








tion of the cesium iodide prism is not sufficient to
reveal much structure in this region, and the bumps
on the low-frequency shoulder should be regarded
with some scepticism. Though they appear to be
real, they may derive at least in part from some
uncertainty in the background-absorption correction.

The band at 218 em™! undoubtedly represents the
hitherto unobserved b,, rocking fundamental. It
had been placed at 245 ecm™! by Nielsen, Claassen,
and Smith on the basis of their interpretation of
several combination bands. A value of 250 c¢cm™
was deduced by Monfils and Duchesne [9] from a
force-constant analysis. Inasmuch as 406 and 558
em~! have been unambiguously established as repre-
senting the b;, wagging and bs;, deformation funda-
mentals, respectively, only the inactive torsion and
the Raman-active vibrations need be considered in
order to complete the assignment.

The polarization measurements of Nielsen, Claas-
sen, and Smith leave no doubt as to the correctness
of their assignment of 394, 778, and 1872 em™ to the
totally symmetric (a,) vibrations. Moreover, their
interpretation of the 503-517 ¢m™! doublet as the
b,, fundamental, and their deduction of a frequency
around 550 em™! for the lower of the b;, vibrations 1s
supported by the work of Monfils and Duchesne [9]
on the Raman spectrum of liquid TFE. Although
the latter workers originally questioned [9] the assign-
ment by Nielsen, Claassen, and Smith of a very feeble
line at about 1340 em™! to by, they appear now [10]
to have accepted this interpretation. The present
analysis also favors 1340 em~ for the higher b;, vibra-
tion. Only the inactive torsion frequency remains
unassigned.

3.2. Torsion Frequency of Tetrafluoroethylene

In erder to obtain a rough estimate of the torsion
frequency, the assumption was made that the force
constant for the twisting motion in TFE is the same
as that obtained by Arnett and Crawford [11] for
ethylene, H;C:CH,.”. Inunitsof 107" erg/radian® the
constant obtained by Arnett and Crawford is
F,=0.269. With the distances and angles appro-
priate to TFE [13], this leads to a value of 199 em™!
for the torsion frequency. Hence, the interesting
possibility exists that one of the peaks around
205 em™' in the infrared spectrum of TFE may
arise from the torsion vibration made active by
Coriolis interaction with the neighboring b,, funda-
mental at 218 em™'. Attempts to determine the
torsion frequency directly from the observed com-
bination bands tend to support a value in the range
190 to 200 em™'. Fortunately, the entropy of
TFE has been determined very recently [2] and
provides valuable evidence m favor of the complete
assignment, while placing the torsion frequency at
190 em~'.  Small inaccuracies in the fundamental
frequencies, together with the experimental uncer-
tainties in the entropy value, may account for the
slight discrepancy. Because of the lack of stronger
evidence favoring the higher value, 190 cm™' was

5 For brief mention of this point, see the paper by Torkington on TCE [12].
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adopted for the torsion frequency. The correspond-
ing force constant then becomes F,=0.245. The
final and complete assignment is given in table 3.

3.3. Spectra of Tetrachloroethylene

The infrared spectrum of liquid TCE was first
studied by Coblentz [14]. Bonino examined a small
portion of its spectrum in 1925 [15], and Spence
and Easley observed the region between 0.8 and 3u
but found no bands [16]. Another early study of
its near infrared spectrum was made by Freymann
[17]. In 1934 Wu reported four bands, 755(m),
782(s), 802(s), 913(s), fer gaseous TCE [18]. A few
years later Duchesne and Parodi reported infrared
bands at 332 and 387 em™! [19]. Bernstein has ob-
served the spectrum of TCE from 2.5 to 254 [7], and
Plyler has extended the range to about 40 u [6]. In
the present work the entire region 3 to 52 u has been
investigated.®

The Raman spectrum of liquid TCE has been
extensively investigated [20 to 31]. With the ex-
ception of the recent work of Sanyal [31], the avail-
able data have been considerably augmented and
carefully reviewed by Wittek [29]. Summaries have
also been given by Kohlrausch [32], Wu [33], and
Herzberg [34]. The frequencies, relative intensities,
and depolarization factors 7 given by Wittek are:
218(00,-), 235(10,0.62), 347(4,0.83), 447(15,0.14),
464 (%,-), 512(4,0.77), 574(0,-), 631(00,-), 726 (00,-),
784(00,~), 1000(00,~), 1025(1,p), 1441(0?,-), 1571-
(10,0.36), 1819(0,—), 1998 (}5,—). Sanyal [31] reported
for liquid TCE 238(7,dp), 346 (4,dp), 382(0b,—), 450-
(9,p), 516(3,dp), 1572(10,dp); and for the solid at
—150° C, he found 242(2,-), 346(1,-), 380(0,-),
454 (1,-), 1576(58,—). The line at 382 em™! found by
Sanyal was also reported by Wu [27] but was shown
by Wittek to be spurious. Moreover, the depolarized
character ascribed by Sanyal to the 1572 em™' line
is in disagreement with all prior polarization meas-
urements [25 to 27, 29]. Wittek’s results are used
in this paper.

The infrared spectrum of liquid TCE is shown in
figure 2. The wave numbers and relative intensi-
ties of the observed bands, together with Wittek’s
Raman data and the present interpretation, are
given in table 1.

3.4. Interpretation of the Vibrational Spectra
Tetrachloroethylene

The Raman data for TCE clearly prescribe the
three a@;, fundamentals: 235, 447, and 1571 cm™.
These correspond approximately to the totally
symmetric CCl, deformation (6-CCl,), CCl stretching

(»-CCl), and CC stretching (»-CC), respectively.®

6 After the work described in this paper was completed a private communica-
tion was received from K. S. Pitzer stating that the infrared spectrum of TCE
had been observed in his laboratory down to about 135 em~!. Outside of the
range used in the present investigation, two bands, a strong one at 176 cm~! and
a somewhat weaker one at 152 em~!, were observed.

7The depolarization factors are averages of the results given by Wittek for
four separate determinations. For the 1025 em-! line, the data are too few to
justify averaging but suflice to indicate its character.

8 ?ee [4] for a description of the notation used here to represent the various
modes.



There remain three Raman-active fundamentals:
a CClI stretching and CCl, rocking (p-CCl,) in by,
and the out-of-plane CCl, wagging (8-CCl,) in b,,.
Apart from the lines already assigned to a,, vibra-
tions, only 347 and 512 have appreciable intensity.
As they are depolarized they cannot be overtones,
nor, indeed, is it reasonable to suppose they arise
from sum bands. In fact, the weak polarized line
at 1025 em™' is most readily interpreted as 23<512.
As fandamentals, they must be assigned in some
manner to the b,, and b,, species. Analogy with
TFE suggests that the b,, stretching frequency in
TCE is high, on a par with the infrared-active
stretchings at 777 and 908 em™', and that it would
appear only feebly in the Raman spectrum. Hence,
347 and 512 may be assigned to the b, rocking and
b,, wagging modes, though it is not yet clear in what
order. For the b,, stretching one of the very weak
lines at 726, 784, or 1000 em™" may be chosen. The
repeated occurrence of the latter in combinations
and its usefulness in explaining the line at 1998 as
231000 lends considerable support to its interpreta-
tion as a fundamental.

It is now convenient to consider the infrared-
active vibrations. The very strong bands at 777
and 908 em™!' may at once be assigned to the CCI
stretchings in b,, and b;,, but in the absence of
characteristic envelopes, it is not possible to deter-
mine uniquely their correspondence with the species.
The infrared spectrum of TFE suggests that the by,
wagging and the remaining b,, and b3, modes of TCE
give rise to moderately strong bands.  Figure 2 shows
that between the intense cluster around 777 em™!
and the lower limit of the present range of observa-
tion, 190 em~', there appear only two relatively
strong bands, viz., those at 288 and 224 em~'. It
will be recalled that the bs,, 6y, and b,, angular
modes in TKFE occur at 558, 406, and 218 cm™'
This suggests that the TCE rocking frequency oceurs
well below the 224 ¢m™' band. At the same time,
however, this analogy with TFE requires the assign-
ment of 288 em™! to the b3, deformation and 224
cm™' to the b;, wagging motion. The attempt to
infer the frequency of the b;, rocking from the
observed combination bands leads to a value around
170 em~1.°

Although it seems clear that aside from the torsion
vibration all the fundamental frequencies are now
known, it is still necessary to determine unequivo-
cally the species to which the pairs 347, 512 and
777, 908 belong. An analysis of the force constants
for the b,, block leads to the conclusion that the
frequency 512 em™! is far too high to be ascribed to
the rocking mode. It must, therefore, correspond
to the b,, wagging, whereas 347 may be satisfactorily
interpreted as the b,, rocking frequency. Contrary
to the objections raised by Torkington [12], this
assignment leads to reasonable force constants for
the out-of-plane bending modes. In table 2 are

Y The results quoted in footnote 6 provide encouraging support for this pre-
diction.
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given the principal and interaction constants for the
wagging motions in ethylene, TFE and TCE. As
was to be expected both /7 and A are much larger for
TFE than for ethylene. For TCE, on the other
hand, the principal constant /7 shows a marked
decrease from its value for TFE, approaching, in
fact, that for ethylene. Most interesting, however,
is the zero interaction constant for TCE. Indeed, it
may be anticipated that & also vanishes for the next
higher member of the series, viz., tetrabromoethylene
(TBE). Moreover, it 1s reasonable to expect that
for TBE the constant /7 will be close to its value for
TCE, being perhaps slightly smaller. If, then, the
TCE constants are transferred to TBE, the by,
and by, frequencies for the latter are found to be 200
and 489 em ™', respectively. The Raman data given
for TBE by Kohlrausch [32] include a weak line at
463 cm™!, which he has assigned to the b,, wagging
mode. If this interpretation of the 463 em™' is
correct and A is taken to be zero, then / becomes
0.238, which is to be compared with 0.266 for TCE.
It is, moreover, now possible to predict the value of
the b,, wagging frequency in TBE. With //=0.238,
h=0, this vibration is calculated to occur at 189 em™".

TaBLE 2. Frequencies and force constants for wagging modes

of H,C:CH,, F,C:CF,, and C1,C:CCl,

\
Constants HyC:CH} | F:0:CF, ‘ cne:ccl |
| N ) ) V : i . R V [ ) ;
v1(biu) - 949. 2 406 | 224
vs(hag) 93 508 512
LY & . 0. 230 0. 326 0. 266
bh___ .033 <127 . 000

a The data for ethylene are taken from the paper by Arnett and Crawford [11].

b The principal constant /4 and the interaction constant h are given here in
units of 10711 erg/radian®. The actual symmetrized constant for the b;, motion is
(H+-h), and that for by, is (I1—h).

The correlation of the 777 and 908 em~! bands with
the species by, and by, is hindered by the absence of
the usual aids to assignment. Analogy with TFE
suggests that 908 em™' refers to the by, stretching
mode and 777 em™! to that in bs;,. Because the re-
mainder of the assignment is fairly well established,
a ferce-constant calculation is justified. As yet un-
published results obtained by D. K. Mann for TCE,
with the aid of a Urey-Bradley type of potential
function [35], indicate that the suggested analogy
with the TFE assignment is probably correct.'

All that is needed now te complete the assignment
is a value for the torsion frequency. If we use for
TCE the torsion constant previously determined for
TFE, the frequency is calculated to be 106 c¢cm™'.
This provides a plausible explanation for the very
weak Raman line at 218 em ™! as the overtone of the
torsion fundamental. To avoid imputing too much
significance to this calculation, the value of the fre-
quency has been rounded to 110 em™'. The final
assignment is given in table 3.

101t is worth pointing out, however, that some modification of the simple
Urey-Bradley field {35] is needed. In particular, the addition of a constant that
describes the effect of the interaction of the CCl; groups in the rocking modes
seems desirable.



TABLE 3. Fundamental vibration frequencies for ¥.C:CF; and

CCl,
Species I Designa- . .
(V) -~ Number o F:C:CF; Cl;C:CCl;
cm;t cm1
1 »-CC 1872 1571
2 »-CX 78 447
3 8-CX 394 235
4 7 190 110
5 »-CX 1340 1000
6 p-CX: 551 347
o B-CX: 406 224
8 B-CX; 508 512
9 »-CX 1337 908
10 p-CX: 218 al76
1t »-CX 1186 77
12 5-CX; 558 288

a See footnote 6.

4. Thermodynamic Functions

The thermodynamic functions to the rigid-rotator,
harmonic-escillator approximation were computed
for TFE and TCE in their ideal gaseous state. The
molecular constants used were taken from [13] and
[36], but the assignments were those given in table 3.
The results given in tables 4 and 5 are taken from
tS}E&%OI‘e complete tables calculated with the aid of

TasrLe 4. Calculated thermodynamic functions in dimension-
less unats for F.C:CF, as an ideal gas
T C3/R (H°—ER)/RT (—(F°—E§)/RT S°/R
-]
197. 53 7.787 5.467 27.013 32.480
300 9.707 6. 607 29. 526 36.133
400 11.054 7.559 31. 561 39.120
500 12.073 8.364 33.336 41.701
600 12.849 9.050 34.924 43.974
7 13. 441 9.637 36. 364 46.001
800 13.895 10. 142 37. 685 47.827
900 14.247 10. 580 38.905 49.485
1,000 14.523 10. 961 40.040 51001
1,100 14.741 11.295 41.101 52.395
1,200 14.917 11. 590 42.096 53. 686
1,300 15.059 11.851 43.034 54. 886
1,400 15.176 12.085 43.921 56. 006
1,500 15.273 12.294 44.762 57.056
TasrLeb. Calculated thermodynamic functions in dimensionless
units for C1,C:CCl, as an ideal gas

T ! Co/R (H°—E§)/RT | —(F°—Eg)/RT S°/R

°K
300 11.519 8.054 33.292 41.346
©394. 18 12.623 9.021 35. 622 44,643
400 12.679 9.074 35.755 44.829
500 13.479 9.880 37. 869 47.750
600 14.043 10. 530 39.730 50. 260

|

700 14.449 11.062 41.395 52. 457
800 14.747 11. 505 42,902 54. 407
900 14.971 11.878 44.279 56. 157
1,000 15.142 12.196 45. 547 57. 744
1,100 15.275 12.471 46.723 59.193
1,200 15.380 12.709 47.818 60. 527
1,300 15.464 12.918 48. 844 61. 762
1,400 15.533 13.102 49. 808 62. 910
| 1, 500 15. 590 13. 266 50. 718 63. 984

= The entries in this table have been corrected for the change of x10 from 170 to
176 em~1,

b The boiling point of TCE at 1 atmosphere is given by Dreisbach and Shrader
as 121.02° C [37]. The ice point, as well as the other basic constants needed for
the computation of these tables, are taken from [38].
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The authors are indebted to Prof. K. S. Pitzer for
communicating to them the infrared spectrum of
TCE below 190 em ™, and also acknowledge several
helpful discussions with Dr. Takehiko Shimanouchi.
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