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E. M. S. Maçôas,*,†,‡ L. Khriachtchev,† R. Fausto,‡ and M. Ra1sa1nen†

Department of Chemistry, UniVersity of Helsinki, P.O. Box 55, FIN-00014 Helsinki, Finland, and
Department of Chemistry (CQC), UniVersity of Coimbra, P-3004-535 Coimbra, Portugal

ReceiVed: December 12, 2003; In Final Form: February 9, 2004

Acetic acid monomer has two stable geometries, the cis and trans conformers. The high-energy cis conformer
has been recently detected experimentally for the first time [Mac¸ ôas et al.J. Am. Chem. Soc.2003, 125,
16188]. The cis conformer can be produced in low-temperature rare-gas matrixes upon vibrational excitation
of the ground-state trans conformer. Fast tunneling fromcis- to trans-acetic acid takes place even at the
lowest working temperatures (8 K), limiting the time available to study the high-energy form. Deuteration of
the hydroxyl group reduces the tunneling rate by approximately 4 orders of magnitude, increasing accordingly
the lifetime of the unstable conformer and its available concentration. In this work, we present a detailed
analysis of the vibrational spectra of the cis form of four acetic acid isotopologues (CH3COOH, CH3COOD,
CD3COOH and CD3COOD). Photolysis (193 nm) of the trans and cis forms of the perdeuterated compound
was performed to evaluate the possible conformational dependence of photodissociation of acetic acid. However,
no evidence of conformer specific photodissociation was found. The UV photolysis of the matrix-isolated
acetic acid reveals very different products from the gas phase. Methanol complexed with carbon monoxide
is the major product of photolysis of acetic acid isolated in Ar matrixes whereas it has never been observed
as a photolysis product in the gas phase.

Introduction

Acetic acid has two planar conformers, trans and cis, with a
computationally predicted energy difference of about 1883 cm-1

in favor of the trans conformer and an energy barrier for the
trans to cis isomerization of 4432 cm-1.1 The spectroscopic
properties and reactivity of the trans conformer have been
studied in detail.2-5 Nevertheless, despite the fact that acetic
acid has been the subject of many experimental and theoretical
studies,1-10 including studies of conformational equilibrium in
the gas phase and aqueous solution, only recently was the cis
conformer detected experimentally.11 The IR absorption spectra
of cis-CH3COOH was measured in an Ar matrix after excitation
of the O-H stretching overtone oftrans-CH3COOH.11 The
preparation of cis acetic acid followed the method of selective
IR pumping as was earlier applied.12-14 The produced cis
conformer tunnels back to the trans form in a minute time scale,
which greatly limits the time available to study the high-energy
conformer.11 In that study, to overcome the limitation due to
the lifetime of the unstable conformer, the IR absorption
spectrum was collected during IR irradiation oftrans-CH3-
COOH. Deuteration of the hydroxyl group slows down the
tunneling rate, allowing a more accurate study of this species.

Small molecules with more than one conformer may exhibit
conformer-selective photochemistry, as shown in the case of
UV photolysis of formic acid (HCOOH) in solid argon.15

Photochemical excitation, as opposed to thermal excitation, may
deposit energy selectively into a molecule, thus inducing specific
reaction channels.16 Decomposition dynamics of acetic acid has

been extensively investigated both theoretically and experimen-
tally (see ref 17 for an overview on this subject and references
therein). Theoretically, the ground-state decomposition channels
of acetic acid were shown to depend on the initial conforma-
tional state,18 the decarboxylation channel being associated with
the cis conformer and the dehydration channel with the trans
conformer. Experimentally, thermal decomposition in the
gaseous phase occurs mainly via the decarboxylation and
dehydration channels in a 1:2 proportion, yielding carbon
dioxide with methane and ketene (CH2dCdO) with water,
respectively.19,20 The gas-phase photodecomposition of acetic
acid was shown to produce mainly acetyl and hydroxyl
radicals.21-24

The present work has a 2-fold task. First, we study in detail
the vibrational spectra of the cis conformer of acetic acid isolated
in solid Ar, including three deuterated isotopologues (CH3-
COOD, CD3COOH, and CD3COOD), with special emphasis on
the perdeuterated form. A revised vibrational assignment for
the trans conformers is also proposed. Second, we study the
photolysis of acetic acid isolated in Ar. Perdeuterated acetic
acid was used to evaluate the conformational specificity of the
193 nm photodecomposition process. The lack of conformer
dependent photodecomposition channels is discussed, as well
as the influence of solid matrix on the photodecomposition
products of acetic acid.25-29 The 1:1 complex of methanol with
carbon monoxide that is the major product of photolysis in the
Ar matrix is identified on the basis of ab initio calculations.

Experimental and Computational Details

The gaseous samples were prepared by mixing acetic acid
(Sigma-Aldrich,>99%) or its isotopologues (CD3COOD and
CH3COOD, 99.5%), degassed by several freeze-pump-thaw
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cycles, with high-purity argon (AGA, 99.9999%), typically in
the 1:2000 or 1:1000 proportions. The CD3COOH species was
obtained from the fully deuterated species by exchange of
deuterium atom of the hydroxyl group with H2O adsorbed on
the inner surface of the sample container and the deposition
line. The CD3COOH isotopologue was also present in the CD3-
COOD samples as an impurity. The gaseous mixtures were
deposited onto a CsI substrate at 15 K in a closed cycle helium
cryostat (APD, DE 202A) and subsequently cooled to 8 K. The
IR absorption spectra (7900-400 cm-1) were measured with a
Nicolet SX-60 FTIR spectrometer. A liquid nitrogen cooled
MCT detector and a Ge/KBr beam splitter were used to record
the mid-IR absorption spectra, with spectral resolutions from
0.25 to 1.0 cm-1, and a liquid-nitrogen-cooled InSb detector
and a quartz beam splitter were used for the near-IR absorption
spectra, with a spectral resolution of 0.5 cm-1. Typically, 100-
500 interferograms were co-added.

Tunable pulsed IR radiation provided by an optical parametric
oscillator (OPO Sunlite, Continuum, with IR extension) was
used to producecis-acetic acid via vibrational excitation of
trans-acetic acid.11 The pulse duration was ca. 5 ns, the spectral
line width was∼0.1 cm-1, and the repetition rate was 10 Hz.
The pulse energy of the OPO in the 7000-5000 cm-1 spectral
region is∼0.5 mJ. The Burleigh WA-4500 wavemeter was used
to control the OPO radiation frequency, providing an absolute
accuracy better than 1 cm-1. Whenever necessary, the IR
absorption spectra were collected during pumping to compensate
for the cis to trans tunneling process. The pumping beam was
quasi-collinear with the spectrometer beam, and an interference
filter transmitting in the 3300-1100 cm-1 region was attached
to the detector to prevent its exposure to the pumping radiation.
The photodissociation was induced with 193 nm radiation of
an excimer laser (MPB, MSX-250) operating at 1-3 Hz with
a typical pulse energy of 16 mJ. The UV irradiation of the trans
conformer produces conversion to the cis conformer and vice
versa. IR pumping of the UV-produced conformer was under-
taken during UV irradiation to convert this conformer back into
the conformer under study.

The ab initio calculations were performed using the GAUSS-
IAN98 package of programs.30 The vibrational spectra of the
cis and trans forms of various acetic acid isotopologues were
calculated at the MP2/6-311++G(2d,2p) level. The ab initio
Cartesian harmonic force constants obtained were later used in
the normal coordinate analysis. The stable geometries, coun-
terpoise-corrected interaction energies, and vibrational spectra
of the complexes of methanol and carbon monoxide were
evaluated at the same level of theory.31

Results and Discussion

Vibrational Assignment. For all studied isotopologues, acetic
acid adopts exclusively the trans geometry in the as-deposited
(nonirradiated) Ar matrix. To excite the acetic acid monomer
at energies above the internal rotation barrier, we have used
the overtone of the OH(D) stretching of thetrans-conformer,
observed at 6957.9, 6958.4, 5169.5, and 5167.8 cm-1 for CH3-
COOH, CD3COOH, CH3COOD, and CD3COOD, respectively.
Excitation of this mode using a narrowband IR source promotes
the conversion from the trans conformer to the cis form, as
reported for a number of other carboxylic acids.32 Figure 1
shows the spectrum obtained as a difference between the IR
absorption spectra measured after and before the IR pumping
of CH3COOH and CD3COOD. The bands pointing upward
correspond tocis-acetic acid and the bands pointing downward
correspond to the trans conformer. The spectral assignments

here presented are based on the calculated ab initio harmonic
vibrational frequencies and normal coordinate analysis of acetic
acid monomer. The experimental and calculated frequencies and
normalized intensities as well as the potential energy distribution
for the cis and trans conformers of CH3COOH and CD3COOD
are presented in Tables 1 and 2. The data for CH3COOD and
CD3COOH can be found in the Supporting Information (Tables
S1 and S2).

Assignment for the Trans Conformer. In general, the PEDs
calculated for the trans conformers agree with those reported
earlier.6 Several studies have been previously dedicated to the
analysis of the IR absorption spectra of thetrans-acetic acid in
the gas phase and isolated in Ar matrixes.2-5 In our work, we
could not observe the CH(D)3 stretching modes for any of the
isotopologues studied, which agrees with their very low
calculated intensity (see Tables 1 and 2). For the absorptions
from 3600 to 1250 cm-1 (OH(D), CH(D)3, CdO, and CsO
stretches) our analysis supports the previous assignments. The
discrepancy concerns the assignment of the COH bending mode
(δ(COH)) made previously.5 In that paper, an increase of the
δ(COH) frequency upon deuteration was claimed. Theδ(COH)
modes oftrans-CH3COOH andtrans-CD3COOH were assigned
to the bands at 1181 and 1208 cm-1, respectively, whereas the
δ(COD) modes fortrans-CH3COOD andtrans-CD3COOD were
assigned to the bands at 1267 and 1268 cm-1, respectively. We
suggest a different assignment of theδ(COD) modes. On the
basis of our calculations, theδ(COH) modes are close to 1200
cm-1 for trans-CH3COOH andtrans-CD3COOH (assigned to
the observed bands at 1179.8 and 1207.2 cm-1, respectively),
and for trans-CH3COOD andtrans-CD3COOD theδ(COD)
modes should be red shifted by more than 200 cm-1 from the
δ(COH) bands. This is a normal red shift for theδ(COH(D))
mode, expected upon deuteration of the hydroxyl group.
Therefore, in agreement with the theoretical predictions, we
assign the bands observed at 955.4 and 1000.9 cm-1 to this
vibration for trans-CH3COOD andtrans-CD3COOD, respec-
tively. These bands had been previously assigned to different
CH(D)3 deformation modes.5 The comparison between observed
and calculated intensities gives further support to the present
revised assignment. Fortrans-CD3COOD, theδ(COD) mode
is expected to be located between the CD3 bending modes
(δ(CD3)) and the CD3 rocking modes (γ(CD3)) and to have an
intensity higher than all those vibrations (see Table 2). Accord-
ingly, the band at 1000.9 cm-1 is located between the CD3

angular deformation modes, being the highest intensity band in
the 1100 to 800 cm-1 region. Fortrans-CH3COOD, theδ(COD)
had been assigned to a band at 1267 cm-1,5 which we reassign
now to theν(CsO) vibration. Theν(CsO) mode was previ-

Figure 1. Difference IR absorption spectra showing the formation of
cis-acetic acid (CH3COOH and CD3COOD) as a result of excitation
of the 2νOH(D) modes of the trans conformer.
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ously assigned to a band at 1271 cm-1 that is very weak in our
spectra and it is most probably due to matrix site effects.5 On
the other hand, fortrans-CD3COOD, theν(CsO) andδ(COD)
modes were previously assigned to the bands at 1296 and 1268
cm-1,5 and they are observed in our spectra at 1294.5 and 1267.5
cm-1, respectively. Those are strong bands probably caused by
coupling ofν(C-O) with a non fundamental mode (see Table
2).

Another discrepancy with the assignments made in ref 5
concerns the COH torsion (τ(C-O)) and CdO rocking modes
(γ(CdO) in this work and simplyγ in ref 5) of trans-CH3-
COOH and -CD3COOH. These two A′′ modes are expected in
the 700-500 cm-1 region. In the present work, theτ(CsO)
modes are assigned to the higher frequency and stronger bands
observed in this region (637.8 and 609.0 cm-1 for CH3COOH
and CD3COOH, respectively) (see Table 1). This mode is also
observed above 600 cm-1 (at 635.4 cm-1) for trans-formic acid
in solid Ar.13,14 The γ(CdO) mode of CH3COOH is here
assigned to the band observed at lower frequencies (534.2 cm-1).
For CD3COOH, this mode was not observed due to its low
intensity but we believe it should be assigned to the band at
479 cm-1 reported previously.5 Our assignment for theτ(CsO)
andγ(CdO) modes is in the reverse order with respect to the
literature data.1,2,5 The present assignment is based on our ab
initio calculations, and it respects the predicted relative position
and intensities of the bands originated by the 3 modes absorbing
in the 700-500 cm-1 region (see Table 1), and it is also
supported by previously reported results on normal coordinate
analysis.6

Assignment for the Cis Conformer.The spectral assignment
for the cis conformers is quite straightforward based on the ab
initio spectra. Theν(OH(D)) mode ofcis-acetic acid is blue
shifted by 40-60 cm-1 from the corresponding mode of the
trans conformers, in good agreement with the ab initio predic-

tions for acetic acid and also with the observed analogous shift
of formic acid (≈60 cm-1).13,14Theν(CdO) mode appears also
20-30 cm-1 shifted to higher wavenumbers in the cis conform-
ers as compared with the trans conformers (see Tables 1 and
2). The methyl stretching modes, predicted with very low
intensities in the 3300-3000 cm-1 and 2400-2200 cm-1

spectral regions for CH3COOH and CD3COOD, respectively,
were not observed experimentally.

For CH3COOH, the ν(C-O) and δ(COH) vibrations are
strongly coupled and perhaps they can be better defined as the
COHsCO deformation modes, similarly to formic acid.13,14

According to the calculations, the mode with the highest
contribution from theδ(COH) coordinate ofcis-CH3COOH
(1309.5 cm-1) is blue shifted by almost 100 cm-1 from the
corresponding mode of the trans conformer (1210.4 cm-1). In
contrast, forcis-CH3COOH a mode with nearly the same
contribution from theν(C-O) andδ(COH) coordinates (1218.4
cm-1) is predicted to be red shifted by more than 100 cm-1

from the corresponding mode of trans (1352.7 cm-1). For both
conformers, theδ(COH) mode is predicted to be the most
intense vibration in the 1400-1200 cm-1 region. Forcis-CD3-
COOD, the ν(C-O) and δ(COD) modes are not coupled
significantly and the assignments presented in Table 2 agree
with both the computational band positions and intensities.

The C-C stretching modes (ν(C-C)) are observed for the
cis conformers in the 850-800 cm-1 region. These modes are
predicted to be much more intense in the cis form than in the
trans conformer. Below 800 cm-1 our analysis is limited by
the relatively low concentration of the cis form. Therefore, we
could only detect strong modes forcis-CH3COOH like the
τ(C-O) fundamental. This mode absorbs at 458.0 cm-1, red
shifted by 180 cm-1 from the corresponding band oftrans-
CH3COOH, which agrees with the 195 cm-1 shift predicted by
the ab initio calculations. A band observed at 890.5 cm-1 is

TABLE 1: Observed Frequencies and Relative Intensitiesa of cis- and trans-CH3COOH Isolated in an Ar Matrix at 8 K
Compared with the Values Predicted at the MP2/6-311++G(2d,2p) Levela

assignment (PED) νcalc
trans νobs

trans assignment (PED) νcalc
cis νobs

cis ∆νcalc
cis-trans ∆νobs

cis-trans

ν(OH) (98) a′ 3793.6(20.9) 3563.8(42.4) ν(OH) (99) 3859.5(17.1) 3622.6(8.4) +65.9 +58.8
ν(HCH2) s. (100) a′ 3236.9(0.6) 3051b ν(HCH2) s. (97) 3229.7(0.5) -7.2
ν(HCH2) as. (100) a′′ 3196.0(0.5) 2996b ν(HCH2) as. (100) 3178.0(0.9) -18.0
ν(CH3) (98) a′ 3115.3(0.3) 2944b ν(CH3) (96) 3099.4(0.9) -15.9

δ(CH3) + τ(CsO)c 1828.2(3.8)

ν(CdO) (80) a′ 1805.2(77.8) 1779.0(91.0) ν(CdO) (82) 1832.6(66.3) 1807.4(94.3) +27.4 +28.4
1784.8(5.7)

δ(HCH2) as. (89) a′′ 1506.3(2.3) 1438.8(1.8) δ(HCH2) as. (91) 1514.3(2.1) 1448.3(1.3) +8.0 +9.5
δ(HCH2) s. (90) a′ 1501.0(4.3) 1433.6(4.1) δ(HCH2) s. (92) 1501.2(2.0) 1444.5(2.7) +0.2 +10.9
δ(CH3) (82) a′ 1434.5(14.1) 1379.4(23.3) δ(CH3) (96) 1421.5(12.8) 1368.3(29.0) -13.0 -11.1

1324.4(3.2)

ν(CsC) + τ(C-O)c FR1285.4(21.2)

ν(CsO) (25)+ δ(COH) (29)+
δ(CH3) (19)

a′ 1352.7(10.4) 1259.4(20.8) ν(CsO) (24)+ δ(COH) (32)+
γ(CH3) s. (18)

1218.4(1.5) 1192.9(3.0) -134.3 -66.5

δ(COH) (47)+ γ(CH3) s. (16)+
ν(CsO) (12)

a′ 1210.4(56.7) 1179.8(82.0) δ(COH) (55)+ ν(CsO) (14)+
ν(CsC) (12)

1309.5(100.0) FR1271.9(100.0) +99.1 +92.1

τ(CsO) + γ(CdO)b 1150.4(7.6)

γ(CH3) a. (70)+ γ(CdO) (21) a′ 1084.6(1.4) 1047.2(5.5) γ(CH3) a. (70)+ γCdO (20) 1078.7(0.9) 1042.4(6.5) -5.9 -4.8
γ(CH3) s. (61)+ ν(CsO) (20) a′′ 1011.7(21.4) 985.5(24.7) γ(CH3) s. (61)+ ν(CsO) (20) 1002.9(2.9) 982.2(5.3) -8.8 -3.3

2τ(CsO)c 890.5(4.1)

ν(CsC) (58)+ ν(CsO) (37) a′ 871.8(2.1) ν(CsC) (53)+ ν(CsO) (38) 864.9(10.8) 848.6(8.0)

τ(CsO) (77)+ γ(CdO) (15) a′′ 663.4(23.9) 637.8(74.7) τ(CsO) (79)+ γ(CdO) (20) 468.2(27.2) 458.0(95.9) -195.2 -179.8
δ(OCO) (85) a′ 586.3(9.7) 580.4(16.0) δ(OCO) (86)+ ν(CsC) (11) 600.7(2.0) +14.4
γ(CdO) (69)+ τ(CsO) (23)+

γ(CH3) a. (15)
a′′ 553.1(8.5) 534.2(38.5) γ(CdO) (63)+ τ(CsO) (19)+

γ(CH3) a. (18)
605.2(0.4) +52.1

δ(CCdO) (86) a′ 427.0(1.1) 428b δ(CCdO) (84)+ γ(CH3) s. (10) 436.0(1.0) +9.0
τ(CH3) (97) a′′ 80.2(0.06) τ(CH3) (98) 95.2(0.3) +15

a The observed and calculated intensities were normalized by the intensity of the strongest band of both cis and trans conformers. The normalized
values are shown in parentheses. The calculated potential energy distributions on the basis of the ab initio harmonic force constant are also shown.
b From ref 5.c Tentative assignment. Symbols:ν- stretching;δ- bending;γ- rocking; τ-torsion; FR- involved in Fermi resonance.
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tentatively assigned to the C-O torsion overtone ofcis-CH3-
COOH. In this case, the anharmonicity of theτ(C-O) mode in
cis-CH3COOH is similar to that of the analogous mode ofcis-
HCOOH (≈13 cm-1).13

Several low-intensity bands are unassigned in Tables 1 and
2 or assigned tentatively to overtones or combination modes.
Some of them can also be due to matrix-site effects. It is not
our purpose to discuss the assignment of those bands. It should
be mentioned only that the spectrum ofcis-CH3COOH shows
a relatively intense band at 1285.4 cm-1 that probably originates
from a nonfundamental mode with enhanced intensity due to
coupling with the very intenseδ(COH) mode (at 1271.9 cm-1).
It is assigned tentatively to theν(C-C) + τ(C-O) combination
mode. In the case of CD3COOD, both conformers exhibit a
doublet in the region of theν(C-O) mode separated by 18 and
27 cm-1 for cis and trans, respectively. We believe that this is
due to the coupling of theνC-O mode with a nonfundamental
mode rather than due to matrix site effects.

193 nm Photolysis.One of the motivations of this work was
to investigate the possible conformational selectivity of UV
photolysis of acetic acid. In an Ar matrix, conversion ofcis-
CH3COOH andcis-CD3COOH to the corresponding trans forms
by tunneling is very fast, which limits the concentration of the
cis conformer. Therefore, the influence of the molecular
conformation on the photolysis of acetic acid is better studied
for the CD3COOD isotopologue, due to its relatively slow cis-
to-trans tunneling. Indeed, for this deuterated molecule, the half-
life of the cis conformer is approximately 5 days, whereas for
cis-CH3COOH it is 16 s.11 As already mentioned, the cis
conformer appears as one of the products of UV photolysis of

trans-CD3COOD, and vice versa. Thus, to minimize the effect
of UV-induced rotamerization, UV photolysis of one conformer
(trans or cis) was undertaken while the other conformer was
pumped with resonant IR radiation. Excitation of the OD
stretching overtone of the conformer produced by UV radiation
converts it back to the starting conformer. Theν(OD) overtone
is observed at 5167.8 and 5257.4 cm-1 for trans- andcis-CD3-
COOD isolated in solid Ar.

The main photolysis products are molecular complexes
involving CO2 or CO, namely CO complexed with methanol
(see later). No conformational dependence was found upon
photolysis of CD3COOD, as seen in Figure 2. We can suggest
a number of possible reasons why the acetic acid photolysis is
conformationally independent, in contrast to the photolysis of

TABLE 2: Observed Frequencies and Relative Intensitiesa of cis- and trans-CD3COOD Isolated in an Ar Matrix at 8 K
Compared with the Values Predicted at the MP2/6-311++G(2d,2p) Level

assignment (PED) νcalc
trans νobs

trans assignment (PED) νcalc
cis νobs

cis ∆νcalc
cis-trans ∆νobs

cis-trans

2675.5(9.4)

ν(OD) (99) A′ 2759.3(16.1) 2630.4(27.7) ν(OD) (99) 2809.9(13.4) 2672.9(21.2) +50.6 +42.5
2629(26.5)

ν(DCD2) s. (99) A′ 2401.2(0.4) 2275b ν(DCD2) s. (98) 2394.1(0.2) -7.1
ν(DCD2) as. (100) A′′ 2365.2(0.3) 2240b ν(DCD2) as. (100) 2352.5(0.6) -12.7
ν(CD3) (98) A′ 2239.2(<0.1) 2116b ν(CD3) (98) 2228.4(0.3) -10.8

1863.8(3.2)

1769.8(6.4) 1801(31.9)

ν(CdO) (85) A′ 1792.1(94.0) 1765.0(80.7) ν(CdO) (86) 1821.6(89.4) 1794.4(96.4) +29.5 +29.4
1746.8(4.5) 1730.3(6.1)

1743.7(3.5)

1376.4(2.4) 1367.7(1.9)

FR1264.6(15.6)

ν(CsO) (43)+ ν(CsC) (31) A′ 1319.2(75.9) FR1294.5(54.4) ν(CsO) (39)+ ν(CsC) (30)+
δ(CD) (10)

1280.5(100.0) FR1246.2(100.0) -38.7 -34.8

FR1267.5(49.2) 1238.1(5.7)

δ(CD3) (63) + δ(DCD2) s. (16)+
ν(CsO) (14)

A′ 1106.1(4.4) 1071.3(8.2) δ(CD3) (61) + δ(DCD2) s. (20)+
ν(CsO) (11)

1100.6(8.1) 1066.9(8.5) -5.5 -4.4

δ(DCD2) a. (91) A′′ 1084.9(1.1) 1044.8(1.8) δ(DCD2) a. (94) 1090.2(1.1) 1050.5(2.3) +5.3 +5.7
δ(DCD2) s. (81)+ δ(CD3) (15) A′ 1072.4(6.3) 1033.2(4.9) δ(DCD2) s. (78)+ δ(CD3) (18) 1073.4(8.8) 1036.5(9.7) +1.0 +3.3
δ(COD) (62)+ δ(OCO) (12) A′ 1019.1(22.7) 1000.9(22.1) δ(COD) (58)+ γ(CD3) s. (14) 973.5(5.9) 954.6(5.7) -45.6 -56.3
γ(CD3) a. (51)+ γ(CdO) (42) A′′ 940.7(2.2) 917.9(8.6) γ(CD3) a. (52)+ γ(CdO) (40) 933.3(1.4) 913.1(4.4) -7.4 -4.8
γ(CD3) s. (65)+ ν(CsO) (22) A′ 832.8(8.4) 815.7(6.4) γ(CD3) s. (40)+ δ(COD) (23)+

ν(CsC) (23)
795.2(1.7) -37.6

ν(CsC) (54)+ δ(COD) (18)+
ν(CsO) (14)+ δ(CD3) (11)

A′ 768.5(0.9) ν(CsC) (27)+ ν(CsO) (40)+
γ(CD3) s. (17)

813.8(9.1) 799.3(9.4) -19.0

γ(CdO) (28)+ γ(CD3) a. (32)+
τ(CsO) (41)

A′′ 550.6(9.7) 534.7(27.0) γ(CdO) (55)+ γ(CD3) a. (39) 516.4(2.1) -34.2

δ(OCO) (75)+ δ(COD) (13) A′ 536.4(12.4) 530.3(24.5) δ(OCO) (76)+ ν(CsC) (14) 565.3(0.2) +28.2
τ(CsO) (58)+ γ(CdO) (34) A′′ 421.7(12.1) τ(CsO) (89)+ γ(CdO) (10) 352.0(1.5) -69.7
δ(CCdO) (76)+ γ(CD3) s. (18) A′ 375.5(1.0) δ(CCdO) (75)+ γ(CD3) s. (18) 377.7(17.3) 382.3(50.6) +2.2
τ(CD3) (97) A′′ 58.9(<0.1) τ(CD3) (98) 69.2(0.5) +10.3

a The observed and calculated intensities were normalized by the intensity of the strongest band of both cis and trans conformers. The normalized
values are shown in parentheses. The calculated potential energy distributions on the basis of the ab initio harmonic force constant are also shown.
b From ref 5. Symbols:ν, stretching;δ, bending;γ, rocking; τ, torsion; FR, involved in Fermi resonance.

Figure 2. Difference IR absorption spectra showing the result of 193
nm photolysis of the cis and trans conformers of perdeuterated acetic
acid in solid Ar at 8 K. Bands marked with an asterisk are from CD3-
COOH present as an impurity in the sample.
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formic acid. If vibrational relaxation in the excited electronic
state of acetic acid is faster than dissociation, as was suggested
for excitation at 218 and 200 nm,22,23then photodecomposition
is expected to be a conformationally independent process. In
formic acid, torsional randomization was assumed to be a slower
process as compared to formation of the transition state for
decomposition.15 In fact, it has been estimated recently that in
the S1 surface isomerization of formic acid occurs on a
picosecond time scale, whereas decomposition takes place in a
femtosecond time scale.33 In matrix-isolated formic acid, the
S1 Franck-Condon geometry relaxes to a vibrationally excited
ground state and decomposition results mainly in formation of
molecular products.15 The same process was used to explain
molecular elimination upon photolysis of formic acid in the gas
phase.34 In contrast, it is known that the primary gas-phase
photolysis products of acetic acid are mainly radicals (CH3CO,
OH, CH3, COOH,),22-24,35 even though molecular elimination
products upon UV broadband photolysis were reported in earlier
works.36 This indicates that the decomposition takes place
mainly on the excited-state surfaces rather than in the vibra-
tionally excited ground state. The molecular products of solid-
state photolysis of acetic acid, formed upon cage-induced
recombination of the primary radicals, indicate that the branch-
ing ratio for radical formation is conformationally independent.
The photodecomposition dynamics in acetic acid has been
studied theoretically using the MP2 and CASSCF methods.17

In that study, it has been shown that the transition state for C-C
cleavage on the T1 surface has a geometry very similar to that
of cis-acetic acid, whereas the transition state for C-O cleavage
on the T1 surface and for both C-C and C-O cleavages on
the S1 surface are connected geometrically totrans-acetic acid.17

This means that the branching ratio between radicals could in
principle be affected by the molecular conformation. In practice,
because T1 r S0 is a forbidden transition and at the S1/T1

crossing point the T1 Franck-Condon geometry is already
relaxed to a geometry bearing no memory of the initially excited
conformer, decomposition to radicals on the T1 surface seems
to be conformationally independent. On the S1 surface, the C-O
cleavage is the only energetically accessible process. Finally
the UV-induced isomerization competes with photodecompo-
sition upon 193 nm irradiation of acetic acid, as seen from the
production ofcis-CD3COOD upon irradiation oftrans-CD3-
COOD, and vice versa. This might be another reason for
photodecomposition to be a conformationally independent pro-
cess in acetic acid as opposed to formic acid, where isomer-
ization does not compete appreciably with decomposition.

The easily identified photodecomposition products of CD3-
COOD are methanol,37 carbon monoxide, and carbon dioxide.38-40

In addition, we could detect also weaker bands from formal-
dehyde and ketene.41,42These species are isolated as complexes
with the corresponding photolysis product, as will be later
discussed. The same products are observed upon photolysis of
CH3COOH, with some small differences in the branching ratios
as compared with the deuterated isotopologue. Figure 3 is a
difference spectrum showing the result of photolysis of CH3-
COOH in solid Ar. In Table 3 the emerging bands upon
photolysis of CD3COOD and CH3COOH are listed together with
previously reported data on the relevant monomeric species
isolated in Ar.

Most interestingly, this is the first time that methanol and
carbon monoxide are among the products of molecular elimina-
tion channels upon photolysis of monomeric acetic acid. These
products might be the result of recombination of acetyl and
hydroxyl radicals formed on the S1 or T1 surfaces,17 which

remain in close contact within the same matrix cage after
decomposition of acetic acid. Methanol and carbon monoxide
could also be formed upon further photolysis of primary acetic
acid decomposition products, for instance, photolysis of ketene
in the presence of water.43 Figure 4 illustrates a possible
photodecomposition scheme. According to this scheme, the final
products are dictated by the recombination of radicals, which
is caused by the matrix-cage effect.29 The matrix cage is known
to affect substantially the decomposition dynamics of the isolated
molecule due to the fact that, even for the light fragments, cage
exit is a rather improbable phenomenon. Furthermore, because
the molecular species formed as a result of permanent dissocia-
tion remain in the same cage, they might form stable complexes.
In fact, photolysis of matrix isolated species has been used to
prepare various 1:1 molecular complexes.44-49

Another product of photolysis of acetic acid is CO2. On the
basis of the frequently used ratio of∼10 between CO2 and CO
absorption cross sections,50,51 the CO/CO2 product ratio upon
photolysis is∼5. Methane is expected to be formed together
with CO2, from recombination of the CH(D)3 and OCOH(D)
radicals formed after C-C bond cleavage on the T1 surface.17

Nevertheless, the bands of methane are not readily identified
after photolysis of CD3COOD (Table 3), which is most probably
due to the much smaller IR absorption cross section of methane
modes as compared with CO2. In the photolysis of CH3COOH
we assigned one band emerging at 1308.3 cm-1 to methane
reported previously at 1307.7 cm-1.52 The C-H stretching mode
of the methane monomer is known to be a broad band in rare-
gas matrixes.52 This can explain why this mode is not observed
upon photodissociation of CH3COOH despite having a higher
intrinsic intensity than the bending mode.53

A band at 2112.1 cm-1, rising upon photolysis of CD3COOD,
is assigned to theν(CdO) mode of deuterated ketene (CD2d
CdO). In agreement, this mode is observed for CH2dCdO in
the 2134-2144 cm-1 region and it is predicted by ab initio
calculations to shift toward lower frequencies by 21.6 cm-1 for
CD2dCdO.42 It is the strongest mode of ketene,42 with an
absorption cross section much larger than any other vibration
of this species (∼555 and 440 km/mol, calculated for CH2d
CdO and CD2dCdO, respectively). The 2112.1 cm-1 band
increases quickly in the earlier stages of photolysis and decreases
upon long photolysis. This behavior is in agreement with the
fact that ketene can also be photolyzed with 193-nm radiation.43

The estimated CO:CD2dCdO ratio is∼20:1, even in the earlier
stages of photolysis. This means that the photolysis channel
leading to production of ketene is minor or its formation rate is
comparable with its decomposition in the present experimental
conditions. Ketene is not readily identified as a product of
photolysis of CH3COOH because theν(CdO) band of CH2d
CdO overlaps with the absorption of carbon monoxide.

Figure 3. Difference IR absorption spectrum showing the result of
193 nm photolysis oftrans-CH3COOH isolated in solid Ar at 8 K.
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Nevertheless, it can be seen in Figure 5 that the band shape of
the carbon monoxide absorption near 2140 cm-1 changes
significantly during photolysis, and the overlapping ketene band
can cause this modification. Furthermore, after 600 pulses there
is a band at 1593.9 cm-1 that can be due to formation of
complexed water, which is the other molecular species produced
together with ketene.15 This band disappears after 3300 pulses,
which probably indicates that water reacts with the photolysis
products of ketene. The major products of 193 nm photolysis
of ketene are CH2 + CO and HCtCO+ H in a 1:3 proportion.15

Because these radicals will be in close contact with water inside

the matrix cage, they can react with water, forming various
radicals, which react further producing at some point stable
molecular species (formaldehyde, carbon monoxide, and mo-
lecular hydrogen; see Figure 4). Notice that formaldehyde
(CH2dO) might also be generated from photolysis of the
methanol molecules formed directly from recombination of the
acetyl and hydroxyl radicals (Figure 4).54 The formation of
formaldehyde from photolysis of CH3COOH is evident because
we have detected the four strongest vibrations of this molecule
(see Table 3). However, only theνCdO band of deuterated
formaldehyde was observed (1696.1 cm-1) upon photolysis of

TABLE 3: Comparison between the Observed IR Frequencies (cm-1) for the 193 nm Photolysis Products of CD3COOD and
CH3COOH with Reported Data on Monomeric CD3OD/CH3OH, CD4/CH4, CO2, CO, CD2dO/CH2dO, and CH2dCdO Isolated
in Solid Ar a

CD3COOD
products lit. datab mode lit. datab

CH3COOH
products

CD3OD CH3OH

2693.6 m 2706.1 m ν(OH) 3667.3 s 3649.6 m
2205.9 w 2219.1 w ν(CH3) 3005.3 m 2996.8 vw
2258 vw 2254.3 m ν(CH3) 2961.9 s 2949.2 vw
2246 vw
2070 w 2078.3 m ν(CH3) 2847.9 s 2839.5 vw

1031.3 m δ(CH3) 1474.1 vw
1068.1 vw δ(CH3) 1465.8 vw

1129 w 1132.7 m δ(CH3) 1451.4 vw
782.4 w 775.4 m δ(COH) 1335 m 1351 vw
858.1 vw 860.4 vw F(CH3) 1157 vw

1055.2 vw F(CH3) 1076.7 vw
978.8 w 983.4 m ν(CO) 1034.0 vs 1034 s

τ(CO) 240 vs

CD4
c CH4

2260.3 w ν(CH3) 3037.0 s
993.4 w δ(CH3) 1307.7 s 1308.3 w

CO2
d

2347.5 br 2345.2 vs ν(CO2) 2345.6 br
2344.5 br 2344.4 br
2341.6 br 2340.2 s
2339.2 vs 2339.0 vs ν(CO2) 2338.9 vs
663.9 m 663.3 m δ(CO2) 663.9 m
662.3 m 661.8 m δ(CO2) 662.3 m

COe

2152.5 m 2152.0 m
2151.9 m 2151.6 m
2151.5 sh 2151.0 sh
2150.3 m 2149.9 m

2141.1 sh
2140.0 m 2140.1 sh ν(CtO)D 2140.2 m
2139.3 m 2138.5 s ν(CtO)M 2140.0 m

2136.7 sh ν(CtO)M 2139.4 sh
2138 br 2138.3 m

CD2dO CH2dO

2176.8 s ν(CH2) 2863.0 s 2863 vw
2069.1 s ν(CH2) 2797.1 s 2794.2 w

1696.1 vw 1697.8 s ν(CdO) 1742.0 s 1739.9 m
1099.1 vw δ(CH2) 1498.8 m 1496.7 w
987.1 w F(CH2) 1244.8 w
938.3 vw ω(CH2) 1168.0 w

CH2dCdO

ν(CH2) 3062 m
2112.1 w ν(CdO) 2140 vs 2140f m

δ(CH2) 974 m
F(CdO) 579 m
F(CdO) 525 s

a Symbols: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; br, broad; sh, shoulder;ν, stretching;δ, bending;F, rocking; ω,
wagging andτ, torsion.b Data were taken from refs 37-42 and 52.c Data of CD4 isolated in Kr matrixes taken from ref 52.d The splitting of the
CO2 bands was assigned to molecules isolated in different sites in ref 40.e The letters M and D stand for monomer and dimer, respectively.38,39

f Band overlapping with the envelope of bands from CO, see text for a detailed explanation.
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CD3COOD. This emerging band is very weak, indicating that
formaldehyde is a minor product of photolysis of CD3COOD.

Complex between Carbon Monoxide and Methanol.
Methanol formed upon 193 nm photolysis of acetic acid in solid
Ar is produced together with carbon monoxide in the same
matrix cage. It is known that when methanol is isolated in an
Ar matrix doped with 2% of carbon monoxide a 1:1 complex
is formed between the two molecules.55 On one hand, the bands
of methanol are consistent with the formation of one specific
type of complex (see discussion later). On the other hand, carbon
monoxide can be produced upon solid-state photolysis of acetic
acid via various mechanisms, such as photolysis of ketene in
the presence of water, photolysis of methanol, and direct
recombination of acetyl and hydroxyl radical. From the possible
decomposition pathways shown in Figure 4, carbon monoxide
could be sharing the matrix cage with methanol, formaldehyde,
and molecular hydrogen or with another carbon monoxide
molecule and hydrogen. In fact, the produced carbon monoxide
upon UV irradiation of acetic acid exhibits two sets of bands
separated by∼10 cm-1, indicating that at least two different
types of complexes with CO are produced.

Previously, a red shift (18 cm-1) was observed for theν-
(OH) mode of CH3OH isolated in an Ar matrix containing 2%
of CO.55 This shift agrees with our data onν(OH) of CH3OH
formed upon photolysis of CH3COOH (Table 3). A proportional
shift was observed in theν(OD) mode of CD3OD complexed
with CO (13 cm-1) as compared with the monomer isolated in

solid Ar.37 The red shift of theν(OH) frequency of methanol
upon complexation with CO disagrees with the earlier compu-
tationally predicted blue shift for all stable geometries of this
complex.56 In view of this disagreement, we performed geometry
optimizations and energy calculations based on those geometries
with a more complete basis set. In Figure 6 the four stable
geometries of the complex formed between CH3OH and CO
are shown. The energetics of these structures and the expected
frequency shifts for the complexed units with respect to the free
monomers appear in Table 4.

From the four optimized geometries of the complex, two have
a linear arrangement of the CO molecule with respect with the
OH bond (I and II) and two have an L-shape arrangement (III
and IV). Structure I has the OH‚‚‚CO interaction whereas
structure II has an interaction of the OH‚‚‚OC type. Both of

Figure 4. Photodecompositiom channels of acetic acid. In addition to
the presented decomposition channels, there is also a possibility of
recombination of the primary radicals back to acetic acid in the
vibrationally excited ground state that can dissociate directly into the
observed molecular products of thermal decomposition (CH2dCdO
+ H2O and CH4 + CO2).

Figure 5. IR absorption bands emerging in the 2175-2100 cm-1 region
upon 193 nm photolysis of CH3COOH with 600, 3300, and 6000 pulses.
The same region is shown for photolysis of CD3COOD (- - -) after
6000 pulses of 193 nm radiation for comparison. The band marked
with an asterisk was assigned to deuterated ketene (CD2dCdO).

Figure 6. Optimized geometries for the 1:1 complex between methanol
and carbon monoxide. Relevant geometrical parameters of complexes
are shown.

TABLE 4: Comparison between Predicted [MP2/
6-311++(2d,2p)] Frequency Shifts for the Four Stable
Structures of the Complex between Methanol and Carbon
Monoxide with Respect to the Free Monomers and the
Observed Shifts for the Complex Isolated in Solid Ar

free
monomer

(cm-1)

I
OH‚‚‚CO

linear

II
OH‚‚‚OC

linear

III
OH‚‚‚OC
L-shape

IV
OH‚‚‚CO
L-shape obsda

3902.9 -26.8 +12.0 -7.4 -9.1 -17.7
3205.0 -7.5 -2.2 +1.1 -0.7 -8.5
3144.2 -11.0 -4.4 +1.8 +1.5 -12.7
3075.1 -8.1 -3.4 +1.0 +0.7 -8.4
2120.1 +12.5 -3.3 -1.6 +4.3 +12
1544.8 +0.3 +0.2 -0.1 -0.2
1532.1 +0.2 +0.2 -0.5 -0.7
1508.1 -0.9 -0.3 -0.4 -0.7
1387.3 +31.8 +12.2 -0.4 -1.4 +16.3
1191.2 +0.2 0.0 +0.3 -0.2
1095.4 +19.0 +7.3 0.0 +5.1
1053.9 +9.8 +3.5 -0.1 +0.2 -0.3
288.3 +195.1 +76.9 +9.8 +29.3

Eint
b -1.66

(-1.24)
-0.60

(-0.48)
-0.72

(-0.53)
-1.06

(-0.56)

a Observed shifts with respect to the bands of the free monomers
isolated in an Ar matrix.37 b BSSE corrected interaction energy (kJ
mol-1) calculated at the at the MP2/6-311++(2d,2p) level and values
taken form ref 56 in parentheses.

3386 J. Phys. Chem. A, Vol. 108, No. 16, 2004 Maçôas et al.



them are predicted to have the OH‚‚‚O/C distances and O-H‚
‚‚O/C angles characteristic of interactions via hydrogen bonds
(2.3 Å and 180°), as shown in Figure 6. In structure III the
oxygen atom of CO is closer to the hydrogen atom of the
hydroxyl group in methanol, whereas in structure IV it is the
carbon atom of CO that is closer to the hydroxylic hydrogen.
For III and IV, the OH‚‚‚O and OH‚‚‚C calculated distances
are 2.9 and 2.8 Å, respectively, and the O-H‚‚‚O/C angles
deviate from the characteristic values of hydrogen bonded
systems. The energies of the stable geometries of the 1:1
complex between methanol and CO are in qualitative agreement
with the previously reported data.56 The only difference is the
somewhat increased stability of structure IV with respect to the
other structures. Our calculations predict a complexation-induced
red shift in theν(OH) mode of methanol for structures I, III,
and IV and a blue shift for complex II.

The formation of complex II in the matrix can be ruled out
because the predicted complexation shift of theν(OH) is positive
(blue) whereas the observed shift is negative (red). Among the
three structures exhibiting a complexation-induced red shift in
the ν(OH) mode, complex I exhibits vibrations in good
agreement with the experiment, and it has the highest interaction
energy. This is particularly evident forν(OH), the threeν(CH),
and theδ(COH) modes (observed shifts of-26.8,-7.5,-11.0,
-8.1, and+31.8 and the corresponding predicted values-17.7,
-8.5, -12.7,-8.4, and+16.3). For the most stable complex
structure, calculations predict a blue shift of 12.5 cm-1 on the
νCtO vibration, in good agreement with the observed shift of
about+12 cm-1 for the high-frequency set of bands of CO.
Thus, according to the calculations, the high-frequency set of
bands of CO (∼2150 cm-1) should be assigned to complex I.
The identification of complex I is further supported by the fact
that the predicted effect of deuteration on the complexation
induced shift (a 7 cm-1 smaller red shift forνOD) agrees with
the observed isotopic effect (smaller red shift by 5 cm-1). The
predicted effect of deuteration on the shift of theν(CtO) band
is very small (0.3 cm-1) so that it gives no indication about the
complex geometry. We did not find strong experimental
indications in theν(OH) region of complexes III and IV. In the
ν(CtO) region, the bands observed at∼2140 cm-1 may
originate from the CO dimer isolated in solid Ar.38,39 In the
present experiments, the CO dimers can be formed upon
photolysis of either methanol or ketene (see Figure 4). The
possibility of ternary complexes involving CO, formaldehyde,
and molecular hydrogen producing bands near the free monomer
band cannot be excluded.

Upon annealing the matrix at 25 K after photolysis of CH3-
COOH, theν(OH) band (3649.6 cm-1) practically disappears
and three new bands appear at 3647.4, 3646.5, and 3645.3 cm-1.
A similar intensity reorganization takes place for theν(CtO)
bands assigned to complex I: the envelope of bands at higher
frequency decreases and a new set of bands appear shifted by
∼4 cm-1 from the decreasing bands (see Figure 7). The observed
intensity reorganization is not consistent with conversion to a
different complex geometry. In the present case, where only
the most stable complex structure is observed upon photolysis,
annealing the matrix at 25 K is not expected to decrease its
concentration. When photolysis produces a distribution of
conformers that is not in thermal equilibrium,47 annealing the
matrix should lead to conversion of the less stable complexes
into the lower energy forms. Instead we observed the decrease
of bands assigned to the most stable complex. This makes us
suggest that the observed modifications are caused by thermal
relaxation of the matrix local surrounding, allowing a more

suitable orientation of the complex within the cage, in other
words, conversion of the matrix sites. The intensity ratio of the
increasing and decreasing bands upon annealing is∼1, which
supports the fact that the same complex structures produces both
sets of bands by taking into account that theν(OH) absolute
intensity is very sensitive to the complex geometry. In fact, the
calculatedν(OH) intensities have a ratio of 5:3:1:1 between
complexes I:II:III:IV.

There is also a broad feature centered at∼2140 cm-1 whose
intensity decreases upon annealing to 25 K whereas a new band
appears at 2133 cm-1. It is not clear if these bands are related
to each other, and the origin of the new narrow band remains
unknown. In fact, interpretation of the spectral changes upon
annealing are complicated by the fact that there is a small
amount of hydrogen atoms that escape the cage during pho-
tolysis and can be thermally mobilized. This is a known
phenomenon occurring during annealing of a matrix where a
molecular species containing hydrogen was photolyzed.29,57,58

A strong support for mobility of thermally activated hydrogen
atoms is the appearance of the band at 1862.4 cm-1, which is
in good agreement with the very strong band observed for the
free HCO radical in Ar matrixes (1863 cm-1).59 In the present
experimental conditions, the H atom mobility is most probably
a local process rather than a global process.

Photolysis Branching Ratios.After identification of the
acetic acid photolysis products we can estimate the branching
ratios for the proposed photolysis channels. The lack of
information on the formation yield of the transient radicals
prevents us from clarifying the source of the CO complexes
giving bands at∼2140 cm-1. Nevertheless, using the formal-
dehyde bands we can estimate the percentage of CO molecules
involved in ternary complexes with formaldehyde and molecular
hydrogen. Theν(CdO) mode of ketene absorbs at 2140 cm-1

in solid Ar, but the relative amount of ketene formed is very
small and we neglected its contribution to the envelope of bands
around 2140 cm-1. The integrated intensities of the photolysis
products, normalized by their intrinsic intensity (calculated or
experimental), were used to estimate the proportion of the
photolysis channels. The bands at 2150 cm-1 were used for
complex I between methanol and CO. We chose the CO band
(instead of νOH of methanol) because computationally its
intrinsic intensity is practically unchanged upon complexation
with methanol. The carbon dioxide bands at∼2340 cm-1 were
used to estimate the importance of the CsC cleavage channel.

As a result, 29% of the acetic acid molecules yield methanol
plus carbon monoxide complexes, 15% yield carbon monoxide
complexed with formaldehyde and molecular hydrogen, 39%

Figure 7. Thermally induced changes on the methanol (ν(OH) mode)
and CO bands upon annealing at 25 K. The lower trace shows the
spectrum collected after photolysis of acetic acid in solid Ar at 8 K.
The upper trace is the difference spectra showing the effect of annealing
at 25 K.
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yield quaternary complexes of two carbon monoxide molecules
and two hydrogen molecules and, finally, 17% dissociate to
carbon dioxide and methane. Even if we assumed that the
absorption of ketene contributes to a half of the intensity of the
envelope of bands at 2140 cm-1 (which is definitely an
overestimate), the percentage of ketene formed upon 193 nm
irradiation of acetic acid would be small (∼5%). In this case
we would obtain 37%, 17%, 20%, and 21% for the channels
connected with CO+ CH3OH (complex I), CO+ CH2dO +
H2 (ternary complex), 2CO+ 2H2 (quaternary complex), and
CO2 + CH4 complexes, respectively.

The distribution of photodecomposition products is in agree-
ment with the fact that the C-C cleavage, generating carbon
dioxide and methane, occurs only on the T1 surface due to
energetic restrictions.17 On the other hand, C-O cleavage occurs
both on the S1 and T1 surfaces, meaning that it has a higher
probability than the C-C cleavage. Although the intersystem
crossing from S1 to T1 is a spin forbidden process, it was
concluded that structural similarities between the crossing point
of these two surfaces and the S1 minimum indicate that this
process can happen to a noticeable extent.17

Photolysis of perdeuterated acetic acid shows somewhat
different branching ratios when compared with CH3COOH. In
the case of CD3COOD, we can evaluate directly the amount of
ketene formed from itsν(CdO) band at 2112 cm-1. The
estimated percentage of the different products are 45:5:33:16:1
for channels connected with CO+ CH3OH:CO + CH2dO +
H2:2CO+ 2H2:CO2 + CH4:CD2dCdO + H2O. Compared with
the photodissociation of CH3COOH, these numbers indicate a
considerable difference in the efficiency of the channels leading
to formation of CO, formaldehyde, and molecular hydrogen.
This is evidenced by the difference in the relative intensity of
the CO bands at 2140 and 2150 cm-1 upon photolysis of both
isotopologues (Figure 5). The deuteration-induced changes in
the branching ratios can be caused by isotopic effects on the
processes in the scheme presented in Figure 4; however, it is
difficult to specify them. For instance, these can include isotope
effects of the absorption cross-section of ketene, formaldehyde,
methane, methanol, and water at 193 nm.

Conclusions

The results of this work can be separated into four parts:
1. We have analyzed the vibrational spectroscopy ofcis-acetic

acid isolated in solid Ar, which was produced using vibrational
excitation of the trans form. The vibrational assignment for
various isotopologues was given for the cis form, and some
bands were reassigned for the trans form (see Tables 1 and 2).

2. The perdeuterated isotopologue was used to test the
conformational selectivity of the solid-state photolysis (193 nm)
of acetic acid. No conformational dependence of the acetic acid
photodissociation was found. This was explained in terms of
decomposition on the excited-state surfaces leading primarily
to unselective radical formation.

3. Upon 193 nm irradiation, acetic acid isolated in an Ar
matrix decomposes permanently into a number of molecular
complexes (see Figure 4 and Table 3). The photodecomposition
dynamics for the isolated molecule is complicated, and not all
channels are fully understood at the moment. It involves reaction
of the radicals formed as primary products and further photo-
dissociation of those secondary products. The major photolysis
products are methanol complexed with carbon monoxide, the
quaternary complex involving two carbon monoxide molecules
and two hydrogen molecules, ternary complexes between carbon
monoxide, formaldehyde, and probably molecular hydrogen, and

carbon monoxide complexed with methane. Ketene, which is
the main product of thermal decomposition of acetic acid, was
detected only in small amounts (e5%) upon solid-state pho-
tolysis of acetic acid, and it is further photolyzed by 193 nm
radiation, which makes estimation of its production conditional.
In fact, apart from methane and carbon dioxide, all the molecular
products observed could be explained in terms of photochemistry
of the ketene-water complex.

4. The 1:1 complex between methanol and carbon monoxide
was studied on the basis of ab initio calculations. We observed
the most stable form of the complex, described by a planar
structure with the OH‚‚‚CO hydrogen bond. Upon annealing at
25 K, the complex structure undergoes small modifications,
which are explained in terms of thermal reorganization of the
local matrix morphology.
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(11) Maçôas, E. M. S.; Khriachtchev, L.; Pettersson, M.; Fausto, R.;

Räsänen, M.J. Am. Chem. Soc.2003, 125, 16188.
(12) Khriachtchev, L.; Lundell, J.; Isoniemi, E.; Ra¨sänen, M.J. Chem.

Phys.2000, 113, 4265.
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