Spectrochimica Acta, Vol. 324, pp. 559 to 567. Pergamon Press, 1976. Printed in Northern Ireland

The i.r. and Raman spectra of solid trichloroacetonitrile
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Abstract—The i.r. and Raman spectra of polycrystalline films of CCI;CN have been recorded at
liquid nitrogen temperature. Chlorine isotope splitting has beenresolved for the v; fundamental and
crystal splittings have been observed for five of the fundamentals, A possibis erystal structurs is
diseussed. Raman wavenumbers and depolarization ratios are included for liguid CCL,CN.

INTRODUCTION

Infrared spectra of gaseous and liguid CCLCN
and the Raman spectrum of the liquid have been
published previously [1, 2]. In this older work
the ir. spectrum only extended to 475 om™1,
However, four of the eight fundamentals (v,
g, ¥, 8ind vg) occur at lower wavenumbers. Three
of these (v, »; and vy) were observed in the Raman
spectrum by Warr and Janz [1]. These workers
estimated vy to be 350 em™ from combination
bands in the i.r., whereas EpGELL and ULTEE [2]
assigned & very weak Ramean line at 388 em™ to ;.
Only qualitative depolarization measurements
were made on the Raman lines and some of these
were uncertaein {1, 2].

Our main interest in CCLCN is in solid state
ir. and Raman spectra and gas phase i.r. spectra.
No previous solid state spectra of CCl;CN have
been reported and the crystal sfructure is mnot
known. Preliminary work on the gas phase ir.
spectrum indicated that few of the interesting
features observed for CF,CN [3, 4] were present
in the spectrum of CCL,CN.

We have recently studied the solid state vib-
rational spectrs, of CCLH [6] and CCLF [6, 7]
and observed splittings of fundamentals, which
were attributed to both crystal and chlorine
isotope effects. Chloroform is known to have
an orthorhombic crystal structure [8] and the
reported vibrational spectra are consistent with
this structure [5, 9, 10]. From ir. and Raman
spectra. of solid CFyCN [11], a possible crystal

structure was deduced from splittings of funda-
mentals. In this paper we extend previous work
on analogous compounds to solid CCL,CN. In
addition, we report here extended i.r. measure-
ments of liquid CClCN and depolarization ratios
for the Raman lines of the liquid.

EXPERIMENTAL

Research grade CCLCN was obtained from The
Aldrich Chemical Compeny. No impurities were de-
tected in the spectra and apart from outgassing on a
vacuum line, the material was used without further
purification.

The infrared spectra were recorded on both Perkin—
Eimer ¥14 single beam double-pass and Perkin-Elmer
model 180 double beam grating spectrophotometors.
The instruments were thoroughly flushed with dry
nitrogen gas to remove etmospheric H,0 and CO,.
The spectral slit width used varied from 1.0 to 2.0 em—1,
The instruments were calibrated with suitable stand-
ards [12] and the frequencies given in Table 1 are
believed to be accurate to within +1.0 cm=-1.

A conventional low temperature liquid nitrogen
cell was used and the sampling method employed is
similar to that described for CF,CN [5]. Very careful
annealing of the deposited films was necessary to
obtain reproducible results. Spectrs obtained from
initial deposits usually showed less structure than they
did after annealing.

The Raman spectra were recorded on a Cary 82
spectrophotometer at the University of Queensland.
Spectra. were excited by the 5145 A line of & C.R.L.
model 52 Argon ion laser. The cryostat used was sn
Oxford instruments, CF100 liquid transfer cryostat.
Calibration was made using known wavelengths of
argon ion emission lines from the laser [18],
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Table 1. Raman and i.r. wavenumbers (em~1)? in the rogions of the fundamentals of liquid and solid
CCLCN
cde Infrared Raman Assignments
Liquid Solid Liquid® solid
v'l(A'I) 225 s 2251.5 s 2249.5 vs (0.10) 2249.5 vs C=N str.
- - - 2222 www ¢="%N str.
- -- -- 2198 ww B¢z str.
vz(.ﬂl]) 1028 vs 1025.5 vs 1028.0 w  (0.02) 1025.9 w C-C str.
- 1018.0 w -- - 3¢ str.
490 s 495.0 vs,b  487.8 vs (0.02) 437.5 s ¢3¢t on str,
3.0 3
vyl - -- 484.8 vs (0.02) 4805 n” eFe1, eren
- -- -- 483.6 m orientation splitting
.- - - 1812 0/ c3er¥er o
- - -~ 480.0 sl;\3.2 orientation splitting
- - - 478.0 w ¢3e13en str.
\)4(Al) 318w 3.0 w 36.5m (0.34) Ng.9m CC13 def.
- - - 792.6 m Cc13 str.
_— - -~ 789.4 &
site and unit
u5(E) 787 vs 791.7 vs 789.0 m (0.79) 786.9 5 cell splitting
- 7806 w - 785.4 m
ve(E) 334 wsh 360.0 ww - - CCl, def,
vy (E) 262 s 265.0 m 262.0 s (0.78) 263.6 w Cel, rock
-- - - 1816 we_4.y  C-CzN def.
_ . - 173.9 m~” site and
~N9
vg(€) 156 s -- 160.5 5 (0.80) 164.8 55 g g unit cell
- — -- 156.0 5 splitting

a

b depolarization ratios are given in brackets
RESULTS AND DISCUSSION

To indicate relative iniensitics of the bands,
ir. and Raman survey spectra of solid CCLCN
are shown in Figs. 1 and 2. Figure 3 shows the
far ir. spectrum of liquid CCL,CN. Some details
of the ir. and Raman spectra of fundamentals
and ather features are seen in Figs. 4, § and 6.
Table 1 lists the observed wavenumbers, Raman
depolarization ratios and assignments in the
regions of the fundamentals and Table 2 gives
the wave-numbers of overtone and combination
bands.

Froquency shifts in passing from liquid to
solid states are very small. However, five of the
fundamentals and several combinations and over-
tones are observed to split into multiplets. In

y = vary, s = strong, m = medium, w = weak, sh =

shoulder, b = broad

addition to the chlorine isotope splitting dis-
cussed helow, the a; modes might be split by
vibrational coupling if there are two or more
molecules in the unit cell. The & modes on the
other hand, might show both site and unit cell
components.

Isotope splitting

The relative abundances and symmetries of
the four chlorine isotopic CCL;CN molecules aro:
C¥CLCN 42.89% (Cg,), CCLFCICN 41.89% (C)),
C3CI¥CLCN 13.99, (0,) and CPCLCN 1.5% (Cy,)-
Chlorine isotope splitting is responsible for some
of the observed fine structure associated with
the »; fundamental, the overtone 2»; and the
combinations v; + », and vy + »,.
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Fig. 1. An ir, survey spectrum of solid CCl,CN at 77 K. The spectral slit width was 3 em~L
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Fig. 2. A Raman survey spectrum of solid CCl,CN at
77 K., Spectral slit widths and photon counting ranges
(102 counts/sec). used were: A 1.4 cm~!, 50; B 1.7em™!,
50; B 2.0em™, 20; D 4.0cm™, 10. 80 790 T7O0 750 270 280
-]
cm

Fig. 4. Details of some i.r. bands of solid CCLCN at
77 K. Trace A was obtained from a very thin film,
trace B from a thick film. A medium thick film was
used for v, and thin films for the other bands.

The magnitudes of the splittings due to chlorine
isotopic molecules were predicted by means of a
normal coordinate analysis. The Wilson FG
matrix method [14] was used and an initial valence
foree field, including a fow interaction constants,
was obtained for CCL,CN from reference [1]. The
350 250 150 force field was refined using a computer program

cm’ written by SOHACHTSCHENEIDER [15] and modified

Fig. 3. The far i, spectrum of liquid CCLON at 35°c DY BROOES [16]. The following structural param-
in polyethylene cells. A 0.1 mm and A 1.0 mm psth. eters were taken from the electron diffraction
length. study of LIVINGSTOX ef al. (17): C—N = 1.165 A,

«+— Absarption
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Fig. 6, Details of some Raman bands of solid CClCN at 77 K, Spectral slit widths and photon
counting ranges (counts/sec.) used were: ¥, 0.6 em~1, 5000; », 1.0 em™2, 2000; », 0.5 crn2, 5000;
v, 0.5 cm—?, 1000; wyfyy - v, 0.6 cm~2, 2000; », 0.5 cma~?, 1000 and 34 0.4 cm—%, 500,
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Fig. 8. Some overtone and combination bands and the lattice mode region of the Raman spectrum

of sclid CCICN at 77 K. Spectral slit widths and photon counting ranges (counts/sec.) used were:

2y, 1.0 em~1, 1000; »; 4 ¥, 2.0 e, 1500; vy + 23 0.75 em™1, 2000; », + v 4.0 em~1, 2000 and for
the lattice mode region 2.0 cm—*, 5000.
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Table 2. Wavenumbers (cm—1) of some overtone and combinstion bands cbserved? in the
Raman and i.r. spectra of solid CCL,CN

Raman Infrared Assignment
——— 1805.0 vw vy *+ vy (E)
- 1575.0 vv 2vg (F\1 A+ E)
- 1265.0 ww vy + v (E)
- 1098.0 w vy *+ vg (E)
——— 1046,0 v v vy (A] +A, +E)
— 1009.5 ww ?
996.2 w,b 958.3 w ?
983.0 shs, ~ 984.0 sh
3.7 73.5
979.3 sZo 5. .
972.7 w58 90 e rss } B ()
—— 965.0 W 2
- 805.0 w,b ~ B805.0 sh 2
798.2 758,7 s
4.2 .
~793.0 wll —— +
Toal W53l - } vy + vy (A)
779.5 w 779.5 s ?
764.2 m 764.0 m
- 62,0 sh .-
52.0 Mg o 751.8 m
746.6 mlo 716.6 w224 vy + o (E
118 wgg; 741.3 wo ol 3 vy (B)
NUR" Rl -
672,0 vw -na
658.0 w - } vy + vg (E)
499.7 s v--
497.0 sh -
o 485.3 w vg + vg {E)
— 482,7 m
440.5 v -
430.7 vu - vz tvg (A + Ry 4 E)
P 302.0 vwb 2vg (A, + A, + E)
g WAy + 4,

161.2 sh -— -

2 For comparison of relative intensities within this table, the symbols;
v = very, s = strong, m = medium and w = weak, are used. With the ex-
ception of 2v, these intensities are generally an order of magnitude

weaker than those of Table 1.

b Observed in the spectrum of 1iquid CCI1CK.
AN
C—C =1465 A, C—Cl = 1.765 A and COCl = the wavenumbers of the four chlorine isotopie
109.5°. molecules using atomic weights of 35.00 and 37.00.

A reasonable fit was obtained between observed No splitting was prodicted for v; and %, and the
(liquid phase) wavenumbers and those caleulated calculated separations betwecen isotopie¢ compon-
using an atomic weight of chlorine of 35.45. The ents of v, ¥, ¥5, ¥ v; and v, were 3.0, 1.5-1.9,
same force constants were then used to calculate 0.6, 0.6, 1.0-1.8 and 0.6 em™2 respectively. From



564

these caleulations it was expected that isotapic
structure might be resclvable for »;, v, and v,
However it appears that isotopic splitting is only
ohserved for v, 2»; and somc combinations in-
valving this fundamental.

The relative abundances of CCL12CN, BCCLIXCN
and L2CCLICN are: 97.89%, 1.19% and 1.1%, re-
spectively. It is expected that », of CCL,CN will
be appreciably shifted in the molecules containing
3¢ and the intensiby should be about 29/ of the
light molecule. The weak peak at 1018 em™ in
the i.r. spectrum, (Fig. 4), eould be due to v, of
the two 13C isotopic molecules®,

In the C=N stretching region two isotopic
satellites are possible due to C="N and 13C =N.
The relative abundances are 0.49%, and 1.19, and a
diatomic moleeule modol, prediets shifts of 35 and
50 em™! respectively. The two very weak Raman
lines at 2222 and 2198 e, (Fig. 2), are assigned
to »; of the two heavy isotopic molecules.

A, fundamentals

The C=N and C—C stretching modes »; and
vy, and the symmetric CCl; deformation v, all
appear ag single peaks in both ir. and Raman
spectra. A weak peak on the low wavenumber side
of », in the ir. spectrum, (see Ing. 4) is probably
due to 13C isotopic molecules,

Both ir. and Raman spectra of the symmetric
CCl, stretching mode w3 are complicated. The
i.r. spectrum shows a strong broad peak centered
at 496 cm™t with unresolved structure and a weak
doublet on the low wavenumber side. A Raman
band centered at 487.5 el contains at least
eight features, some of which are shoulders. This
fundamoenta) should have well resolved chlorine
isotopic structure. In addition, absorption or
scattering arising from the combination v, + g
is expected from 475 to 500em=1. The resulting i.r.
and Raman bands are difficult to identify. If the
Raman scattoring observed mnear 495 cm™! ig
attributed to components of v; 4 v, a pattern
which can be recognized as a
chlorine isotope quartet similar to that observed
for CCLLF [6] and CCLH [5]. Howover, in the
present case, the peaks due to the C33CI3"CICN
and C®CPCLCN molecules are split into doub-
lets, which can be explained as an orientational
ficld effect as followst. If the CC13CN molecules

remains

* The natural abundanee of BCCLBCN is negligibly
small (0.019).

T We are grateful to a referée for suggesting this
explanation of the observed splitting of two compo-
nents of v,.
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aceupy C, sites in the crystal and the plane of
symmetry contains one of the C—Cl bonds, then
the orientations shown in Fig. 7 are possible.
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Fig. 7. Possible orientations of C35C1,8°CICN and €3
Cl;CN molecules on C, sites.

A mixed isotopic molecule such as C*CL3CICN
can have two non-equivalent orientations A and B
with respect to the site symmetry. This applies
equally to C3CI37CL,CN but not to C¥CIL,CN or
C%C1,CN which have a unigue orientation C.

The broad band observed for », in the ir. ex-
tends from 490 to above 500 cm!. The band
undoubtedly contains several components, but
attempts to resolve these eomponents were un-
successful, even using spectral slit widths as small
as 0.5 cm . This may be due to the difficulty
in obtaining a properly annealed sample. This
problem is difticult to avoid in the sampling method
used to study i.r. speetra of thin films. The films
are deposited from the gas phase onto a CsI win-
dow, which has poor heat conduction properties.
Annealing is less of a problem in Raman studies,
because the deposit is made directly onto a metal
surface.

E fundamentals

Of the four degenerate vibrations of solid CCl;CN
only v, v, and »; were observed in the Raman
spectrum. 'The lowest frequency fundamental »g
was not observed in the i.r. speetrum of tho solid,
but a band was secn in the liguid phase spectrum
at 156 em™1, using a polyethylene cell.

The antisymmetric CCL, stretching mode
shows considerable structure in hoth ir. and
Raman spectra. The region is complicated by twa
combinations »; + v, and v, + »,. Chlorine iso-
tope structure is difficult to identify, but it might
account for part of the structurc of the Raman
band. However, it is apparent that crystal split-
tings are present with possibly four Raman and
three i.r. active components.

The CCl; deformation vy is assigned to a very
weak peak at 360 e in the i.r. spectrum of the
solid, while a shoulder on the high wavenumber
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gide of »; In the liguid phase spectrum, (see
Fig. 3), may also be due to »,, However,
there is a difference of 26 em™l between these
liquid and solid phase absorptions, which seerns
to be unreasonably large. The location of v, re-
mains uncertain for the present,

The CCl; rock », gives rise to a fairly broad
band in the ir. spectrum of solid CCL,CN. The
three shoulders seen in Fig. 4 for this band may
well be due to unresolved chlorine isotope structure.
The Raman band is also broad and asymmetric.

The C—CN deformation »; gives rise to a Raman
band very similar to that of CF,CN [11]. Four
widely separsted components are found in the
spectra of both molecules. There is an additional
weak shoulder in the CCl,CN ease, but this could
be a lattice mode. The observed splittings must
be due to both site and correlation field eompon-
ents in the crystal.

Eaxternal modes

In Fig. 6, nine clearly resolved peaks are seen
in the Raman spectrum of solid CClCN between
30 and 120 em™!. The wavenumbers and relative
intensities are: 33.3m, 3828, 47.3w, 55.0m,
64.7 m, 76.78, 92.3m, 102.2 w and 117.3 w. Two
weak shoulders are also evident at 43.4 and near
108 em™1. The relative intensitios of these lattice
modes can be compared with the intensities of
the internal modes in Fig. 2, where it is seen that
the external vibrations are quite wealk.

Overtones and combinations

A large number of wesker features in the i.r.
and Raman spectra of solid CCl,CN ean be assigned
to overtones and combinations. The overtone 2vg
is very strong in the i.r. due to Fermi resonance
with »,. The fundamental », is wealk in the Raman
gpectrum, so that 2», is also weak in the Raman.
Several combinations involving v; are observed
in both i.r. and Raman spectra. Of these, »; 4 »,,
and »; + v, as well as 2y, have fairly complex
bands, part of which may be due to chlorine iso-
tope structure. The combination v; + v, consists
of two groups of bands, tho lower wavenumber
groupings (see Figs. 4 and 6) have the intensities
and separations expeeted for the four isotopic
CC1,CN molecules.

Three combinations involving »; have been
identified from the large separations between
their components. For »y + vy and », + vy two
components are observed in each case with split-
tings of 14 and 9.8 cm™! respectively. The ap-
proximate wavenumbers expected for the com-
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ponents of », + »; can be estimated from the
Raman wavenurnbers of the fundamentals to be
6500, 493, 484 and 475 ecmn~l. In the Raman spee-
trum o line at 499.7 em~! is observed with a
shoulder at about 497.0 cn™. A doublet is nhserved
at 486.3 and 482.7 cn™ in the ir. on the low
wave humber side of the »; fundamental. All of
these features are probably components of the
combination v, + »4.

Crystal structure

There is not sufficient evidence to draw any
definito conclusions concerning the crystal strue-
ture. However, it is not unreasonable to expect
that CCL,CN will crystallize with an orthorhombie
structure similar to that of the related tetrahedral
C,, molecules CCLH [3], CCLE [6, 7] and CF,CN
[11]. The doublot splittings of the »; bands of
C¥C1LACICN and C¥CI7CLON is good evidence for
& O, site and if the unit cell symmetry is C,, or
D,,, then those non-degenerate fundamentals
which do not show chlorine isotope splitting ean
split into two or four components by correlation
ficld splitting. In cach case two would be i.r.
and two Raman active. On the other hand, the
degenerate modes can split into four or eight com-
ponents, three being ir. active and four active
in the Raman for either structure. Correlations
between the various symmetry species of Cy,,
C, and C,, or Dy, are shown in Table 3. While
non-coincidence of wavenumbers of components
in i.r. and Raman spectra would indicate the D,
unit cell group, coincidence would not rule out
this possibility.

The only evidenee of erystal effects for the non-
degenerate fundamentals is the splitting of two
of the chlorine isotopic lines of 7, in the Raman
spectrum (see IMig. 5 and Table 1). As discussed
above, this may be due to an orientational effect
which produces an apparent site splitting of the
non-degenerate modes of the partially substi-
tuted isotopic molecules. On the other hand, both
v; and #»g show four erystal components in the
Raman while the i.r. band for »; has three. It
would have been useful to observe the i.r. band for
#g. but experimontal limitations prevented this,

For the combinations of site and unit cell sym-
metries discussed above, there will be more than
one molecule per unit cell. If there were two
molecules per unit cell, (e.g., T, site, C,, unit cell),
we would expeet nine Raman active external
modes. For a Dy, factor group and a C| site there
would be four molecules per unit eell. Of the 21
optical lattice modes 12 would be Raman active
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Tsble 3. A correlation table for the point groups involved in two
possible erystal structures for solid CClCN

Molecule A possible site Two possible unit cell
graup graup groups
=% % Cav 02
A'l (IR, R) Ag {R)
8y, (IR)
A'I A
B (IR, R) BZg (R)
Ba, (IR)
b (= R Byg (R)
= A A {-)
85 (IR, R) Byg (R)
By {IR)

under any of the 28 D,, space groups. A total
of eleven features were observed in the lattice
mode region of the Raman spectrum (see Fig, 6).
However, we were unablo to record the spectrum
below about 25 em™1, because of strong scattering
of the Rayleigh line so that it is possible that
additional optical lattice modes have not been
observed.

CONCLUSIONS

Solid state ir. and Raman spectra of CCLCN
have been recorded for the first time. Many of the
fundamentals, as well as overtones and combina-
tions give rise to complex bands. The observed
splittings are due to both chlorine isotope and
crystal components. The splittings of degenerate
modes indicate a lowering of symmetry in the
crystal and the doubling of the », lincs of C3CL,37
CICN and C¥CI¥CL,CN in the Raman spectrum
may be due to an orientation effect resulting from
a O, site. The observation of eleven lattice modes
in the Raman spectrum shows that therc must
be more than one moleeuls in the unit cell. The
evidence is insufficient to draw any definite con-
clusions concerning the crystal structure, but
an orthorhombic structure is not ruled out.

The laser Raman speetrum of liquid CCLCN
has been recorded for the first time and depolari-
zation ratios measured for the fundamentals., The
i.r, spectrum has been extended to 150 cm™! and

three of the low frequency fundamentals v, »,
and »g have been observed. However, the degener-
ate CCl, deformation mode »; is extremely wealk
and was not observed in the Raman spectrum.
Very weak absorptions at 360 and 334 em? in
the solid and liquid phase ir. spectrum might
be due to »;, but unfortunately -+26cm is an
unreasonably large wavenumber shift between
liquid end solid, so that the frequency of », re-
mains uneertain.
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