THE INFRARED SPECTRUM OF 2-CHLOROACRYLONITRILE

Die Berechnung erfolgte in folgenden Schritten:

a) Numerische Berechnung der Integrale. Die ein-
facheren wurden mit Bibliotheksprogrammen 6 7 ge-
rechnet, fiir die Dreizentren-Austausch- und Vier-
zentrenintegrale wurde ein eigenes Programm ent-
wickelt, es basiert im wesentlichen auf der Berech-

s N ALBAT u. N. GRUN (nicht veroffentlicht).
»Programm fiir die Berechnung von Dreizentren-Coulomb-
Imegralen , Programmbibliothek des Rechenzentrums in
Darmstadt.
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nungsmethode von HARRIS und MICHELS 8.

b) Berechnung der Faktoren fiir die Integrale in
den Elementen der Energiematrix und Berechnung
der verschiedenen Normen-Werte.

¢) Zusammenstellung der Energiematrix, Bestim-
mung der Eigenwerte und Eigenvektoren.

8 F. F. Harris u. H. H. MicHeLs, J. Chem. Phys. 45, 116
[1966].

Application of a New Principle of Assignment
to the Infrared Spectrum of 2-Chloroacrylonitrile
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The principle of phase independent anharmonicity constants has been applied to the assignment
of the infrared spectra of gaseous and liquid 1-chloro-1-cyanoethylene. The transferability of the
anharmonicity constants of 1,1-dichloroethylene and some other objective criteria have also been
utilized. An attempt has been made to correct for vibrational resonances and to determine the

harmonic frequencies of H,C:CCI(CN).

In an earlier paper! it has already been stated
that the anharmonicity constants of polyatomic mo-
lecules seem to be phase independent within the ac-
curacy of measurement, where no vibrational reso-
nance or Coriolis coupling occurs. This principle
has been used in the present investigation as an ob-
jective criterion of correct asignment and for the
identification of vibrational resonances in the spec-
trum.

For several applications, it is desirable to know
the harmonic frequencies (w;) of the normal vibra-
tions. In the past, these frequencies have only been
calculated for very few molecules with more than
three atoms. However, it seems possible to extend
the determination to large molecules provided a suf-
ficient number of combination levels can be observ-
ed. Here 163 vibrational levels have been identified,
and from these 15 fundamentals (»;), 81 anharmo-
nicity constants (z;;), and one vibrational resonance

Reprints request to Dr. F. WINTHER, Institut fiir Physikali-
sche Chemie der Universitdt Kiel, Abt. Chemische Physik,
D-2300 Kiel, Olshausenstraf3e 40 — 60.
1 F. WINTHER, Z. Naturforsch. 25 a, 1912 [1970].
2 S. B. Lie and P. KLABOE, Spectrochim. Acta A 26, 1191
[1970].

parameter (W;;;) could be obtained. An approxima-
tion method had to be used for the reduction of
these data to the 15 harmonic frequencies and 120
anharmonicity constants of 2-chloroacrylonitrile.

Before this work had been completed, a paper by
Lie and KLABOE? on the same molecule appeared.
Since LK are mainly dealing with the fundamentals,
and because of some discrepancies and questions
left open in their paper, it was thought worth while
publishing these extended and independent measure-
ments.

Experimental

The infrared spectra were recorded on Perkin-Elmer
mod. 125 (10000—400 cm~!) and Beckman IR-11
(400 —-100 cm™!) spectrometers, calibrated with fre-
quencies from 3 and 4. The gas phase spectra were in-
vestigated with spectral slit widths between 0.3 and
1.5 cm™!, depending upon frequency range and inten-

3 I.U.P.A.C. Tables of Wavenumbers for Calibration of Infra-
Red Spectrometers, Butterworths, London 1961.

4 K. N. Rao, C. J. HumPHREYS, and D. H. RaNk, Wavelength
Standards in the Infrared, Academic Press, New York 1966.
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Table 1. Assignments, negative anharmonicities and observed bands of 2-chloroacrylonitrile. Sym. is the symmetry species of the different levels in the Cgy ap-

proximation. A; and B; are in the in-plane vibrations, actually A’, and A, and B, are the out-of-plane (A”) vibrations. Anharm. ist the negative anharmonicity,

defined on p. 1509. For difference bands the deviation between the calculated (upper level — fundamental) and observed position is given in brackets. Err. indi-

cates the probable error of measurement. R —» is the frequency distance between the maximum of the R branch and the band center; R—P and »—P are defined

analogously. Inten. gives the maximum absorbance of liquid bands, between 10 000 and 4700 cm—! for a 10 mm and below 4700 cm~—1! for a 250 u layer. Avy, is

the halfwidth of bands in the liquid phase. Other abbreviations are: ass. = assumed, min = minimum, unsymm. = unsymmetrical, br = broad, impur. = im-
purity, and doub. = double. Levels assigned to H,C, 37CICN are marked with an asterisk, e. g. 2* 7%,

Gas Liquid
Assignment Sym. Anharm. Found Err. Band shape R—v R—P v—P  Anharm. Found Err. Inten. Remarks
vi v Vg W cm—1 cm—1 cm—1 cm—1 cm—1 cm~1 cm—1 cem—1 cm~l (10mm) Avyyp
cm~1

9758 10
9556 10

1 11 B 153.9 9228 2 0.03
9154

11 2 A; 2278 9091 5 A/B 229.5 9063.7 1 0.17
8953 5

2 2 2 Ar  240.0 8901 5 A/B 252.8 8863 5 0.25

8870 10 A/B 8838 5 ;

8765 5
8694 5
8507 10
8244 10

1 11212 Ay 116.4 7998 10

11 4 Ay 42.2 7816.9 1 0.05
7762 5
7675 5

2 2 4 Ay 85.7 7596 5

115 A 79.8 7547.9 1 0.22
7469 5

2 21313 A 72.4 7426.8 1

2 25 Ay 83.2 7367.1 1 0.09
7239 5

1 2 6 Ay 141.1 7190.9 1 0.11

17 B 46.7 7097.6 1

6958 5

1 2 7 Ay 140.8 6914.8 1 0.12
6875 10
6839 10
6772 3

1 213 Bo 145.7 6731.2 1 0.09
6690 10
6625 10

1 110 B 47.7 6568 2 0.02
6547 10
6520 10
6480 5

1 111 Ay 52.1 6387 3

4 4 4 4 A 57.2 6360.8 1
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Table 1 continued

4.2
(1.5)

6.0
7.5
5.5
8.0

5.0
6.5
5

7.6

6.5

(17)
(12.5)

15.0
15.7
12.5
13.0

11.5
16

15

13.0

12

12
17

15.0

5.5

38.8
46.8
48.1
22.8
17.3
131.4
71.2
53.6

15.4

26.5

23.1
27.4

26.8
13.8

4.7
4.8
40.4
23.0
22.8

21.2
29.5

14.3
23.4

30.9
0.6

6318
6215.8
6200.8
6170
6131
6087.6
6034.5
6006
5962.6
5935
5882.5

5826.7
5782.7
5753
5692.3
5639.1
5610
5587
5542
5506
5472
5429
5385

5356.7
5310
5267.9
5203
5171.0
5071.4
5034

4983
4957.6
4938
4892.4
4875
4850
4839
4782.6
4731.2

4666.6
4645

4630
4596

5
1
1 4.1
10
10
1
0.5 3.4
3
0.5 ~2
10
1
1
1
10
1
0.5 0.04
5
10
5
3
10
2
b5
0.5 0.09
10
0.5 =~ 0.15
3
1 ~ 0.15
1
2
5
1 ~ 0.3
10
1
10
5
2
0.5 =~ 0.7
0.5 4.1 16
1
53
2
2
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Table 1 continued

Gas

R—P

Liquid

v— P

Anharm. Found

Err.

Inten.

Assignment Sym. Anharm. Found Err. Band shape R—v
vp vy v W cm—1 em—! em—1 cm—1 em—1 em—1 cem™1 em—1 cm~1 2504 Avyy2
cm—1
113 13 B 4.6 4542.1 0.3 A, Q 6.0 15.0 12.2 4537.1 0.5 ~0.05 23
4540.0 0.3 Q2
4538.4 0.3 Q3
4536.5 0.5 Q4
4494.1 0.3 Q
4489.0 0.3 Q2
15 By 19.6 4488.0 0.3 A, Q 8.0 14.8 184 4482.0 0.3 0.63 13.0
1 513—13 By (—0.3) 4466.6 0.5 Q
4464.2 1 Q?
4431 2 B? min 5 4400.2 0.5 0.006
113 14 Ay 7.6 4391.0 0.5 A Q 4.5 9.7 4385 3
4371 2 B? min 4 4368 2
4354.0 1 B/A, Q? 4348.8 1 ~ 0.003
1 6 Aq 2.4 4306.7 0.5 B, min 4.5 8.5/11.5 4.9 4288.5 0.3 0.42 14.0
114 14 B; 5.1 4245.4 0.5 B, min 5.5 11 4.3 4235.8 0.5 =~ 0.025
4219.1 0.5 Q2, unsymm.
2 6 B1 6.9 4213.3 0.3 (A) Q1, unsymm. 6.5 ~12 8.1 4196.6 0.5 ~025 14
4185 5
4182.5 0.5 Q, Br
4174 5
4163 5
2 14 14 Ay 6.5 4155.1 0.3 A, Q 7 16 8.9 4142.5 0.5 =~ 0.01
4118.4 1
4075 2
112 Ay 15.3 4034.5 0.5 C?Q 10.2 4047 5
17 Ay 2.2 4024.6 0.5 B, min 4.3 4012.7 0.3 0.21 135
111 13 Bo 10.4 4004.1 0.5 Q
2 12 Bs 10.9 3950.0 0.3 C Q 13 10.9 3957.6 0.5 0.05 br
2 7 By 3.9 3934.0 0.3 A, Q 8.0 13 6.8 3921.5 0.5 0.06
2% T By 3932.2 0.5 Q2 ?
4 71313 B; 12.2 3904 5
3 4 B: 9.4 3843 2 B/A, min 6 5.1 3833.5 0.5 0.20 15
113 Bs 6.1 3835.2 1 C?Q 4.8
1 8 By —0.1 3796.0 0.5 A, Q 6 15 0.8 3784.7 1 ~ 0.04
3794.5 0.5 Q?
1% 8% B: 3792.7 0.5 Q?
2 13 Ay 17.6 3732 5 0.005
2 8 Ay 2.0 3705 2 B? min 6 13 1.8 3695 2
114 Ay 4.7 3679 5
19 By —5.0 3657 2 B/A 1.9 3651 5
3 5 B 5.3 3609 3 B/A 4.1 3603.1 1 ~ 0.025
110 Ay 3.0 3490.3 1 B, min 6 13 5.4 3483 2
4 12 12 Ay 134 3424.2 1 B? min 5.1 (14) 18.3 3446 5
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Table 1 continued

A’ Ql
Q2

C’ Ql
2
Q? Br

A’ Ql
Q2
R?Q? Br, impur.?

B, min

B, min
A/B?

C, Q1, sharp

Qz, sharp
C/A, Q1, Br

2
A’ Ql

Q2
C, Q, unsymm.
A/B, Q?
min

Q? Br

B/A, Ry

Re/Q? Br
Ass. band center
Ass. band center

(7) (15)
5.3 12.7
7.0 14.7
5.1 11.5
~b ~12
4.8 11.5
5 14
~13
6.0 14
5.7 11.8
6 12
~6.5 ~15
4.5 12

(6)
(8)

4.5

2.1}
—2.2

11.1
(0.0)
(0.0)
2.2
14.8
5.1

1.9

B o
o

5.6

2.9
—1.9

4.4

6.4

5.6

5.8

3395.2

3375
3336

3314.0

3280
3197.9
3127.3
3038.6
3024.3
2962.8
2940
2915
2890.4

2853.7
2786.3

2762.5

2733
2710.5
2680.0
2660.7
2615
2589.6
2570

2536.3
2507.2

2487.8

2413.0

2370
2326.4
2306

2259.8
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Table 1 continued

Gas Liquid
Assignment Sym. Anharm. Found Err. Band shape R—v R—P v—P  Anharm. Found Err. Inten. Remarks
vi v Vg M cm—1 em—1 cm—1L cm—L cm—L cm—L cm—1 cm—1 cm~1 2504 Avye
cm—1
3 b1 (0.0) 2242.6 0.2 A, Q 5.2 14.5 (0.0) 2234.1 0.3 3.5 7.5
2240.4 0.3 Qo
3 15—15 By (0.3) 2239.0 0.3 Q3, unsymm.
2237.2 0.5 Qs
2207.5 1
6 810 A —09 2191.5 0.5 A?Q 3.0 2182.4 0.3 0.05
4 14 Be 2.0 2165.1 0.2 C? Q1 2.0 2158.9 0.5 0.015
2164.3 0.5 Q7
2162.7 0.3 Q2
4 9 A —1.4 2131.5 1
2—12 By (—0.4) 2133.5 0.3 Q, Br, unsymm. (2.7) 2106 5
2100.5 1 Q? Br
2090.0 0.5
6 7 Ay 3.8 2060.3 0.5 B, min 4.8 11.5 8.4
8 % o (2_2)} 2047.4 03 040 16
7 14 14 B 8.0 1994.5 1 0.005
4 10 By 4.7 1962.5 1 A, Q 6 13 7.8 1957.8 0.5 0.03
5 9 Ay 5.7 1893 5
6 13 By —5.5 1884.1 0.5 7 Q ~3.9} 1881 9
4 15 Be 3.2 1876.0 0.5 C?Q 1.0
12 12 Ay —28 1830.6 0.5 B, min 6.0 12.0 —3.7 1863.5 1 0.90 54
1846 5
6 8 B 4.3 1820 5
1807 2 R/P?
4 11 Ay 2.0 1787 5 } 0.13
77 Ay —22 1784.0 0.5 B? min 6.5 13 1.3 1778.1 1 :
510 B: 3.1 1731.1 0.5 0.07
1719 5 A/B
1623 5 R?
12 13 B1 4.3 1615 5 Ass. band center (8) —4.1 1645 10
4 ay (0.0) 1609.8 0.3 B, min 5.5 12.5 (0.0) 1604.5 0.3 24 8 un-
7 8 By 1.0 1549.9 0.3 Q, doub. 2.1 1545.8 1 symm.
6 10 Ay 6.1 1521.1 1 ~ 0.02
12 14 Ay —19 1473.1 0.3 B/A, Q 6.5 13.8 —2.5 1488.8 0.5 0.14 18
13 13 A —94 1420.2 0.5 B/A, Q 4.5 12.9 0.1 1421.9 1 ~ 0.9 27
5 ay (0.0) 1371.7 0.3 B/A, Q 5.5 12.6 (0.0) 1373.1 0.3 5.7
6 11 B 1.4 1345 2 Q7 5.6 1345 5
1323.1 0.3 Q
8 8 Ay 1.5 1318.5 0.2 A, Q1 6 13.5 1.6 1314.8 0.5 ~0.13
1315.5 0.2 Q
1314.0 0.3 Q
8* 8* Ay 1312.0 0.2 Q2
1308.9 0.5 Q?

70ST

YIHLINTIA “d



13 14
710

8 14
8% 14%*
12 15
8 9

6 13—13

4 156—13

13 13—15
14 14
9 14
4—14

9 10 11
9 9

8 10
13 15

12 12—12
12 14—14
12 15—-15
12

12 13—13

7 8-8
& T*
13 13—14

14 15
6—10
13

A
Be
By
Ay
A

B

by

B;

B
A
Bs
Be

B
A
B
B1
Be
Bs
Be
be

Bs

Ay

ag

1.3
3.3
0.3

—0.4
—6.4

(0.1)
(0.0)
(0.2)

2.1
—2.6
(—2.1)
7.4
—0.5
3.6
1.8
(—0.2)
(—0.5)
(—0.6)
(0.0)

(1.7)

(0.0)
(0.5)

(0.5)
0.2
1.7

(0.0)

1261.4
1258.8
1245.0
1235.8
1217.0
1213.4
1183.7
1182.5
1179.7
1178.6
1174.5
1174.0
1173.2
1172.3
1171.3
1170.4
1168.5

1112.5
1076.0
1054.6
1046.9
1039.3
1032.7
1025.3
1017.9
1013.8
1008.2
973.0
918.4
916.9
916.3
914.9
913.9
911.9
907.9
895.7
893.9
892.5
890.9
889.4

862.4
833.0
830.2
825.0

705.4
702.5

0.2

© © copeooosooeee
e DO e kGO ek OO et

oo
W v Ot w

e
W

Table 1 continued

A Q1 6.5 13.5

Q, Br

Q, unsymm.
Q?

A Q 5.3 14.6

, Br, unsymm.

L0

A, Q 7.1 15.7

A, 1 6.0

A9 Ql 5 13

3.2
4.8

|
[CF
oo

(0.0)

(1.9)
2.5
—4.0
=19
—28
1.2
4.6

2.3

(0.0)

(0.0)

1264.2
1246.0

1210
1186

1166.1

1142.5
1110.3
1086

1050.0
1074

1050.0
1014.7

986.2

929.9

889.7

843.3

832.1
807

0.5

0.3

0.3
5

36 10.5
3.5 10.0
~ 0.15
18 23 un-
symm.
~ 12 8.0
Raman
~ 0.8 11
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Table 1 continued

Gias Liquid
Assigment  Sym. Anharm. Found Ecr. Band Shape R—v R—P »—P Anharm. Found Err. Inten.  Remarks
vi vove v cm-1 cm-1 cm-1 cm-1 cm-1 cm-1 cem-1 cem-1 em-1 (250 ) Avy)2
cm-1
693.3 0.3 Q
691.6 0.1 Q
690.0 0.3 Q7
9 11 Ay 0.2 689.1 0.1 A, Q1 7.7 3.2 706.9 0.5 =~0.7 15
684.9 0.5 Q
662.3 0.2 Q
8 ay (0.0) 660.0 0.1 A, Q 5.7 13.7 (0.0) 658.2 0.5 15 9.5
658.6 0.1 Q2
8% ap 656.8 0.2 Q, Br
655.4 0.5 Q7
616.2 0.1 Q2
6—14 Ay (0.5) 615.4 0.1 C? Q ~10 ~22 (0.8) 608.9 1 ~0.07
614.1 0.5 Q7
9 149 By (0.0) 559.9 0.2 Q
14 bs  (0.0)  557.3 0.1 C, Q ~T ~23 (0.0) 5564 03 11 6.0
14 15—15 By (—0.4)
13 14—13 By  (0.0) | 9960 0.1 Q:
14 14—14 Ba 0.2) 555.0 0.1 Q3
553.8 0.2 Q?
552.9 0.5 Q7
545.2 0.5 Q7
10 11 Bi 0.6 545 2
15 15 Ay 0.7 538.1 0.3 Q
9 a) (0.0) 516.1 0.3 B, min ~6 ~12 (0.0) 525.6 0.3 ~4 8.5
§—11 Ag (—1.6) 4753 1 ~0.035
13—15 B; 433.3 1 0.015
10 by (0.0) 357.4 0.5 A, Q 7 15 (0.0) 361.1 1 ~ 0.1 =~15
354.8 0.3 Q
9—11 Ay (—0.4) 341.5 0.5 =~ 0.08
271.0 1 Q7
15 be (0.0) 269.4 0.2 C, Qi, unsymm. ~10 ~20 (1.2) 276.3 0.5 2.2 8.5
11 a1 (0.0) 173.2 0.5 B, min 6.3 12.3 (—1.3) 185.8 1 4 12 (in
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THE INFRARED SPECTRUM OF 2-CHLOROACRYLONITRILE

sity of the absorption. The recording temperatures were:
45%+5° (gas, P.-E.), 35+5° (gas and liq., B.), and
20+ 3 °C (liq., P.-E.). The purity of the samples used
was better than 98% as tested on a 50 m, 0.25 mm?
capillary column coated with silicone rubber OV 17;
FID detector.

To obtain a high accuracy in the frequency deter-
minations the following method was used: In the case
of liquid bands or R, Q, and P branches in the gas
phase, the curve of band centers was extrapolated
through the absorption curve to give the point of maxi-
mum absorption and the band frequency. For B bands
a corresponding method was used in determining the
frequency of the central minimum. The probable errors
given in Table 1 refer to the accuracy of this determi-
nation and do not include the systematic error that the
band origin does not coincide with e. g. the maximum
of a Q branch. As far as it could be checked, the syste-
matic frequency errors seem to be of the same order
of magnitude as the experimental ones. This seems to
be reasonable because most Q-branches of 2-chloro-
acrylonitrile have half widths less than 0.5 cm™1!.

Fundamentals

»,; was not assigned with confidence by LK 2 be-
cause of the rather high polarization ratio of the
Raman line at 185 cm™! and the lack of an infrared
gas phase contour. Figure 2 confirms that the in-
tense band near 175 cm™! is of B type. Its gas-
liquid shift is strongly negative as presumed by LK,
and this behaviour corroborates their assignment of
V9 +%1;. The Fermi resonance between this band
and g has already been treated in 1.

The missing C:C torsion 7,3 is expected near
V9+7y, and an attempt was made to detect this
fundamental by utilizing the frequency lowering of
vg+7y; upon dilution of the liquid with cyclo-
hexane. However, no additional bands were detected
between 750 and 670 cm™! in solutions of decreas-
ing 2-chloroacrylonitrile concentration, meaning that
vy3 must either be very weak in the infrared spec-
trum or lie outside this range, because its frequency
shift between liquid and solution should be very
small 5.

There is a close analogy between the spectra of
1,1-dihalogenethylenes > and that of 2-chloroacrylo-
nitrile, apart from some vibrational resonances and
the vibrations of the —CN group. Prominent com-
bination bands, containing ;5 are thus expected to
be (HyCyCICN notation): »;+ vy 43, ¥;+2%4
(Fermi resonance with vy +v5), v, + vy, 4+ 2743,

5 F. WINTHER, Dissertation, Kéln 1969.

1507

S E —1480
G ]
C 1440
AL E‘ :
= . 1400
C 2g
1360
cm™
w
40 =1
20 =1
G ——
-20 i
X2
-40 | il L | l
100 -80 -60 -40 -20 0 x,
cm-!

Fig. 1. The resonance triad v5; — 2 »;3 — v,,+¥,, , calculated
for three different values of »131. W,= 5.12.145 We=
| W |5.1313> Ws=| W |12.15.13.14- The two sets of W values
are given as full and dotted curves, each defining one pos-
sible sign combination. Only the right extremal points of
the W; curves for »131=713.5 and 714 cm—! have been
drawn, because the curves almost coincide with the one for
v131=715 em™L. 2, =254, 2,=22y3,45, E;=v5, E;=2v,4,
E3=v,5+7,4 (unperturbed). The three observed levels are
shown as heavy lines on the right.
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Fig. 2. Gas. p =~ 45 mm Hg, 1 m, 4 (spectral slit width)
=1.3—2 ecm—1,

Vi — Vi35 Y12+ V13, 2 V33 (Fermi resonance with »5),
and »;53+ 7y, (Fermi resonance with vg). To deter-
mine the frequency of »;5 from these combinations,
the best point of attack seems to be »; — ;5. ;3 may
be calculated exactly from this band, which should
be of C type and occur at 3136 — (==700) ~2436
cm™1, assuming an approximate C:C torsion fre-
quency of 700 cm™!. Indeed, the only C band within
+40 cm™! of 2436 cm™! is found at 2430.8 cm™1,
yielding ;3 ="705.1 cm™! (see Fig. 7).

A careful examination of the gas phase infrared
spectrum (Fig. 3) revealed a small Q branch ai



1508

%T

N~V

40
7o

T

T T T D T p T T T

700 690 670 660 650 560 550cm™
Fig. 3. Gas. p < 50 mm Hg, 10 cm, 4=0.5, 0.5, and
0.4 cm™1

100

% T

: U

M T T i3
alo 920 900 880cm-"

Fig. 4. Gas. p~ 50 mm Hg, 10 cm, 4=0.3 cm—1.

or T

o0 | 1180 6o | 1doem
Fig. 5. Gas. p ~20 mm Hg, 10 cm, 4=0.3 cm—1.

10— T
00

S e
2300 2200cm™!

Fig. 6. Gas. p~ 35 mm Hg, 1 m, 4=0.6 cm—1.

100,

%T

80 v v —r-
2500 2400cm-

Fig. 7. Gas. p~ 65 mm Hg, 1 m, 4=0.6 cm—%.
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705.4 cm™, probably belonging to 7,5, but it has
not been possible to obtain any reliable frequency
for the liquid phase. vy +7;; is found at 710 cm™!
in the Raman spectrum? but at 707 cm™! in the
infrared spectrum of the liquid. This difference in-
dicates that some intensity of the Raman line may
be due to »;5, and an approximate liquid frequency
of 711 cm™1! has been adopted for 7,5 in this work.
It seems promising to investigate the Raman spec-
trum of a hydrocarbon solution of 2-chloroacrylo-
nitrile, where the solvent shifts should facilitate the
separation of »;5 and vy + 7, .

Several difference bands have been identified in
the infrared spectrum, and in principle it would
have been possible to correct the fndamental fre-
quencies slightly by means of these bands. Because
most corrections are of the same magnitude as the
experimental errors, such corrections have just been
made for the liquid frequencies of »;; and %,;.
LK give a Raman frequency of 280 cm™! for »;,
whereas the infrared spectrum of the liquid yields
276.3 cm™ L. From »;4—»;5;=433.3cm™! and the
adopted frequency »;3=711.0 cm™! is found »,5;=
277.7 cm™1. These (inconsistent) values are com-
bined to give v, =277.5cm™! as probable value.
Similarly, »,; is corrected to 184.5 cm™! from the
Raman measurement 2, vg—v,;, and vy —»;.

The frequency of 7y, is ill defined in the gas phase
because of two equally weak Q branches and in the
liquid because the Raman and the infrared frequen-
cies differ 3 cm™1. However, it has not been possible
to correct v, from difference band measurements.
The reason for the discrepancies in the liquid phase
frequencies is not certainly known, but it may be
different hot band patterns of infrared and Raman
bands or the lacking correction of the infrared band
shapes for changes in the refractive index across
the band. In the case of »;, part of the frequency
difference may be due to the two isotopic species
present, because the spectral slit widths of the infra-
red and the Raman spectrometer were different.

Four fundamentals »;, vg, vy, and »;, are ex-
pected to show splittings >1 cm™! due to the na-
tural abundance of 25% H,C, 37CI1(CN) in 2-chloro-
acrylonitrile % 6. The detection is complicated by
numerous hot bands near the fundamental frequen-
cies and near many combinations. For »g an iso-
topic splitting of 3.3 cm™! may be deduced from

6 H.HunNziker and Hs. H. GUNTHARD, Spectrochim. Acta 21,
51 [1965].
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vg (3.210.3cm™1), vg+ vy, (3.610.8cm™1), 24
(6.5£0.4cm™1), v3+vg (4511 cm™1) and »; + 74
(3.3t1cem™!). Each of the assignments v4(37Cl)
and 27g(%Cl) is confirmed by one hot transition
having the same frequency distance from the main
Q branch as analogous difference bands from »¢(3*Cl)
and 24(3Cl). This equivalence is anticipated be-
cause the anharmonicity constants of the two isoto-
pic species will be very nearly identical.

v; and two of its combination bands, v, + v,
and v, +v;, have secondary Q branches 1.5+ 0.2,
1.4%0.5, and 1.8+ 0.8 cm™ ! lower than Q,. Thus
an isotope shift of 1.5 cm™ may be adopted for »,,
but it bases upon rather limited evidence. No con-
firmed splittings could be obtained for vy and »,,,
mainly because of the weakness in the gas phase of
useful combination bands of A or C type. The sug-
gestion of LK 2 that »¢, 7,5, and »;, might show iso-
topic splitting at a resolution of =~0.5 cm™1! is not
realistic, since a maximum separation of ~0.2 cm™?
is expected for these bands 6.

The low intensity of »; and », in the gas phase
spectrum, equalling that of their first overtones
should be noticed. In the liquid »; and », have al-
most the same intensity as »5; and v;, respectively.
Similarly, »,(CH,) (here »;) of the 1,1-dihalogen-
ethylenes ® is too weak even to be detected in the gas
phase. (Compare 4, p. 1511.) The intensity and half-
width determinations of v, and »4 +2 %5 in the li-
quid spectrum were made on bands, graphically se-
parated under the assumption that both absorptions

are symmetrical and not overlapped by further
bands.

Vibrational Resonances

Several vibrational resonances are found in the
spectrum of 2-chloroacrylonitrile. They are general-
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ly characterized by gas and liquid phase anharmoni-
cities (zy, z;) differing more than expected from
the accuracy of measurement, or a combination
band of unusually high intensity (e.g. v4+2%;3)

100

%T

50 T T T T T
4000 3000cm

Fig. 8. Gas. p~65 mm Hg, 1 m, 4=0.5—1.5 cm—1.

%T \

0

T
82]00 6000cm"

Fig. 10. Gas. p~ 65 mm Hg, 1 m, 4=0.5 cm—1,

may indicate the presence of a vibrational reso-
nance. The anharmonicity is defined as

S S wpwi+1/2) (04 1/2)
i=1j>i

for a non-degenerate combination level, where n is
the number of fundamentals, z;; the anharmonicity
constants, and v the vibrational quantum numbers.
One prominent resonance, ¥g—> ¥+ %o has al-
ready been dealt with in a previous paper. Due to
the slightly different »,;; frequency used here, the
unperturbed levels for the gas phase change to the

100

°/ﬂ-r

T W T

T T T
4600 4500 4400

I 1 T 1
4300 4200 4100 4000cm™

Fig. 9. Gas. p~ 65 mm Hg, 1 m, 4=0.3—0.5 cm—1.
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following frequencies (mean values of the gas-li-
quid and gas-solution calculation) : vy 4 v;; = 682.6,
vy =666.5, 2191, = —6.7, |Wggs|=12.1cm™1.

It seems likely that vg + v, and vy +v{o+74; (see
Table 1) are perturbed by the same resonance, but
the assignment of these bands is uncertain due to
complicated gas phase contours. The frequencies of
other combinations »; + ¥4 may be displaced by ana-
logous resonances, but no components of the type
Vi + v + ¥4; have been detected.

v seems to be influenced by some vibrational re-
sonance or Coriolis coupling, particularly because
v, +v¢ and v, + 74 show phase dependent anharmo-
nicities and heavily distorted bands shapes in the
gas phase, where also the R branch of the funda-
mental is irregular (Figs. 9 and 5). The most prob-
able interacting frequency is ¥g+ 7y, but also 2,
or ¥y, + 75 are possible. In the Cy, approximation
these combinations belong to the A, species, whereas
v is of b; symmetry, but strictly speaking, all tran-
sitions are of A’ (a") type. This means that both
interactions are possible. The frequency shift of »g
seems to be less than 5 cm ™! and has not been cor-
rected for.

A strong Fermi resonance is found between vj
and 27,5, probably also including v, + 74 . Since
the exact frequency of »;5 in the liquid is unknown,
it has not been possible to correct »; for the in-
fluence of this resonance. If it is assumed that

W5-12.14 = W12713.13‘14 =0

a calculation by means of the method given in !

can be made. Curves of the same shape as those of
Fig. 2 of ! are obtained with | W 55| imaginary
in a small intervall near »(3;=706.2 cm™! and else
between 22 and 24 cm™!. For »;3;=711 cm™! the
following values are obtained: v;,=1400.4, 2v3,
—1391.5, »5,=1392.3, 2vi5,=1402.7, 225,5—
—19.3 cm™ L

F. WINTHER

If resonances with v, + v, are assumed, the pic-
ture given as Fig. 1 emerges. For 3, < 713.5cm™?
no solutions exist, and this makes any further dis-
cussion somewhat hypothetical. The anharmonicity
of v{5+7y4 is known from several 1,1-dihalogen-
ethylenes to be numerically small 5. This means that
the right side of Fig. 1 should contain the possible
solutions. A resulting value of »;3; =714 — 716 cm™!
seems unreasonably high, because it involves v5, =
281 —-283 cm™! (from »;3—75), and because v
might then have been observed in the Raman spec-
trum in spite of the overlapping vg + vy .

The difficulties of the »; resonance system are
repeated in the v, +v5— vy +2v3—> v + v+
triad. If just the », +v;— v, +2»;5 resonance is
considered, | W5 1515| =27 cm™! is found rather in-
dependent of the chosen frequency of »;3;. An ad-
ditional resonance triad vo— v, + 2v;3—> v, +¥; is
observed at about 3000 cm ™!, and calculations with
some trial values of 75, and 75, obtained from Table
2 show that solutions exist for vy5; = 714 em™1, but
as outlined above such frequencies cannot be ac-
cepted.

Further vibrational resonances are found in the
region of 2v(CH) and 3»(CH). However, the phase
shifts of the anharmonicities are too small to make
any calculation appropriate. Moreover, it is not cer-
tain that all participating bands are resolved. The
most clear cut example is the resonance between 2v;
and v, +2v,, which is also found regularly in the
spectra of the 1,1-dihalogenethylenes 5.

Combination Bands

Table 1 gives all observed frequencies together
with other data relevant to the assignment. Apart
from the main principle of phase independent an-
harmonicities, a number of other conditions have
been imposed upon the assignment of the combina-

100,

6T

Fig. 11. Liquid.
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0 T
0000 8000

4000cm-"! A=2—0.5 cm—L
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tion bands. These conditions are given below. Some
are widely used in the literature but usually without
being stated explicitly.

1. The anharmonicities and, to a lesser extent,
the intensities of analogous combination bands of
closely related substances are equal (Compare 7). —
Especially the assignment of ternary combinations
above 4500 cm™! was facilitated by comparison
with the spectrum of 1,1-dichloroethylene % 8. The
assignment for this substance could be supported by
band shape determinations in the gas phase spec-
trum thanks to its larger vapour pressure. Table 2

Table 2. Anharmonicities of some combination bands of
2-chloroacrylonitrile and 1,1-dichloroethylene.

— 2z (cm™1) H>C: CCI(CN) HsyC: CClg
3n 154 155
2v1 + v 229 224
3 vg 253 243
2v1 + vg 42 47
211 + s 80 76
2v1 + vy 47 48
1 + v2 + vi3 146 137
2 v + r10 48 46
21 39 43
1 + v 131 121
ve + vq4 + 15 54 46
1 + 2 v12 29 27
v1 + va 1 1
vy + 5 18 18

7 D. Parouskk, Coll. Czech. Chem. Commun. 29, 2277 [1964].

400cm-!

shows the degree of agreement obtained. The an-
harmonicities given are from some bands of high
intensity, they have not been selected to give un-
usually good agreement. No resonance corrections
have been applied, and the frequency numbering is
that of 2-chloroacrylonitrile.

2. The band shapes in the gas phase spectrum
of a slightly asymmetrical molecule agree closely
with those of a corresponding symmetrical mole-
cule (in itself being an asymmetric top). Symmetry
species of and selection rules for combination bands
may be calculated as if the molecular symmetry
were higher than it actually is. — The 2-chloro-
acrylonitrile molecule has been treated here as be-
longing to the Co, symmetry group. LK 2 have also
mentioned this point.

3. The assignment of the combination bands of
one member of a homologous series of compounds
(not including atoms from the first row of the peri-
odic table) must fit through the whole series. — This
condition has only been applied indirectly by using
it to check the assignment of 1,1-dichloroethylene
connected to the 2-chloroacrylonitrile spectrum by
principle 1.

4. The relative band intensities in the gas and li-
quid phase are of equal order of magnitude. Notable
exceptions to this rule are known among fundamen-

8 F. WINTHER, unpublished results.
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Table 3. Comparison of anharmonicity constants from different levels. x2.5, 22.14, 4.13, ¥5.12, ¥5.13, ¥5.14, 7.14, and 211.13
were also calculated from ternary combination bands.

xij From zij From Zij From xij From xij From
cm-1 v+ v level level level level
®id — 18 +2 —21 +3 1.1.10 —21 +2 1.1.7 —21+1 114 —26+1 1.1.1
x1.2 —65 +1 —55 +2 1.1.2

x15 — 95405 —12 +2 1.1.5

1.6 — 19+1 — 2 42 1.2.6 — 30+1 1.4.6

r1.11 2 +2 — 4 +2 1.1.11

1.14 — 3 +3 00+1 1.13.14 — 0.7+05 1.1414 — 14+2 1.12.14

x2.2 —41 +2 —34 +1 2.2.2

2.4 — 6.5+1 — 5 43 2.4.10 — 5841 24.6 — 5+2 224

Z2.6 — 3.74+05 — 6 +2 2.6.7

P — 3 ¥1 — 4 x2 127 — 4 12 247

2.13 -9 43 — 5 +2 1.2.13

x4.4 — 55+03 — 50405 444 — 48+0.5 4444

x4.12 — 1 +3 — 47 +05 4.12.12

5.6 0 +2 — 2 +2 1.5.6

x7.7 0 +2 — 4 +2 1.7.7

x12.12 1.5+ 0.3 0 +2 21212 — 1241 1.12.12

tals, e. g. ¥, (CH,) in methylene and vinylidene chlo-
ride, so that it should not be applied uncritically.

5. The vapour-liquid shift of a band is generally
small (~0.5%) and positive. — Exceptions such as
vy, of 2-chloroacrylonitrile having a 5% negative
frequency shift may be found, however. For statisti-
cal reasons such exceptions become infrequent in
combination bands of higher order.

6. In special cases, the half widths of bands in
the spectrum of the liquid may provide additional
evidence for some assignment. — Examples of gen-
eral character are v, and 2v;, [H,C:CCI(CN) num-

bering] °. Similarly, bands of the 2v;; series show
unusually large half widths of 27 em™! (2vy),
23.5em™1 (v, +2v3), and 23 em™! (v; 4+ 2v44).

7. The frequency combination of lowest possible
order fullfilling all criteria was accepted as correct
assignment. To this purpose all binary and ternary
combinations were calculated and compared with
the measured bands. Where a Fermi resonance be-
tween a fundamental and some combination fre-
quency was known or suspected, ternary and quater-
nary bands were also calculated using the resonance
partner as a pseudo-fundamental.

Table 4. Anharmonicity constants

Zij

~.

em™1 2 3 4 5 6 7
1 —ti2 —60L5 —2441 00403 —114+2 —2041 —16+15
9 — 3613 —25%05 —60+1 — 512 —4 F2  —30%1
| 3 —5 +2 — 21405

4 —52%03 R —37405 —28103
‘ 5 =1 48 —1011

6 —290+1 —20%1
i ‘ 7 -2 *2

8

| 9\

10 |

1 |

12

13

14

15

* Corrected for Fermi resonance.

9 D. B. CUNLIFFE-JONES, Spectrochim. Acta 21, 245 [1965].

R: Could not be determined because of vibrational resonance.
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The principles given above, especially z,~z, are
suited for programming thus making a computer
assignment of the very high number of combination
bands of larger polyatomic molecules feasible. Work
in this direction is in progress.

Discussion

The reasons for the assignments of Table 1 have
been stated, but a few interesting points deserve a
more detailed comment. First, some disagreements
between this work and that of LK 2 should be dis-
cussed. The assignment of the 1420 cm™! band to
v; + 4 is considered improbable, because the sym-
metry species of ¥; + 74 in the Cy, approximation is
B, . This should give a rather weak resonance with
v5 and a band in the gas phase of pure A type with
a strong Q branch. Two other reasons have already
been mentioned: The analogy with H,C:CCl, and
the large halfwidth of the band in the liquid.

The other combination bands of »;4 listed on
p- 1507 were easily identified with the exception of
Vis+7vi3, which ds heavily overlapped by »,.
¥4+ 2vy3 is seen clearly in the Raman spectrum of
LK, but it is not given in their frequency list, where
also 7, +2v,5, 13+ 714, and v;5+vy5 were left un-
assigned. The straightforward assignment of so many
combination frequencies gives additional evidence
of the correct identification of v, .

LK assumed bands at 609 and 342 cm™1! to be
due to impurities. No indication of this could be

of 2-chloroacrylonitrile.
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obtained, and both absorptions are readily explain-
ed as difference bands. The combination »g+ %,
(A,) was assigned by LK to a band at 1579 cm™1!
(here: 1578.4£0.5cm™!), but this is probably
v(C:C) of an impurity. A few other frequencies of
Table 1 may also be spurious. On the other hand,
the spectrum of the liquid should be complete be-
tween approximately 8000 and 400 cm™! in the
sense that no further absorptions may be detected.

The absorbance of a band in the liquid phase is
just a rough indication of its intensity because of
differing band shapes and band widths. To improve
the intensity data of Table 1, the halfwidths (A4»y,)
of the fundamentals and some of the stronger com-
bination bands were measured and listed in Table 1.
It is seen that A»y, of the fundamentals are general-
ly smaller than 4»y, of the combination bands and
that only combinations of »;, and ¥;3 have Ay,
>16 cm™ L

vg+vy; was not observed in the infrared liquid
phase spectrum because of its weakness and serious
overlapping from v, + 75 and »;, but it was found
in a Raman spectrum, obtained through the cour-
tesy of Coderg, Paris. Incidentally, this spectrum
confirms the one of LK apart from a few additional
very weak bands, which have not been listed in
Table 1.

Numerous secondary Q branches in the gas
phase could be assigned to hot bands of the type
v;+v;—v;. The identification was mainly based

|
|
|

8 9 10 12 13 14 15
00403  25+1 —18+05 1 +1  —76+05 —304L1 —05+05
—10+1 — 24103 —554+03 —8 X2 —1511 —1041
—09+03 28103 —24405 —223105 —18+03 —19+03
—15F1 07+1 —37405 —1 +3 | —47+1 —4 £3 —10103 —15L05
—3 13 —16+05 —2 Y2 —8 Y2 —2 12
—2 43 —30+11 —0741 — 25105
0603 —18105 1641
—08%X03 —1 +2 —19+05  00+03 — 02105
—01X05 — 331 05% 13405
0 L2
—3 42
| 15403 —1 +3 11405 02405
| R —08L05 —09-+03
— 112103 —09+03

—0.34+05
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upon the difference [v;+ ;] — [v;+v;—;], which
must be »; within the accuracy of measurement. The
intensity of »;+v;—»; should be proportional to
exp{—7;} at constant temperature, but this relation
is not quite reliable, probably because of vibratio-
nal resonance between »;+v;—7; and ;. These
bands often have a frequency difference close to
zero. However, an upper limit of ~1200 cm™! for
v; may be adopted for all types of difference bands
at 45 °C.

Table 1 lists only hot bands whose upper level
has been identified, but a less certain possibility of
determining unobserved »;+v; levels (or higher
combinations) is from two pairs of bands with iden-
tical frequency difference:

i+ vi—v] —vi=[vi4+v;—v] —v; (=2zy).
Even more uncertain, but eventually useful for ap-
proximate determination of harmonic frequencies,
is the assumption that all bands within ~10 cm™!
of a fundamental »; are of the type »;+v;—v;.
From these levels z;; with unknown j may be de-
duced. This approximation becomes worse, the more
low frequent fundamentals a compound has, because
bands of the type »;+v; +v,— (v;+»;) will also
occur.

Anharmonicity Constants
and Harmonic Frequencies

For the calculation of the 120 anharmonicity con-
stants @;; of 2-chloroacrylonitrile the following me-
thod was adopted: First the weighted mean of the
gas and liquid anharmonicities of all observed bi-
nary combinations was determined. Where only one
phase had been measured, the probable error was
approximately doubled. The results were used to
calculate further anharmonicity constants from the
ternary combination bands. The z;; values from
these are less certain because also systematic errors
of the fundamental frequencies are added in the
calculation, but Table 3 shows that in most cases
a satisfactory accordance is obtained between the
constants determined from different levels.

Some systematic errors due to vibrational re-
sonances may remain for constants involving the
fundamentals »,, 5, or vg. Generally however, a
resonance will be repeated for levels of the form
vi+2v; (k=2, 5, or 8). This means that approxi-
mately equal resonance shifts of v, and »;+ 2,

THE INFRARED SPECTRUM OF 2-CHLOROACRYLONITRILE

are compensating each other, so that the directly
calculated anharmonicity of a v+ 27; level will be
almost correct in spite of the perturbation of the
individual levels. This consideration is of course not
valid for complex resonances such as

Vo> Vy+ 2Vy3 = V4 + V5 .

A total of 81 anharmonicity constants have been
summarized in Table 4. The missing anharmonicity
constants were obtained as averages of the known
2;; values within three groups of constants: 1. Those
of the @’ ®da’ combinations, excluding zy 4, zy,,
and Z,,. 2. Those of the '@ a” and 3. those of
the @’ ®a” combinations. Averages of —2.04,
—2.6, and — 0.2, cm™! were found and substitut-
ed for unknown anharmonicity constants within the
respective groups. The harmonic frequencies given
in Table 5 were now calculated from the expression

W; =¥ — 2Zi—, Tij .
i%i
It is rather difficult to estimate the accuracy of the
harmonic frequencies, particularly because of the
uncertainty involved through the unknown anhar-
monicity constants. The frequencies may roughly be

Table 5. Approximate harmonic fre-
quencies (gas phase) for 2-chloro-
acrylonitrile.

Wi cm—1

1 3222
2 3171 *
3 2263
4 1638
5 1399 *
6 1193
7 909
8 678+
9 527
10 377
11 189
* w, should be corrected by 0 to 12 930
—10 em~! and w; by 410 to 13 725
425 cm™—! because of vibrational 14 569
resonance. 15 283

T Corrected for Fermi resonance.

divided into three groups of decreasing reliability:

1. oy, wy, w4, wyy.
2. wg, g, g, Wy3.
3. Wy, Mg, Wy, Wiy, Dyg, Dygy Dy5.

The best frequencies are probably accurate to about
T5cem™L
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