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Substituted Methanes

Part XXXIV. Raman and Infrared Spectral Data and Calculated
Thermodynamic Properties for CH.Cl, ,CHDCl, , and CD.Cl.*+

BroTHER FrANcIs E. PaLyva, EpwarDd A. ProTROwsKI, S. SUNDARAM,
AND ForresT Y. CLEVELAND

Spectroscopy Laboratory,} Department of Physics, Illinois Institute of Technology,
(hzcago, Illinois 60616

Raman displacements, semiquantitative relative intensities, and approxi-
mate depolarization ratios were obtained for liquid CH.Cl, , CHDCIl. , and
CDyCl: ; and wave numbers and estimated relative intensities for the in-
frared bands from 400 to 4000 cycles/cm were obtained for both the liquid
and the gas. Vibrational assignments for the deuteriated compounds were made
by comparison with the results for CH.Cl: , and by application of the com-
plete isotopic substitution rules of Brodersen and Langseth. The results confirm
the infrared work of Shimanouchi and Suzuki for these compounds, except for
the o2 fundamental of CI)2Cl; which was assigned to the 1052 cycles/em Raman
line. Thermodynamic properties (heat content function, free energy funection,
entropy, and heat capacity) were calculated for twelve temperatures from
100 to 1000°K to a rigid-rotor, harmonic-oseillator approximation.

INTRODUCTION

Vibrational spectral data for CH:Cly in the Raman (7-77) and infrared
(12-15) have been reported and the assignment of the fundamentals made by
Plyler and Benedict (74) has been confirmed by Welsh et al. (11) from a study
of the band contours in the Raman spectrum of the vapor. Since pure samples of
CHDCls and CD:Cl; have become available, the present investigation was un-
dertaken in order to obtain spectral data for all these three molecules.

During the course of the present work, Shimanouchi and Suzuki (76) reported
wave numbers for the infrared, made assignments for the fundamentals of these
molecules, and calculated modified Urey—Bradley, and general quadratic valence

* A preliminary report was presented at the Mid-America Spectroscopy Symposium of
the Society for Applied Spectroscopy in Chicago on May 1, 1962. For previous papers in this
series, see ./. Wol. Spectry. 13, 67 (1964).

1 Based on an investigation carried out by one of the authors (F. E. P.) in partial fulfill-
ment of the requirements for the Master of Science degree.

1 Publication No, 176.

119



120

PALMA ET AL.

force, potential energy constants. The present Raman work confirmed their
results, except for the assignment of the ¢ fundamental for CD.Cl. .

EXPERIMENTAL PROCEDURES

The deuteriated compounds were obtained from the Merck, Sharp, and
Dohme Company, Montreal, Canada. The Raman displacements were recorded
on Eastman 103a-J photographic plates by the use of a Hilger E-612, two-prism
spectrograph having a reciprocal linear dispersion of 100 em™/mm at 4358 A.

TABLE I
RAMAN SPECTRAL DATA FOR CHoClp®
Aoy I Depolarization ratio bog I

PR PY N AD PR CR T W PR® PS  WCTL

285 284 10 1.2 75 vee 0.25 0,43 0,11 P 281.5 69¢

T03 701 10 1.9 1000 «es 0.07 0.09 P P Ti2.9 137

T2 737 T 2.0 10 eee 0.84% 0.79 0.70 D Th8 38

895 896 4 2.5 0 eee (D) aeil el 893 ven

988 9884 2 8.0 YW cee eeer eeee aees ceese eee
1156 1153 6 3.5 2 ees 0.87 0.89 0.75 1153

1220 siee e e W ces sses sese sesa e eesers  see
1265 1260 2 5.0 ww eee  sses  ases  seas e cessse  ese
1k23 119 9 2.9 6 0.6 0.83 0.88 0.71 P® 1L430.1 22
ik7s 1b7o 3 L.3 vw ese  sese eese awess o cesave ses
2001 .ess e see v ces  sese asse sess o cesees  see
2306 seve ee aes vw ees  esas sess sess ceneae  ses
2365 cien ee eee vw ces seae saee  eese » ceseee e
cees sees se eee . cee eese eess eses 2854 5
2986 2986 11 1.4 181 0.2 0,05 0.27 P P 2995.7 108
3053 3048 T L.3 T 6/7 0.9 D 0.66 D 3040 98
807 and Ao, = Raman displacements in cycles/cm for the liquid and gas,
respectively; I = semiquantitative relative intensity obtained from
microphotometer measurements (vw = very weak); PR = present results;
PV = probable value from the data of references 1-10; N = number of
times the line has been observed in independent investigations; AD =
average deviation from the mean; CR = Cabannes and Rousset (4); T =

Trumpy (5); W = Wagner (7); PS = polarization state (P = polarized, D
= depolarized); WCTL = Welsh et al. (1l); and parentheses enclose val-
ues in regard to which there is some uncertainty.

Papproximate values,

CReduced integrated intensities I; are given. A few Raman bands for the
gas were reported by Nielsen and Ward (8) at 281, 712, and 3002; and
by Rao (10) at 276, 708, and 2988 c/cm.

dPresent value taken as most probable. Wagner reports 972 c/em which is
much lower than the average observed infrared value of 987 c/cm.

©The presence of overtones and combinations of C~-Cl stretching vibra-
tions may account for the high depolarization ratio measured for this
line.
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TABLE IT
INFRARED SPECTRAL DATA FOR CH2012a
gy Ie cg Ie
PR PV N AD PR SS PR PR
ks2 kg 2 k.o W e .es ..
530 coe s ees w ceees ces .o
T07.5 706
706 T0T 5 2.6 m 1975 125 v
T49.6 750
Tho 739 6 1.7 vs ;gg:g vs
T763.5 T6h
896 896 5 2.0 s 897.7 897 v
986 987 3 2.3 w ceses . .
1018 ceee e eee vvw cesens vese .e
1154 1156 4 1.8 w cesees vess ..
1260.6 1259
1265 1265 L 1.0 vs 1268.1 1266 vs
1275.1 1275
1276 eese s ewe w ceenan cens ..
1L62 1L63
1h2k 1k26 2.2 s 14732 1472 W
1Lk2 cese o aas W ceeess aes .e
1550 1553 3 5.7 w cesens vese .
1602 1612 3 7.0 vvw cesese seee .o
2054 2055 3 2.0 vvw R teee
2126 2132 3 3.7 vvw veenuse ceus ..
2152 2154 2 1.5 vvw [ tees ..
2305 2308 3 k4.7 w crsese veee .o
2ko9 2k11 3 2.3 vw N cens ..
2520 2523 3 2.3 W ceeese e
2691 2684 3 8,0 v ceenen cene .o
2826 2836 3 8.3 VW crenes eone .
2991 2986
2983 2986 5 2.0 m 3007 3005 w
3056 3049 5 2.6 s ceeeee cenre
3688 3693 4 5.5 VW cescve veea .o
3941 39L0 L 5.5 vw eveene ceee ..
8¢y and 0, = wave numbers in c/cm for the liquid and gas, respectively;
I, = estimated relative intensity (v = weak, m = medium, s = strong,

v = very); PV = probable value from the data of references 12-16; SS =
Shimanouchi and Suzuki (16); and other symbols have the same meaning
as in Table I. A few bands reported by Kaye (18) between 2800 and 4000
c/cm were included in obtaining the average values.

bBreitman and Steacie (15) reported vapor bands at 747, 762 and 1262,
1277 c/em,
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TABLE IIT
ASSIGNMENTS FOR THE RAMAN AND INFRARED BANDS OF CH,Cl,?

boq I PS gy I 0. Assignment Type
285 15 P 285P a), ag
e eee e 448 vvw 153 og - o) Bp
ees e e 530 w 525 og = 99 Ay
701 1000 P 70T m 704 a3 ay
737 10 D 739 vs 138 o9 bo
896 W 896 s 896 a7 by
288 W . 987 ww 989 o3 + o) Ay
cense vee e 1018 wvw 1023 ay + og By
1153 2 D 1156 v 1155 a5 as
1220 v . IS “ee 1229 0’3 + og = 09 Al
1260 vw 1265 wvs 1263 o8 by
ceee cer . 1276w 1274 g3 + 20y Ay
1k19 6 P 1k26 s 122 g5 ay
cese  eee a 1bk2 W 1kk2 o3 * gg Bo
W70 v . ceee ees 1476 20g A
ceee cee o 1553 w 15L8 o) + ag By
eens e 1612 vvw 1600 o3 + oy By
2001 VW, cese  sen 2001 og + gg Ay
ceeraee 2055 vvw 2051  og + oy B,
cens cer e 2132 wvvw 2126 op * o3 Ay
ceer  ese e 2154 vvw 2160 ap + oy B
2306 VW . 2308 w 2310 205 Ay
2365 v . veee ees 23LY ag ~ o3 By
cee e 2411 vw 2418 o5 + 08 Bl
ceer eee e 2523 vvw 2526 20g Ay
cher aee 2684 vw 2685 g, + Og By
carease s 2836 vvw 28LL 205 Ay
2986 181 P 2986 m 2986 o1 a3
3048 7 D 30k s 3048 g by
cree ese s 3693 vvw 3690 g1 + 03 Ay
evee  eas e 39L0 wvw 39kk og + o7 Aq

8These are the present most probable values of the Raman and infreared
wave numbers in c/em.

bThe underlined values are the observed wave numbers of +the fundamen~
tals for the liquid state; the other values are the wave numbers (og)

" calculated for the overtones and combinations from these observed fun-~
damentals. The other symbols have the same meaning as in the previous
tables.
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The optical densities of the Raman lines were measured with a Leeds and
Northrup recording microphotometer and from these the semiquantitative
relative intensities and depolarization ratios were determined by methods previ-
ously described (77). The infrared records were obtained with a Perkin—Flmer,
model 21, double-beam recording spectrophotometer. KBr optics were used from
400 to 1000, NaCl from 1000 to 2000, and Cal', from 2000 to 4000 cycles, cm.
The cells used for the liquid had a thickness of 100 um. For wave-number meas-
urements in regions of strong absorption, a drop of the liquid was pressed be-
tween two KBr plates to form a thin film. A 10-cm cell with KBr windows was
used for the spectra of gaseous specimens.

SPECTRAL DATA AND ASSIGNMENTH
CHLCl,
A summary of the present and previous data and assignments for CH,(C'l, is
given in Tables I-III. The assignment is essentially the same as that of Plyler

and Benedict (74), although a few additional combination bands have been
observed and assigned.
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TABLE IV
RAMAN AND INFRARED SPECTRAL DATA AND ASSIGNMENTS FOR CD,Cl,%

I ob o

Aoy g °1 Te g Assignment Type
PR PR PR SS PR ss PR PR ¢
282 M9k o0.09 ces . tee wee es 282 oy a)
k29w ..., wes ae. U288 ww k29 og - 9 Bp
533 YV eee eos ves P ver we 564 2a), Ay
677 1000 P g;g gg; 679 678 m 678 a3 ay
T21.7 719
76 10 0.66 ggg:? Toh T2 vs jehY o9 by
735.4 T3k
“ae “se  esas eneee cne . see  as Ec ar bl
826  wvw 0.83 cee B2T ww 826 95 as
952.8 952
957.4
960.7 o962 955 957 vs 955 og o
967.% 968
998,4 998
992 ww ... igg;:g ig‘{g 995 994 s 993% oy +og By
1017.2 101k
1052 6 0.23 ssesne seee seee YR .e _JQLZ 02 a.l
seve  ees sess eveeee  sase  eess 1137 0w 1140 209 - oy Ay
vese ver seae cseres aese eees 1173 wvw 1167 Op + 05 - 0g By
veve see saes eesees 1808 ... 1390 m 1389 g3 + g B,
1W19° woL... cecsse sess sees seen es 1h22 204 Ay
tesese wses  eess 1537 ww 1538 o5 + oyp B,
P ceeres sees  wees 163L vw 1626  og - 93 By
1655 VY see. cesese ases  wees wees as 1652 205 Ay
ceeses sese wees 1695 W 1730 o0p *+ o3 Ay
coee eer  suee cetnes  esee vees 1755 m 1763 op + dg By
1896 VW ... ciesee eses  save ease  us 1910 204 Ay
terers ease  sees 2005 vw 2007 g5 + 0g By
2095 VW ... tevess sese  eess 209h vw 2104 20, Ay
2198 199 0.07 g;gg:l 2199 2198 2199 = 2198 oy 8y
2304 L  0.80 seesss eses 230k 2305 m 230k L7 by
ceee ves seee tessas seee eese 2876 wvw 2876 o1 + o3 Ay
sees ees  seee cessne  sees eses 2910 wvw 2909 o) + dg By
cese  ses  saes vesses sese  wess 3011 vw 3016 og *+ of Ay
vesers sses  eees 3117 W 3130 o5 + gg By
ceesss 335h ..., 3333 w 3356  op + 0g By

®The symbols have the same meanings as in the previous tables.
Papproximate values.

CCalculated from the complete isotope rule.

dshimanouchi and Suzuki (16) assigned this band as the fundamental op.

€This band might at first thought be ascribed to a trace of CHpCly re-

meining in the specimen. However, even in the pure CH,Cl,, this was &
weak band end as only a trace it would probably be unobservable. Be-
sides, the overtone 20y was observed in CHpClp and therefore would
alsc be expected in CDgC?g.
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The assignment of the apparently depolarized Raman line ¢; = 1419 cycles, cm
to the a; vibrational species (symmetric CH, deformation) has been discussed by
Welsh ¢t al. (11). They found that the band contour for the gas had the strong
@-branch characteristic of an a; vibration, but with a comparatively high inten-
sity in the rotational wings, indicating that the depolarization ratio is large.

The infrared speetrum is shown in Iig. 1. The absorption band near 1400
cycles,‘eni has a peculiar shape both for the liquid and the gas. The combination
oy + oy = 1442 eycles/em ( B.) appears as a shoulder, and it is possible that
the overtones 203 = 1414 (1,7, and 204 = 1478 cycles/em () contribute to the
absorption. Welsh et al. (/1) observed this line at 1430 cycles/cm in the Raman
spectruni of the gas. This is a shift of 11 eycles/cin from the wave number for
the liquid, as might be expected. In the infrared spectrum of the gas there is an
absorption near 1467 cycles/cm, a shift of more than 40 cyeles,/’em from the in-
frared value of oy in the liquid. This is a much larger shift than might be ex-
pected. Perhaps in the gas as well as in the liquid, the ahsorption in this region
1s due principally to the combinations and overtones of the C—Cl stretching
vibrations, and not to the CH. deformation vibration.

100

4 cag Prism 25

fl‘lllllllllll'lvlrl"lo

3600 3200 2800 2400 2000

5 100

= A \J hadll l-75
(2]
Z

é 1 I-50
-

. NaCl Prism |-2s
’_
z

I‘:‘JJ T T T | E——{ T T T T o

x 1800 1600 1400 1200 1000
la'J 100
KBr Prism s
LIQUID
——— THIN FILM |25
............. VAPOR
L}

T T T T T
800 600 400
WAVE NUMBER IN "'CYCLES/CM.

Fra. 2. Infrared spectrum of (C1,Cls



TABLE V
RAMAN AND INFRARED SPECTRAL DATA AND ASSIGNMENTS FOR CHDCl,®

b

Ao I ] ) o I
PR° PR PR ss ° R s R A Oc Assignment Type
283 136 P cer vee aee e 283 o6 al
see  ees eene vee eee wee b33 ww ko o9 - 0g A"
Mt v ... aee coe vee  see e ks oy -o0g A'
cer see sene AN cos eee 600 W 602 o -o0g A"
650 VW ... ces cee cee  eee e 653 o7 - 206 A"
682 1000 P ey G ean 6o m 683 o5 af
729.4% 729
737.1 _ "
T25 20 0.67 739.3 725 T19 vs 123 09 el
Ths.0  TL3
779 16 0.02 787 790 178 T8 m 118 oy a
881.6 880
886 vw 0.73 889.8 888 885 885 wvs 88s a8 a"
896.6 895
cese  ese seas eesess sese  sees 1168 W 1168 gg + 08 A"
1215.6 1216
1221 wvw 0.69 1222.9 1222 1218 1218 vs 1219 o7 a"
1230.0 1230
1253 VW eeee teasse  sese  sees sees  es 1259 o7 + 09 -~ o5 A'
1276 1 0.50 1208 50T 1283 1275 s 1278 o3 at
seee  ees  esss seveee sese  sees 1361 Ww 1366 205 Af
ceve  eee eees cesees eees  ees. 1MOW m 106 o5+ 0y A"
Wh3 v ... Cesees esss ssse eses ee 1446 209 At
1 oh + o "
ceee eee eees ceeeee eeee eees 1505 W 120 02 s o
veee  see eees sevess sees  eess 1608 ww 1608 og+ o9 A
secs  ase sess seesee sses  eees 1668 vw 1663 oy + o8 A"
eese  ses sase veeses seee  sees 1713 wvw 171k o) + o7 - 0g A"
ceer  ses eeee cesees esee  eess LT66 ww 1770 20g Al
1961 s + O Al
csse  ses seee ceeece eese  sess 1965 ww 196k GZ _ OZ o
ceee  see eens B L 1997 oy + o7 A"
eees  ese sees cseses sses  eees 2047 ww 2056 g3 + O} Al
2246 59 P 22032 223 o8 2206w ozl o
esse  see sess sssses eses  sess 2W26 W 2h38 207 Al
sess  eee sews cesees sese  sees 2WOM v 2kgT o3+ 07 A"
eves  ees eees sseeee seee  eeee 2542 wvw 2530 oy + 05 A!
3019 66 P e M 3019 021 s 3020 oy 8’
sses  see ssee sesece sese  seee 3118 ww 3132 05 + 0g A"

8&The symbols have the same meanings as in the previous tables.
bapproximate values.
191
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The 1156 eycles/em line, assigned as the torsional vibration os(a-), is allowed
only in the Raman spectrum, but also appears weakly in the infrared. The selec-
for liquids due to molecular intera and we
find that there are similar coincidences for CH.D. (79), CH,Br. CH.k:
and CHsly (74); and for CDo(Cls .

FAMRUUE N DA I ISR R, PRI o
L0 rules Iilay Dreag Aaowil CLIOIES,
(20),

o
2

DL

The Raman and infrared data and assig re summarized in

Zﬂ

Table IV, and the infrared spectrun is shown m Fig. assignment of the
fundamentals was made after consideration of the Raman and infrared intensi-
ties, the depolarization ratios, and a comparison with the results for CH.ClL .
The polarized Raman line at 1052 cycles/em, which has nearly the same in-
tensity as the 1419 eycles/cm line of CH,Cls, was assigned as os(a1), the C1);
symmetric deformation vibration. Shimanouchi and Suzuki (76) assigned this
vibration to the strong infrared band at 995 eycles/em. However, this infrared
band can be assigned as the B> combination o4 + o5 = 993 cycles/em. In Iig. 2,
a small amount of infrared absorption can be observed near 1050 cycles cm,
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but for the cell thickness used here, there is no measurable peak. The fact that
the corresponding vibration in CH,Cl; is observed as a fairly strong band in the
infrared can be partly explained by attributing much of the absorption to C—Cl
stretching combinations and overtones, as we have stated above.

The 827 cycles/em band assigned as o5(a2), forbidden in the infrared for the
gaseous state, was observed as a weak band for the liquid, as was the a, funda-
mental of CH.Cl:. One of the b, fundamentals, expected to appear near 700
cycles/cm, was not observed because of the strong C—CI stretching bands in
this region. The infrared bands at 885 and 1218 cycles/cm are due to traces of
CHDC; in the sample.

The assignments for the fundamentals were easily made for CHDCl; with the
help of the complete isotopic substitution rules of Brodersen and Langseth (21).

1Cip Ll QUIPICLE HLLO LS LILAALI0ON TR 2I0ACISCH 4110 L.AllgstLil

The observed Raman displacements for CHyCl, and CD,Cl, were used for these
calculations. For the one b, fundamental for CD,Cl, which was not observed, a
tentative value of 704 cycles/ecm was first used; this was the average of the cal-
culated values of Decius (22) and Shlmanouchl (23). After the observed wave
numbers for CHDCI, had been assigned, the observed fundamentals for CHDCl,

and CH,Cl; were used with the Brodersen-Langseth rule to calculate a better

TABLE VI
WAVE NUMBERS FOR THE FUNDAMENTALS®
y CHpClp CDoClp . CHDClp

Gy Og D o] Og D o1 Og D Oei
vilay) 2986 2996 10 2198 2207 9 vo(a') 3020 3024 L4 3038
volay) 1k22 1430 8 1052 1060° ., vpla') 2247 2251 L 2252
v3lay) 708 T3 9 678 687 9 va{a’) 1278 1282 4 1277
vylay) 285 282 -3 282 279b ., vpla') 778 789 11 773
vs(ap) 1155 1153 -2 826  82kb ., vg(a') 683 692 9 681
vgl{by} 3048 3040 -8 2304 2296° .. vglat) 283 280° -3 28k
vp{oy) 896 89T 1 1124 T13b ., vr(a") 1219 1222 3 1220
vglbs) 1263 1267 k4 955 961 6 vg(a") 885 889 & 884
vglbp) 738 57 19 711 7128 1T vola") 723 738 15 725

8y = frequency; D = Og = 013 Ogj = wave number calculated by the complete
isotope rule from the observed Acgy values of CHoCly; and CDpCly; other
symbols have the same meanings as in the previous tables.

bEstimated value obtained by adding to o7 the value of D for the corres-
ponding fundamental of CH,Cls.

CEstimated by comparison of the observed CCly deformation wave numbers for
all three molecules in the liquid state, and interpolation between the
corresponding gas values for CHyCl, and CD,Cl,.

dralculated from the complete isotope rule,
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value for this line, namely, 712 cycles/cm. The probable values of the wave
numbers for the fundamentals of CHDCI, are given in Table V, along with the
observed Raman and infrared spectral data and assigninents. The infrared
spectrum is shown in Fig. 3. The shoulders at 955 and 1265 cycles/cm are attrib-
uted to CD.Cl, and CH,Cl,, respectively.

The probable values of the fundamentals for the iquid and gas and the liquid
to gas shifts in the wave numbers for CH,Cl, , CD,CL , and CHDCI, are given
in Table VI. Also given, in the last column, are the wave numbers calculated
for the fundamentals of CHDCI, by use of the Brodersen-Langseth complete

isotopic rule.

THERMODYNAMIC PROPERTIES
The heat content function (H’ — E’)/T, free energy function — (F° — E')/T,

entronv Q and heat capacity ﬂ at one atmosnhere nressure were comnuted for
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all three molecules at twelve temperatures to the ideal gaseous state, rigid-rotor,
harmonic-oscillator approximation. The wave numbers for the gaseous state,
listed in Table VI, were used in these calculations. The symmetry number is 2
for CH.Cl; and CD,Cl;, and 1 for CHDCI; . The products of the principal mo-
ments of inertia, taken from Meyers and Gwinn (24), are 3.9645 X 10° (amu
A% for CH,CLy, 5.5472 X 10° for CD,Cly, and 4.7456 X 10° for CHDCl, . The
results are given in Table VII.

The thermodynamic properties for CH,Cl, thus calculated differ slightly from
those obtained from the wave numbers for the liquid by Gelles and Pitzer (25).
The average deviation of their values from the present results is 0.03 cal deg™

mole™ for the heat content funetion. 0.05 for the free ener rey function, 0.08 for
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the entropy, and 0.07 for the heat capacity.
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