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Infrared and Raman Spectra of Chloral, and Normal
Coordinate Analyses of Acetaldehyde, Fluoral,
Chloral, and Bromal

G. HAGEN
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Force fields for acetaldehyde, fluoral, chloral, and bromal have
been calculated from observed vibrational frequencies. The force
fields have been used to calculate mean amplitudes of vibration.
Thermodynamic functions have also been calculated from the ob-
served frequencies. The Raman spectrum of chloral has been recorded,
as well as infrared spectra in the region 4000 — 25 cm™. The normal
coordinate calculations and the interpretations of the spectra have
bleden carried out by assuming C,; symmetry for all the studied mole-
cules. ‘

The infrared and Raman spectra of acetaldehyde and some of its deuterated
isotopes have been studied by several researchers, among which are Evans
and Bernstein,! Capwell,2 and Cosse and Schachtschneider.3 Many earlier works
are cited by these authors. Cosse and Schachtschneider ? have also carried out
a normal coordinate calculation for some isotopic acetaldehydes. The present
calculated force field for acetaldehyde shows generally good agreement with
Cosse and Schachtschneider’s results.

The structure of acetaldehyde has been investigated by microwave
spectroscopy (Kilb et al.4) and by electron diffraction (Kato et al.5). The latter
workers ® also report the observed mean amplitudes of vibration for acetal-
dehyde. v

'{‘he infrared and Raman spectra of fluoral and its deuterated analogue
have been recorded by Berney,® and a complete vibrational assignment has
been proposed, but no normal coordinate analysis has been performed.

Lucazeau and Novak 7 have reported a careful investigation of the vibra-
tional spectra of chloral-d,, chloral-d,, and bromal-d, in the infrared and Ra-
man. The present polarization ratios in Raman seem to be more accurate
than those of Lucazeau and Novak,” but the observed vibrational frequencies
are in excellent agreement, and together with the normal coordinate analysis
they strongly support the assignments made by Lucazeau and Novak.”
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814 G.HAGEN

The vibrational spectra of chloral-d, with assignments are reported in the
present paper. Force constant calculations for acetaldehyde, fluoral, chloral,
and bromal with some of their deuterated isotopes have been carried out,
and the calculated thermodynamic functions and the mean amplitudes of
vibration are given.

EXPERIMENTAL

The sample of chloral from Fluka was purified by fractionated distillation in a Vig-
reux column and finally distilled in vacuum.

The infrared spectrum of chloral was recorded in the region 5000— 200 cm™ with a
Perkin-Elmer model 225 spectrometer. The vapour spectrum was investigated in a 10
cm cell fitted with KRS5-windows. Liquid cells with KBr-windows were used in the high
frequency region and polyethylene cells in the low frequency region.

The far-infrared spectrum in the region 150 — 25 cm™ was obtained using a Michelson
interferometer (RIIC, model FS 520) in connection with Fourier transformations of the
digitalized interferograms carried out on & GIER electronic computer. The vapour
spectrum of chloral was obtained, using a 1 m multiple reflection cell with the pressure
at about 5 mm Hg. :

A Cary model 81 spectrometer equipped with a Spectra Physics No. 125 helium-
neon laser was used for recording the Raman spectrum. The chloral liquid was filled into
a capillary silica cell containing approximately 20 ul. The polarization ratios for chloral
were calculated from the spectra obtained in the perpendicular excitation with the 2.5
ml multiple reflection cell from Perkin-Elmer. The polarization ratios were calibrated
against the 220 and 461 cm™ bands of CCl,.

The numerical calculations connected with the normal coordinate analysis were per-
formed on a UNIVAC 1108 digital computer.

STRUCTURE

All the molecules of the present study are supposed to possess C; symmetry
in their equilibrium configuration (¢f. Fig. 1). Hence the normal vibrations are
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Fig. 1. Numbering of atoms and orienta- Fig. 2. Orientation of the principal axes
tion of cartesian axes in the CX,CHO in chloral.

molecular model. The valenee coordinates

used are also shown in the figure. 7, 8, ¢, u, v

indicate valence stretches; «, 8, ¥y, J, &

are angle deformations; 6 represents the

out-of-plane bending of the O0,C,C;—H,

group; and, finally, the C—C torsion coor-

dinate is denoted by t.
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VIBRATIONS IN CHLORAL 815

divided into the species as 10a’+ 5a’’. This structure has also been adopted
by several other authors who have studied these molecules, although the orien-
tation of the CX,-group with respect to the CHO-group is not quite clear. The
acetaldehyde molecule has been investigated by microwave spectroscopy ¢
and electron diffraction,® and evidence has been found for the oxygen atom
to be in the cis position to one of the H atoms in the methyl group.

For fluoral, chloral, and bromal a complete structural analysis has not been
found in the literature. Chloral has been studied by means of electron diffrac-
tion by Degard,® but this work is rather old (1938) and does not seem to give

Table 1. Structural parameters for acetaldehyde, fluoral, chloral, and bromal (CX,CHO).

CH,CHO* CF,CHO® CCl,CHO® CBr,CHO*
C-H (4) 1.114 1.09 1.14 1.1
Cc=0 (4 1.216 1.204 1.15 1.15
c-C (4) 1.501 1.54 1.52 1.52
C-X (4) 1.086 1.332 1.76 1.94
CCO 123.92° 121.8° 124°¢ 124°
CCH 117.48° 118.2° 117°4 117°
CCX 109.5° 109.5° 109.5°% 109.5°
XX, 108.27° 108.7° 109.5°¢ 109.5°
% Assumed.

reliable information about the orientation of the CCl; group. Although Luca-
zeau and Novak ? with reference to Degard’s ® work have adopted a configura-
tion where the CCl; group is rotated 180° around the C—C bond, compared
with the orientation shown on Fig. 1, it is in the present work preferred to
use the same orientation as in acetaldehyde for all the molecules studied.

In Table 1 the structural parameters used in the present normal coordinate
analysis are collected. From these data (Table 1) the following principal mo-
ments of inertia are calculated (all in amu-A2). CH,CHO: 8.96, 49.62, 55.46,
CF,CHO: 91.78, 168.42, 171.17; CC1,CHO: 265.33, 303.43, 331.06; CBr,CHO:
567.31, 586.73, 821.69. The asymmetry parameter, »x=(2B—A4—C)/(4 - C),
is —0.96, —0.97, —0.27, and 0.79 for acetaldehyde, fluoral, chloral, and bro-
mal, respectively. This shows that only acetaldehyde and fluoral are close to
a prolate, symmetric top.

Fig. 2 shows the orientation of the principal axes in chloral. From this fig-
ure one can see that the totally symmetric o’ vibrations should give rise to
various mixtures of A and C type bands in the infrared. Vibrations antisym-
metric to the molecular symmetry plane belong to the a’’ species and give rise
to pure B type bands. The same should be the case for bromal. In acetaldehyde
and fluoral, the 4 and B axes lie in the molecular symmetry plane and there-
fore the a’ vibrations will show band contours that are mixtures of 4 and B
types, and the a’’ vibrations will be pure C type bands. In the Raman spectra,
the lines due to a’ vibrations will be polarized, and those of the a’’ vibrations
depolarized.
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Table 2. Infrared and Raman spectra of chloral.

Vapour Liquid
Infrared Infrared Raman
em™ I em™ I dem™ I o’ Interpretation
4630 w*° 4630 m v+, = 4633 4’
36356 m 3510 s N 2v, = 3526 4’
2920 wvw 2920 vw Y+ = 2933 4"
2860
2856: v8 28568 s 2860 m 032 P vy a’
2845
- 2800 w 2785 m Vet ¥, = 2805 4’
2686 w 2682 w 2690 w 043 P 2y, = 2710 A’
2095 vw 2080 wvw Yyt vy = 2092 A’
20456 vw 2036 wvw Ve = 2056 A’
1976 w 1966 w 2., = 1970 4’
1833 w 1850 w vst+v,, = 1842 A"
1818 w 1806 w v, —v, = 1828 4’
1783
1777} v8 1765 vs 1763 vs 0.36 P v, a’
1770
1738 m 1725 m 2w = 1714 A’
1636 vw 1636 w v+ ¥, = 1621 A’
1520 w 1520 vw vy—v, = 1511 A’
1361] :
1356, s 1356 vs 1357 s 039 P Vg a’
1346)
1266 w 2v¢ = 1252 A’
1206 vw 1210 w Vit = 1190 A’
1035
1028} vs 1026 vs 1026 s 0.79 P? v, a’
1020
991
983} vs 987 wvs 989 s 0.79 D? Y11 a’
97
857 vs 8563 wvs 8564 vs 0.65 P v a’
812 m 810 m vty = 817 4°
788 m Vi —Vioft= T80 A"
i or A’
780 m 760 m ve—vy = T80 A”
740 vs 732 wvs 734 vs 0.80 D Yis a’
668 w Yy—v,y = 663 A4’
661 w Vg—voft = 662 A’
or 4"
6256 wvs 617 s 619 wvs 0.26 P Ve a’
444 m 442 s 446 vs 0.03 P v, a’
315 =8 316 s 319 wvs 0.67 P Vg a’
266 s 268 s 270 s 0.73 P v, a’
241 m 246 vs 0.80 D Vys a”’
200 s 206 s 0.76 P? v,0 and v,, ¢’ anda”
83
77} 8 90 s 0.80 D Vis a”
71

4 g=sgtrong, m=medium, w=weak, v=very.
b o=polarization ratio, g < 0.80: polarized.
P=polarized band. D=depolarized band.
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VIBRATIONS IN CHLORAL 817

VIBRATIONAL ASSIGNMENT

The infrared spectrum of chloral in the vapour phase is shown in Fig. 3
for the region 4000 — 200 em™, and in Fig. 4 for the region 150 — 25 cm™. Figs.
5 and 6 show the infrared spectrum of chloral as a liquid. The Raman spectrum
of chloral is reproduced in Fig. 7, whereas the observed infrared and Raman
frequencies are listed in Table 2.

The Raman spectrum of chloral has been recorded earlier by Seewan-
Albert ® in the region 2863 —90 cm™ and recently by Lucazeau and Novak ?
in the same region. The locations of the various bands observed in the present
study of chloral are in excellent agreement with the above cited works. The
polarization ratios given in Table 2 are in good agreement with the results of
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818 G. HAGEN

Lucazeau and Novak,” but are in disagreement with the work of Seewan-
Albert ® for the bands at 90, 989, and 1025 cm™. The 90 em™ band is certainly
depolarized and therefore must belong to species a’’ (CC-torsion). The two bands
at 1025 and 989 ecm™ cannot be distinguished by the polarization ratios (cf.
Table 2). But the vibrational spectrum of CClyCDO given by Lucazeau and No-
vak 7 indicates that the band at 989 cm™ (870 em™ in CCl;CDO) must involve
mainly the CH out-of-plane bending vibration, and that the 1025 em™ (981
em™! in CCl3CDO) band must be connected with the CC-stretching vibration.
This assignment is also suggested by the band type contours in the infrared.
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Fig. 6. Infrared absorption spectrum of liquid chloral: 0.025 mm NaCl cell.
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Fig. 6. Infrared absorption spectrum of liquid chloral: 0.5 mm polyethylene cell.

The infrared spectrum (cf. Table 2) of chloral is in good agreement with
the investigations made by Silver and Wood 10 and by Lucazeau and Novak,?
except that the band at 104 em™, which Silver and Wood 1 describe as the
CC-torsion, is not observed. The CC-torsion is instead supposed to be the 77
cm™ band, which is also observed by Lucazeau and Novak.”
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Table 3. Fundamental frequencies (in ecm™) for acetaldehyde and some of its deuterated

isotopes.
. CH,CHO CH,CDO CD,CHO CD,CDO
Descrip-

Species tion Obs.* Obs? Cale. Obs? Cale. Obs® Cale. Obs? Cale.
a’ 1 CH,str. 2064 2967 2997 2970 2997 2257 2247 2265 2250
2 HCH, str. 2863 2917 2846 2946 2846 2115 2059 2060 2059
3 C—H str. 2826 2840 2822 2071 2130 2812 2822 2130 2121
4 C=0 str. 1734 1743 1800 1743 1712 17563 1781 1737 1700
5 CH, def. 1405 1441 1469 1420 1461 960 898 938 879
6 C—H bend 1395 1390 1312 1080 1003 1393 1321 1028 963
7 HCH, def. 1352 1352 1344 1353 1342 1038 1038 1045 1096
8§ C—Cstr. 11056 1122 1080 1109 1076 1131 1262 1151 1243
9 CH, rock 912 919 854 849 840 774 656 747 648
10 CCO bend 509 509 556 500 545 143 496 436 491
a’”’ 11 HCH, str. 2997 3024 2992 3028 2992 2223 2228 2225 2228
12 HCH, def. 1436 1441 1423 1420 1423 1028 1031 1028 1030

13 C—H bend
(o.p.) 882 867 896 668 676 761 867 677 763
14 CH, rock 764 763 764 802 851 626 598 573 566
15 Torsion - 150 152 - 145 - 120 116 113

4 This work. ® Evans and Bernstein.! ¢ Capwell.? ¢ Cosse and Schachtschneider.¢ The numbering
of the frequencies refers to the CH;CHO molecule.
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A detailed discussion of the IR and Raman spectra of chloral will not be
given here, since the present results are in excellent agreement with the obser-
vations of Lucazeau and Novak.? The assignments for chloral are also supported
by the normal coordinate analysis (see text below). The observed fundamental
frequencies for CCl3CHO and CCl4CDO are shown in Table 5.

Table 4. Fundamental frequencies (in em™) for CF,CHO and CF,CDO.

CF,CHO CF¢,CDO

Species Description® Obs.* Cale. Obs.* Cale.
a’ 1 C-H str. 2864 2847 2150 2154
2 C=0 str. 1788 1854 1770 1752
3 C—H bend 1384 1406 1033 962
4 CF, str. 1310 1303 1302 1352
5 FCF, str. 1202 1213 1244 1292
6 C-C str. 840 837 811 817
7 CF, def. 706 697 693 692
8 FCF, def. 580 591 580 577
9 C~C=0 bend 431 427 428 427
10 CF,; rock 256 250 253 249
a” 11 FCF, str. 1183 1174 1174 1160
12 C-—H bend (o.p.) 958 977 842 844
13 FCF, def. 531 526 521 523
14 CF, rock 322 330 318 3056
16 C-C torsion 55 56 52 51

% This approximate description is adopted from Ref. 6; besides, ¢f. the potential energy distri-
bution in Table 12.

Table 5. Fundamental frequencies (in em™) for CCl;CHO and CCl,CDO.

CCl,CHO CCl1,CDO
Species,  Description® Obs.t Obs.* Cale. Obs.? Cale.
a’ 1 C-H str. 2856 2866 2859 21565 2143
2 C=0 str. 1778 1777 1810 1769 1739
3 C-—H bend 13566 1356 1307 1064 1096
4 C-C str. 1030 1028 1038 987 988
5 CCl, str. 857 857 8817 849 826
6 C—C = O bend 626 625 618 603 603
7 CICCl, str. 443 444 443 442 437
8 CCl, def. 314 315 317 313 315
9 CICCl, def. 271 266 268 268 268
10 CCl,; rock 197 200 197 196 197
a” 11 C—H bend (0.p.) 986 985 936 870 904
12 CICCl, str. 740 740 767 718 685
13 CICCl, def. 236 241 257 230 227
14 CCl; rock 197 200 200 196 200
15 C-C torsion 77 71 76 70 71

4 This approximate description is adopted from Ref. 7; besides, ¢f. the potential energy distri-
bution in Table 13.

5 From Ref. 7.

¢ This work.
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VIBRATIONS IN CHLORAL 821

The infrared spectrum of acetaldehyde-d, was also recorded but will not
be reproduced here. It supports the assignments made by Evans and Bern-
stein! with some minor changes. The fundamental frequencies for CH,CHO
are given in Table 3 together with Evans and Bernstein’s ! results for CH,CHO
and CH3;CDO. Table 3 also includes the vibrational frequencies for CD,;CHO

and CD;CDO observed by Capwell 2 and by Cosse and Schachtschneider.®

Table 6. Fundamental frequencies (in em™) for CBry,CHO and CBr;CDO.

CBr,CHO CBr,CDO

Species No. Description® Obs.? Cale. Cale.
a’ 1 C—H str. 2839 2839 2121
2 C=0 str. 1748 1748 1703

3 C—H bend 1351 1351 1075

4 C—C str. 999 999 972

5 CBr; str. 784 784 739

6 C—C = O bend 547 547 534

7 BrCBr, str. 322 322 318

8 CBr, def. 276 276 274

9 BrCBr, def. 209 209 208

10 CBr; rock 151 151 151

a”’ 11 C—H bend (o.p.) 975 975 930
12 BrCBr, str. 636 636 569

13 BrCBr, def. 187 187 164

14 CBr, rock 137 137 137

15 C—C torsion 79 79 76

% This approximate description is adopted from Ref. 7; besides, ¢f. the potential energy distri-
bution in Table 14.

The vibrational assignments for fluoral-d, and fluoral-d, are taken from
Berney ¢ and are reproduced in Table 4. ’

The infrared and Raman spectra of bromal were alsorecorded. These spectra
strongly support the assignments made by Lucazeau and Novak,” but unfor-
tunately they also show some bands which can only be explained by presence
of impurities in the bromal probe, and for that reason these spectra are not
reproduced here. The vibrational assignment for bromal is shown in Table 6.

NORMAL COORDINATE ANALYSIS

The valence coordinates used for construction of the following set of sym-
metry coordinates are indicated on Fig. 1.

Species &’ 8, =r CO str.
S, =s CC str.
Sy =t CH str.
Sy =u CX str.
s =212 (v, + v,) CX, str.
Sg =(RS)12 « CCO bend

Acta Chem. Scand. 25 (1971) No. 3
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8, =(8T)2 B CCH bend
S = (SU) 2y CCX bend
9’ =(SV]2)1%(5, + 6,) CCX, bend
S 0= (UV[2)12(e; + &) XCX,; bend

Species a’’ 8 1=2‘”2 (v3—12,) CX, str.
Sie= (SV/2)1’2 (51— Ja) CCX, bend
Si3=(UV/2)}72 (&, —&,) XCX, bend
S,,=(T(RS)12)1/24 CH out-of-plane bend
S;s=(RU) 2z OCCX torsion

Here R, 8, T, U, V indicate the equilibrium CO, CC, CH, CX, and CX, dis-
tances, respectively, and X symbolizes one of the atoms H, F, Cl, or Br de-
pending on the molecule considered.

For each of the molecules acetaldehyde, fluoral, chloral, and bromal a
simple diagonal force field was used as a first approximation. This force field
reproduced fairly well some of the observed frequencies, but in all the molecules
those frequencies expected to involve CO and CC stretching, CX, stretching,
and CCX, and XCX, bending were not well reproduced.

A new set of force constants (¥) was calculated, using the matrix relation 11

F=I2I?

for each molecule by insertirg the observed frequencies in the diagonal matrix
A, and using the normal coordinate transformation matrix (L) from the first
calculation. These new sets of force constants all showed appreciable coupling
of the CO and CC stretching vibrations. For acetaldehyde and its isotopes

Table 7. Symmetrized force ccnstants (in mdyne/A) for acetaldehyde.

Species a’
S, Sy Sy S Ss S, S, Sy S, Sio
S,y 10.74 0.7 0 0 0 0 -0.1 —=0.1 0.1 0
Sy 5.3 0 0 0 0 0 0 0.1 —-0.1
Sy 4.3 0 0 0 0 0 0 0
S, 4.8 0 0 0 0 0 0
S, 4.61 0 0 0 0 0
S, 084 0 0 0 0
S, 0.8 0 0 0
S, 073 0 0.2
S, 079 0.2
Sho 0.51
Species a”’
811 S1s S1s S S5
S1. 477 0 0 0 0
S 025 0 —0.02 0
Sys 043 0 0
» 021 ©
0.02

15
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this turned out to be the largest couplirg constant in the F matrix (correspond-
ing to the symmetry coordinates). For the rest of the molecules, several other
significant coupling constants also emerged from this calculation. Large differ-
ences were also observed between force constants for the symmetric modes
in species @’ and the corresponding antisymmetric modes in species a’’; cf.
the final force constants given in Tables 7 — 10.

Table 8. Symmetrized force constants (in mdyne/A) for fluoral.

Species a’ .
Sl Sz S3 S& SS SG S? SB SO Slo
S, 10.0 04 -0.2 0 0.2 0.3 0 0 0.3 0.1
S, 57 —-0.1 0.5 0.5 0.6 0 0 0.4 0
S 4.4 0 0 0 0 0 0 0
S, 5.5 0.5 0.1 0 0.2 - 0.5 0.1
Sy 5.6 0.2 0 0 0 0
S, 1.2 0 0.2 0 0
S, 0.8 0 0 0
S, 1.3 0 0
S, 1.3 0
Sho 0.97
Species a’’
Sy iy S1s Si S
Si1 524 0.25 0.6 0 0
12 037 0 0 0
s 079 0 0
“ 028 0
16 0.01
Table 9. Symmetrized force constants (in mdyne/A) for chloral.
Species a’
S, S, Sy A S; S, S, Sy S, Sio
S, 10.1 -0.3 0 0 0.6 0 0.1 0.2 0.2 0
S, 4.0 0 0.3 0.7 0.2 0 0 0.3 0
S, 4.4 0 0 0 0 0 0 0
S, 2.7 0.3 0 0 0.2 0.1 0.1
S, 3.6 0 0 —0.1 0 ~0.1
S, 0.6 0 0.1 0 0
S, 073 0 0 0
S, 088 012 0.3
S, 0.99 0.35
Sho 0.9
Species a”
St S1a S1s Sy Sy
S 1.76 O —0.15 0.04 0
12 0.31 0 0.01 0
s 0.31 —001 0
» 019 0
0.02
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Table 10. Symmetrized force constants (in mdyne/A) for bromal.

Species a’
S8, S, S S,

S, 9.9 -—-0.6
4.3
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Species a”
Sl 1 Sll S 18 Sll Sls

S 2.14 —0.06 0.04 —0.08 —0.02
S1s 022 o0 0.02 —0.02
S1a 0.24 0.02 0
S 0.17 0
Sy 0.02

The final force field for acetaldehyde (Table 7) was calculated by a least
squares adjustment to the observed frequencies (Table 3) for acetaldehyde
and three of its deuterated analogues. During this procedure most of the off-
diagonal elements in the F matrix were put equal to zero. The calculated fre-
quencies obtained from the final force field for acetaldehyde and its isotopes
are given in Table 3 together with the observed frequencies. The final force
field for acetaldehyde (Table 7) shows generally good agreement with the force
constants for acetaldehyde calculated by Cosse and Schachtschneider.® For
instance, the valence stretching force constants are calculated to be f, (CO)
=10.74 (10.77), f. (CC)=5.3 (4.82), f, (CH)=4.3 (4.24), f, (CH-methyl)
=4.80 (4.88), f, (CH,—methyl)=4.69 (4.88), where the figures in parentheses
are calculated by Cosse and Schachtschneider 3 with (VF.1); all values are
in mdyne/A.

For fluoral, chloral, and bromal new sets of force constants were constructed
by trying to maintain some force constants from acetaldehyde invariant (f,,
So foo fos [p» efc.) and varying the others as to fit the observed frequencies for
each molecule. This was not achieved without introducing some abnormally
large off-diagonal elements in the F matrices. A certain relaxation of the con-
straint on the fixed force constants was therefore necessary in order to obtain
a reasonable force field for each molecule.

The final force field for fluoral (Table 8) was obtained by using relation
(1) with the observed frequencies for each isotope and the L matrices from the
last iterative calculation described above, and taking the average of the two
resulting force fields.

In the same way the final force field for chloral was produced (Table 9).
The final force field for bromal (Table 10) has been fitted to the observed fre-
quencies for CBryCHO alone, since no data are available for CBr,CDO.

Acta Chem. Scand. 25 (1971) No. 3



825

VIBRATIONS IN CHLORAL

g1 “jod P W[t g=¥x se pougep s1 uonnquusip A3ieue [eruesod oyy ,
%156'0 €11 156°0 031 *196'0 FHI 560 02T 9T
VI9%0tSL0 999 1960 869 9z 0TIOL0  9L9 noe0%'s9°0 F9L Pl
19e0"'98°0  €9L 191°0°7'S6°0  9L8 nge0®TeL0 198 e 0'SL0 968 €I
f196°0 0801 1060 1801 1960 8a¥I 1960 €eFI 3l

'S0'T 8283 IS0'T 8333 S0'T 3663 s0'1 3663 11 P
' QT°0°ST°0°SL0  16¥ ’91°0°°'99°0°y8°0  96F 391°0°°98°0  G¥S *91°0°58°0 999 01
°91°0°'59°0 8%9 *S1°0°°'S9'0 999 %g9'0 098 gL0 P8 6
’95°0°°'93°0°°99°0  6L8 591°0°°'9€°0°°59°0 868 29170990 €001 *ST°0°°S9°0 080T 8
"9z 04SP 0°sH0 €96 "91°0%58°0 8801 TIT0“ST0°ST0  9LOT *91°0'52°0“59°0 3ISl L
1SZ°0SE0°S%°0 9601 I9T°0°°99°0°99°0 3931 S1'0°58°0  BPEl ST0'SL0°SL'0 PFET 9
IT'0°99°0°9g°0  €PTI 196°0°499°0 13€1 . %ST0°C60  19¥1 39%°0°98'0 69%1 ¢
5S1°0S1°0°'SL'0  00LI ‘98°0'99°0 T8LI 391°0°°91°0°59°0  BILI ‘S¥0°99°0 0081 ¥
*S€0°SL'0 6903 'S%°0°°SL°0 6903 960 0€13 £96°0 338 €
£98°0 1313 ¥92°0°’98°0 L¥33 'S20°°98°0  9¥83 ’$2°0°S8°0 9¥8% 3

!9%°0°SL'0 0938 ®96°0 338% 59207980  L663 9207980 L66F 1 P

aigd ‘beig aaa  beig add -beig auad ‘besg sewedg
0aon’aon OHO*'ad 0Oad*HD OHO®HO

‘OOt aD PUB ‘OHOAD ‘OO HD ‘OHD HD 10§ sep8urpioos Lrjewrmds Juowrs ,(qHJ) £810ue reryuetod Jo uornquusi(y "I 2190,

Acta Chem. Scand. 25 (1971) No. 3



826 G. HAGEN

The reliability of the force fields for fluoral, chloral, and bromal are cer-
tainly questionable, since the number of unknown force constants far exceed
the number of observed frequencies. For acetaldehyde the number of observed
frequencies almost equals the number of force constants; hence for this mole-
cule the calculated force field should be fairly reliable. Still it is believed that
some of the changes in force constants, when going through the series acetal-
dehyde, fluoral, chloral, and bromal, are significant and physically reliable.
For example, the decrease in the CO stretching constant from acetaldehyde
to bromal seems to be real. This is also true for the change in sign of the in-
teraction constant between the CO and CC stretching vibrations. The decrease
in the CC stretching constant from acetaldehyde to bromal also seems to be
inevitable. A force constant for the torsional vibration about 0.01 —0.02 seems
to be acceptable for all these molecules. On the contrary, the differences be-
tween the three force constants concerning the CCl stretches in chloral (F,,
Fy,, and F,, ;) seem to be unreasonably large compared with the corre-
sponding values in the rest of the molecules considered.

In any case the calculated force fields seem to be realistic enough to be
useful in the calculation of mean amplitudes of vibration, since these quantities
are known to be relative insensitive to minor changes in the force constants.

Potential energy distribution. In Tables 3—6 the fundamental frequencies
have been described in the usual way as characteristic CH, CO, CC stretches,
and CCH, CCO bendings, etc. This is an oversimplified picture of the normal
modes of vibration. As pointed out by Morino and Kuchitsu 12 a more accurate
description of the normal modes of vibration can be obtained in terms of the
potential energy distribution (PED). The elements of A (eqn. 1) are given by
=22 Lyp Ly, The largest contributions to 4, (normal frequency

Table 12. Distribution of potential energy (PED)* among symmetry coordinates for
CF,CHO and CF,CDO.

CF,CHO CF;CDO
Species Freq. PED Freq. PED
o’ 1 2847 1.0S, 2154 0.8S;
2 1854 0.55,,0,48,,0.1S, 1752  0.55,0.28,,0.2S,,0.18,
3 1406 0.38,,0.25,,0.25,,0.25,,0.15,, 1352  0.45,,0.35,,0.35,,0.18,0,0.18,
4 1303 0.45,0.38,0.19,0.18, 1292  0.48;,0.38,,0.18,,0.18,
5 1213 0.45,,0.38,,0.1S;,0.18, 962 0.7S,,0.15,
6 837 0.55,0.35,,0.25, 817 0.45,,0.35,,0.28,
7697 0.48;,0.25,,0.18, 692  0.45,,0.28,,0.18,
8 591 0.35,,0.25,,0.15,,0.15, 577  0.38,,0.25,,0.15,,
9 427 0.45.0.28, 427 0.45,,0.2S,
10 250 0.580,0.35,,0.15, 249 0.5S,,,0.3S5,.,0.18,
@’ 11 1174 0.85,,,0.15,,0.18,s 1159 1.08,,,0.18,,
12 977 0.85,,,0.25,, 844 0.85,,,0.1S.,
13 525 0.95,, 523 0.95,,
14 330 0.98,, 306 0.98,,
15 55 1.08,, 51 1.08,,

% See footnote in Table 11.
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Table 13. Distribution of potential energy (PED)* among symmetry coordinates for
CCl,CHO and CCl1,CDO.

CC1,CHO CC1,CDO
Species Freq. PED Freq. PED
a 1 2859 1.0S; 2143 0.9S;
2 1810 0.65,,0.3S, 1739  0.68,,0.18,,0.18,
3 1307 0.68,,0.25, 1095 0.33,,0.28,,0.25,,0.25,,0.28,,
4 1038 0.68,,0.35,,0.284,0.15,,0.15,,0.18, 988 0.5S,,0.35,,0.2,,0.15,
5 887 0.55,0.45,,0.25,,0.15,,0.15, 825 0.4S,,0.35,,0.25,,0.25,
6 618 0.45,,0.2S,,0.28,,,0.15, 603  0.4S,,0.35,,0.25,,,0.1S,
7 443 0.55,,0.25,,0.1S, 437 0.55,,0.25,,0.13,
8 317 0.48,,,0.48,,0.4S, 315 0.4S,,,0.4S,,0.48,
9 268 0.45,,0.35,,0.1S, 268  0.45,,0.38,,0.1S,
10 197 0.38,0,0.3S,,0.18, 197  0.35,,0.35,,0.1S,
a” 11 936 0.48,,,0.25,,,0.25,, 904  0.45,,,0.35,4,0.25,,,0.18,
12 767 0.55:4,0.38,1,0.15, 685 0.6515,0.251,
13 257 0.85,,,0.25,, 227  0.78.,,0.25,,,0.18,
14 200 0.88,,,0.38,, 200 0.98,;,0.38,,
15 175 0.9S, 71 0.9,

% See footnote in Table 11.

Table 14. Distribution of potential energy (PED)® among symmetry coordinates for
CBr;CHO and CBr,CDO.

CBr,CHO CBr;CDO
Species Freq. PED Freq. PED
a1 2839 1.0S, 2121 0.98,
2 1748 0.65,,0.28,,0.18, 1703 0.6S,,0.18,,0.18,
3 1351 0.78,,0.18, 1075 0.6S,,0.18,,0.18,,0.18,,
4 999 0.78,,0.35,,0.28,,,0.15,,0.18,,0.18, 972 0.7S5,,0.35,,0.25,,0.1S,,
5 784 0.55;,0.45;,0.35,,0.18,,0.15,,0.18, 739 0.55,,0.39;,0.38,,0.25,,0.15,
6 547 0.55,,0.45,,,0.35,,0.18; 534 0.58,,0.45,,,0.38,,0.18,
7 322 0.58;,0.25,,0.28, 318 0.58,,0.35,,0.28,
8 276 0.3S5,,0.38,,0.28, 274 0.38,,0.38,,0.18,
9 209 0.68,,0.38,,0.28,,0.28;,0.28, 208 0.6S,,,0.38,,0.28,,0.285;,0.28,
10 151 0.38,,0.28,,,0.18, 151 0.35,,0.25,,,0.18;
a’ 11 976 0.484,0.28,,,0.18, 930 0.35,,,0.38,,.0.28,,
12 636 0.65,,,0.58,, 569 0.78,,,0.4S8,,
13 187 0.98,,,0.28,;,0.28,, 164 0.95,,,0.28,,,0.18;
14 137 0.98.,0.18,, 137 0.95,,
15 79 0.8S, 76  0.95;
% See footnote in Table 11.

parameter) are supposed to come from the diagonal terms of #. The potential

energy distribution may therefore be defined as®? X, =

L,2F;[2,. Since

only diagonal terms in F are considered, the >,X,, may exceed the value 1.
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In Tables 11 —14 the PED for acetaldehyde, fluoral, chloral, and bromal
are given. As can be observed from these tables only a few of the calculated
frequencies can be described as characteristic modes of vibration. The descrip-
tions made in Tables 3— 6 are therefore highly approximate and do not give
a real picture of the normal modes according to the Tables 11 — 14. For example,
a frequency in the region around 1700-1800 cm™ is normally supposed to
represent a characteristic C=0 stretching vibration. But inspection of the
PED in CHyCHO (Table 11) shows that this frequency consists of 60 9, C=0
stretching and 40 9, CCH bending. This is also the case in fluoral, chloral,
and bromal. On the other hand, the CH stretching vibration (CHO — group)
seems to be characteristic in all of the here studied molecules. The lowest

Table 15. Mean amplitudes of vibration (in A units) for CH,CHO, CH,CDO, CD,CHO

and CD,;CDO.
Equil. CH,CHO CH,CDO CD,CHO CD,CDO

Distance® dist. u(0°K) u(298°K) u(0°K) u(298°K) u(0°K) 4(298°K) u(0°K)u(298°K
C=0 1.216 0.0389 0.0390 0.0383 0.0383 0.0386 0.0387 0.0384 0.0384
Cc-C 1.501 0.0473 0.0477 0.0468 0.0472 0.0484 0.0489 0.0478 0.0483
C,—H, 1.114 0.0803 0.0803 0.0805 0.0805
C,—D, 0.0695 0.0695 0.0686 0.0686
Cy—H; 1.086 0.0785 0.0785 0.0783 0.0783
C;—Dy 0.0666 0.0666 0.0668 0.0668
C,—H, 1.086 0.0786 0.0786 0.0779 0.0779
C3—D, 0.0671 0.0671 0.0673 0.0673

O0..H, 2004  0.0991 0.1002 0.0992 0.1003

0..D, 0.0862 0.0880 0.0858 0.0876
0..H; 2542  0.1291 0.1342  0.1204 0.1345

0..D, 0.1129 0.1210  0.1128 0.1211
O0..H, 3.096 0.1325 0.1644  0.1324 0.1640

0..D, 0.1117 0.1403  0.1147 0.1530
0..C 2.402  0.0574 0.0610  0.0573 0.0610  0.0568 0.0607  0.0571 0.0612
Cy..H, 2126 01026 0.1031  0.1027 0.1032 _
C,..D, 0.0890 0.0904  0.0887 0.0901
C,..H, 2126 0.1114 01127 0.1118 0.1133

C,..D, 0.0949 0.0974  0.0961 0.0992
Cy..H, 2244  0.0991 0.0993 0.0986 0.0089

Cy..D, 0.0846 0.0851 0.0857 0.0863
H.--H, 3115 01250 0.1263

.. -D, 0.1149 0.1157

D,..H, 0.1156 0.1161

D,..D, 0.1062 0.1072
H,..H, 2.678  0.1744 0.2037

H,..D, 0.1559 0.1798

D,..H, 0.1631 0.1949

D,..D, 0.1453 0.1821
H,..H, 1779 01209 0.1303  0.1301 0.1306

D,..D, 0.1092 0.1102  0.1095 0.1106
H,..H, 1760  0.1447 0.1461  0.1460 0.1477

D,..D, 0.1204 0.1244  0.1211 0.1251

“Numbering of atoms according to Fig. 1.
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Table 16. Mean amplitudes of vibration (in A units) for CF,CHO and CF,CDO.

CF,CHO CF,CDO
Equil.

Dist.® dist. u(0°K) u(298°K) #(0°K) u(298°K)
C=0 1.204 0.0395 0.0396 0.0391 0.0391
Cc-C 1.540 0.0468 0.0474 0.0468 0.0474
C—-H 1.090 0.0799 0.0799

C-D 0.0685 0.0685
C,—-Fy 1.332 0.0450 0.0456 0.0453 0.0459
C;—F, 1.332 0.0454 0.0459 0.0455 0.0459
0..H 1.987 0.0987 0.0993

0..D 0.0842 0.0851
0..F; 2.629 0.06564 0.0746 0.0656 0.0750
0..F, 3.284 0.0842 0.1867 0.0820 0.1823
0..C 2.403 0.0507 0.0527 0.0513 0.0533
C,..Fy 2.348 0.0553 0.0588 0.0554 0.0590
C,. . Fy 2.348 0.0600 0.0678 0.0587 0.0658
Cs..H 2.269 0.0993 0.0997

C;..D 0.0852 0.0859
F,..H 3.341 0.0952 0.0967

F,..D 0.0832 0.0851,
F,. H 2.743 0.1437 0.2308

F,..D 0.1244 0.2172
F,..F, 2.180 0.0543 0.0591 0.0546 0.0594
F,..F 2.165 0.0688 0.0881 0.0692 0.0889

a
-

4 Numbering of atoms according to Fig. 1.

frequency in a” is also fairly characteristio, and may be described as the OCCX
torsional mode.

Mean amplitudes of vibration. With the force constants in Tables 7—10
the mean amplitudes of vibration 3 have been calculated for acetaldehyde,
fluoral, chloral, bromal, and their deuterated isotopes (Tables 15 —18).

Kato et al.5 have given the mean amplitudes of vibration (electron diffraction
at 21.5°C) for the following distances in acetaldehyde: u.,=0.038, + 0.004,,
Uge =0.049, + 0.006;, Uy =0.085,+0.015,, and u. ,=0.060,+0.009, The
same quantities are calculated here (Table 15, at 25°C) as u.,=10.0390,
Uee =0.0477, Uggicoy =0.0803, Ucgcxy=0.0785 and u.  ,=0.0610, all in A
units. As one can see, all these calculated values are well within the experi-
mental limits.

No experimental data from electron diffraction have been found in the
literature for the rest of the molecules, but the calculated mean amplitudes
of vibration (Tables 16 —18) seem to be quite realistic.

Thermodynamic quantities. Finally, some thermodynamic quantities have
been calculated for CH,CHO, CF,CHO, CCI,CHO, and CBr,CHO by the usual
rigid rotator-harmonic oscillator approximation method as outlined by Herz-
berg.1¢ The results from these calculations are shown in Table 19.
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Table 17. Mean amplitudes of vibration (in A units) for CCI,CHO and CCl,CDO.

CC1,CHO CCl,CDO
Equil.

Dist.* dist. u(0°K) %(298°K) u(0°K) u(298°K)
C=0 1.150 0.0392 0.0393 0.0388 0.0389
C-C 1.520 0.0509 0.0520 0.0507 0.0518
C—-H 1.100 0.0798 0.0798

C-D 0.0680 0.0680
C;—Cl; 1.760 0.0494 0.0528 0.0493 0.0527
C;—Clg 1.760 0.0507 0.0554 0.0506 0.0553
0..H 1.939 0.0999 0.1017

0..D . 0.0870 0.0894
0..Cl 2.840 0.0734 0.0972 0.0732 0.0969
0..Cl, 3.579 0.0798 0.1535 0.0800 0.1579
0..C 3.364 0.0591 0.0646 0.0584 0.0639
C,.:Cly - 2.682 0.0575 0.0655 0.0574 0.0656
C,. .Clg 2.682 0.0621 0.0779 0.0606 0.0758
C;..H 2.245 0.1009 0.1016

C,..D 0.0882 0.0894
Cl;..H 3.710 0.0953 0.0994

Cl,..D . 0.0836 0.0885
Cl,..H 2.981 0.1544 0.2158

Cl,..D 0.1340 0.2067
Cl;. .Cl, 2.873 0.0589 0.0802 0.0595 0.0822
Cl,..Cl, 2.875 0.0600 0.0843 0.0610 0.0872

4 Numbering of atoms according to Fig. 1.

Table 18. Mean amplitudes of vibration (in A units) for CBr,CHO and CBr,CDO.

CBr,CHO S CBr;CDO
Equil.

Dist.* dist. #(0°K) %(298°K) u(0°K) u(298°K)
C=0 0.150 0.0394 0.0395 0.0394 0.0395
Cc-C 1.520 0.0503 0.0511 0.0502 0.0511
C—-H 1.100 0.0800 0.0800

C-D 0.0685 0.0685
C;—Br; 1.940 0.0474 0.0518 0.0474 0.0518
C;— Br, 1.940 0.0486 0.0538 0.0485 0.0538
0..H 1.939 - 0.1003 0.1022

0..D v 0.0873 0.0899
O..Br; 2.944 0.0659 0.0866 0.0659 0.0866
O..Br, 3.728 0.0747 0.1431 0.0743 0.1431
0O.. 2.364 0.0594 0.0646 0.0593 0.0645
C;..Br; 2.836 . 0.0534 . 0.0608 0.0531 0.0606
C,..Br, 2.836 0.0622 0.0850 0.0614 0.0850
C;. . H 2.245 0.1016 0.1021

C;..D 0.0880 0.0892
Br,. .H 3.873 0.0930 - 0.0967

Br..D : 0.0808 0.0854
Br,. . H 3.103 0.1622 0.2337

Br,..D 0.1412 0.2252
Br;. Br, 3.167 0.0483 0.0778 0.0483 0.0778
Br,. .Br, 3.169 0.0493 0.0806 0.0493 0.0806

% Numbering of atoms according to Fig. 1.
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Table 19. Thermodynamic quantities (cal/mol/deg) for CH,CHO, CF;CHO, CCl,CHO
and CBr;CHO.
Hoaat capacity c,°, enthalpy H°, free energy G° and entropy S°.

T(K) e’ (H°—H)/T —(G°—H)/T S°

CH,CHO 100 9.44 8.565 42.89 51.44
200 11.39 9.43 49.08 58.52

300 14.21 10.54 53.11 63.65

400 17.16 11.83 56.32 68.15

500 19.83 13.17 59.10 72.27

CF,CHO 100 11.23 9.57 50.59 60.16
200 15.54 11.47 57.79 69.25

300 19.57 13.51 62.82 76.33

400 22.96 15.47 66.98 82.44

500 25.68 17.25 70.63 87.87

CCI,CHO 100 13.80 10.18 53.97 64.15
200 19.51 13.55 62.10 75.65

300 23.35 16.21 68.11 84.32

400 26.22 18.37 73.08 91.45

500 28.37 20.17 77.38 97.55

CBr,CHO 100 15.76 11.16 58.67 69.82
200 21.09 14.93 67.65 82.58

300 24.54 17.59 74.23 91.82

400 27.11 19.66 79.59 99.25

500 29.04 21.35 84.16 105.51
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