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Conformers, Vibrational Spectra and Infrared-induced 
Rotamerization of Dichloroacetic Acid in Argon and Krypton 
Matrices 
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The results of a combined study of dichloroacetic acid monomer undertaken by matrix-isolated low-temperature 
infrared spectroscopy in both argon and krypton matrices and ab initio SCFMO calculations are presented. Two 
s-cis (C-0) conformations of CCI,HCO,H differing by internal rotation about t h e  C-C bond and one s-trans 
form were found in the matrices. Their spectra are reported within the  range 4000-400 cm-'  and interpreted. 
The skewlscis form (H-C-C-0 dihedral angle equal to ca. 144") converts to t h e  most stable syn/scis con- 
former (H-C-C-0: 0") upon irradiation in t he  v(0-H) region. The temperature dependences (annealing) of 
t h e  isolated matrix vibrational spectra of t h e  studied molecule before and after irradiation were found to be 
different, and a model is proposed to explain the  experimental observations. 

In addition, 3-21G and 6-31G* a6 initio- MO calculations were carried out and the  structures and energies of 
t he  relevant conformations are reported. T h e  theoretical results agree with the  experimental data and provide a 
good insight into the  intramolecular interactions which determine the  relative stability of the various conformers. 
Finally, a normal-mode analysis based on the  6-31G* harmonic force fields is used to review previous assign- 
men t s  of t h e  vibrational spectra of t h e  various conformers of the  studied molecule. 

In a previous work,' we studied the rotamerization of 
CH,ClCO,H in an argon matrix. Three different conformers 
have been found in the non-annealed matrix: the syn/s-cis 
(SC), skewls-cis (SKC) and antils-trans (AT) forms (see Fig. l), 
with relative populations of 60, 25 and 15%, respectively. 
Irradiation of the matrix in the carbonyl stretching 
[v(C=O)] region by a CO laser causes conversion of the 
most stable SC rotamer to both less stable forms.' Later on, 
the relative energies, equilibrium molecular geometries and 
vibrational force fields of the CH,ClCO,H conformers were 
obtained by ab initio 6-31G* SCF MO calculations;2 the 
theoretical results enabled us to improve the previous empiri- 
cally based assignments of the vibrational spectra of the 
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Fig. 1 
acid molecules. X, Y = H or C1 

Relevant conformations of chloroacetic and dichloroacetic 

studied and confirmed the nature of the three 
conformers experimentally observed. 

In the present article, we focus our attention on 
CHCl,CO,H. The rotational isomerism in this molecule was 
previously studied experimentally by infrared spectroscopy in 
condensed phases'-' and theoretically by ab initio SCF MO 
calculations, using the STO-3G minimal basis set: as well as 
by molecular mechanics." 

There is general agreement between the various studies 
previously carried out on dichloroacetic acid with respect to 
the nature of the most stable conformers of this 
(Fig. 1). Thus, the two most stable forms correspond to the 
s-cis (C-0) structures : the symmetric synls-cis conformer 
(SC), where the hydrogen atom of the dichloromethyl group 
and the carbonyl oxygen are eclipsed, and a doubly degener- 
ated conformer having one of the chlorine atoms of the 
dichloromethyl group nearly eclipsed with the carbonyl 
oxygen atom (the skewls-cis form, SKC). The energy differ- 
ence between these conformers was predicted to be less than 
1 kJ mol-',5~10.'' and the energy barrier for internal rotation 
about the C,-C bond, for a fixed O=C-0-H s-cis con- 
figuration, smaller than 2 kJ mol- '." In addition, molecular 
mechanics also predicts the existence of two high-energy con- 
formers of dichloroacetic acid having an s-trans (C-0) axis, 
the ST and SKT conformers (see Fig. 1); the energy change 
associated with the s-cis + s-trans conversion was predicted 
to be about 33 kJ mol-'." 

Despite the knowledge available about the conformational 
preferences and vibrational spectra of dichloroacetic acid, 
several important points remain poorly understood. In par- 
ticular, intramolecular interactions, which determine the rela- 
tive stability of the various conformers, have not yet been 
analysed in detail, and the interpretation of the vibrational 
spectra of the studied molecule requires some theoretical 
foundations in order to enable accurate spectra-structure 
relationships to be established. At the same time, it is difficult 
to carry out an accurate comparison of the ab initio calcu- 
lated results with those experimentally obtained in CC1, solu- 
tion,' where the intermolecular interactions with the solvent 
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certainly influence the rotamer spectra and energies. On the 
other hand, the single conformational study previously 
undertaken on the studied molecule in the gaseous phase 
could identify only the SKC rotamer bands in its microwave 
spectrum.12 Matrix isolation seems to be a much more suit- 
able method for this purpose. 

In addition, we found that irradiation of the matrix- 
isolated CHCl,CO,H in the hydroxy-group stretching region 
[v(O- H)] induces rotamerization reactions easily detectable 
in the infrared spectra, although, unlike CH2ClC0,H,' irra- 
diation by a CO laser is ineffective in this case. 

We present the results of a study of dichloroacetic acid 
undertaken by matrix-isolated low-temperature infrared spec- 
troscopy and ab initio SCF MO calculations. 

Experimental and Computational Methods 
The samples were prepared by simultaneous deposition of a 
matrix gas and CHCl,CO,H jets on a CsI substrate, cooled 
using an ROK 10-300 (Leibold-Heraeus) closed-cycle 
refrigerator. CHCl,CO,H was obtained from Sigma and 
purified by several freeze-pump-thaw cycles. The 
CHCl,CO,H beam was led from an effusion cell through a 
heated thin capillary, where dimer thermolysis took place. 
The effusion cell temperature was kept constant by a heater 
so that the matrix: solute ratio was at least equal to 1500. 
The rate of the matrix gas flow was ca. 5 x mol h-'. 
The amount of CHCl,CO,H deposited was controlled by fol- 
lowing the absorbance of the infrared bands at 1153 and 1115 
cm- '. Further details on the sample preparation procedure 
can be found in ref. 1. The deposition temperature were 14 or 
18.5 K (Ar) and 14 or 20 K (Kr). During both the irradiation 
and recording of the spectra the matrix temperature was kept 
constant at ca. 14 K. 

The infrared spectra were recorded on a Hitachi 270-30 
spectrophotometer with 2-4 cm- ' resolution. For the rota- 
merization experiments, the infrared radiation source used 
was the coiled filament (kanthal wire at 1500°C) of the spec- 
trophotometer or a special monochromator using a 200 
cm-' diffraction grating with a 1 : 2 aperture and the same 
radiation source. The use of filters and a preliminary mono- 
chromator proves that v(0H) absorption is responsible for 
the observed photoprocess which causes the rotamerization 
reactions under study. Therefore, a cut-off filter transmitting 
radiation with frequency < 1950 cm- was used for recording 
the spectra; irradiation in these spectral regions was found to 
be ineffective for producing any isomerization. A grid polari- 
zer mounted on a Teflon film was used both in irradiation 
and spectra recording procedures in several experiments. 

The ab initio SCF MO calculations were carried out using 
the Gaussian 92 program pa~kage , '~  running in a VAX 9000 
computer, using both the 3-21G split valence and 6-31G* 
basis  set^.'^-'^ Molecular geometries were optimized by the 
force gradient method using Berny's algorithm.' The Carte- 
sian harmonic force constants were calculated for all the 
studied conformations and converted to internal coordinates 
using the program Transformer." This program was also 
used to prepare the input data for the normal-coordinate 
analysis programs used in this study (Build-G and 
Vibrat l9q2O). The calculated force fields were then scaled 
down by using a simple linear regression in order to adjust 
the calculated frequencies of the most stable conformer of the 
studied molecule to the observed frequencies. Frequencies of 
the less stable conformers were then calculated from the cor- 
responding force fields by interpolation using the straight line 
obtained previously. While very simple, this scaling pro- 
cedure has the advantage over the more elaborate force field 
scaling procedures which use several scale factors for preser- 

ving the potential-energy distributions (PEDs) as they emerge 
from the ab initio calculations. 

Results and Discussion 
Molecular Energies and Geometries 

Both the 3-21G and 6-31G* ab initio calculations account for 
four different stable conformations of the dichloroacetic acid 
monomer molecule (see Fig. 1 and Table 1). In consonance 
with previous studies,'-' these calculations predict that the 
first and the second more stable forms correspond to struc- 
tures having an s-cis 0-C-0-H axis [the synls-cis (SC) 
and skewls-cis (SKC) conformers]. In addition, the calculated 
energies of these two conformers were also found to be very 
close to each other. However, the 3-21G calculations point to 
a most stable SKC form (AEsKUc = - 1.25 kJ mol-'), while 
the 6-31G* basis set predicts the SC form as the most stable 
conformer (AESKc-sc = 3.04 kJ mol- '). Our previous study 
on chloroacetic acid showed that, despite the fact that the 
3-21G basis yields both good structural and good vibrational 
results for these kinds of molecule, it is not good for predict- 
ing relative conformational energies., Indeed, this also seems 
to occur in the present case, as the vibrational data obtained 
in this study clearly indicate that the SC conformer corre- 
sponds to the most stable form of dichloroacetic acid, as it 
will be stressed in the next sections. 

The two high-energy conformers predicted by both basis 
sets correspond to the syn/s-trans (ST) and skewls-trans 
(SKT) forms (see Fig. l), being, respectively, 19-22 and ca. 30 
kJ mol-' less stable than the lowest energy SC form (see 
Table 1). 

The calculated molecular geometries for the various con- 
formers of dichloroacetic acid are shown in Table 2. While 
the agreement between experimental' and calculated geome- 
tries is generally good, the following specific comments 
should be made: (i) As is usual,21 at the 6-31G* level of cal- 
culation, the C-0 bond lengths are too short. On the other 
hand, the C-Cl bond lengths and the C-Cc=O, C-C-0 
and C-0-H angles show a much better agreement with 
experiment, thus stressing the relevance of polarization 
orbitals in MO calculations of geometries of a- 
chlorosubstituted carbonyl compounds. Indeed, these results 
agree with our previous data on chloroacetic acid., 

(ii) The 6-31G* calculated value of the H-C-C-0 dihe- 
dral angle for the SKC conformer (144.5') agrees within the 
experimental error with the experimental value obtained by 
microwave spectroscopy (145.9 jI: 1.6"12), whereas the 3-21G 
calculated value for this angle is too low (136.5"). On the 
other hand, both bases predict that the H-C-(2-0 dihe- 
dral angle of the highest energy SKT conformer is consider- 
ably smaller than this angle in the SKC form (3-21G, 109.2'; 
6-31G*, 101.3"). Furthermore, as a lower H-C-C-0 angle 
correlates with a reduction in the C1. * .H(O) distance involv- 
ing the chlorine atom which is closer to the hydroxy group, 
this result seems to indicate that an attractive interaction 
may exist between the Cl and the hydroxy-group H atoms in 

Table 1 Calculated conformational energy differences (kJ mol- l) 

for dichloroacetic acid 

AESKC, - 1.25 3.04 - 0.63 
& T s c  22.0 19.0 33.3 
AESKT, 30.7 30.7 26.9 
AESKC-SKC 4.25 1.96 1.70 

' Ref. 10. 
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Table 2 Calculated (3-21G and 6-31G*) and experimental molecular geometries, relative energies and dipole moments of the relevant confor- 
mations of dichloroacetic acid" 

~~ ~ ~ ~ ~ 

SKC sc ST SKT 

parameterb 3-21G 6-31G* exp; 3-21G 6-31G* 3-21G 6-31G* 3-21G 6-3 lG* 

c-c 
c-0 
c-0 
0 - H  
c-Cl( 1) 
c-Cl(2) 
C-H 
c-c-0 
o=c-0 
c-c-0 
C-0-H 
C1( 1)-c-c 
Cl(2)- c- c 
H-C-C 
c - C( = 0)O 
0-C-0-H 
H-C-C-0 
c1(1)-c-c=0 
C1( 2)- c-c= 0 

AEd/kJ mol-' 
I P I D  

150.5 
119.3 
134.8 
96.9 

182.6 
185.5 
107.0 
127.1 
124.7 
108.2 
113.0 
111.4 
108.1 
111.4 
179.9 

3.3 
136.5 

14.2 
- 107.0 

- 1.25 
3.06 

152.6 
117.8 
132.3 
95.3 

175.7 
177.6 
107.4 
125.8 
124.8 
109.4 
108.9 
11 1.7 
108.3 
109.6 
180.5 

2.5 
144.5 
24.5 

- 99.2 

3.04 
2.79 

150.9 150.1 
120.8 119.8 
134.9 133.7 
97.1 96.9 

175.7 184.3 
174.7 184.3 
106.2 106.9 
125.4 123.3 
123.2 124.9 
111.4 11 1.8 
106.1 113.3 
111.6 110.0 
108.7 1 10.0 
110.1 110.5 
180.0 180.0 

0.0 0.0 
145.9 0.0 
25.9 119.3 

-97.8 - 119.3 - 

152.2 
118.3 
131.5 
95.3 

176.9 
176.9 
107.3 
121.7 
125.0 
113.3 
108.9 
110.7 
110.7 
107.6 
180.0 

0.0 
0.0 

117.6 
117.6 

- - - 

- 1.31 0.94 

151.6 
119.3 
134.0 
96.6 

185.1 
185.1 
106.8 
121.1 
122.7 
116.2 
117.0 
109.8 
109.8 
11 1.0 
180.0 
180.0 

0.0 
119.9 

- 119.9 - 
23.2 
2.37 

153.1 
117.7 
131.9 
95.0 

177.4 
177.4 
107.2 
120.2 
122.9 
116.9 
113.4 
110.5 
110.5 
108.1 
180.0 
180.0 

0.0 
118.2 
118.2 

19.0 
2.61 

152.5 
118.9 
134.7 
96.5 

181.9 
186.5 
107.3 
123.4 
122.2 
114.4 
117.2 
11 1.7 
109.8 
11 1.3 
176.0 
167.7 
109.2 
- 11.6 
- 134.3 - 

30.7 
3.88 

154.2 
117.4 
132.3 
94.9 

175.3 
178.5 
107.8 
122.2 
122.3 
115.5 
113.8 
112.0 
111.8 
107.8 
174.6 
172.0 
101.3 

142.5 

30.7 

- 16.9 

3.66 
~~ 

" Bond lengths in pm; angles in degrees. 
geometric parameters given in italics were assumed.I2 Relative energies with respect to that of the SC conformer. 

See Fig. 1 for atom numbering. Experimental values obtained by microwave spectroscopy; the 

the SKT conformer. However, considering the high energy of 
this form when compared with those of all the other con- 
formers of dichloroacetic acid (see Table l), it can be easily 
concluded that this attractive interaction must be very weak. 
Thus, the existence of a hydrogen-bonding-type interaction, 
similar to that exhibited by the antils-trans conformer of 
chloroacetic acid,'T2 is not supported by the calculations. 

Comparison of the calculated geometries of the various 
conformers leads to the following conclusions: (i) The much 
lower energies of the s-cis conformers suggest that the most 
important intramolecular interaction in energetic terms is the 
stabilizing C-0- - - - -0-H bond dipolar interaction (or 
through-space field interaction) present in these forms, where 
the C=O and 0-H bonds are aligned antiparallel. The 
longer 0 - H  bond lengths in the s-cis conformers are due to 
this effect, which leads to an electronic charge migration from 
the overlap 0-H region towards the 0 atom. In addition, 
the longer C=O bond lengths calculated for the s-cis con- 
formers are also due to this interaction, which also makes 
this bond weaker. Interestingly, the theoretical vibrational 
results reinforce this interpretation : both v(0-H) and 
v(C=O) stretching vibrations are calculated to occur at lower 
frequencies in the s-cis conformers. 

(ii) Both H. * .H(O) and C1. . .H(O) interactions (which 
occur only in the s-trans forms) have important structural 
implications. The former seems to be responsible, at least in 
part, for the higher energy of the SKT form when compared 
with the ST conformer. In turn, the latter determines the rela- 
tive values of the C-0-H angles in the s-cis and s-trans 
forms, leading to much larger C-0-H angles in the s-trans 
forms. As referred to above, however, the C1. . .H(O) inter- 
actions do not seem to be very important in energy terms. 

(iii) The most important intramolecular interactions which 
are distinct in the SC and SKC forms (and thus are largely 
responsible for the different properties exhibited by these two 
forms) are the CI-C. * - - - .C-0 bond dipolar interactions 
and C1. ' -0 (both C1. -0- and C1. - -0-) steric repul- 
sions. In structural terms, these interactions are reflected in 
the relative values of the C-0, C-0 and C-C1 bond 

length as well as in the Cl-C-C, H-C-C, C-C-0 and 
C-C-0 angles. Considering the internal rotation about the 
C,-C bond for a fixed s-cis 0-C-0-H axis, the calcu- 
lations show that the CI-C-C and C-C-0 angles attain 
their maximum values for the conformations where one chlo- 
rine atom is eclipsed with the carbonyl bond, whereas the 
C-C-0 angle attains its minima for these conformations. 
Interestingly, the 0-C-0 angles do not change very much, 
always being ca. 125" (however, it changes to ca. 122" for an 
s-trans 0-C-0-H axis; see Table 2). The H-C-C angle 
seems to adjust its value to those of the Cl-C-C angles, 
thus being smaller when the sum of the latter is larger. Hence, 
these changes in angles appear to be mainly determined by 
steric reasons. On the other hand, the relative values of the 
C-0, C-0 and C-CI bond lengths in the SC and SKC 
forms are essentially determined by the bond dipolar inter- 
actions (or field effect). In the SKC form, the bond dipoles 
associated with the nearly eclipsed C-CI and C-0 bonds 
point in the same direction. This leads to an electronic charge 
migration from both the eclipsed chlorine and oxygen atoms 
towards the C-Cleclipscd and C-0 bonds. Hence, both these 
bonds become stronger and shorter. Furthermore, this inter- 
pretation is reinforced by the relative values of the v(C-0) 
stretching vibrational frequency in the SC and SKC forms, 
v(C-0) being larger in the latter conformer. Note that the 
results also seem to indicate that this field effect is felt to a 
greater extent by the C-Cl than by the C-0 bond (see 
Table 2), which is in consonance with the larger polarizability 
of a chlorine atom than of an oxygen. Finally, the C-0 
bond length attains its minimum value (i.e. the C-0 bond 
becomes stronger) in the SC conformer, where the vector sum 
of the two bond dipoles associated with the two C-Cl bonds 
is aligned parallel with the bond dipole associated with this 
bond. Note, however, that in this case v(C-0) does not cor- 
relate directly with the C-0 bond length, occurring at 
higher frequencies in the SKC form. Indeed, this is not sur- 
prising, because this vibration is mixed to a considerable 
extent (mainly with the C-0-H bending vibration), as will 
be seen in detail in the next sections. 
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Table 3 Calculated (6-3 1G*) vibrational frequencies, infrared intensities and PEDs, and experimental frequencies for the SC conformer of 
dichloroacetic acid" 

~ ~~ 

ab initio experiment a1 
scaled 

assignment frequency A,, PED(%)C frequency frequencyd AIRe 

A 
A' 

A 

A 
A 
A" 
A' 
A' 
A 
A 
A" 
A' 
A 
A 
A 
A' 
A 
A" 

4052 
3397 

2054 

1538 
1416 
1401 
1335 
999 
939 
834 
789 
670 

606 

46 1 
295 
240 
201 
54 

158 
2 

424 

116 
16 
36 

234 
6 

35 
29 

197 
99 

78 

2 
1 
2 
0 
3 

3562 
2986 

1809 

1357 
1250 
1238 
1180 
886 
833 
74 1 
702 
597 
54 1 

414 
268 
220 
186 
57 

3567 
3008/ 

I772 
1381 { 1353 
1251 
1227 
1153 
899 
825 
766 
698 
608 

438 
2 72f 
226f 
200f 

I7/ 

126 
- 

123 
143 
177 
40 
36 
7 

51 
205 

11 
79 
22 

177 
102 
72 
60 
2 
- 
- 

- 
- 

" Frequencies in cm-'; intensities in km mol-'; v, stretching; 6, bending; o, wagging; y ,  rocking; z, torsion; i.p., in-plane; o.o.P., out-of-plane; 
see Table 7 for coordinates definition. Experimental data refer to the infrared spectrum of the monomer of dichloroacetic acid isolated in an 
Ar matrix; the observed frequencies for the molecule isolated in a Kr matrix do not differ from these more than 0.5%. PEDs < 10% are not 
presented in the table. Values in italics were not used for the force field scaling. The experimental intensity values presented correspond to 
observed integral intensities normalized in such a way that the total intensity of the bands in the 4000-400 m-' region equals the correspond- 
ing calculated value. Value obtained with the PFl molecular mechanics force field." 

In summary, the main intramolecular interactions which 
determine the relative stabilities of the different conformers of 
dichloroacetic acid are the C-0. . .O-H and 
C=O. C-C1 bond dipolar (through-space field) inter- 
actions, and the Ha - .H(O) and C1. - -0 (both O= and 
-0-) repulsive steric interactions. The lower energy of the 
s-cis forms, when compared with that of the s-trans forms, is 
mainly determined by the stabilizing C-0. - .O-H dipolar 
interaction, while the balance between the C1. - -0 repulsions 
and the C=O. * C-Cl dipolar interaction determines the 

relative stability of the two s-cis forms, leading to a very 
slightly more stable SC form. The H. . .H(O) repulsion also 
seems to be important in determining the relative stability of 
the two s-trans forms. 

Vibrational Results 

Assignment of Vibrational Spectra 
The IR spectra of CHCl,CO,H isolated in an Ar matrix are 
shown in Fig. 2 before (a) and after (b) irradiation by a non- 

Table 4 Calculated (6-31G*) vibrational frequencies, infrared intensities and PEDs, and experimental frequencies for the SKC conformer of 
dichloroacetic acid" 

ab initio experimental?' 
scaled 

assignment frequency A ,  PED( %)' frequency frequencyd AIRe 

v(C-0) 

4046 
3375 

2075 

1542 
1412 
1387 
1294 
1018 
928 
814 
75 1 
686 
607 
440 
307 
258 
205 
49 

156 
2 

368 

87 
3 

37 
294 

11 
75 
61 

152 
95 
56 

3 
0 
0 
1 
1 

3556 
2967 

1828 

1362 
1247 
1226 
1144 
902 
823 
776 
668 
61 1 
542 
396 
279 
236 
190 
53 

3559 
300 7f 
1827 { 1797 
1373 { 1323 
1245 
1218 
1115 
915 
823 
788 
669 
614 
534 
382 
282/ 
246/ 
203/ 
24f 

128 

64 
224 
33 
9 
2 

12 
289 

15 
155 
29 

103 
84 
86 

- 

adsf, as for Table 3. 
band intensities (Table 3) and using the band intensity ratios taken from the differential spectrum Fig. 2 (b) - (a). 

The experimental intensity values presented correspond to observed integral intensities normalized on the SC rotamer 
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Fig. 2 IR spectra of dichloroacetic acid isolated in an argon matrix 
(a) after deposition at 14 K, (b) after irradiation in the 4 0 - H )  
region 

filtered spectrophotometer beam; Fig. 2 (b) - (a) shows the 
difference of these two spectra. 

In consonance with the energetic results of the calculations, 
the observed changes in the spectra upon irradiation can be 
due only to a rotamerization reaction between the lowest 
energy s-cis conformers. In fact, comparison with the calcu- 
lated spectra unequivocally proves that irradiation promotes 
SKC -+ SC isomerization, and thus, the upwards bands in the 
difference spectrum shown in Fig. 2 originate in the SC con- 

4000 
3500 

% 3000 
2500 

1500 

E 500 
5 

g 2000 

; 1000 
- 

.- 

gd, -1 000 .1500 '2000 '2500 '3000 '3500.4000 ' 45bO 
calculated frequencyjcm-' 

Fig. 3 Experimental (IR in Ar matrix) us. ab initio 6-31G* calcu- 
lated vibrational frequencies. Experimental frequency = (0.876 x cal- 
culated frequency) + 10.124, R2 = l. 

former, while the downwards bands in this spectrum are due 
to the SKC form. 

The experimental and 6-3 lG* calculated frequencies and 
intensities, as well as the potential-energy distribution (PED) 
for the SC and SKC conformers are shown in Tables 3 and 4. 
Tables 5 and 6 present the calculated values obtained for the 
higher energy s-trans forms. These tables also include the fre- 
quencies obtained with the scaled force fields, These latter 
show a general agreement with the experimental values to 
within 2-3% for the two experimentally observed conformers 
(see also Fig. 3). 

Both the SC and the ST forms belong to the C, point 
group and thus, their 18 normal modes span the irreducible 
representations, 12A' + 6A". In turn, the SKC and SKT 
forms are non-symmetric (C, point group). Table 7 shows the 
local Cs symmetry coordinates used in the normal-coordinate 
analysis for all conformers. 

2800-3600 cm- Region. This spectral region includes the 
v(0-H) and v(C-H) vibrations. The bands ascribable to the 
v(C- H) mode could not be clearly observed experimentally 
either in Ar or Kr matrices, though the very weak signal 
appearing at ca. 2925 cm-I is most probably due to this 
vibration. Indeed, in consonance with the experimental find- 
ings, the calculations predict that v(C-H) should give rise to 
very low intensity infrared bands in both the SC and SKC 

Table 5 Calculated (6-3 1G*) vibrational frequencies, infrared intensities and PEDs, and experimental frequencies for the ST conformer of 
dichloroacetic acid" 

assignment 

ab initio 
scaled 

frequency 4, PED( %)b frequency 

A' 
A' 
A' 
A 
A' 
A 
A 
A 
A" 
A 
A" 
A' 
A" 
A' 
A' 
A' 
A" 
A" 

3587 
2996 
1839 
1319 
1238 
1229 
1173 
88 1 
822 
743 
673 
622 
419 
414 
272 
226 
190 
50 

a As Table 3. PEDs < 10% are not presented. 
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Table 6 Calculated (6-3 1G*) vibrational frequencies, infrared intensities and PEDs, and experimental frequencies for the SKT conformer of 
dichloroacetic acid" 

ab initio 
scaled 

assignment frequency A,, PED(%)b frequency 

4092 
3334 
2092 
1495 
1398 
1381 
1299 
1006 
936 
880 
748 
572 
482 
457 
344 
282 
242 

32 

128 
4 

328 
366 
190 
16 
3 

36 
102 

9 
42 

8 
143 
15 
15 
3 
8 
6 

3595 
293 1 
1843 
1320 
1235 
1220 
1148 
89 1 
830 
78 1 
665 
51 1 
432 
410 
311 
257 
222 
38 

a*b As Table 5. 

conformers. In addition, the calculations also indicate that in 
the SC form the v(C-H) vibration has a higher frequency 
than the SKC form. The calculated (scaled) values, 2986 us. 
2967 cm- ', respectively, are slightly lower than the molecular 
mechanics calculated values (3008 and 3007 cm- ' lo), though 
they are within the typical range of values for this mode in a 
-CCl,H group adjacent to a carbonyl(2970-3016 cm- ' '). 

The experimental and calculated (scaled) frequencies for 
the v(0-H) vibration agree very well (see Tables 3, 4). The 
calculations also predict that the frequencies of these modes 
are larger in the s-trans forms than in the s-cis conformers. As 
has been mentioned in the previous section, this happens 
because the anti-parallel alignment of the C=O and 0-H 
bond dipole mements in the s-cis forms polarizes the 0 - H  
bond, thus reducing its force constant and lowering its vibra- 
tional frequency. 

850-1850 cm- Region. This spectral region includes the 
CO stretching modes [v(C=O) and v(C-0)], the S(CH) 
bending vibrations (in-plane and out-of-plane), the 
6(C-0-H) in-plane bending mode and the v(C-C) stretch- 
ing. 

Previous IR studies carried out on a-chlorosubstituted car- 
boxylic acids in dilute CCl, solution or isolated in an argon 
matrix have shown that in the spectra of both acetic and tri- 
chloroacetic acids only one band can be found in the v(C==O) 
stretching region, whereas both chloroacetic and dichloro- 
acetic acids have a doublet in this spectral region, the fre- 
quencies of the component bands being close to those found 
in acetic and trichloroacetic a ~ i d s . ~ * ~ p ~ ~ , ~ ~  These results were 
explained considering the occurrence of an upwards fre- 
quency shift due to the C-0. C-Cl bond dipolar inter- 
action above discussed, which is only present in 
trichloroacetic acid and in those rotamers of both chloroace- 
tic and dichloroacetic acids where the chlorine and the car- 
bony1 oxygen atoms are nearly eclipsed (see Fig. l).435*" 
Note that it was also shown previously that in the v(C=O) 
region of the IR spectrum of chloroacetic acid, additional 
bands appear which are due to a Fermi resonance interaction 
involving the carbonyl stretching mode.' 

The IR spectra of the matrix-isolated dichloroacetic acid 
also show a complicated structure in the v(C=O) region. 
This structure is particularly evident in the spectrum of 

Table 7 Definition of local C,  symmetry coordinates' 

coordinate sym. compositionb 

&o-c-oj 
qc-c-0) 
Y(C"0) 
z(C-0) 
z(C-C) 

A 
A 
A 
A 
A' 
A 
A 
A' 
A' 
A" 
A" 
A' 
A 
A' 
A' 
A 
A 
A 

A(0-H) 

A[C-C1(1)] + A[C-Cl(;?)] 

A(C-0) 
A(C-C) 
A(C-H) 

A[C-Cl(l)] - A[C-C1(2)] 

~ ( ~ 5 0 )  

5A(ClCCl) - A[HCCl(l)] - A[HCC1(2)] - A[Cl(l)cC] - ACCl(2)CCI - A(HCC) 
A[HCCl( l)] + A[HCC1(2)] - A[Cl( l)CC] - A[Cl(Z)CC] 
A[HCCl(l)] - A[HCC1(2)] - A[Cl(l)CC] + A[C1(2)CC] 
A[HCCl(l)] - A[HCCl(2)] + A[Cl(l)CC] - A[C1(2)CC] 
4A(CCH) - A[HCCl(l)] - A[HCCl(2)] - A[Cl(l)CC] - A[C1(2)CC] 

2A(OCO) - A(CC-0) - A(CC0) 
A(CC-0) - A(CC0) 

A(C0H) 

A(c-0)  out of the C-C-0 plane 
A ( 0 -  C- 0- H) 
A(H - C- C- 0) 

~~ ~ 

' See Fig. 1 for atom numbering and Table 3 for other definitions. Normalizing factors are not presented in the table. 
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dichloroacetic acid isolated in a Kr matrix (Fig. 4). It is clear 
that each one of the two conformers, SC and SKC, gives rise 
to at least two bands in this region and both of them contrib- 
ute to the most intense band observed at 1798 cm-'. This 
result is particularly important, as it indicates that using this 
spectral region to determine the relative population of the 
two conformers (and, consequently their relative energy), as 
was done in previous infrared solution studies,4v5 may lead to 
wrong results. 

As referred to in the previous section, the calculations 
predict that both C-0- - -0-H (in the s-cis forms, SC and 
SKC) and C=O. - C-Cl (in the skew conformers, SKC and 
SKT) field interactions are reflected in the relative frequencies 
of the v(C=O) vibration in the various conformers of 
dichloroacetic acid. In particular, the C-0. - -C-Cl inter- 
action makes the SKC form absorb at a higher frequency (see 
Tables 3 and 4). Experimental spectra show that this mode is 
definitely in Fermi resonance, most probably with the first 
overtone of the v(C-C) stretching vibration [v(C-C) occurs 
near 900 cm-'1 and/or with a combination mode involving 
the S(C-0-H) (ca. 1150 cm-') and S(0-C-0) (ca. 610 
cm- ') bending modes. However, the centres of gravity of the 
bands observed in this region ascribable to both the SC and 
SKC isomers (1782 and 1804 cm-l, respectively) appear close 
to the frequencies ascribed to the v(C-0) fundamental in 
chloroacetic acid (1775 and 1806 cm-' I). Note that the par- 
ticipation of the v(C-0) fundamental in Fermi resonance is 
also supported by the fact that the calculated intensities for 
this mode in both the SC and SKC conformers are in better 
agreement with the total intensities resulting from adding the 
individual contributions of all the bands observed in this 
spectral region that are due to a given conformer (see Tables 
3 and 4). 

The v(C-0) stretching mode also seems to be involved in 
a Fermi resonance interaction (at least in the SC conformer). 

Ar 

Kr 

1850 1800 1750 
wavenumber/cm-' 

Fig. 4 Results of spectra separation [v(C=O) region]. (a) SKC con- 
former, (b)  SC conformer. 

In fact, the spectrum of the SC form shows a doublet in this 
region (at 1381 and 1353 cm-'), the two bands having nearly 
identical intensity. The intensity of a single component is 
much lower than the predicted value, thus in consonance 
with the participation of the v(C-0) mode in a Fermi reson- 
ance interaction. In this case, the best candidate is the first 
overtone of the y(C-0) rocking mode, which occurs at 698 
cm-'. The calculations predict that in the SKC conformer, 
the v(C-0) vibration should occur at a higher frequency 
than in the SC form. Thus, we assigned the v(C-0) funda- 
mental vibration in the SKC form to the 1773 cm-' band. It 
is also possible that the v(C-0) vibration in the SKC con- 
former participates in a Fermi resonance interaction. 
However, considering its higher frequency (1373 cm- ') and 
the lower frequency of the y(C-0) fundamental (669 cm- '), 
when compared with the corresponding frequencies of the SC 
conformer, this interaction must be much weaker than that 
observed in this latter conformer. Indeed, the band at 1323 
cm-', which is the only candidate to be the second com- 
ponent of the possible Fermi doublet involving the v(C-0) 
mode in the SKC form, is very weak (see Fig. 2). 

Note that the v(C-0) vibration is mixed to a considerable 
extent, mainly with the v(C-C) stretching and S(C-0-H) 
bending vibrations. This feature was also previously found in 
chloroacetic acid.2 

The assignment of the 6(C- H) (in-plane and out-of-plane) 
and S(C-0-H) bending and v(C-C) stretching modes is 
straighforward. The most interesting result is the fact that the 
calculations were able to predict quite well both the fre- 
quencies and the relative intensities associated with these 
vibrations in the experimentally observed conformers (see 
Table 3 and 4). 

400-850 cm-' Region. In this spectral region appear the 
bands due to the v(CC1,) stretching (symmetric and 
antisymmetic) vibrations, the y(C-0) and S(0-C-0) 
bending modes, the z(C-0) torsions and the S(C-C-0) 
bending of the SC form. The results of the theoretical calcu- 
lations and the experimental data agree quite well as regards 
the frequencies and relative intensities of the bands ascribable 
to these vibrations in the experimentally observed conformers 
(see Tables 3 and 4). In addition, they lead previous assign- 
ments to be re~iewed.'.'~ The assignment of the y(C-0) 
mode to the bands at 698 and 669 cm-' in the IR spectrum 
of dichloroacetic acid in an Ar matrix is particularly clear, 
owing to its predicted high intensity (see Fig. 2 and Tables 3 
and 4). 

Region below 400 cm-l. This spectral region was not 
covered by our IR studies. In addition, there are no experi- 
mental data previously reported on this region. However, our 
previous molecular mechanics study considered this part of 
the IR spectrum of dichloroacetic acid." It is very interesting 
that the present calculations agree very well with the molecu- 
lar mechanics results, with a few exceptions (see Tables 3 and 
4). The largest differences between the results now obtained 
and those obtained by molecular mechanics" occur in the 
z(C-C) frequencies (which are calculated too low by molecu- 
lar mechanics), and in the S(C-C-0) frequency of the SKC 
conformer. However, note that the frequency now obtained 
for the S(C-C-0) mode in the SKC conformer is very close 
to that previously reported for methyl dichloroacetate (396 
cm-' for dichloroacetic acid us. 395 cm-' for methyl 
dichloroacetate"). In turn, the values now obtained for the 
frequencies of the torsional vibration are of the same order of 
magnitude as those found for the same mode in chloroacetic 
acid.*24 

Observed Bands tentatively assigned to the High-energy ST 
Conformer. Besides the bands ascribed to the s-cis forms, 
there are in the spectra a number of low-intensity bands 
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which remain constant during both irradiation and anneal- 
ing. It is then possible that these bands originate in a third 
conformer present in the matrices. These bands occur at 
1347, 1245, 628 and 563 cm-' and, with a single exception 
(563 cn- '), agree fairly well with calculated frequencies for 
both the ST or SKT conformers (see Tables 5 and 6). Con- 
sidering that the ab initio calculations predict the ST con- 
former as the third most stable one (see Table l), these 
low-intensity bands can be tentatively ascribed to this con- 
former. However, the calculations also show that this form 
should give rise to a significantly intense band in the 400-450 
cm-' region, and no such band could indeed be observed. 
Thus, the above mentioned low-intensity bands may also be 
due to some impurity present in the dichloroacetic acid used. 

Note that an s-trans conformer was found for chloroacetic 
acid isolated in an argon matrix.' However, in that case, the 
relative population of the s-trans conformer present in the 
equilibrium (the antils-trans form, possessing a stabilizing 
OH- * C l  intramolecular hydrogen bond) corresponds to ca. 
15%,' while in dichloroacetic acid the s-trans conformers are 
predicted to have a population much smaller. 

Zrradiat ion 
As it was mentioned before, irradiating the sample at v(0H) 
causes SKC -, SC rotamerization. The use of appropriate 
filters and a preliminary monochromator proves that the 
v(0-H) absorption is responsible for the observed photo- 
process. Fig. 5 shows the ratio of the most intense IR bands 
assigned to the SC (1153 cm-') and SKC (1115 cm-l) con- 
formers of dichloroacetic acid isolated in an Ar matrix vs. 
time of irradiation. The rate of the rotamerization reaction 
was found to be close to first order with respect to the inten- 
sity of the light used to irradiate the sample. The differences 
found between the experiments carried out with the sample 
isolated in Ar or Kr matrices are within the limits of the 
experimental error. 

It can be observed that the SKC form does not disappear 
completely upon irradiation. In fact, A, 5/A1 5 3  + ca. 0.17 
(the SKC : SC concentration ratio tends to 0.12 : l), indepen- 
dent of the irradiation power. This result may be explained 
considering that the unreactive SKC conformer differs from 
the reactive one due to a site effect (the residual 1115 cm-' 
band seems to have a slightly lower frequency than the orig- 
inal band), thus being insensitive to irradiation. On the other 
hand, the residual SKC population may also be due to the 
simultaneous occurrence of the reverse photoeaction process 
(SC -, SKC). In this case, 0.12 corresponds to the ratio of the 
reverse and direct photoreaction rates ('dark ' reactions were 
not observed). However, the variation of the observed 

1.50 I I 

3 1.00 n 
c c > 
c 
r c 

0 40 80 120 160 200 
ti me/m i n 

Fig. 5 Dependence of the ratio of the intensity of the IR bands at 
1115 (SKC) and 1153 (SC) cm-', A , , , / A , , , ,  on time of irradiation. 
(O), Irradiation using the spectrophotometer beam; (O), irradiation 
using the monochromator (see the Experimental). 

C A l d  - A1115(c@l/[&53(t) - A1153@)1 ratio with the 
time of irradiation (which was found to be different from a 
single-exponential) favours the explanation based on a site 
effect. Unfortunately, we did not manage to irradiate selec- 
tively each conformer because of the very close positions of 
their v ( 0 -  H) bands. 

We have also tried to obtain optically oriented samples 
through irradiation with polarized light. However, the spec- 
tral changes observed using both polarizations were found to 
be the same within the limits of experimental error. Note that 
in a previous study carried out on 2-fluoroethanol isolated in 
an Ar matrix,25 optical orientation of the sample was not 
observed, when polarized radiation in the v(0-H) region 
was used, although sample orientation was obtained upon 
irradiation in the v(C-H) region. These result were inter- 
preted as being evidence that v(0-H) energy migrates 
between  molecule^,^^ but we favour a different interpretation: 
the orientation of the sample is not obtained when polarized 
radiation in the v(0-H) region was used because the large 
amplitude of vibration associated with the r(0-H) torsional 
mode leads to a large uncertainty in the angle between the 
plane of polarization of the incident light and the transition 
moment of the v(0-H) vibration. 

Annealing 
In the 14 K non-annealed deposited matrices, the ratio of the 
SKC : SC concentrations was found to be about 49 : 51 in 
both Ar or Kr matrices. This ratio must be equal to the 
SKC : SC ratio in the jet used to prepare the samples and, 
thus, it can be concluded that in the gaseous phase the SC 
conformer is more stable than the SKC by ca. 2 kJ mol-', if 
only the SKC form double degeneration is taken into 
account. After annealing, the SKC : SC concentration ratio 
becomes equal to about 3 3 :  67 in the Ar matrix, and ca. 
45 : 55 in the Kr matrix, thus showing that the energy of the 
two conformers is almost the same under these conditions 
(AE,,,,, x 0.2 kJ mol-'). The observed shift in the equi- 
librium towards the SKC form in the Kr matrix is in conson- 
ance with both the higher dipole moment of this conformer 
(the 6-31G* calculated dipole moments are: SKC, 2.79 D; 
SC, 0.94 Dt) and the higher polarizability of the solid 
krypton. 

Note that the rotamerization reactions occur at different 
temperatures in the irradiated and non-irradiated samples. 
Heating of the non-irradiated samples (using an increment in 
temperature of 0.5 K min- '), leads to a sharp redistribution 
of the IR band intensities which begins near 26 K and at ca. 
24 K for the experiments carried out in the Ar and Kr 
matrices, respectively ; the corresponding equilibria are 
reached by annealing at these two temperatures. In turn, in 
the irradiated samples the rotamerization reactions occur at a 
temperature 3-4 K lower than in the non-irradiated samples 
(i.e. near 23 K for the Ar matrix and at ca. 20 K for the Kr 
matrix studies). Annealing at these temperatures always leads 
to an increase in the SKC concentration, even if its equi- 
librium concentration has been already exceeded (Fig. 6). 
Only after further heating, the SKC : SC population ratio 
becomes equal to its equilibrium value. This is observed in 
the data shown in curve 2 of Fig. 6, where the sample was 
first irradiated during a period of time long enough to allow 
the SKC : SC population ratio to reach its equilibrium value, 
and then heated: annealing of this sample leads first to an 
increase in the SKC concentration and only after further 
increases in temperature the SKC : SC population ratio 
returns to its equilibrium values. 

t 1 D x 3.33564 x Cm. 
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1.50 1- 

0 '  I I 
I I 1 I I I I 

14 16 18 20 22 24 26 28 30 32 
temperature/K 

Fig. 6 Dependence of the ratio of the intensity of the IR bands at 
1115 (SKC) and 1153 (SC) cm-', A l l l S / A 1 1 5 3  on temperature 
(annealing). 1, non-irradiated sample; 2. Sample irradiated for 30 min 
by the spectrophotometer beam; 3, sample irradiated for 1 h by 
monochromator. 

It is natural to explain this effect by considering that the 
SC molecules formed from the SKC by photoisomerization 
are obtained in a non-equilibrium state with their surround- 
ings. Let us represent these molecules as SC*. Obviously, the 
SC* molecules should be less stable than the SC and, thus, 
the energy barrier for the reverse reaction should be lower 
than that of the normal reverse reaction involving the SC 
molecules in equilibrium with their surroundings. 

It can be estimated, using Barns' correlation,26 that a 4 K 
decrease in the temperature of rotamerization corresponds to 
a decrease in the energy barrier of 1-2 kJ mol-'. Thus, 
AEsp-SKc must be at least 1-2 kJ mol-' (AESC-SKC FZ -0.2 kJ 
mol-' as mentioned before). Then, in the Ar matrix experi- 
ment, all SC* molecules should convert again to the SKC 
conformation at 23 K. However, at this temperature, the 
experimental results show that only about 2/3 of the SC* 
molecules convert back to SKC. The following sequence of 
processes, which illustrate schematically the results shown in 
curve 2 of Fig. 6, explain the experimental findings: 

- 
23 K 

SKC 

sc*lsr<c' 
sc 

In the first step, the SKC conformer is converted partially 
to the SC* form, by irradiating the sample. In the second step 
(annealing at 23 K), some of the SC* molecules previously 
formed convert back to an SKC* conformation. The 
SKC* : SC* ratio is determined by the relative energies of the 
SC* and SKC* molecules. As referred to above, at 23 K ca. 
2/3 of the SC* molecules convert to the SKC* form, meaning 
that the SKC* : SC* population ratio is approximately equal 
to the SKC : SC equilibrium ratio. Thus, AE,,,,, must be 
equal or very close to A E S K C S C ,  i.e. CQ. 0.2 kJ mol-'. Indeed, 
the energy barrier for interconversion between these non- 
equilibrium forms is lower than that associated with the equi- 
librium species, as referred to above. In the third step 
(annealing at 26 K), total equilibrium between all molecules is 
attained. 

There are two possible explanations that account for the 
above mentioned decrease in the energy barrier for intercon- 
version of the non-equilibrium species despite the fact that 

AESKp- stays very close to AEsKMc. On one hand, it is 
possible that the molecules 'push apart' neighbouring Ar 
atoms in the course of the photorotamerization reaction, thus 
leading to a smaller energy barrier for the backwards reac- 
tion, although the relative energies of the rotamers do not 
change. Indeed, the calculations show that AESKC-SC should 
be below 2 kJ mol-', but according to Barns' correlation,26 
the observed temperature of the thermally induced intercon- 
version corresponds to an energy barrier of about 6 kJ 
mol-'. On the other hand, it is also possible that, instead of 
leading to changes in the cage, the rotamerization could 
occur only from a particular site position where the energy 
barrier is smaller. In this case a change of site position should 
be the first stage of rotamerization for some molecules. The 
non-single-exponential kinetics of photorotamerization can 
also be explained in the same way. 

Of course, these pictures are only simple approximations, 
since it is not likely that only two values are possible for the 
height of the energy barrier in a non-annealed matrix. Indeed, 
some kind of distribution of values must exist. Although, the 
experimental results clearly show that a redistribution of the 
band intensities occurs at two different temperatures in irra- 
diated samples (this is not clearly seen in Fig. 6, where the 
temperature increase was sufficiently slow for spectra record- 
ing, but is obvious in the course of a sufficiently rapid tem- 
perature increase). Note that a similar effect was also 
observed for chloroacetic acid isolated in an Ar matrix, where 
interconversion of rotamers in irradiated samples proceeds 
from 20 to 24 K.l 
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