasons. (a) Al-
though errors arise from radiation transfer between
sample and detector, when the two are at different
temperatures, these are smaller the lower the sample
temperature. Experimental studies and semi-quantita-
tive estimates have shown that they are negligible under
the conditions used for the measurements on various
carbonyl compounds. (b) The use of carbon disulphide
solutions permits a wide temperature range below
ambient to be used, thereby improving the precision of
the AH? and AS® measurements. (c) The bands become
sharper the lower the temperature and in some instances,
where there is overlap, this leads to more precise values
for the integrated areas. (d) Deviations from linearity
between absorbance and temperature, which are likely
to lead to difficulties in the determination of AH® and
ASY, will only occur at elevated temperatures. (e) Prob-
lems with the volatility of sample and solvent do not
arise.
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