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UV-induced Isomerization of (E)-Crotonic Acid
Combined Matrix-isolated IR and ab initio MO Study
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The results of a combined vibrational and structural study of the (E)-crotonic acid monomer undertaken by
matrix-isolated low-temperature IR spectroscopy and ab initio SCF-MO calculations are presented. It is shown
that in both argon and krypton matrices monomeric (E)-crotonic acid exists as a mixture of two conformers of
similar energies, differing by the relative orientation of the C=C—C=0 axis (the s-cis and s-trans forms, having
a C=C—C=0 dihedral angle equal to 0° and 180°, respectively). Upon UV-irradiation in the 240-250 nm region
by a xenon lamp, photoisomerization reactions about both C,—C and C=C bonds occur leading, respectively, to
s-cis —» s-trans (E)-crotonic acid rotamerization and (E)-crotonic acid — (Z)-crotonic acid conversion. Results of
ab initio SCF-MOQ calculations, in particular optimized geometries, relative stabilities, dipole moments and har-
monic force fields, for the relevant conformational states of both (E) and (Z)-crotonic acids are also presented
and the conformational dependence of some relevant structural parameters is used to characterize the most
important intramolecular interactions present in the studied forms. Finally, results of a normal mode analysis
based on the ab initio calculated vibrational spectra are used to help interpret the experimenal vibrational data,
enabling a detailed assignment of the matrix-isolated spectra and the characterization of the observed photoin-
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duced isomerization reactions.

o,f-Unsaturated carbonylic-based materials (polymers) have
a wide range of practical commercial applications and have
been widely studied.’~®* However, despite the relevance of
these systems, their precursors (monomers) have neither been
systematically studied in detail nor characterized well, either
structurally or spectroscopically. On the other hand, -
unsaturated carbonylic molecules have also been proven to
be of fundamental importance to the study of some catalytic
reactions involving serine proteases (e.g. chymotrypsin),*—°®
since they can be successfully used as in situ resonance
Raman spectroscopic probes of the enzyme-substrate tran-
sient complexes formed within the enzyme’s active site during
catalysis.*® Indeed, in this field of research, a detailed know-
ledge of conformational preferences and vibrational proper-
ties of simple molecules containing the C=C—C=0
fragment assumes particular relevance, as stressed else-
where.*>

It has been recently shown that these kinds of molecules
undergo UV-induced isomerization reactions about either
C,—C or C=C bonds.”~'° In a previous study, we have
studied the first of these two types of isomerization reactions
in monomeric acrylic acid isolated in noble-gas matrices at
low temperatures and we have observed that irradiation at
A = 243 nm promotes s-cis — s-trans rotamerization.® On the
other hand, photoinduced isomerization reactions about the
C=C bond in f-substituted a,f-unsaturated carboxylic mol-
ecules of general formula R=CH=CH—C(=O0)OR’' (R,
R’ = H or alkyl), leading to cis — trans isomerization about
this bond, have also been observed to occur when, for
instance, these molecules are exposed to UV-laser beam of
appropriate wavelength!®~'? (a very interesting example of
this kind of photochemical reaction was reported some years
ago, in a study of the trans — cis isomerization about the
C=C bond that takes place during the recording of reso-
nance Raman spectra of o,f-unsaturated carboxylic esters
bound to serine proteases.'®) In addition to their relevance to

the biochemical studies on serine proteases, these types of
photochemical reactions appears also to be potentially useful
in organic synthesis, thus stressing the interest of looking at
them in greater detail.

To the best of our knowledge, no studies on the molecular
structure and vibrational properties of either (E)- or (Z)-cro-
tonic acid monomers have been reported until now, despite a
series of publications that have reported on their dimers.'3~1%
At least in part, this is due to the practical difficulty of hand-
ling the monomeric structures, which strongly tend to poly-
merize under current experimental conditions.'® Since matrix
1solation spectroscopy provides a unique way of studying
these species, this technique was used in the present study to
obtain the IR spectrum of (E)-crotonic acid and to study the
rotamerization processes taking place upon sample irradia-
tion by UV light. To aid interpretation of the experimental
data, a series of ab initio molecular orbital calculations have
been performed using the 6-31G* basis set, which includes
one set of polarization functions in all non-hydrogen atoms
(it is well known that, for systems containing conjugated
double bonds, reliable structural and vibrational results can,
in general, only be achieved if at least polarization functions
on all non-hydrogen atoms are included in the basis set!”'!8),
Besides the molecular structures and relative energies of the
various stable conformations of both (Z)- and (E)-crotonic
acids, theoretical calculations of the vibrational spectra of the
individual conformers, complemented by normal mode calcu-
lations based on the 6-31G* theoretical harmonic force fields,
have also been carried out, providing us with very valuable
information for the assignment of the experimental spectra.

Experimental and Computational Methods

(E)-crotonic acid (>99% purity) was obtained from Aldrich
and purified by several freeze-pump-thaw cycles. Ar and Kr
were obtained from Messer Griesheim GmbH and were,
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respectively, of 99.999% and 99.998% purity. All matrices
were prepared in a conventional way by deposition of the
gaseous mixture on a gold-plated copper mirror, cooled using
a ROK 10-300 (Leybold-Heraeus) closed-cycle refrigerator.
The deposition temperatures, measured at the mirror with a
silicon diode and a DRC 93C temperature controller (Lake
Shore Cryotonics), were 14 or 18 K (Ar) and 25 K (Kr). The
matrix: solute ratios were ca. 1500 and the rates of the matrix
gas flow ca. 50 x 1073 (Ar) or 1.5 x 1073 mol h™! (Kr).
Further details on the sample preparation procedure can be
found in ref. 19.

The IR spectra were recorded in reflection mode (0.5 cm ™
resolution) on a Bruker IFS 66V Fourier transform spectro-
meter equipped with a germanium/CsI beam splitter and
with a DTGS detector fitted with CsI windows. The irradia-
tion of the samples was carried out using a UV light source
(L.O.T.-Oriel GmbH) whose main component is a 500 W Xe
arc lamp. The collimated UV beam irradiated the sample
through the Suprasil window of the cryostat after being fil-
tered through both a water filter and an interference filter of
the FS10-50 type with a bandwidth of ca. 8-10 nm (L.O.T.-
Oriel GmbH).

The ab initio SCF-MO calculations were carried out using
the 6-31G* basis set?® and the GAUSSIAN 92 program?’ on
a DEC ALPHA 7000 computer. Molecular geometries were
fully optimized by the force gradient method using Berny’s
algorithm.2? The largest residual coordinate forces were
always <3 x 10™* E, a,” ! (or E, rad™ ')} for bond stretches
and angle bends, respectively. The force constants (symmetry
internal coordinates) to be used in the normal coordinate
analysis were obtained from the ab initio Cartesian harmonic
force constants 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?%). The calculated force fields were
then scaled down by using a simple linear regression for each
symmetry class in order to adjust the calculated frequencies
to the experimental frequencies (two scale factors were
obtained: one related to the in-plane vibrations, and the
other to the out-of-plane modes). Non-observed bands (or
bands doubtfully ascribable using only a pure empirical
approach) were then calculated from the corresponding force
fields by interpolation using the straight lines obtained pre-
viously. While very simple, this scaling procedure preserves
the potential-energy distributions (PEDs) as they emerge
from the ab initio calculations, thus having an important
advantage over the more elaborate force-field scaling pro-
cedures that use more than one scale factor for each sym-
metry class that usually give rise to important PEDs
distortions from the ab initio calculated values.

1

Results and Discussion
Molecular Orbital Calculations (Geometries and Energies)

In general, a,f-unsaturated carboxylic compounds exist as a
mixture of s-cis and s-trans conformers about the C,—C
bond (Fig. 1), with the s-cis form corresponding to the con-
formational ground state.®''4~16-25:26 The main factors that
are responsible for the relative energy of these two forms are
now well understood:®1425 (i) mesomerism within the car-
boxylate group (canonical form II in Fig. 2), (ii) mesomerism
involving both C=C and C=O double bonds (canonical
form III in Fig. 2) and (iii) steric repulsions between the
CRH=CH (R = alkyl) moiety and the oxygen atoms. The
first factor is the most important one and, together with the

t1E, =26255001 kImol™'; 1a,= 529177 x 10~ m.
h o
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Fig. 1 Conformers of (E)- and (Z)-crotonic acid (monomer) and
atom numbering

third, favours the s-cis conformer; the second factor favours
the s-trans conformer. On the whole, these interactions make
the s-cis form slightly more stable than the s-trans conformer.

A second degree of conformational freedom in the studied
molecules is related to the internal rotation about the C—O
single bond (see Fig. 1). In general, carboxylic acids adopt the
s-cis conformation about this bond (O=C—O—H dihedral
angle = 0°), both the energy difference between this confor-
mation and the second stable conformation (most of the time
the planar s-trans conformation corresponds to an
O=C—O-—H dihedral angle = 180° but, sometimes when
strong steric repulsions are present, to a non-planar structure
with an O=C—O—H angle in the 150-170° region®”-28) and
the energy barrier for interconversion between these two
forms being usually very large (over 20 and 40 kJ mol ™%,
respectively®27-3%). The main factor that determines the
much lower energy of the s-cis O=C—O—H axis when com-
pared with that of the s-trans O=C-—O—H axis is the pres-
ence in the latter of the strongly stabilizing through-space
field interaction resulting from the nearly antiparallel align-

0 0o 0’
I / + /
CH CH==CH—C € CH CH==CH—C € (CH CH—CH=C
\ i N ’ \
OH OH OH
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Fig. 2 Canonical forms of crotonic acids showing (II) mesomerism
within the carboxylate group and (III) mesomerism associated with
the two double bonds
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ment of the C=0 and O—H bond dipoles.?® In general, the
higher energy conformers are not observed spectroscopically
under the present experimental conditions, unless particular
specific intramolecular stabilizing interactions are operating
(as, for instance, intramolecular hydrogen bonding in chlo-
roacetic acid monomer!%-31),

(E)-Crotonic Acid

Table 1 shows the calculated molecular geometries, rotational
constants and energies for the various possible conformers of
(E)-crotonic acid. As expected, the s-cis(C—O) conformers (E-
cc and E-ct; see Fig. 1) have a considerably lower energy than
the s-trans(C—O) and non-planar forms (E-tc and E-np; see
Fig. 1). The conformational ground state corresponds to the
E-cc form, where both O=C—O—H and C=C—C=0
dihedral angles are equal to 0°. The second s-cis(C—O) form

Table 1
and (Z)-crotonic acids
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(E-ct, which has the C=C—C=0 axis assuming the s-trans
conformation) has a slightly higher energy than this form
(AE gy~ (E-cc) * 2.8 kJ mol™!), while E-tc and E-np have
energies ca. 30.0 and 38.0 kJ mol~! above that of the most
stable form.

The calculated energy difference between the two s-
cis(C—O) forms is similar to that previously obtained for
methyl (E)-crotonate using a 4-31G basis set (2.99 kJ
mol~!'%) and comparable to the enthalpy difference
obtained for the latter molecule in the pure liquid phase from
temperature-variation IR spectroscopic studies (2.65 + 0.27
kJ mol~!'#), Taking into consideration the comparable ab
initio values, then the slightly lower AEg ., (.., Value found
for (E)-crotonic acid when compared with that obtained for
methyl (E)-crotonate can be explained considering that the
s-cis stabilization due to the mesomerism within the

6-31G* calculated optimized geometries, rotational constants, energies and electric dipole moments for the various conformers of (E)-

(E)-crotonic acid

(Z)-crotonic acid

s-cis(C—O) s-trans(C—O) s-cis(C—O) s-trans(C—O)

S-Cis s-trans s-cis S-cis s-trans s-Cis

parameter E-cc E-ct E-tc E-np E-cc E-ct E-tc
bond length/pm
C=0 119.15 119.05 118.50 118.34 119.20 119.07 118.54
CcC—0 133.13 133.37 133.59 133.60 133.27 133.22 133.72
Cc,—C 147.83 147.68 148.75 149.03 147.96 148.00 148.82
C=C 132.28 132.29 132.27 132.23 132.67 132.66 132.73
Cc—C 149.76 149.86 149.73 150.00 149.98 150.06 149.93
C,—H 107.44 107.45 107.79 107.48 107.39 107.40 107.75
C,—H 107.68 107.61 107.65 107.96 107.86 107.87 107.87
C—H(10) 108.33 113.88 108.34 108.29 107.66 107.63 107.61
C—H(11) 108.64 118.90 108.62 108.60 108.71 108.69 108.70
C—H(12) 108.64 118.90 108.62 108.62 108.71 108.69 108.70
O—H 95.20 95.18 94.71 94.66 95.19 95.23 94.69
bond angle/degrees
O0=C—0 122.08 121.90 120.16 120.49 121.51 121.37 119.52
C—C=0 126.07 123.79 124.31 121.97 127.72 122.45 125.89
Cc—C—0 111.85 114.31 115.53 117.54 110.77 116.18 114.59
H—C,—C 116.93 113.88 118.64 113.47 114.64 111.26 116.34
C=C,—C 120.53 124.01 120.53 125.22 125.77 129.80 12595
H—C,=C 117.89 118.90 117.58 119.96 115.85 115.05 115.79
C—C,=C 125.10 124.62 125.30 124.84 129.58 131.25 129.67
C—0—H 107.88 107.55 112.22 111.83 107.79 107.19 112.42
H(10)—C—C 111.87 111.82 112.02 111.54 112.73 113.47 112.72
H(11)—C—C 110.35 110.38 110.27 110.43 109.31 109.21 109.18
H(12)—C—C 110.35 110.38 110.27 110.55 109.31 109.21 109.18
C—C(=0)—0 180.00 180.00 180.00 180.36 180.00 180.00 180.00
H—C—C=0 180.00 0.00 180.00 —204S 180.00 0.00 180.00
C=C—C=0 0.00 180.00 0.00 154.93 0.00 180.00 0.00
H—C=C—C 0.00 0.00 0.00 1.48 180.00 180.00 180.00
C—C=C—C 180.00 180.00 180.00 183.30 0.00 0.00 0.00
O=C—O—H 0.00 0.00 180.00 168.17 0.00 0.00 180.00
H(10)—C—C=C 0.00 0.00 0.00 —1.56 0.00 0.00 0.00
H(11)—C—C=C 121.74 120.94 121.04 119.17 121.74 121.82 121.81
H(12)—C—C=C —121.74 —120.94 —121.04 —-12241 —121.74 —121.82 —121.81
rotational constant/MHz
A 11376.27 10140.44 10118.28 9728.16 8228.26 7934.23 8191.66
B 1917.28 1950.79 1926.86 1942.50 2440.67 2486.77 2438.09
C 1634.36 1652.51 1624.71 1650.71 1904.09 1915.35 1900.56
conformer energy/kJ mol ™!

AE* — 2.838 30.501 38.318 10.529 17.605 41.093

— (2.736) (29.313) (37414) (11.054) (18.107) (40.262)

dipole moment/D?

m 1.957 2.899 5.102 5.598 1.580 2.810 4.702

“ Energies relative to the most stable conformer; values presented in parentheses are relative energies including zero-point vibrational energy
corrections. The total energy for the most stable form is, —304.69634 17 (E,).* 1 D = 3.33564 x 1073° Cm.
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C(=0)OX (X=H, CH,) fragment is more important in the
ester than in the acid, owing to the additional electron charge
release from the methyl group towards the ester oxygen
atom. On the other hand, the higher value now obtained for
this energy difference when compared with that calculated
using the same basis set (6-31G*) for monomeric acrylic acid
(1.8 kJ mol~'°) can be correlated with the different relative
orientation and magnitude of the bond dipoles of the two
conformers in (E)-crotonic and acrylic acids (Fig. 3), the deci-
sive factor being the opposite direction of polarization of the
C=C bond in these two molecules. Indeed, a similar result
has been previously obtained for the methyl esters of acrylic
and (E)-crotonic acids.!*

It is important to note that the geometrical changes
observed upon E-cc — E-ct conformational interconversion
(see Table 1) are consistent with the relative importance in
these two forms of the three factors referred to above which
determine their relative energy. Thus, an increased impor-
tance of the mesomerism within the carboxylate group (II in
Fig. 2) in the E-cc form makes the C—O bond shorter in this
form, while a prevalence of the mesomerism involving both
C=C and C=0 double bonds (III in Fig. 2) in the E-ct con-
former leads to a shorter C,—C bond is this form. Note, the
C=0 bond length is larger in the most stable E-cc form,
indicating that the conjugated effect of the two stabilizing
mesomeric effects (both contributing to increase this bond
length) is globally more important in this form. In turn, the
greater importance of the destabilizing steric repulsions
between the CRH=CH (R = alkyl) moiety and the —O—
atom in the E-ct form, when compared with the CRH=CH/
O= repulsions in the E-cc form, reflects clearly in the relative
values of the C—C=0, C—C—0O, H—C,—C, C=C,—C
and H—C,=C angles in the two conformers. Thus, the
C—C=0 and H—C,—C angles reduce in going from the
E-cc to the E-ct conformer, while the remaining angles
increase. More important steric interactions between o-
substituents and the —O— atom, compared with repulsions
involving the carbonyl oxygen, have been previously found in
other a-substituted carbonyl compounds, including acrylic
acid,>25-2% and this seems to be a general trend that usually
has important geometrical implications.

The planar high energy E-tc conformer has an energy rela-
tive to the most stable conformer that is almost equal to the
energy difference between the equivalent conformers in
acrylic acid (30.0 kJ mol~!°). This clearly shows that the S-
substitution of H by CHj is not relevant in determining this
quantity. Thus, this result is in consonance with our previous
conclusion that the relative energy of s-cis (C—O) and s-
trans(C—O) forms are essentially determined by the through-
space field interaction between the C=0 and O—H bond

(E') -crotonic acid acrylic acid
-0.102 o582 0.338 c 00572
—
. N M N
s-cis (C,—C) 0315 /C — C\o,ma 0.261 /C— Coss
[¢]
H 1 H 0.708
0.216 oo 0.224
0.219 oo™ 0z &5
o v
s-trans(C,—C) -0.31 2/C - C\0»77° -0 255//C — C\o. 759
- ¢ o
0717 0.
-0.112 -0.349

Fig. 3 Mulliken atomic charges (e = 1.6021892 x 10™*° C) calcu-
lated with the 6-31G* basis set for the s-cis(C—O) conformers of (E)-
crotonic and acrylic® acids
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dipoles®® and steric repulsions between H, or H; and the
oxygen atoms of the carboxylic group. The E-tt conformation
[the second possible trans(C—O) structure] was found to
correspond to a conformational transition state (saddle point)
separating the two equivalent-by-symmetry non-planar con-
formers, herein referred to as E-np (see Fig. 1). The calculated
energy difference between the E-np forms and the planar E-tt
structure is 1.56 kJ mol ™',

By comparing the molecular geometries of the E-tc and
E-np forms with those of the two s-cis(C—O) conformers (E-
cc and E-ct) the following conclusions can also be drawn:

(i) The O—H bond is shorter in the E-tc and E-np con-
formers than in the two s-cis(C—O) conformers. This is a
direct consequence of the presence in these latter conformers
of the abovementioned C=O---O—H through-space field
interaction which leads to an increase in the O—H bond
length by inducing an electronic charge migration from the
overlap O—H region towards the —O— atom;

(i) The C=0 and C—O bond lengths are, respectively,
smaller and larger than in the two s-cis(C—O) conformers,
indicating that the mesomerism within the carboxylate group
has a reduced importance when the O=C—O—H axis
assumes the s-trans conformation (as in E-tc) or a conforma-
tion close to this (as in E-np);

(iii) In both the high energy forms, the OH---CRH=CH
repulsive steric interactions are very important, leading to
very large C—C—0, C—O—H and H—C—C angles. Obvi-
ously, these interactions are much stronger in the case of the
E-np form, where the CRH=CH moiety is close to the steri-
cally more important —O— atom. Indeed, such interactions
are strong enough to put the energy of the planar E-tt con-
formation [corresponding to a saddle point in the PES of (E)-
crotonic acid] above that of the non-planar structure corre-
sponding to the stable form E-np, despite the mesomerism
involving the C=C—C=0 moiety and/or the carboxylic
group cannot operate so efficiently for non-planar structures
as for planar conformations;

(iv) The OH---CRH=CH steric interactions are also
responsible, at least in part, for the presence of a longer
C,—C bond in both E-tc and E-np conformers, though this
result may also be partially due to a reduced importance in
these forms of the mesomerism involving the C=C—C=0
moiety.

(Z)-Crotonic Acid
Table 1 presents the calculated molecular geometries, rota-
tional constants and dipole moments for the three possible
conformers of (Z)-crotonic acid (see Fig. 1). The energy of the
most stable conformer of this compound (Z-cc in Fig. 1) is ca.
10.5 kJ mol ™! higher than that of the most stable form of (E)-
crotonic acid (E-cc). This increase in energy in going from
E-cc to Z-cc can be ascribed to a reduced methyl-carbonyl
distance in the latter molecule, which leads to steric strain.
Indeed, this conclusion is reinforced by the relative values of
the C—C=0, C=C,—C, C—C;=C and H;5,—C—C bond
angles in the two molecules, which are all larger in Z-cc due
to the methyl-carbonyl steric repulsion. Apart from the
changes observed in the above bond angles (and in those
which must adjust to compensate these changes), the struc-
tural differences between E-cc and Z-cc are not significant.
The internal rotation about the C,—C bond in (Z)-croton-
ic acid, as for (E)-crotonic acid, gives two different con-
formers: the lowest energy form mentioned above (Z-cc) and
the Z-ct conformer (7 kJ mol ™! less stable than the Z-cc
conformer), which have C=C—C=0 dihedral angles equal
to 0° and 180°, respectively. On the other hand, in contrast to
(E)-crotonic acid, (Z)-crotonic acid possesses only one stable
non-s-cis(C—0) conformation. In fact, in this latter com-
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pound, besides the two s-cis(C—O) forms (Z-cc and Z-ct)
only the Z-tc conformer exists, where the C=C—C=0 axis
assumes the s-cis conformation and the O=C—O—H axis is
in the s-trans conformation (see Fig. 1). This different confor-
mational behaviour found for (Z)- and (E)-crotonic acids can
be easily understood considering the relative importance of
the steric interactions involving the f-carbon substituent cis
to the C(=O)OH fragment in the two molecules. When com-
pared with the H atom [the f-carbon substituent cis to the
C(=0)OH fragment in (E)-crotonic acid], the bigger methyl
substituent present in (Z)-crotonic acid leads to stronger
steric repulsions with either the carbonyl oxygen atom (in
s-cis forms) or hydroxy group (in s-trans conformations). This
increase of energy due to the H — CH; substitution is,
however, particularly critical for the s-trans conformation,
where the steric interaction involves the sterically much more
important OH group.

The conformation dependence of the geometrical param-
eters in (Z)-crotonic acid follows the same patterns found in
(E)-crotonic acid, and can be ascribed to the same general
effects discussed above. However, in general the changes in
bond angles are more pronounced owing to the increased
importance of steric effects in this molecule (see, for instance
the relative values of C—C=0 and C—C—O angles in E-cc
vs. E-ct and in Z-cc vs. Z-ct, shown in Table 1).

Finally, it is also noteworthy that the calculated electric
dipole moments of the various conformers of (Z)-crotonic
acid are systematically smaller than those of (E)-crotonic acid
(see Table 1). This result can be understood considering the
closer proximity of the positively charged p-carbon methyl
substituent of the negatively charged oxygen atoms in (Z)-
crotonic acid, and have potential applications to distinguish
the two molecules in appropriate chemical environments (e.g.
solvents polarity).

Vibrational Studies

UV-induced Isomerization Reactions and the Spectra of the
Individual Conformers

The IR spectra of (E)-crotonic acid isolated in Ar and Kr
matrices are essentially the same; both the observed fre-
quencies and intensities do not differ by more than 0.5%.
Thus, the following discussion will focus on the results
obtained in the Ar matrix.

The IR spectrum of (E)-crotonic acid trapped in an Ar
matrix deposited at 18 K is shown in Fig. 4. In addition to
the bands due to the monomers, the spectrum contains some
low intensity bands due to traces of cyclic dimers initially
present in the jet used to prepare the sampies, which could be
identified by recording the spectra with different
matrix : solute ratios.

Under irradiation with UV light of decreasing wavelength,
a noticeable redistribution of band intensities begins to take
place at ca. 262 nm (filter 250FS10-50; peak transmission
17% at 262.3 nm; bandwidth 10.3 nm) indicating that UV-
induced rotamerization reactions involving the conversion
between those conformers of (E)-crotonic acid which are ini-
tially present in the sample are taking place. In addition, new
bands appear in the spectrum, testifying the appearance of
new species. Under irradiation in the 243-253 nm region
(filter 240FS10-50; peak transmission 24% at 243 nm; band-
width 9.4 nm), the changes were found to be similar, but for
wavelengths smaller than 243 nm (non-filtered UV light was
used) bands due to CO, CO, and H,O appear in the spec-
trum, indicating the beginning of the acid photodissociation
processes. Fig. 5 shows the IR spectra obtained after irradia-
tion in the 243-253 nm region (in hexane solution at room
temperature, the 4_,, of the (E)-crotonic acid ethylenic n—n*
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Fig. 4 IR spectrum of (E)-crotonic acid isolated in an argon matrix
deposited at 18 K

absorption band is 219 nm, and the half bandwidth is 18 nm;
thus, the irradiation was carried out in the long-wavelength
wing of the absorption band) and after irradiation by non-
filtered light. The corresponding differential spectra are
shown in Fig. 6.

The observed redistribution of the intensities of the precur-
sor bands already present in the spectrum (two sets of bands
showing different behaviour upon irradiation were found)
must be due to a rotamerization reaction between the two
lower energy E-cc and E-ct conformers, since the two forms
are significantly populated at the deposition temperature.
Indeed, as indicated by the calculations (see Table 1), the
relative energy of the remaining conformers of (E)-crotonic
acid (the E-tc and E-np forms) are high enough to avoid this
form being significantly populated even at considerably high
temperatures. The comparison between the deconvoluted
spectra of the two forms of (E)-crotonic acid initially present
in the sample obtained from the difference spectra (irradiated
sample — non-irradiated sample) shown in Fig. 6 and the cal-
culated spectra for the two most stable conformers of (E)-
crotonic acid (see Fig. 7) shows that the downwards bands
can be ascribed to the E-cc form. Thus, it can be concluded
that irradiation promotes E-cc — E-ct isomerization.

An estimation of the relative population of the E-cc and
E-ct conformers in the non-annealed sample could be carried
out by taking into consideration the data shown in Fig. 8.

I'OJA&_W

0.0
4000 3000 2000 1500
wavenumber/cm™

Fig. 5 IR spectra of a sample of (E)-crotonic acid isolated in an
argon matrix (a) after UV irradiation for ca. 2 h in the 240-250 nm
region (changes in the spectrum are close to saturation) and (b) after
irradiation by non-filtered UV light
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Fig. 6 Difference spectra obtained by subtracting the spectrum of
the non-irradiated sample from: (a) the spectrum obtained after UV
irradiation in the 240-250 nm region; (b) the spectrum obtained after
irradiation by non-filtered UV light

4000

Based on the different behaviour of the various bands
observed in the W(O—H) stretching spectral region upon irra-
diation at 243-253 nm and by non-filtered light, the bands at
3579.3 and 3577.3 cm ™! could be ascribed to E-cc, while the
35857 and 3566.8 cm~! bands were ascribed to E-ct.
Assuming equal WO—H) integral absorption coefficients in
these two conformers (as indicated by the calculations), an
E-cc : E-ct population ratio equal to 1:0.65 could be esti-
mated from the experimental data. This result is in fairly

View Online
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good agreement with the predicted relative population at
room temperature obtained from the calculated relative con-
formational energy (1:0.35). On the other hand, since the
annealing of the matrices up to 32 K does not change the
spectra of either irradiated or non-irradiated samples, it can
be concluded that the barrier for internal rotation about the
C,—C bond must be larger than 12 kJ mol ~1.32 This lower
limit also agrees fairly well with the previously found gas-
phase value, obtained from microwave spectroscopy for the
acrylic acid monomer (16.0 + 6.0 kJ mol ~* 33).

The appearance of new bands in the spectra obtained after
UV irradiation of the sample indicates, as referred to above,
the photochemical production of new species. As two groups
of bands, exhibiting different intensity dependence on the
irradiation wavelength, were found, it can be concluded that
two different molecules are formed. Indeed, the comparison
of the deconvoluted IR spectra of the individual experimen-
tally observed molecules with the 6-31G* calculated spectra
clearly shows that these molecules correspond to the two s-
cis{(C—0O) conformers of (Z)-crotonic acid (Z-cc and Z-ct; see
Fig. 9). Note, the (E)-crotonic acid — (Z)-crotonic acid isom-
erization is both faster and more pronounced than the C,—C
rotamerization proccess discussed above that promotes
E-cc — E-ct conversion. Though volume restrictions imposed
by the matrix or relative masses of the rotating group may
also explain this observation, it is more probable that the
double bond character of the C=C bond strongly reduces
upon electronic excitation and, consequently, its associated
energy barrier to internal rotation becomes lower in the
excited state than that associated with the C,—C bond. The
E-cc : Z-cc relative population present in the original gaseous
mixture, estimated from the data shown in Fig. 8a [obtained
assuming equal WO—H) integral absorption coefficients in
both forms] is 1 : 0.05; a result which is in fairly good agree-
ment with the predicted value at room temperature (1 : 0.02)
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Fig. 7 Deconvoluted experimental IR spectra and SCF-HF/6-31G* calculated spectra of the E-cc and E-ct conformers of (E)-crotonic acid.
Experimental relative intensities correspond to intensities normalized to the total intensity of all observed bands ascribed to a given conformer
(I =100 I°*/y",_, ,I?™); calculated relative intensities are normalized to the total calculated intensity of all bands which have an experimen-
tally observed counterpart.
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Fig. 8 v(O—H) stretching IR spectral region: (a) non-irradiated
sample; (b) after irradiation in the 243-253 nm region both the
3579.3 and 3577.3 cm ™! bands (E-cc) decrease in intensity, while
bands at 3570.1 (Z-cc) and 3557.7 cm ™! (Z-ct) become more intense
and bands at 3585.7 and 3566.8 cm™! (E-ct) do not change appre-
ciably; (c) after irradiation with non-filtered light all bands decrease
in intensity, while a new band at 3571.5 cm ™' (photodecomposition
product) appears in the spectrum. This different behaviour compared
with the irradition processes was taken as a base for spectral decon-
volution.

obtained from the calculated relative energies of the two mol-
ecules.

The experimental and 6-31G* calculated wavenumbers and
intensities, as well as the potential-energy distribution (PED)
for the observed conformers of both (E)- and (Z)-crotonic
acids are shown in Tables 2-5. Tables 6 and 7 present the
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calculated values obtained for the higher energy forms (E-tc,
E-np and Z-tc). These Tables also include the wavenumbers
obtained with the scaled force fields. These latter show a
general agreement with the experimental values to within 2%
for the experimentally observed conformers (see also Fig. 10).

All the studied conformers except for E-np belong to the
Cs point group and thus, their 30 normal modes span the
irreducible representations, 20 A’ + 10 A”. Form E-np
belongs to the C, point group and all their vibrations belong
to the totally symmetric representation. Table 8 shows the
local Cg symmetry coordinates used in the normal coordinate
analysis.

Most of the observed IR bands ascribable to individual
conformers appear as close doublets resulting from molecules
trapped in different matrix environments (some bands show a
more complex structure). Thus, for these cases, in order to
make a more direct comparison with the calculated values,
the gravity centres of the experimental bands were obtained
[v8 = Y (vo%I°)/3 , I°™; I' = Y o>, with i being the number
of components resulting from matrix site effects].

(E)-Crotonic Acid. The experimental IR spectra of the two
individual conformers (E-cc and E-ct) are characterized by
the systematic appearance of the bands grouped as doublets
originating from two different sets of molecules trapped in
two different matrix environments. In addition, some vibra-
tions give rise to additional bands which can be ascribed to
Fermi resonance interactions.

In the E-cc spectrum, both the C=0) and v(C=C) vibra-
tions appear as triplets [W(C=0): 1758.8, 1756.5, 1755.1
cm™!; W(C=C): 16719, 1669.6, 16639 cm ']. Considering
the relative intensities of the observed components, the pairs
of bands at 1758.8/1755.1 cm ™! and 1671.9/1669.6 cm ™! are
assigned to v({C=0) and v(C=C) of one set of molecules
[whose vibrations are involved in Fermi resonance, most
probably with the 1st overtones of WC,—C) and ¢C,—H)

(Z-ct)
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Fig. 9. Deconvoluted IR experimental spectra and SCF-HF/6-31G* calculated spectra of the Z-cc and Z-ct conformers of (Z)-crotonic acid.
Experimental relative intensities correspond to intensities normalized to the total intensity of all observed bands ascribed to a given conformer

(I =100 I°*/y
tally observed counterpart.

i=1.,135); calculated relative intensities are normalized to the total calculated intensity of all bands which have an experimen-
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Table 2 Experimental and calculated vibrational wavenumbers (cm ™ !) and intensities for (E)-crotonic acid (E-cc form)

exp. (IR, Ar matrix) calc. (6-31G*)
approximate description  symmetry v I yeee Jew® v I ysealede PED?
wWO—H) A’ 3579.3 29 35782 55 4060 7.7 3562 s,[100]
35773 2.1
35753 0.5
WC,—H) A’ no 3388 04 3074 s,[99]
WC,—H) A’ 30204 <01 30154°¢ <01 3369 02 3057 s5[99]
30103 <0.1
WCH,),, A’ 2990.7 04 29900° 06 3288 13 2985  s,[97)
2988.6 0.2
WCH,),, A" 2963.5 02 2957.5° 04 3254 14 2967  s,,[101]
2953.3 0.2
WCH.), A 29314 02 29293 03 3202 14 2907  s4[98]
2925.0 0.1
wC=0) A’ 1758.8 40 1756.6 164 2007 221 1774 $[90]
1756.5 75
1755.1 49
WC=C) A 16719 08  1667.0 45 1883 90 1666  s,[72] +s,,[12] + 5,,[10]
1669.6 1.3
1663.9 24
&CH,;),, A’ 1449.7 2.1 14485 46 1629 1.9 1445 sg[92]
1447.6 25
8(CH,),, A" 1435.8 0.2 14358 02 1623 04 1434 $,,[94]
&(CH,), A’ 1379.1 0.5 13774 08 1565 02 1389 so[104]
1374.6 0.3
WC—O0) + C—O0—H) A’ 1360.1 19 13589 26 1532 88 1360 5,0[26] + 5,6[17] + 5,5[16]
+51,[15] +54,[13]
1355.5 0.7
&C,—H) A’ 13199 02 13062 07 1445 10 1284  s,,[64] +5,[13]
1300.7 0.5
&C,—H) A’ 12728 05 12713* 09 1412 L1 1255  s,,[41] +s,5[33]
1269.4 04
§C—O—H) + WC—0) A’ 12362 03 11471 180 1312 218 1169  s,5[32] + S,,[46]
12330 0.3
1144.6 11.8
1143.0 5.6
ACH,) A’ 10935 49 10915 113 1216 21 1085  s,,[31] + s,5[26] + s;,[14]
1089.9 64
¥CH,) + %Cy—H) A no 1203 02 1064  s,,[44] +5,,[61]
AC,~H) A" 979.2 13 9755¢ 42 1107 22 979 s,,[82] + spe[17]
973.9 29
wC—C) A’ 9727 28  971.9° 43 1058 01 948 s, ,[37] + 5,4[26] + 8,,[10]
970.5 1.5
wC,—O) A’ 892.5 04 889.6 0.8 979 1.5 879 8,6[24] + 5,,[36]
+ 5150131 + 5,,[10] + s5,5[10]
886.7 04
#C,—H) + %CH,) A" 842.2 12 8412 23 958 24 847  s,,[38] + 5,5[49] + s,,[11]
840.1 1.1
HC=0) A” 6986 S0 6986 S0 793 44 702 s,6[70] + 5,4[13]
HO0=C—0) A’ 648.9 1.5 647.7 40 718 33 651 s,,[58] + s,0[10]
647.0 25
(C—0) A" 567.0 28 565.6 8.9 638 54 565 s,,[98]
565.0 6.1
§C—C=0) A 4687 05 4662 09 504 07 465  s,5[52] + 5,5[16] + 5,0[10]
463.1 04
8C—Cy=C) A’ no 420 04 391 s,0[46] +5,¢[14]
H(C=C) A" no 22 <01 198  s,[100] + s,[11]
AC—C) A" 1o 208 <01 186  5,,[76] + S3o[17]
HC=C,—C) A no 201 01 201 s;o[ST] + 550[27] + 5,5[24]
%C,—C) A" no 110 01 100 540[86] + s56[17]

Vibrations: v, stretching; §, bending; w, wagging; y, rocking; 7, torsion. no, not observed; s, symmetric; as, asymmetric. See Table 8 for
definition of coordinates. Experimental intensities are normalized to the total intensity of all observed bands (I = 100 I°*/}",_, , It™, where n is
the number of observed IR bands ascribed to the conformer). Calculated intensities are normalized to the total calculated intensity of all bands
which have an experimentally observed counterpart. The non-normalized ab initio intensities (km mol~!) can be obtained by multiplying the
values presented in the Table by 16.82. “ v# correspond to the wavenumbers of the gravity centres of the groups of bands ascribed to the same
normal mode; they are calculated as v&¢ = Y (v***I°*)/}", I°**, where i is the number of total components of the group of bands. * I'**! is the
total intensity of the bands ascribed to the same normal mode. © The resulting scaled C—H stretching wavenumbers were found to be
considerably underestimated (error &~ 3—-4%). An additional correction factor (1.033) was then applied specifically to these vibrations, leading to
a reduced error of less than 1%. Such an additional correction factor was obtained by linear regression, constrained by assuming a zero
intercept and performed using all observed/scaled WC—H) wavenumbers for all observed conformers. ¢ PEDs < 10% are not presented in the
Table. ¢ Value not used in the force-field scaling.
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Table 3 Experimental and calculated vibrational wavenumbers (cm ~!) and intensities for (E)-crotonic acid (E-ct form)

exp. (IR, Ar matrix)

calc. (6-31G*)

approximate description symmetry v I yee a it v I ysealede PED*
wWO—H) A’ 3585.7 42 35755 9.1 4064 8.4 3565 s,[100]
3566.8 49
wC,—H) A’ 3080.7 0.1 3080.7 0.1 3389 04 3075 s,[98]
WC,—H) A’ 3061.6 0.1 3060.3° 0.4 3374 0.5 3062 s;[98]
3059.9 0.3
WCH,),, A’ 1o 3289 13 2986  s,[97]
WCH,),, A" no 3253 16 2966  s,,[101]
WCH,;), A’ 2926.7 02 2926.7¢ 0.2 3202 1.6 2907 s5[97]
wWC=0) A’ 1764.5 27 17576 244 2022 39.8 1786 s¢[87]
1756.7 21.7
WC=C) A no 1877 13 1661  s,[71] +s,,[12]
o(CH,),, A’ 1446.4 29 14464 29 1628 0.8 1444 sg[94]
&(CHS),, A" 14418 05 14418 05 1623 04 1434  s5,,[94]
&CH,;), A’ 1397.2 1.0 1397.2¢ 1.0 1566 0.5 1390 5o[103]
WC—0) + C—O—H) A 13823 1.6 13598° 7.1 1523 86 1352 s,o[31]+ 5,6[23] + 8,3[22] + 5,,[17]
1365.9 18
1352.0 04
1346.6 33
&C,—H) A’ 13080 03 1307.6 0.5 1453 03 1291 $,,[62] + s,[14]
13070 0.2
&C,—H) A 12680 12 12680 12 1423 05 1265  s,,[70]+s,,[13]
HC—O—H) + W(C—0) A’ 1229.0 39 11780 170 1344 16.0 1196 $,3[61] + s,,[25]
1163.9 9.7
1159.7 34
#CH,) + C—C) A’ 11019 25 10989 61 1208 16 1078  s,,[32] + s,5[36]
1096.9 3.6
WCH,) + %(C,—H) A" no 1199 02 1060  s,,[47] + 5,5[57]
C,—H) A" 9768 37 9768 37 1112 26 983  5,.[47] + 5,,[16] + s,5[14]
WC—C) + )(CH,) A 9628 14 9610 22 1049 03 939 5,4[36] +5,4[20] + 5,0[13] + 5,4[12]
957.8 0.8
WC,—C) A 8702 11 8678 25 960 11 862  s5,[24] + 5,,[24] + 5,6[23] + 5,5[10]
865.9 1.4
#C,—H) + {CH,) A 8458 19 8458 19 959 22 848  s5,,[40] + s,,[45]
#C=0) A" 6839 29 6839 29 773 38 685  s;o[54] + s;[21] + 555[12]
§O0=C—0) A 6246 62 6246 62 689 43 626  s,,071] +5,5[13] + s;5[13]
7(C—0) A” 548.0 1.9 543.9 10.1 614 6.7 544 s,,[102]
5429 8.2
5C—C=0) A no 541 04 497 s,4[54] + s;6[11] + 5,5[10]
HC—C,=C) A’ no 410 03 383 s5,,[50] + 5,5[14] + 5,¢[11]
H(C=C) A" no 219 <01 195  s,0[91] + Spe[12]
¥C=C,—C) A no 209 01 207 s,o[55] + 530[25] + 5,5[22]
(C—C) A" no 207 <01 184  s,,[76] + sso[15]
%C,—C) A" no 109 <0.1 98 5;,[83] + 5,5[16]

See Table 2 for all definitions except for non-normalized ab initio intensities (km mol~!) which can be obtained by multiplying the values in the

Table by 15.55.

+ ¥(CHj;), respectively], while bands at 1756.5 and 1663.9
cm™! are assigned to the same vibrations belonging to a
second set of molecules, in a different matrix site, which are
not interacting by Fermi resonance. In turn, the presence of
four bands ascribable to the (COH) + C—O) mode may
also be explained assuming the participation of this vibration
in a Fermi resonance interaction with the 1st overtone of the
8(O=C—0) mode, in the two non-equivalent sets of mol-
ecules. However, the precise identification of the components
of each doublet cannot be made, since it is apparent that the
interactions with the matrix, in the two matrix sites observed,
affect the intensities of this vibration in a different way.
Indeed, in this case, the sum of the intensities of the Fermi
doublets originated in the two non-equivalent sets of mol-
ecules are considerably different.

In the case of the E-ct conformer, similar Fermi resonance
interactions  involving the §(COH) + C—O0) and
WC—O) + 6(COH) vibrations seem also to occur. As was
found for the E-cc form, the relative intensities of the various
band components of the observed E-ct multiplets also point

to identical populations of molecules and similar intensity
perturbations owing to interactions with the matrix in the
two observed matrix sites. Thus, the pairs of bands at 1382.3/
1365.9 cm ™!, 1352.0/1346.6 cm ™! [WC—O) + §(COH)] and
1229.0/1159.7 cm ! [§(COH) + WC—O)] are easily assigned
to Fermi resonance doublets originating in molecules in one
particular matrix site. The band at 1163.9 cm ™! corresponds
to the ‘pure’ §(COH) + v(C—O) mode of these molecules in
the second matrix site (differing from that associated with the
Fermi doublet observed at 1229.0/1159.7 cm ™).

It is important to note that the involvement of
8COH) + C—0), wC—O0)+ &COH), v(C=C) and
WC=0) fundamentals in Fermi resonance interactions has
already been observed previously for other monomeric car-
boxylic acids (in particular acrylic acid) isolated in noble gas
matrices.®"1%-2°

Also, as has been found for other monomeric carboxylic
acids isolated in noble gas matrices,?1°?° some of the WCH)
vibrations could not been observed in the IR spectra of (E)-
crotonic acid (see Tables 2 and 3). This is, however, due to
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Table 4 Experimental and calculated vibrational wavenumbers (cm ~*) and intensities for (Z)-crotonic acid (Z-cc form)

exp. (IR, Ar matrix)

calc. (6-31G*)

approximate description  symmetry v I yeea Jroatb v 1 ysealede PED*
vw(O—H) A’ 3570.1 6.1 3570.1 6.1 4062 80 3564 s,[100]
WC,—H) A’ no 3391 06 3077 s,[95]
WCH,),, A’ no 3373 01 3061  s,[83] + s[12]
YWCs;—H) A’ 3058.1 02  3058.1° 0.2 3330 1.2 3022 s;[94]
WCH,),, A" 29551 0.1 29477° 07 3243 17 2957  s,,[101]
2945.9 0.6
WCH.,), A’ 29219 02 29219° 02 3200 16 2906  s4[88] + sy[15]
WC=0) A 17525 118 17513 206 2006 212 1773 5,{90]
1749.6 8.8
WC=C) A 16537 37 16537 37 1873 83 1657  s,[77]
§(CH,),, A" no 1641 05 1450  s,,[89]
S(CH,),. A 14444 27 14444 27 1626 37 18442 s,(72] +s,,[10]
8(C,—H) A 14198 04 14198 04 1595 16 1415 s,,[24] + sg[28]
+ 5,,[23] + 55[10]
&CH,), A’ 13695 14  1369.5 14 1552 12 1377 s,[92]
SC—O—H) + HC—O0) A’ 12983 0.5 12983 0.5 1462 18 1299  s,5[39] + s,,[15]
T 5,,[14] + 5,,[11]
§C,—H) A 1221.7 06 12217 0.6 1392 02 1238 $31[32] + 5,,[30]
WC—O0) + §C—O—H) A’ 11481 19 11350° 232 1316 273 1172 s,,[53] +5,5[37]
11412 6.1
11354 5.3
11344 3.5
1126.2 3.2
1124.5 32
#CH,) A’ 10884 44 10884 44 1218 32 1086 s,,[43] +,,[14]
+5,5[14] + 5, 5[ 11]
WCH,) + HC,—H) A no 1205 <01 1066  s,,[42] + 5,5[64]
+ 855[14]
#C,—H) A" no 1116 02 987 5,,[43] + 5,3[27]
+ 5,5116]
WC—C) A 9339 11 9339 L1 1015 01 910 s,4[34] + 5,4[26]
+ 56[18]
C,—C) A’ 8619 04 8619 04 939 07 843 s,.[28] +5,5[34]
+ 8;4[15] + 5,5 10]
#C,—H) + %(CH,) A" 8206 22 8183 143 932 61 824  s,,[44] + s,3[21]
+ 5260217 + 5,,[10]
819.6 6.7
817.7 0.8
815.3 4.6
§0=C—0) A 7029 08  698.1 21 768 33 695 s,5[31] + 5,5[24] + 550[17]
695.2 13 +510[12] + 5,5[11] + 5,,[10]
AC=0) A 1o 758 08 671 5,4[47] + 5,4[30] + 5,5[11]
#C—0) A" 5758 47 5744 160 644 75 STl s,,[91]
574.2 9.4
571.8 19
HC—C,=C) A 500 19 5200 19 566 14 519 s;0[15] + 5,,[50] + s¢[18]
C—C=0) A’ no 392 03 367  s,5[60] + 5,0[58]
1C=C) A" no 360 0.1 320 $,[77] + s,6[20]
§C=C,—C) A’ 1o 238 02 233 s,6[53] + s,5[15]
1(C—C) A" no 123 <01 111 s,4[103]
#C,—C) A" no 58 0.1 54 s3[99]

See Table 2 for all definitions except for non-normalized ab initio intensities (km mol ~*) which can be obtained by multiplying the values in the

Table by 16.19.

the very low intensities of these modes in the IR, as can be
inferred from the corresponding calculated intensities shown
in Tables 2 and 3. In turn, their Raman activities were pre-
dicted to be very large [the 6-31G* calculations predict that,
together with the WO—H) and wWC=C) modes, the v(CH)
vibrations are those giving rise to the most intense Raman
bands], and in the Raman spectra of room temperature crys-
talline (E)-crotonic acid prominent bands appear at 3058,
3039, 2978, 2957 and 2925 cm™!, which can be ascribed to
WC,—H), v(C;—H), v(CH,),, (a"), v(CHy),, (a") and w(CHj;),,
respectively.®*

As noted in our previous study on acrylic acid,® the pre-
dicted (scaled) v(CH) wavenumbers are somewhat lower than
those observed (error &~ 3-4%). This may be only due to the
exceptionally large anharmonicity usually exhibited by these

vibrations or result from intermolecular interactions (either
between the molecules of the acid, in the crystal or between
crotonic acid and the matrix environment, in the matrix-
isolated situation). In addition, the worse agreement between
predicted (scaled) and experimental wavenumbers may also
be a consequence, at least in part, of the involvement of the
w(CH) fundamentals in Fermi resonance interactions, as sug-
gested by the appearance in the v(CH) spectral region of a
number of additional lower intensity bands. However, in
order to reach a better agreement between the observed and
calculated (scaled) wavenumbers, an additional correction
factor to the scaled wavenumbers was determined by linear
regression constrained by assuming a zero intercept and per-
formed using all observed/scaled w(CH) wavenumbers for all
observed conformers. After this extra correction, the calcu-
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Table 5 Experimental and calculated vibrational wavenumbers (cm ™ ') and intensities for (Z)-crotonic acid (Z-ct form)

exp. (IR, Ar matrix)

calc. (6-31G*)

approximate description ~ symmetry v I veee Jretalt v 1 ysealed e PED*
WO—H) A’ 3557.7 70 35577 7.0 4054 9.8 3557 s,[100]
wC,—H) A’ no 3391 06 3077  s,[96]
WCH3),, A’ no 3376 04 3064  s,(83] + s5[12]
WC,—H) A’ no 3327 14 3020  s,[95]
WCH,),, A" 20459 07 29459° 07 3245 21 2958  s,,[101]
WCH,). A’ no 3203 20 2908  s,[87] + s,[16]
wC=0) A’ 1746.7 17.8 1743.7 39.7 2016 479 1781 s¢[87]
1741.2 219
WC=C) A no 1869 10 1654  s,[75] + s,,[10]
8(CH,),, A no 1638 06 1447  5,,[91]
8CH3),. A’ no 1626 03 1442 s4[95]
8C,—H) A’ 14138 3.1 14138 31 1579 24 140t 81,0321 + so[22] +5,,[19]
+s46[11]
8CH,), A no 1565 25 1389 s,[68]
WC—0) + §C—O—H) A 13388 41 13388 41 1504 49 1336 s,o[18] +5,,[31] + 5,5[14]
+ 5,,[13] + 5,5 11]
&C,—H) A 12633 12 12633 12 1403 L1 1248 s,,[27] + 5,,024] + 5,5[17]
§C—O0—H) + wC—0) A’ 12230 1.8 11741 208 1345 168 1197  s,5[46] + s,o[28]
1217.0 0.4
1168.5 18.6
WCH,) + #C,—H) A" no 1202 <01 1063  s,,[44] + s,5[42]
WCH3) A’ 10682 2.5  1068.2 25 1199 23 1070 s,,[50] + S,[12] + s,0[12]
+54,[10]
#C,—H) A" no 1123 03 993 5,,[47] + 5,3[28] + s,5[14]
WC—C) A’ no 1007 02 903 s,4[46] + 5,,[19] + s,4[11]
WC,—C) A 8356 18 8356 18 918 07 826 5,,[24] +5,5[23] + 5,0[21]
+5,5[12]
WCp—H) + y(CH,;) A" 8273 146 827.3 14.6 934 7.5 826 5,5[43] + $,6[22] + 5,5[22]
3(0=C—0) A 6759 26 6759 26 142 37672 s,50317 + 5,0[41] + 550[27]
+ 815[12] 4 8,4[12] + 5,5[10]
#C=0) A 6615 19 6615 19 744 07 658 s,[45] + s,5[13] + 5,5[13]
1C—0 A" no 635 9.3 571 $,7[95]
8(C—C=0) A’ no 593 21 367 s,4[10] + 5,,[50] + 5,4[22]
6(C—Cy=0C) A’ no 382 0.5 519 $50[69] + s,5[58]
1(C=C) A" no 359 01 320 5,6[75] + 556[22]
8C=C,—C) A’ 1o 249 <01 233 s,o[54] + 5,[16]
H(C—C) A no 114 <01 111 5,,[95]
oC,—C) A" no 47 0.1 54 830[106]

See Table 2 for all definitions except for non-normalized ab initio intensities (km mol ~!) which can be obtained by multiplying the values in the

Table by 12.93.
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Fig. 10 Differences between the SCF-HF/6-31G* calculated (scaled)
wavenumbers and the experimental values [100 (vsc2led — yexp-)/yexp-
%]). The scaled values were calculated from the optimized straight
lines obtained by fitting calculated to experimental wavenumbers
using two different linear regressions, one for in-plane vibrations, and
the other for out-of-plane modes (see text). The straight lines obey
the equations. yscaled (in-plane) = 0.870 x v imitio 4 358
(R% = 0.999 554); (out-of-plane) = 0.882 x yebinitio 4 3 §
(R? = 0.999 445).

Vscnled

lated wavenumbers agree with the experimental values to
within less than 1%.

In contrast to the W(CH) vibrations, those modes involving
the oxygen atoms give rise to the most intense IR bands,
WC=0), (COH) + C—O0), and (C—O) dominating the
spectra of both observed conformers of (E)-crotonic acid.
Thus, the assignment of these bands could be made easily,
being in consonance with the predicted intensity ratios (see
Tables 2 and 3). It is very well known that some significant
intensity variations occur in bands associated with vibrations
of the carboxyl group in molecules as a consequence of inter-
nal rotation.® Thus, the good agreement found between
experimental and calculated intensity ratios of the bands
ascribed to the WC=0), §(COH) + C—0), and (C—O)
vibrations in the two conformers [experimental vs. predicted
Ig /1. are 1.5 vs. 1.8, 0.9 vs. 0.8 and 1.1 vs. 1.2 for, (C=0),
6(COH) + v(C—0), and (C—O), respectively] strongly
support the assignments made.

The normal coordinate analysis show that most of the
vibrations are dominated by one internal symmetry coordi-
nate (see Tables 2 and 3). However, as is usual for monomeric
carboxylic acids,®!5-2%3! y(C—O) and §(COH) are consider-
ably mixed and thus, it appears to be more correct to con-
sider, instead of ‘pure’ W(C—O) and 6(COH) coordinates,
‘hybrid’ vibrations having significant contributions from
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Table 7 Calculated vibrational wavenumbers (cm ™ ') and intensities for the non-observed conformer of (Z)-crotonic acid (Z-tc)

approximate description symmetry v I ysealed a PED®
WO—H) A’ 4125 49 3618 s,[100]

WCH,),, A 3381 0.1 3068 s.[84] + s5[12]

wC,—H) A’ 3344 17 3035 s,[54] + s,[43]

WC;—H) A’ 3319 0.7 3013 s3[54] + s,[46]

¥CH,),, A" 3244 15 2958 s,,[101]

W(CH,), A’ 3201 14 2907 5,881 + s,[15]

wC=0) A’ 2038 18.5 1801 s[91]

V(C=C) A’ 1867 83 1652 s,[77]

8(CH,),, A" 1641 0.6 1450 $,,88]

&CH,),, A 1624 33 1440 55[69] + 5,141

&C,—H) A’ 1596 0.6 1416 $,1[29] + sg[31] + 51,231

&CH,), A’ 1550 12 1375 $5[92]

C—O—H) + C—0) A 1454 370 1291 $,3055] + 510029 + 5,(10]

&C,—H) A’ 1410 1.3 1253 s,,[44] + 5,,[19] + 5,[10]

WC—0) + §C—0—H) A 1282 1.4 1142 $10037] + 5,5[27]

#CH,) A 1216 0.7 1085 $1a039] + 511[13] + 5,0[12] + 5,45[11]
HCHy) + HC,—H) A" 1205 <01 1066 5,547 + 5,,[43]

#C.—H) A" 1100 0.1 972 $24[457 + 5550271 + 5,5[23]

WC—C) A’ 1014 09 909 $,5[33] + 5,4[26] +5,.[18]

WC,—C) A’ 950 03 854 $16[27] + 5,5[35] + 5,,[13]

#C,—H) + y(CH,) A" 909 46 804 $,5[40] + 5,[27] + 8,3[18] + 8,4[11]
§0=C—0) A 784 11 708 $190351 + 5,0[27] + $50[17] + 8,5[13] + ,0[11] + 5,,[10]
#C=0) A" 728 06 644 8260421 + 5,4[317 + 5,5[16] + 5,5[12]
§C—C=0) A 571 0.1 523 $,5024] + 5,,[44] + 5,4[20] + 5,5[15]
(C—0) A" 462 7.2 410 s,,[104]

HC—C,y=C) A 401 02 375 $,0[60] + 5,5[56]

H(C=C) A" 365 08 324 $35L76] + 556[22]

8§C=C,—C) A’ 245 0.6 239 $,5054] + 5,5[12]

%(C—C) A" 116 <01 105 5,5[104]

%C,—C) A" 23 0.2 23 $30[96]

Vibrations: v, stretching; é, bending; w, wagging; 9, rocking; 7, torsion. no, not observed; s, symmetric; as asymmetric. See Table 8 for definition
of coordinates. Calculated intensities are normalized to the total calculated intensity of all bands (I = 100 I°**/3’. | ; I?<). The non-
normalized ab initio intensities (km mol ') can be obtained by multiplying the values presented in the Table by 16.84. “ An additional correc-
tion factor (1.033) was applied specifically to the scaled C—H stretching wavenumbers resulting from the scaling; such an additional correction
factor was obtained by linear regression, constrained by assuming a zero intercept and performed using all observed/scaled WC—H) wavenum-

bers for all observed conformers. > PEDs < 10% are not presented in the Table.

these two  coordinates [6(COH) + (C—0O) and
wC—O0) + (COH)]. Similar situations occur for y(CH,) (a")
and y(C,—H} in both the E-cc and E-ct conformers [*hybrid’
coordinates, (CH;) + yC,—H) and y(C,—H) + y(CH,), are
prefered] and for y(CH,) (a') and WC—C) in the E-ct form [in
the E-cc conformer, the vibrational mixing involves the
P(CH,) (a’) and both the two ¥(C—C) stretching modes:
WC—C) and ¥(C,—C), see Table 2]. For both conformers, the
vibrations which can be approximately described as
WC—O0) + (COH), (C—C) and v(C,—C) correspond to
those modes where the mixing of coordinates is more exten-
sive. It is important to note that such mixing makes these
modes extremely sensitive to both conformation and chemi-
cal environment, thus making them suitable for use as IR
spectroscopic probes for both conformer identification and
characterization of the main intermolecular interactions
involving this kind of molecule.

Finally, it is interesting to compare the calculated (or
observed) (C=0) and v(OH) frequencies of the two experi-
mentally observed conformers with those predicted for the
higher energy E-tc and E-np forms (Tables 2, 3 and 6). In
fact, both these modes are predicted to occur at much higher
frequencies in the latter conformers. These results can be cor-
related with the presence in the observed conformers of the
previously mentioned C==0O- - -OH through-space field inter-
action that increases the degree of polarization of both the
C=0 and OH bonds in these forms, leading to reduced force
constants associated with the C=0 and OH oscillators and,
consequently, to lower (C=0) and W(OH) vibrational fre-
quencies. In addition, the predicted intensities of the v(OH)
IR bands of both the E-tc and E-np forms are considerably
lower than in the two experimentally observed conformers.

This result is in agreement with those previously obtained for
acrylic acid® and, consequently, it can also be ascribed to a
reduced charge-flux contribution to the v(OH) IR band inten-
sities in the non-observed conformers.

(Z)-Crotonic Acid The detailed analysis of the IR spectra of
the two observed conformers of (Z)-crotonic acid (Z-cc and
Z-ct; see Tables 4 and 5 and Fig. 9) indicates that at least the
lower energy Z-cc form of this molecule is also trapped in
two different sites [only one intense band doublet 1746.7/
17412 cm™! could be observed in the spectrum of the Z-ct
form, and this may be a Fermi resonance doublet involving
the v(C=0) fundamental and the combination band WC—C)
+ WC,—C)]. As in the case of (E)-crotonic acid, also for the
Z-cc conformer of (Z)-crotonic acid the simultaneous
occurrence of matrix site splitting and Fermi resonance gives
rise to the appearance of bands presenting complex structure
[eg. (C=0), (C—O0) + §(C—O—H), y(C,—H) + y(CH,),
7(C—O0); see Table 4].

The following additional points shall be stressed:

(i) The calculated composition of normal coordinates in
terms of internal coordinates for the various conformers of
(Z)-crotonic acid points to a coordinate mixing similar to
that found for (E)-crotonic acid. In particular, the [(C,—H);
y(CH,)] and [W(C—O0); {(C—O—H)] pairs of coordinates are
best represented by their ‘hybrid’ coordinates. However, in
the case of the Z-ct conformer, that coordinate best described
as WC—O) + 6(C—O—H) appears at a higher frequency
than that described as {C—O—H) + w(C—O), in contrast to
what succeeds for all other studied molecules (see Tables 2-7).
Furthermore, in both observed conformers of (Z)-crotonic
acid, the 6(O=C—O0) coordinate corresponds to that having
the highest degree of mixing, thus acquiring increased
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Table 8 Definition of the internal symmetry coordinates used in the normal coordinate analysis

coordinate approximate description symmetry definition

S, wO—H) A’ wO—H)

S, vC,—H) A wC,—H)

S, vC,—H) A’ WC,—H)

Ss wCH,),, A’ 2vfC—H(10)] — v[C—H(11)] — v[C—H(12)]

S; v(CH,), A’ v[C—H(10)] + v[C—H(11)] + v[C—H(12)]

Se wC=0) A’ wC=0)

S, YWC=C) A’ wC=C)

Sg 8(CH,;),, Al 26[H(11)—C—H(12)] — s[H(10)—C—H(11)] — 6[H(10)—C—H(12)]

S, o(CH ), A’ S[H(11)—C—H(12)] + §[H(10)—C—H(11)] + 8[H(10)—C—H(12)]
— 6[H(10)—C—C] — o[H(11)—C—C] — 6[H(12)—C—C]

Sio wC—0) A’ wC—0)

S 6(C,—H) A’ dH—C,=C) — §(H—C,—C)

S, o(Cy—H) A’ d{H—C,—C) — 6(H—C,=C)

Sis o(C—O—H) A’ §C—O0—H)

Sia YCHj5) A’ 28[H(10)—C—C] — §[H(11)—C—C] — 6[H(12)—C—C]

Sis wC—C) A’ WC—C)

Sie wC,—C) A’ wC,—C)

S, H0=C—0) A’ 26(0=C—0) — §(C—C=0) — C—C—0)

Sis HC—C=0) A’ HC—C=0) — §(C—C—0)

Sie HC=C,—C) A’ 26(C=C,—C) — (H—C,=C) — H—C,—C)

S, HC—C,=0C) A’ 26(C—Cyg=) — (H—C,—C) — 6(H—C,=C)

S,: WCH,),, A" v[C—H(11)} — v[C—H(12)]

S, &(CH,),, A" 6[H(10)—C—H(11)] — s[H(10)—C—H(12)]

S;s y(CH,) A" 6[H(11)—C—C] — é[H(12)—C—C]

S5 WC,—H) % y[C—C(—H)—C]

Sas WCs—H) A" WC—Cy(—H)=C]

S26 %C=0) A’ y[C—C(=0)—0]

S, (C—O) A" (H—O0—C=0) + (H—0—C—C()

S,s (C—C) A"’ 1[H(10)—C—C=C] + 7[H(11)—C—C=C] + t[H(12)—C—C=C]
+ 1[H(10)—C—C—H] + [H(11)—C—C—H] + [H(12)—C—C—H]

S, (C=C) A" (H—C=C—C) + f{C—C=C—C) + (H—C=C—H) + 1(C—C=C—H)

Si0 7(C,—C) A" (H—C—C=0) + t(H—C—C—0) + 7(C=C—C=0) + 1(C=C—C—0)

Normalization constants are not given here; they are chosen as N = (3.¢?)~"/2, where ¢; are the coefficients of the individual valence coordi-
nates. Vibrations: v, bond stretching; 4, in-plane bending, y, rocking, 7, torsion. as, asymmetric; s, symmetric.

importance as an IR spectroscopic probe for the study of
intermolecular interactions involving this molecule.

(ii) As compared with the corresponding modes in the two
observed forms, both ¥({C=0) and v(OH) are predicted to
occur at much higher frequencies in the non-observed Z-tc
form. This is a similar trend to that observed in the case of
(E)-crotonic acid and thus, can be ascribed to the same
causes.

(iii) Finally, by comparing the relative frequencies of the
corresponding vibrational modes of the (Z)- and (E)-crotonic
acid conformers, the following bands can be selected as being
those more suitable to distinguish between the two acids (i.e.
those bands more sensitive to the position of the methyl
substituent): (C,—H) and §(O=C—0), which are both blue
shifted in Z-crotonic acid, and 3(COH) + WC—0), C—C),
vC,—C), y(C;—H) + y(CH;) and y(C=0), all being red
shifted in this molecule. It is interesting to note that most of
these modes predominantly involve coordinates that are
directly affected by the change of position of the methyl

group.

Photodecomposition of Crotonic Acid under UV Irradiation
below 243 nm

As referred to before, upon UV irradiation at wavelengths
smaller than 243 nm, crotonic acid begins to photo-
decompose. This can be easily detected spectroscopically,
since characteristic bands of CO, CO, and H,O appear in
the spectrum of the sample after irradiation by non-filtered
light [see Fig. 5(a)]. Very interestingly, the amount of CO,
produced by the photodecomposition processes is consider-
ably higher than that of both CO and H,O.

In addition to the bands due to CO, H,O and CO,, other
bands ascribable to crotonic acid photodecomposition pro-
ducts could be observed, which are attributed to formic acid,
propene and a hydrogen-bonded compiex of propyne with
CO (Table 9). Since the adduct is a well isolated crotonic acid
molecule, the photochemical transformations pertain to reac-
tions confined to the matrix cage. This fact and stoichiomet-
ric considerations imply that CO is trapped together with
H,0 and propyne, and CO, with propene. Most of the
observed frequencies are slightly different from the literature
values®3—4° (see Table 9), clearly indicating that the products
of photodecomposition which are trapped in the same matrix
cage are interacting with each other. In particular, the fre-
quencies of CO were measured at 2147.4, 2138.2 and 2130.1
cm™!, the highest frequency band corresponding to a fre-
quency typical of a hydrogen-bonded complex of CO.38-4°
Thus, the results indicate that under irradiation below 243
nm, crotonic acid decomposes following two main pathways:

() CH;—CH=CH—COOH - CH,;—CH=CH, + CO,

() CH,—CH=CH—COOH -
CH,—C=CH + CO + H,0

with the primary photoproducts of (II) acting as reactants in
one of the two secondary processes (IIa) or (IIb):

(Ila) CH,—C=CH + CO — CH,—C=CH:--CO
(IIb) CO + H,0 - HCOOH

Since among the bands originating from the photo-
decomposition products, those ascribed to CO, and formic
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Table 9 Observed IR wavenumbers (cm ™ !), relative intensities and vibrational assignments for the products of photodissociation of crotonic
acid

assignment molecule? symmetry v® I yee d ylite
wO—H) FA A’ 35715 S 3571.5 3570
WCH) P A 3043.1 vw 3043.1 3017
vCH,) P A’ 3004.1 W 3004.1 2991
yC—H) FA A’ 2910.1 W 2910.1 2938
WC=C) Pry-CO A, 1980.3 vw 1967.57
1978.1 VW
1944.2 A4
WC=0) FA A 1775.7 vS 1775.7 1774
5CH,),, P A" 1429.5 w 1429.5 1442
8(CH,) P A’ 1408.3 w 1408.3 1419
(CH) FA A 13732 w 1369.4 1380
1368.2 m
HC—H),, P A’ 1289.3 w 1289.3 1298
o(CH,) P A’ 1191.6 vw 1191.6 1174
WC—0) FA A’ 11110 m 1107.0 1103
1107.4 S
1104.9 S
tw(CH,) P A" 995.4 m 995.4 990
¥CH,) P A’ 936.0 w 935.5 945
935.0 w
#CH,) P A" 928.6 w 919.7 912
917.0 S
WC—C) P A’ 872.6 VW 853.8 840
844.5 w
(C—0) FA A” 655.7 w 639.0 638
634.0 S
§(0=C—0) FA A’ 6229 m 622.9 626
(C—H),,, P A" 558.6 w 558.6 575
4C—H) Pry-CO E 548.7 w 519.5
503.8 w
HC—C=0) P A’ 454.2 w 454.2 428

Vibrations: v, stretching; &, bending; w, wagging; y, rocking; t, torsion; s, symmetric; as asymmetric; ip, in-plane; oop, out-of-plane. Bands due
to CO, CO, and H,O not shown. * FA, Formic acid; P, Propene; Pry-CO, hydrogen-bonded complex involving CO and propyne. b An
additional doublet of bands with components at 778.1 (w) and 753.6 (vw) cm ™' (gravity centre: 768.9 cm™') also appears in the spectrum;
although its assignment cannot be unambiguously made, it is possible that the bands correspond to the §(CH) n, mode of acetylene.®* ¢ vS,
very strong; S, strong; m, medium; w, weak; vw, very weak. ¢ v¥ correspond to the wavenumber of the gravity centres of the groups of bands
ascribed to the same normal mode; they are calculated from v& = Y (v**I°*)/3" I°®, where i is the number of total components of the group of
bands. ¢ v correspond to wavenumbers taken from literature. Data for FA and P were taken from ref. 36 and 37, respectively (values in italic
were calculated®-37). The two bands ascribed to the complex involving propyne have counterparts in the free molecule at 2142 cm ™! [WC=C)]
and 633 cm ™! [§(CH)].3° / Gravity-centre wavenumber calculated assuming equal intensities for the three observed components which have an
intensity too low to enable a quantitative measurement of their relative intensity.

acid are the most intense, the favoured reactions appear to be 4 P.R. Carey, Biochemical Applications of Raman and Resonance
() and (II) - (IIb). Note that the prevalence of (IIb) over (Ila) Raman Spectroscopies, Academic Press, London, 1982.
justifies, at least in part, the considerably lower amount of 2 ﬁ"{;To"ge a.'ld P. R. Carey, Biochemistry, 1990, 29, 10723.
? . Fausto, Cién. Biol., 1988, 13, 1.

CO detected spectroscoplcal}y. . 7 K. Fan and J. E. Boggs, J. Mol. Struct., 1987, 157, 31.

We are currently studying the photodecomposition of 8 S. W. Charles, F. C. Cullen, N. L. Owen and G. A. Williams, J.
acrylic acid in matrices, including the product yield depen- Mol. Struct., 1987, 157, 17.
dence on precursor conformation, and these studies may also 9 A. Kulbida, M. N. Ramos, M. Rasanen, J. Nieminen, O.
shed light on the influence of conformation on the photo- Schrems and R. Fausto, J. Chem. Soc., Faraday Trans., 1995, 91,
decomposition processes of crotonic acids under similar con- 1571.

diti 10 P. J. Tonge, M. Pusztai, A. J. White, C. W. Wharton and P. R.
itions. Carey, Biochemistry, 1991, 29, 4790.
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