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Infrared-induced conformational isomerization of oxalic acid monomer isolated in an argon matrix at 7.5 K
was studied by infrared spectroscopy. For the first time, three conformational states of this molecule were
identified experimentally and their vibrational spectra are assigned. In good agreement with density functional

theory predictions, all the observed conformers exhibit a trassCOC=0 axis, differing in the relative
conformation of their C—0O—H axes. In the most stable conformer (belonging toGhesymmetry point
group), two intramolecular O+ O= hydrogen bonds are present. The secddy host stable conformer
shows a single OH-O= bond, and the third oneCg,) does not exhibit any intramolecular hydrogen bond.
Using narrowband tunable irradiation in the near-infrared region it was possible to promote very efficiently
conformer interconversions, which was followed spectroscopically.

1 H?
Introduction . ' Lo .
Oxalic acid (ethanedioic acid;;8,0,) is the smallest member iy o e
in the series of aliphatic dicarboxylic acids. At room temper- c2 c2 o
ature, it exists in two crystalline varieties, the stable orthor- f o6 2 gt
hombic a-phase and the metastable monoclifiiphase-? In 03 ’ o3 os '
both crystalline phases, where extensive intermolecular hydrogen He
bonding occurs, individual molecules were found to be exclu- Tc (0.0) ¢Tt (10.1) tTe (15.1)
sively in a conformation where the-&C—C—0O dihedral angle Con Cs Ca,

is 18C, that is, the two carbonyl groups are trans to each other,
and the two H-O—C—C dihedral angles assume a trans

configuration (conformetTt T, in Figure 1)12 However, in both o3|
gaseous phase and in inert gas matrices at low temperatures,
monomeric oxalic acid has been found to exist predominantly ¢

04
03 04

in a different conformation, where the two +D—C—C o5t o i °
dihedrals adopt the cis configuration and are involved in ‘ 05w * 05 06
intramolecular hydrogen bonding (foroTc).3—> e He

High-level ab initio and density functional theory (DFT) ¢Gc (63.5) cCt (22.9) tCt (16.7)
calculations on monomeric oxalic acid have also been reported G Cs Ca

previously®—8 In general, the highest-level theoretical calcula- Figure 1. B3LYP/6-31G**-calculated conformers of monomeric oxalic

tions predict the existence of at least five conformers of oxalic acid’ The difference in energy (kJmd), including zero-point

acid. In good agreement with the available experimental Vibrational energy-corrected relative conformational energies to the most
5 : : ; stable form’, are given in parentheses. Form cGc was found to

results3~° the cglculatlons systematically predict confor.mTe'c  correspond to an energy maximum both at ha HF/6.32@Hd MP2/

as corresponding to the most stable form. In an earlier matrix g 311, y g8 (see text)

isolation infrared (IR) spectroscopic study, some evidence could

be found pointing to the existence of more than one conformer

of oxalic acid trapped in the matricésiowever, only the second theoretically predicted conformers of oxalic acid have not been

most stable conformer predicted by the calculations (fofi observed until now, though at least the third- and fourth-lowest-
in Figure 1) could be unequivocally identified experimentdlly. ~ €Nergy conformers (formt3t andtCt) were calculated to have
A recent Stark-modulated free jet microwave spectroscopic relatively accessible excess energies to the conformational

study? has confirmed the structure of this conformer. The other ground staté:® The B3LYP/6-31G*¥ and MP2/6-31G*®
calculations provided identical results predicting the existence

* Author to whom all correspondence should be addressed. of six conformers, all but the highest-energy fort&€ in Figure
tThe nomenclature here adopted is the same used in the previousl) being planar. However, a more recent study carried out at

experimental paper on oxalic acidn uppercase letter designates the@- the MP2/6-31%++G** level of theory, where energy profiles

C—0 dihedral angle¢; C, cis; T, trans; G, gauche), and the first and last . L .

lowercase letters designate the HOG and CCOH ¢) dihedral angles, associated with internal rotation around the-€ and C-O

respectively. bonds were calculated, indicates tle&c does not correspond
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to a true energy minimum, whereas tfi¢, tCt, andcCt forms Although very simple, this scaling procedure preserves the
are slightly distorted from planarify. potential energy distributions (PEDs) as they emerge from the
Identification of conformecTt was achieved by observation DFT calculations, thus having an important advantage over the
of IR- and ultraviolet (UV)-induced conformational processes more elaborate force-field scaling procedures, which use more
for oxalic acid isolated in noble gas matrices at low temperature, than one scale factor.
followed by IR spectroscop$y/A Xe arc lamp with a narrowband
filter (max 270 nm, full width at half-maximum 30 nm, Results and Discussion
corresponding to ther*<—n transitiof) was used for UV
irradiation, which was found to indu@d c—cTt isomerization,
accompanied by partial decomposition of oxalic acid monomers.
IR irradiation was carried out using the globar of the spectrom-
eter either without filter or with a low-pass filter (transmitting
ca. 80% between 2000 and 600 ¢ Irradiation above 2000
cm~! was found to be active at initiating the reverse process
(cTt—cTc isomerization}
It has repeatedly been reported for other carboxylic acid
monomers that selective excitation of the OH stretching

vibrations are of great utility to study conformational isomer- do not differ qualitatively from the DFT data, although the

ization processes in this type of compoufid:2 Furthermore, relative energy differences between the conformers are some-
contrary to UV irradiation, IR irradiation does not usually lead what smaller. In addition, as mentioned above, the MP2 study

to decomposition of the matrix-isolated molecules. Because theindicated thatcGe does not corresnond to a minimum in the
IR irradiation carried out in the previous study on oxalic acid P

was not selective, we decided to submit this compound to a potential energy surface. The potential energy profiles associated

. A . with the internal rotation around the<& bond for trans/trans
new investigation, where selective narrowband and tunable IR . X L
T . . or trans/cis arrangements of the carboxylic moieties calculated
irradiation was used, to better characterize the observed isomer-

ization processes and, in particular, to search for other confor- at the MP2 Ievel_of theory ha"?‘ re"e?"ed the foIIo_wmg_ feat_éres:
mational species. (a) Without taking into consideration zero-point vibrational

energy corrections, thdt, tCt, andcCt planar conformations
should correspond to local maxima between two equivalent
slightly distorted structures (the planar structures were calculated
The matrix samples were prepared by continuously flushing to be 0.26, 1.02, and 0.07 kJ mbélabove the corresponding
a Teflon U-tube containing oxalic acid (Aldrich, 996), heated nonplanar minima, respectively). In the last case, however, the
to 100 °C, with high-purity argon ¥99.995%). The gaseous zero-point vibrational energy level of the true minimum energy
mixture was deposited onto a cooled Csl window in a close- conformation is 0.12 kJ mot above the energy of the planar
cycle helium cryostat (APD, DE202A) at 7.5 K. The IR spectra structure. Thus, the most probable structure falls at the sym-
(4000-450 cn1?) were measured with a Nicolet SX-60 Fourier metric planar position oCt). In addition, when zero-point
transform IR spectrometer equipped with a liquid-nitrogen- vibrational energy is considered, th&t planar structure
cooled mercury-cadmium-telluride detector and a KBr beam becomes only 0.10 kJ midl higher in energy than the
splitter, with spectral resolutions of 0.25 or 1.0 cimTypically corresponding distorted forms, and then the planar structure must
200 interferograms were coadded. In our samples, monomericalso be the most probable geometry at temperatures higher than
species were almost exclusively formed, which was achieved 13 K. (b) The calculated energy barrier separating the distorted
by choosing an appropriate temperature of the substancetCt forms from tTt is only ca. 1.6 kJ mott. Thus, at the
container and optimizing the matrix gas flow rate. temperature used in our study to prepare the sample (373 K),
To promote conformational interconversions, tuneable pulsed the available thermal energy can easily be used to overcome
IR irradiation was used, as provided by the idler beam of an this barrier and, consequently, in the present corttekts best
optical parametric oscillator (OPO Sunlite, Continuum). The regarded as vibrationally exciteldt rather than a separate
pulse duration of the IR irradiation was ca. 5 ns with a line Sspecies.
width of ~0.1 cnTl. The absolute accuracy of the IR radiation Taking into consideration the theoretical predictions, it can

Conformer Interconversion. The high-level DFT calcula-
tions by Higgins et al.indicate that the energies of the second-
to the fifth-lowest-energy forms of oxalic acid shall not exceed
the energy of the most stable conformer by more than 25 kJ
mol~1, whereas the highest-energy form (conformér) has
a predicted relative energy of 63.5 kJ mblThus, the relative
populations of the different conformers of oxalic acid at the
temperature used to prepare the matrix (373 K)@recTt:
tTt:tCt:cCt:cGc= 95.15:3.64:0.71:0.44:0.06: 105 assuming
a Boltzmann distribution. The MP2 results of Godfrey et al.

Experimental and Computational Details

was established with an accuracy better than T''chy a be expected that, in the gaseous phase at 373 K, four conformers
Burleigh WA-4500 wavemeter used to control the OPO signal of monomeric oxalic acid existc{c, cTt, tTt, and cCt),
radiation wavelength. although the highest-energy form&t) should have a population

The DFT calculations were performed with the Becke’s three- smaller than 0.1%. Assuming that gas-phase populations are
parameter hybrid method using the keéang—Parr’s correla-  trapped in the matrices, the presence of foeils, cTt, and
tion functional3!4 and the 6-31G**®> basis set. All the tTt should in principle be detected in the vibrational spectra of
calculations were made with the GAUSSIAN 92/DFT package Mmatrix-isolated oxalic acid monomer.
of programs'® installed on a DEC ALPHA 7000 computer, at The IR spectrum of a freshly prepared matrix of oxalic acid
the Center of Informatics of the University of Coimbra. is dominated by intense bands due to the most stabke

The force constants (symmetry internal coordinates) to be conformer. The assignments of these bands were discussed in
used in the normal coordinate analysis were obtained from the detail elsewheré?
DFT Cartesian harmonic force constants using the program As expected, apart from the bands due to the conformational
TRANSFORMER?!’ This program was also used to prepare the ground state dTc), some minor bands ascribable to other
input data for the normal coordinate analysis programs used inconformers are also present in the spectrum. As mentioned in
this study (BUILD-G, and VIBRAT®). The calculated frequen-  thelntroduction by irradiating the matrix in the OH stretching
cies were then scaled by using a single scale factor (09614 fundamental region, Nieminen et al. were able to observe
to obtain a better agreement with the experimental frequencies.conformational isomerization, the reaction product correspond-
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TABLE 1: Definition of Internal Symmetry Coordinates Used in Normal-Coordinate Analysis

CcTC/Tt CTt definitior?
approx. symmetry approx. symmetry
coordinate  desc. (Can) desc. (Cy CTc/tTt CcTt
Sl v OH s. Ag v OH' A VO5H7 + V06H3 ’VOGHa
Sz v OH Bu v OH A VO5H7 - VOeHg 1/05H7
Ss y C=0s. Ag vy C=0 A Vcl=03 + ’VC2=O4 ’I/C2=O4
& y C=0 Bu y C=0' A VCl=O3 - VC2=O4 ‘VC1=O3
S ryC—0Os. Ay ryC—-0Os. A vC1—0s + vCy—Os
S; yC-0 Bu yC-0 A VC1—05 - VCZ_OG
S v C-C Ay v C—-C A v Ci—C;
S 0 OCOs. Aq 0 OCOs. A 2005C1053 — 0C,C;=03 — 0C,C1—0s + 2006C,04 — 0C1C,=0,4 — 0C1C,—Op
S 0 0CO Bu 0 0OCO A 2005C105 — 0C,C1=03 — 0C,C1— 05 — 2006C,04 + 0C1Co=04 + 0C1Co— O
Slo 0 CC=0s. Ag 0 CC=0s. A (3C2C1=O3 — 6C2C1—05 + (3C1C2=O4 — (3C1C2—06
511 0 CC=0 Bu 0 CC=0 A 6C2C1=O3 - (3C2C1—05 - 6C1C2=O4 + (3C1C2—Oe
512 0 COH s. Ag 0 COH s. A (5C105H7 +0 CzOeHg
Siz 0 COH By 0 COH A 0C10sH7 — 0 C06Hs
Su yC=0 A, yC=0 A" y C—Cy(=03)—0s + yC1—Co(=04)—Os
815 Y C=0s. Bg Y C=0s. A" b4 CZ_C1(=O3)_05 - j/Cl—Cz(=O4)_05
Sie 1C-C Au 1C-C A" 7 03=C1—Cy=04
517 7 C-0 Au 7 C-0 A" T O3=C1_05—H7 +71 O4=C2—OG_H3
Sig 7C—-0Os. By 7C—-0Os. A" 7 O57=C1—0Os—H7 — 1 O,~C,—0Os—Hsg

aFor atom numbering see Figurei4,.stretching;o, bending;y, rocking; z, torsion.

ing to the lowest-energy conformer, whereas this conformer
behaved as the reactive species when the sample was irradiated
in the UV region® The IR-reactive species was identified as o L
corresponding to forntTt and a tentative assignment of the WJJL Mﬂi’”"i;“?j“‘_‘"ww f .
bands due to this conformer was also proposed in this previous
study. However, the relatively low efficiency of the photo- 7 40 min - 10 min /LW
isomerization process did not allow the unequivocal assignment R —
of all the observed features. In addition, a possible contribution eTt Tt eTt e Tt
from other conformers to the observed spectra could not be i 10 min - 0 min
discarded.
In the present study, IR irradiation in the 6868700 cnt?!
region was undertaken. In this spectral region, the OH stretching eTe
combination bands§ + $; see Table 1 for definition of
symmetry coordinates) or first overtones of the OH stretching e ‘JL\
vibrations of appropriate symmetry are expected to occur. 0 min
Because the most stable conformer belongs t€thsymmetry /
point group, the first overtone of its OH stretching modes does 3650 3600 3550 3500 3450 ooy 1850 1800 1750 1700
not absorb in the IR radiation. Nevertheless, the+ S Figure 2. Observed spectrum of a nonirradiated sample of oxalic acid
combination band belongs to tBg symmetry species and then isolated in an Ar matrix (36563400 cm* and 1906-1700 cn?
must correspond to the active vibration of ttiEc conformer regions; intensities are shown in arbitrary units) and difference spectra

found at ~6712 cntl, which we have used to promote obtained at different stages of irradiation at 6712 &rit is clear from

: . i . this figure that during the first stages of irradiation conforro@t is
photocher_mcal _Isom_er!zatlon Of this conformer to othe_r forms. the main product, whereas confornti€t starts to become the dominant
After 5 min of |rrad|at|o_n at t_h_ls wave number, a _notlceable product at longer times of irradiation.
reorganization of band intensities was observed. Figures 2 and
3 show difference spectra (irradiated sampienirradiated

; - ' ! erism is more important in the cis than in the trans conformation
sample) in the &0 and OH stretching regions obtained at

‘ e i ! of this group!®2° Hence, the double-bond character of the
different stages of |rrad|§1t|on. In Figure 3 the experimental carbonyl bond decreases and, consequently, the force constant
features are compared with the DFT-calculated spectra. associated with the €0 stretching vibration reduces. On the

In the C=0 stretching region, irradiation leads to an increase other hand, intramolecular hydrogen bonding involving the
of the triplet around 1830 cm, and the doublets near 1780  carbonyl oxygen atom as acceptor also leads to a red shift in
and 1760 cm?, whereas a decrease was observed in the casethe frequency of the carbonyl stretching mode.

of the features at ca. 1810 ct(see Figures 2 and 3). In thecTt conformer, the cis carboxylic group is not involved
Comparison of the observed spectrum with the calculated spectran hydrogen bonding and its carbony! stretching mode absorbs
for the three most stable conformecd ¢, cTt, andtTt) clearly near 1830 cm, whereas the hydrogen-bonded trans carboxylic

indicates that the irradiation leads to conversion of conformer group gives rise to the doublet occurring at a considerably lower
cTcto both formscTt andtTt. Thus, the irradiation is effective frequency (ca. 1760 Cl’ﬁ) In conformercTc, both carbonyl

in promoting internal rotation about the-® bond. groups adopt the cis arrangement but they also participate in
It is known that when the carboxylic group assumes the cis intramolecular hydrogen bonding. Thus, in this conformer, the
arrangement (€C—O—H dihedral angle equals®Pthe car- effects ofcarboxylic group conformatiomnd intramolecular

bonyl stretching vibration occurs at a higher frequency than hydrogen bondingcompensate partially each other. Conse-
when it takes the trans geometry. This trend is essentially duequently, the IR active carbonyl stretching modg §ymmetry)
to the fact that the [&eC—0O—H <> O~—C=0"—H] mesom- is expected to occur at a frequency between those of the modes



Rotamerization of Oxalic Acid in Argon Matrix J. Phys. Chem. A, Vol. 104, No. 30, 2008959

350 e T €Tt

300
Tt
250
(Tt Tt 200 - eTe
150 eTt BILYPI6-31G™
Tt
50 | i 100 BILYP/6-31G*
{ i T

' f P = v

Intensity (kimol ")

|\

-100 Tt

Intensity (kImol)y

<Te B 200

<Tt, 0.3
Tt

Absorbance
& =3
=

Absorbance

-0.4 Tt
Te omt 03 Tt €Tt Tt

=
0.6 = 3650 3600 3350 3500 3450 1850 1800 1750 1700

3600 3500 3450 = 1850 1800 1750 17060
- = Figure 4. Calculated and observed spectra (363@00 cnt! and
1900-1700 cnt? regions) of oxalic acid isolated in an Ar matrix.
Calculated spectra simulate the absolute intensities using Gaussian
Nunctions with an arbitrary full width at half-height of 1 cffor the
three most stable conformers of oxalic acid. Experimental data
correspond to difference spectra (6755 ¢mnradiated sample- 6712
cm ! irradiated sample).
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Figure 3. Calculated and observed spectra (363@00 cni! and
1900-1700 cn1? regions) of oxalic acid isolated in an Ar matrix.
Calculated spectra simulate the absolute intensities using Gaussia
functions with an arbitrary full width at half-height of 1 crhfor the
three most stable conformers of oxalic acid. Experimental data
correspond to difference spectra (6712 énirradiated sample—
nonirradiated sample).

due to thecTt conformer, giving rise to the doublet observed calculated IR absorption cross-sections. It is worth mentioning
near 1810 cm! (see Figures 2 and 3). Finally, the doublet at that the_ DFT calculated yalues are 10.11 and_15.17 kJ ol
ca. 1780 cmtis ascribable to the IR active carbonyl stretching "€SPectively, corresponding to relative populations at 373 K of
mode of tTt where the two carboxyl groups are trans and CTC: 95.15,cTt: 3.64, andTt: 0.7, thus being in very good
nonintramolecularly hydrogen bonded. The splittings of the @greement with the observed data.

bands are probably due to matrix field effects that are rather After irradiation at 6755 cm' during 10 min, ca. 46% of
commonly observed in spectra of matrix-isolated species, the population oftTt was converted inteTc (27%) andtTt
especially if the vibrational modes involve large changes in the (19%) while taking into account the calculated IR absorption

molecular dipolar momeri2 cross-sections. This result is in qualitative agreement with the
In the OH stretching region, the irradiation at 6712 éeads ~ relative order of magnitude of the calculated energy barriers
to an increase of two triplets at 3568555 and 35563545 associated with thecTt—cTc and cTt—tTt isomerization

cm! that can be ascribed respectively to the IR active OH Processes, the first being 2.9 kJ mblower than the last.On
stretching modes of the non-hydrogen-bonded hydroxylic groups the other hand,cTc—cTt isomerization was found to be
of tTt andcTt. A doublet at 34853480 cn1! is assigned to considerably more efficient thaifc—tTt when irradiation at

the hydrogen-bonded hydroxylic group of th&t conformer. ~ 6712 cnT* was undertaken, as can be expected because
The OH stretching fundamental mode of tb&c conformer cTc—tTt involves the breaking of two hydrogen bonds instead
corresponds to the downward multiplet at 34&250 cntl. of one hydrogen bond as @irc—cTt.

The next irradiation at 6755 crh excites the first overtone Selective irradiation of the OH stretching vibrations have been
of the OH stretching mode of theTt conformer (intramolecu- found to be of great utility to study conformational isomerization
larly bonded OH group). This irradiation at 6755 chiollowed processes in carboxylic compourids!? Nevertheless, it should

the first pumping at 6712 cm. The observed difference be emphasized that the elementary mechanism of IR-induced
spectrum in the €0 and OH stretching regions together with  rotamerization is far from being completely understood. For
the calculated spectra are presented in Figure 4. In these spectranstance, direct coupling of the excited overtone levels with the
the bands belonging to conformeFt appear as negative peaks, torsional manifold is a very high-order process, thus quite
whereas those belonging to th&c andtTt conformers point improbable. The role of the solid host in intramolecular energy
upward. Thus, irradiation at this frequency leads to conversion transfer is not clear either.

of cTt to bothcTc andtTt. Once again, the irradiation is shown As mentioned earlier, observation of other conformeg (

to be effective in promoting internal rotation about the @ andcCt) in the nonirradiated matrix was not expected, taking
bond. Similarly to the irradiation at 6712 ¢y no evidence of into consideration their predicted relative populations. Indeed,
rotamerization about the-©C bond was observed. the estimatedcCt population in the gas at the deposition

The energy differences between the three observed conform-temperature (373 K) is lower than 0.1%For tCt, though
ers can be estimated on the basis of the experimental IR bandnstantaneous cooling of the 373 K gas would lead to a
intensities recorded immediately after deposition, taking into population of ca. 0.5% as estimated on the basis of the DFT
account the theoretically predicted intensitiasd assuming that ~ calculations’, the population in the matrix can be expected to
no conformational isomerization takes place during the deposi- be much smaller, because fast conversion of this fornTto
tion process. An energy difference of ca. 10 kJ Mdietween during sample deposition may easily occur, considering the very
cTt andcTc was obtained by this approach, whereas conformer low energy barrier separating these two forms (ca. 1.6 kJ
tTt was estimated to be higher in energy than the conformational mol~1%).
ground state by ca. 16 kJ md) corresponding to relative Another relevant observation obtained in the irradiation
populations at the deposition temperature®€: 95.9%,cTt: experiments is the fact that no evidence was found of any
3.6%, andtTt: 0.5%. These results were obtained from the photochemically induced isomer with a ciss@—C=0 axis.
intensities of the @H or C=0 stretching modes by weighting  In fact, taking into consideration the theoretically calculated
the experimental integrated intensities by the corresponding energy barriers associated with conformational interconversion,
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TABLE 2: Observed and Scaled B3LYP/6-31G** Frequencies of Three Most Stable Oxalic Acid Conformers Isolated in an

Argon Matrix

cTc decreasing bands with
6712 cn! excitation

tTtincreasing bands with

6755 cntl excitation

cTt decreasing bands with
6755 cn! excitation

Vobs Vealc, Vobe Vealc, Vobs Vealc,
(cm™)  (cm) PED (%} (cm™) (cm™Y PED (%Y (cm™) (cm™) PED (%¥
3565 3613 v OH (100) 3549 3603 OH (100)
3560 3548
3461 3500 v OH (100) 3556 3546
3459 3484 3523 v OH' (100)
3457 3479
3453
1812 1807 v C=0 (83),» C—0 (10) 1834 1825y C=0 (81)
1810 1829
1825
1781 1781 » C=0 (87) 1762 1748y C=0' (78)
1780 1760
1416 1398 v C—O's. (35),0 COH (22),» C—C (18),
1414 0 OCO s. (15)
1321 1319
1316 non obs. 12959 COH (56),» C—0O (26), 1313
1315 130¢ & COH (64),» C—O (27) 5 0CO (16) 1213} | 1303 6 COH's. (62)y C—0 (23)
1267 1210
1260 1208
1259 1203
1173 1180 v C—0 (62),0 COH (17), 1161 11716 COH (49),y C—O's. (29)
v C=0 (13)
1172 1159
1157
1112 1112 » C—0 (59),0 COH (34), 1137 1142y C—O (58),0 COH (22)
1110 1134
1108
799 777 v C—C (39),0 OCO's. (31)y C—O's. (18)
796 772 y C=0 (78),7 C—0Os. (11),r C-0 (11)
669 696 7 C—0 (100) 641 655 7 C—0 (84),y C=0 (16) 650 6607 C—0 (89)
664 637 633 6371 C—0's. (84)y C=0's. (12)
657 644 6 OCO (84) 636 621 629 OCO (83),0 COH s. (10)
656 631 612 6 OCO (81),0 COH (14) 616
459 435 yC=0 (66),7 C—C (24), 612
7 C—0 (10)
458 558 526 0 CC=0s. (81)
411 y C=0s. (78), C—C (17)
397 y C=0 (96) 409 6 OCO s. (62)y C—C (29)
264 257 6 CC=0 (92) 253 y CC=0 (100) 258 9 CC=0 (94)
126 tC—-C(84),7C—-0 (16) 37 7 C—C (96) 95 1 C—-C (82),7 C—0 (17)
E9 (kJ mol?) —993176.4916 —993161.4254 —993166.446
AEP 15.1 10.1

aScale factor 0.9614.Minor bands not listed, attributed to nonfundamental modes, were observed at: 1855, 1853, 1483, 1481, 1290, 1286,
1284, 1153, 1129, 1127, 1103, 1100, 1098, 996, 994, 990 (cTc); 1187 (tTt), and 1459, 1449, 1062, 1060, 1057, 8Zan(gTapntributions
higher than 10% are listed Fermi resonance af COH with [tC—0O (By) + yC=0 (A,)]; ®Fermi resonance af COH with 260CO.  Taken from
ref 5.9 B3LYP/6-31G** energy." B3LYP/6-31G** energy compared with the most stable conformestretchingy, bending;z, torsion;y, rocking.

one can expect botbCt andtCt to be found. ConformecCt
might be obtained froncTt because the calculatedt—cCt
rotational barrier is estimated to be 4.62 kJ mdbwer than
that associated with the obsen&lt—tTt process.Conversion

Assignment of IR Spectra of cTc, cTt, and tTt Conform-
ers. Because the IR-irradiation experiments enabled the clear
discrimination of the bands of the three observed conformers
(see Figures 24), the complete assignment of the vibrational

into tCt form is possible via more complex pathways involving signature of these conformers could be undertaken. In Table 2
either cCt or tTt as intermediates. Nevertheless, despite the we present the experimental and calculated wave numbers and
energy transferred to the molecules during the irradiation being the potential energy distribution for the conformational ground
ca. 80 kJ motl, that is, above the calculated energy barriers state ¢Tc) and conformerscTt and tTt, respectively. The
(the highest calculated energy barrier for these processe&gbis  symmetry coordinates used to perform the normal coordinate
kJ mol17), the internal rotation around the~C bond does analysis are shown in Table 1.

not take place. A possible explanation for this finding requires  The assignments here made for the lowest-energy conformer
consideration of volume restrictions to the internal rotation follow closely those reported in ref 3. The two observed complex
imposed by the matrix. Internal rotation about the € bond bands at ca. 12601270 cm! and 13151320 cnt! are
involves the motion of heavy atoms within the noble gas cage, ascribed to a Fermi resonance doublet (split because of matrix
which requires significant reorganization of the matrix. Con- site effects) resulting from interaction between the fundamental
sequently, the effective energy barriers forCinternal rotation OCOH (By) vibration and theeC—0 s.+ yC=0 (Bg x A, =

in the matrix-isolated molecules may be considerably higher B,) combination band.

than for the molecule in a vacuum, thus preventing the reaction  In the case of conformerTt, some of the assignments of ref

to occur. Note that the observed interconversion processes3 are now revised. In particular, the-© s. stretching and the
involve only motion of hydrogen atoms and do not require any dCC=0 s. modes (which were not assigned in ref 3) are now
major matrix rearrangement. ascribed respectively to the doublet appearing at 1415/1416
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cm~t and to the band at 558 crh whereas the tw@COH rotation around this bond. The same behavior has been observed
in-plane bending vibrations are now assigned to the doublet atin other dicarboxylic acids that are actually being studied in
1161/1157 cm! (SCOH; see Table 2) and to the Fermi our laboratories (e.g., malonic acid, fumaric acid).

resonance doublet (split because of matrix site effects) whose
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