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Abstract

An overview of our recent studies dealing with infrared-induced conformational interconversion of carboxylic acids isolated in rare-gas

matrices is presented. Extensive rotational photoisomerization studies have been performed on formic acid, which is the simplest organic acid

enabling this kind of processes. Formic acid has two conformers and interconversion between them can be induced by vibrational excitation.

As such, it is an ideal model system to study the conformational dynamics of the carboxylic group. Formic acid molecules were found to be

isolated in different local environments within the rare-gas matrices, as shown by the site splitting of the vibrational bands. Narrowband

tunable infrared (IR) radiation was used to induce site-selective isomerization processes. The induced changes in the IR absorption spectra

allowed for a detailed analysis of the vibrational properties of both conformers of formic acid isolated in solid argon. In particular, derived

from the intermode coupling constants the local environment was shown to affects the intramolecular potential energy surface. Tunneling is

involved in the rotamerization of formic acid, with the tunneling rate being affected by the local environment. Additionally, formic acid

exhibits isomer-selective photodissociation where narrowband IR excitation can control the conformer-dependent photodissociation

channels. Tunable IR radiation was also used to promote rotamerization in a series of matrix-isolated dicarboxylic acids (ethanedioic,

propanedioic, and 2-butenedioic acids) by exciting the first overtone of the O–H stretching mode or a suitable combination mode at similar

energies. Efficient isomerization involving rotation around the C–O bond was observed in most cases whereas the internal rotation around the

C–C bond was found to be constrained for ethanedioic and (Z)-2-butenedioic acids.

# 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The low-temperature matrix-isolation technique com-

bined with various spectroscopic methods (in particular, IR

spectroscopy) is a powerful approach to the characteriza-

tion of conformational properties of molecules. In a

matrix-isolation experiment the low temperature of the

sample suppresses thermal reactions with significant acti-

vation energy, hence enabling stabilization of higher

energy conformers. Very often the conformational distri-

bution of the gaseous sample (prior to deposition) is

trapped in the matrix upon freezing the sample [1]. If

the energy barriers are sufficiently low, the annealing

of the matrix may induce conformational conversion of

the higher energy species into the lower energy ones.

However, investigation of thermally induced isomerization

reactions is possible only within a very limited range of

energy barriers due to matrix-temperature limitations [1].

In contrast, photoinduced rotational isomerization is only

limited by the photon energy.

A considerable number of studies have been dedicated to

IR-induced rotamerization in low-temperature matrices

[1–9]. Most of the earlier studies used broadband excita-

tion, which can only be selective to some extent. However,

a few examples are known in which narrowband irradiation

was involved [10–16]. The limited number of systematic

studies performed using narrowband selective vibrational

excitation might be partially attributed to the lack of

available tunable IR sources. The use of narrowband IR

irradiation allows to excite selectively a specific vibra-

tional mode of a desired conformer. This approach can be

used to probe mode-selectivity of vibrational energy

relaxation pathways.
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Splitting of IR absorption bands of matrix-isolated species

is a well-known phenomenon usually called a matrix-site

effect. This splitting is caused by different local environ-

ments of the trapped species and potentially provides a way

to study local matrix morphology and its effects on the

molecular properties. Narrowband radiation can be used to

pump selectively molecules [e.g. HONO and (FCO)2] iso-

lated in various matrix sites [15,16].

In the present work, we focus on the photoinduced

rotamerization of matrix-isolated carboxylic acids. An iso-

lated carboxylic group adopts preferentially a planar geo-

metry. When compared with the 1808 arrangement of the

O¼C–O–H dihedral angle, the 08 arrangement is stabilized

by a higher efficiency of the mesomerism within the car-

boxylic group [O¼C–O–H $ O�–C¼Oþ–H], an attractive

interaction between the C¼O and O–H bond-dipoles, and

the absence of oxygen lone electron pair repulsion [17] (see

Fig. 1). The interconversion between the two stable planar

forms of the carboxylic group occurs via rotation of the O–H

bond around the C–O axis. Since the reaction coordinate is

mainly described by the motion of the hydrogen atom,

tunneling can be important for the conversion mechanism.

In fact, tunneling from the higher energy cis conformer of

formic acid to the lower energy trans form was observed

when the cis conformer was prepared in an Ar matrix by IR

pumping [18]. The recently published studies on formic acid

have further emphasized the importance of tunneling in the

isomerization reactions [19,20]. Additionally, isomerization

studies performed on hydroquinone and on a halogenated

derivative of dihydroxy-benzoquinone isolated in argon

matrices [21,22] seem to indicate that the participation

of tunneling in isomerization processes involving mainly

motion of hydrogen atoms is quite general. Solid-state

medium is expected to influence the tunneling rate

[23–25], which depends also on the temperature due to

the participation of the lattice phonons in a dissipative

tunneling mechanism [26–28].

Isomer-selective photochemistry has motivated many

works on IR-induced rotamerization. In addition to its

fundamental value, isomer-selective photochemistry is a

potential way to optically control chemical reactions. This

is possible if the reaction occurs before the excitation energy

is transferred to the coordinate that leads to rotamerization.

For instance, geometrical considerations were suggested to

explain the high CO/CO2 yield ratio for the photodissocia-

tion of trans-formic acid in the gas phase [29], indicating

that the dissociation is faster than conformational randomi-

zation. Experimental evidence of isomer-dependent photo-

dissociation channels has also been recently reported for

1-C3H7Iþ in the gas phase, where the products resulting

from dissociation of the gauche and anti isomers correspond

to different C3H7
þ isomeric forms [30,31].

The aim of this paper is to describe our studies on

conformational isomerization reactions induced on car-

boxylic acids by selective vibrational excitation. Formic

acid was used as model system for investigation of the

conformational dynamics of the carboxylic group. First,

we will discuss the use of vibrational spectroscopy coupled

to narrowband tunable excitation for conformational iden-

tification. This photoreactive spectroscopic method is use-

ful to study the vibrational properties of matrix-isolated

formic acid conformers, in particular, the local environ-

mental effects on mode coupling [32]. Next, the trans !
cis isomerization induced by mode selective excitation in

formic acid is addressed [20]. Our discussion is focused

here on the high quantum yields observed for excitation

energies below the torsional energy barrier. This is fol-

lowed by the analysis of the influence of the medium on the

tunneling mechanism that leads to the dark cis ! trans

formic acid conversion [19]. Additionally, isomer-selec-

tive UV-photodissociation of formic acid is described [33].

Finally, the conclusions drawn from photoinduced rota-

merization studies on dicarboxylic acids [34–36] are pre-

sented.

2. Site-selective vibrational spectroscopy

Formic acid monomer exhibits two stable planar struc-

tures, the cis and the trans conformers shown in Fig. 2.

Trans-formic acid has the hydrogen atoms on opposite sides

of the C–O bond (H–C–O–H dihedral angle of 1808), while

in the cis conformer the hydrogen atoms are located on the

same side of the C–O bond. The trans form is the most stable

and hence predominant in the gas phase and in the as-

deposited matrix samples. Excitation of the first overtone

of the OH stretching mode (2nOH) of trans-formic acid

isolated in Ar was earlier shown to promote trans ! cis

rotamerization [18]. On the other hand, the cis ! trans

conversion was shown to take place in the dark at low

temperatures via a tunneling mechanism [18]. In the absence

of optical pumping, this back-reaction limits the detectabil-

ity of cis-formic acid after its preparation, even at the low

working temperatures (4–60 K) used in rare-gas matrix

studies.

Recently, other vibrational modes were excited to induce

the trans ! cis isomerization [20]. Formic acid molecules

are isolated in different local environments of the rare-gas

matrices, as shown by the site splitting of the IR absorption

Fig. 1. The O¼C–O–H dihedral angle of 08 is stabilized by a higher

efficiency of the mesomerism within the carboxylic group [O¼C–O–H $
O�–C¼Oþ–H] and by an attractive interaction between the C¼O and O–H

dipoles when compared with the 1808 dihedral angle. Arrows indicate the

direction of the dipoles.
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bands [32]. Pulsed IR radiation with a spectral linewidth of

�0.1 cm�1, provided by an optical parametric oscillator

(Continuum), was used to promote the site-selective trans

! cis rotamerization [19,32]. In order to maintain a suffi-

ciently high concentration of the less stable cis conformer in

the matrix, the IR absorption spectra were recorded under IR

pumping of the trans form [32]. Without pumping, the

concentration of the cis conformer produced by IR-irradia-

tion decreases by a factor of three due to the cis ! trans

tunneling during the time needed to record a spectrum at

0.25 cm�1 resolution with a reasonable signal/noise ratio.

Such a spectral resolution is needed to fully resolve the site-

structure of the observed bands [32].

By comparing the IR absorption spectra recorded under

pumping and the spectra of the as-deposited (non-irra-

diated) sample, we can identify bands belonging to each

conformer isolated in a particular site, as illustrated in Fig. 3.

As seen in this figure, the OH and C¼O stretching vibrations

of cis formic acid are shifted to higher wavenumbers from

their trans values and the site splitting of the bands is

resolved.

Detailed vibrational analysis of the near-IR region

allowed for the identification of various overtone and com-

bination bands [32]. Based on this assignment we have

calculated site-selective anharmonicities and coupling con-

stants for several modes of both conformers. The determined

values for the trans conformer are presented in Table 1. By

comparing the coupling constants obtained for this confor-

mer in solid argon with the gas phase data [37], it was

concluded that the cage potential affects the guest intermode

couplings. The changes in the coupling constants are

in many cases of similar magnitude as the constants

themselves. Moreover, the anharmonicity changes between

molecules isolated in different sites (see, for example, the

constants of nCH þ nC¼O or nCH þ gCH modes in

Table 1). Thus, one can expect the local environment to

affect the vibrational energy relaxation pathways in con-

densed phase, which depend on mode couplings [38].

Fig. 2. Formic acid conformers. Energy difference and energy barrier estimated for the molecule isolated in solid Ar are shown as estimated at the CCSD(T)/

aug-cc-pVTZ//MP2/aug-cc-pVTZ level for the molecule in vacuum and corrected by the PCM solvation model [19]. The transition state geometry for thermal

(DT) dehydration and decarboxylation reaction are shown in connection with the trans and cis conformer, respectively. The predicted energy barrier for these

reactions starting form the corresponding conformers is 280 kJ mol�1 [38].

Table 1

Observed anharmonicities and coupling constantsa for trans-formic acid

trans-HCOOH

Combinations Site 1 Site 2 Gas phaseb

Coupling constants (xij, cm�1)

nOH þ nC¼O �0.7 �0.5 �1.2

nOH þ gCH �3.9 �5.4 �3.6

nOH þ COH–CO def. �2.5 �2.3 �1.8

nOH þ oCH �1.0

nOH þ tCOH (0) (�0.7) (�2.2)

nOH þ dOCO (�15.5) (�4.7)

nCH þ nC¼O �18.0 �14.3 �5.4

nCH þ gCH �23.5 �17.1 �22.1

nCH þ COH–CO def. �0.3 �1.0 �1.8

nCH þ oCH �5.7

nC¼O þ COH–CO def. �4.8 �2.6

nC¼O þ tCOH (�6.4) (�5.5)

Overtones Anharmonicity constants (xii, cm�1)

2nOH �83.1 �83.1 �91.2

2nCH �53.1 �52.4

2nC¼O �9.4 �9.4 �9.3

2COH–CO def. �5.9 �5.7 �6.6

a xij ¼ niþj � ni � nj; xii ¼ ð2ni � 2xniÞ/2.
b Gas phase data was taken from [36]. Values in parentheses were

calculated based on a tentative assignment. Values centred between site 1

and site 2 columns are average estimates for the two sites.
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3. Rotamerization quantum yield as a function
of the excitation energy

The quantum yields for the trans ! cis reaction in formic

acid were measured upon excitation of several vibrational

modes of the trans conformer in the 2900–4700 cm�1

spectral range [20]. In the calculations, the cis ! trans

back reaction was taken into account (see Fig. 2). The

quantum yield for the rotamerization process is determined

from the trans ! cis pumping efficiency, the absorption

cross-section of the excited mode of the trans conformer and

the intensity of the excitation radiation. The last two values

are measured experimentally while the pumping efficiency

is calculated on the basis of the tunneling rate coefficient and

the photoequilibrium concentration ratio of the two con-

formers under mode-selective pumping.

The quantum yield as a function of the excitation energy is

shown in Fig. 4. Interestingly, all excited modes led to an

efficient energy relaxation into the reaction coordinate

(torsion around the C–O bond), resulting in rotational iso-

merization. The estimated energy barrier for the trans ! cis

rotamerization in formic acid isolated in solid Ar is

3810 cm�1 [20]. For excitation energies above this barrier,

the average isomerization quantum yield is �20%, without

remarkable changes associated with the nature of the excited

modes.

In addition to the importance of the tunneling mechanism

in the cis ! trans process, its role on the trans ! cis

photoinduced rotamerization is evident from experiments

with pumping below the energy barrier. Despite that
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Fig. 3. IR absorption spectra of formic acid isolated in an Ar matrix. (a) Difference spectrum showing the result of pumping the overtone of the OH stretching

of trans-formic acid, i.e. the increase of bands of the cis conformer and the decrease of the bands of the trans conformer. In (b) and (c) the site-selectivity of

the IR-pumping is shown for the OH and C¼O stretching regions. The lower spectrum show the bands of trans-formic acid present in the as-deposited

sample. The difference spectra [the two upper traces of (b) and (c)] show the result of the excitation of different sites of formic acid, where the bands of the cis

conformer isolated in the pumped site increase while the ones of the trans conformer decrease. (a)–(c) were obtained in experiments performed with different

samples.
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Fig. 4. Quantum yield for the trans ! cis? Isomerization process of

formic acid isolated in solid Ar as a function of the excitation energy. The

points correspond to the following vibrational modes: 4651 cm�1: nOH þ
COH–CO def.; 4184 cm�1: nOH þ tCOH; 4174 cm�1: nCH þ CO–COH

def.; 3552 cm�1: nOH; 3516 cm�1: 2nC¼O; 2955 cm�1: nCH. The ab

initio estimation for the energy barrier of the solvated molecule is

indicated as a vertical dashed line at Ea � 3810 cm�1 [19]. The line

connecting the points is for guiding the eyes.
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excitation of the O–H stretching mode (nOH at 3549 cm�1)

or the first overtone of the C¼O stretching mode (2nC¼O at

3516 cm�1) is energetically below the torsional barrier [20],

the quantum yield decreases only by a factor of 4 when

compared with the values for the higher energy modes. This

high quantum yield was suggested to be due to the strong

delocalization of the torsional wavefunction between the

two potential wells at these energies [20]. The extent of

delocalization decreases rapidly with the distance from the

top of the energy barrier. In agreement with this, the

measured rotamerization quantum yield upon excitation

of the C–H stretching mode (nCH at 2955 cm�1) is about

three orders of magnitude smaller than those at energies

above the torsional barrier but still very reliably measure.

4. Environment and temperature effects on
phonon-assisted tunneling

Even in a low-temperature matrix the cis conformer of

formic acid decays spontaneously to the most stable trans

conformer by phonon-assisted tunneling [18,19]. In this

section, the effect of the matrix environment on the rate

of the cis ! trans tunneling is described [19]. The tem-

perature-dependent tunneling rates for formic acid were

measured in solid Ar, Kr and Xe. This was done by gen-

erating cis-formic acid via optical pumping and then follow-

ing the decay kinetics by IR absorption spectroscopy [19].

The site selectivity of the process was also investigated. The

Arrhenius plots for the cis ! trans reaction rate of formic

acid isolated in various rare-gas matrices are shown in Fig. 5.

The temperature effect on the cis ! trans tunneling rate is

essentially due to thermal excitation of the phonon modes

that are coupled to the tunneling process. The lattice pho-

nons compensate the energy mismatch between the torsional

ground state of the cis conformer (that is the starting level

for the tunneling) and the particular excited level of the trans

conformer involved in the process. The specific temperature

dependence of the rate constant originates from the type of

phonon processes involved in the dissipative tunneling

mechanism (e.g. emission, absorption or Raman processes

[26,27]).

In order to understand the effect of the environment on the

tunneling rate, it is important to know the position of the cis

torsional ground state with respect to the energy level

manifold of the trans conformer. This energy diagram

determines the most probable states of the product partici-

pating in the tunneling. The energy gaps and the nature of the

excited modes of the trans conformer involved in the process

are factors affecting the cis ! trans tunneling rate. The

environment affects the potential energy surface of the guest

molecules and, consequently, it can influence both factors.

For example, the different solvation energy of the two formic

acid conformers is expected to decrease their conforma-

tional energy difference in Xe when compared to Ar and Kr

[19]. On the other hand, the cis ! trans energy barrier was

estimated to be higher in Xe than in Ar or Kr [19]. The

different tunneling rates observed for the three studied hosts

could be interpreted qualitatively on the basis of the esti-

mated relative position of the cis torsional ground state with

respect to the level manifold of the trans form [19].

Additionally, different local environments within the

same host may have different solvation energies due to

changes in the cavity size and geometry. Indeed, as shown

in Fig. 5, the tunneling rate depends strongly on the host

material and on the local morphology in solid Xe. Within our

experimental error, the tunneling rates are site-independent

when isolated in Ar and Kr matrices (see Fig. 5).

5. Isomer-selective photodissociation

The thermal unimolecular dissociation of formic acid can

take place through decarboxylation and dehydration reac-

tions [39] to produce, respectively, molecular hydrogen and

carbon monoxide and carbon monoxide and water. As shown

in Fig. 2, the transition states for these two reaction channels

are geometrically connected either with cis-formic acid

(decarboxylation) or trans-formic acid (dehydration) [39].

The theoretically predicted energy barriers for the dehy-

dration and decarboxylation reactions on the So potential

energy surface of formic acid are similar (	23,500 cm�1

[29]) whereas the energy barrier for the isomerization

reaction is much smaller (
4000 cm�1) [20]. In spite of

that, a high CO/CO2 photolysis branching ratio was

observed after the 193 nm irradiation of trans-formic acid

isolated in Ar and Kr (CO/CO2 	5 and 4 in Ar and Kr,

respectively) [40]. An even higher branching ratio was

observed for the gas-phase photodissociation after 193

and 248 nm irradiation [29]. The expected branching ratio

based on the similarity of the energy barriers would be 	1,

which differs from the experimental data. This difference
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Fig. 5. Arrhenius plots for the cis ! trans reaction rates of formic acid in

rare-gas matrices ((&) Ar; (~) Kr and (*), (*) Xe). Solid and open

symbols are used for the two predominant sites of the formic acid isolated

in Xe. Molecules isolated in the different sites observed in Ar and Kr

matrices exhibit no difference in the temperature dependence of the

tunneling rate.
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can be explained assuming that photodissociation takes

place on the So surface (after S1 ! So internal conversion

[29]) via a transition state geometrically connected with the

trans conformer; and the transition state is formed before the

vibrationally excited molecule statistically redistributes its

vibrational energy [29]. Recently, we have shown that the

photolysis of formic acid can be considered a clear case of

isomer-selective reactions [33]. cis-Formic acid was pre-

pared in an Ar matrix by excitation of the 2nOH mode of

trans-formic acid and the branching ratio was determined

via simultaneous IR pumping (�6930 cm�1) and UV photo-

lysis (193 nm) (see Fig. 6). In this situation, both conformers

are present in the matrix during the UV irradiation and the

production of CO2 increases by a factor of 4 when compared

to the 193 nm photolysis of trans-formic acid alone. A

simple spectral subtraction procedure allowed to extract

the CO/CO2 ratio for the photolysis of cis-formic acid

[33] (see Fig. 6). The proportion of the CO2 product is as

high as 72% for the UV photolysis of the cis conformer,

which corresponds to a branching ratio of �0.4. This

represents a change by more than one order of magnitude

between the photolysis branching ratios of the two confor-

mers.

The difference in the photodissociation process of the

formic acid conformers is further supported by the band

shapes of the CO2 products. While the isolated CO2 resulting

from the photolysis of trans-formic acid exhibits two sharp

bands, a broad CO2 band is obtained from the cis form. The

product of trans-formic acid photolysis seems to be essen-

tially monomeric CO2 isolated in a double-substitutional site

[33]. On the other hand, the broadening of the CO2 band

obtained from the cis conformer might result from CO2

complexed with H2 [33]. This difference can be understood

by assuming that the H2 molecules produced from the cis

photolysis do not have enough kinetic energy to leave the

matrix cage. On the other hand, kinetically hot H2 molecules

are suggested to be produced in the photolysis of the trans

conformer leading to the cage exit of H2, thus preventing its

complexation with CO2.

6. Photoinduced rotamerization in dicarboxylic acids

Excitation of the 2nOH vibration or a combination mode

at similar energies was used to study rotamerization pro-

cesses in dicarboxylic acids [34–36]. The four dicarboxylic

acids studied are: ethanedioic, propanedioic, and (E)- and

(Z)-2-butenedioic acid (see Fig. 7). In dicarboxylic acids, an

intramolecular hydrogen bond involving the hydroxyl moi-

ety of one of the carboxylic groups and the carbonyl oxygen

of the other group can be formed. This intramolecular

hydrogen bond leads to stabilization of the 1808 O¼C–

O–H dihedral angle. In general, the loss of electron density

in the O–H bond due to the intramolecular hydrogen bond-

ing leads to a decrease in the corresponding force constant,

and consequently to a redshift of the associated O–H stretch-

ing mode.

Ethanedioic acid (also known as oxalic acid) is the

smallest of the studied dicarboxylic acids. According to

quantum chemical calculations [41–43] oxalic acid can have

at least five conformers. The two lowest energy forms were

earlier identified and isomerization between them was

successfully promoted by both broadband-IR and UV irra-

diation [41], although these processes were not very

efficient. In our studies, the three lowest energy conformers

of oxalic acid were detected in the as-deposited Ar matrix

with estimated energy differences (DEI:DEII:DEIII) of

(0:836:1338 cm�1) [34], see Fig. 7. The photoinduced rota-

merization experiments allowed a detailed characterization

of the mid-IR spectra of the previously observed forms I and

II [34], as well as that of form III, which was detected for the

first time in our work [34].

The relative energies of the three observed oxalic acid

conformers can be understood on the basis of intramolecular

hydrogen bonding and electrostatic repulsion between

the negative charge densities localized at the oxygen

atoms. Conformers I and II, bearing the relatively strong

C¼O . . .H–O hydrogen bonds are more stable than con-

former III. On the other hand, both the stronger type of

intramolecular hydrogen bonds [C¼O . . .H–O stronger than

C–O(H) . . .H–O] and the less important electrostatic effects

between the lone electron pairs of the oxygen atoms

(¼O . . .OH weaker repulsive interaction comparing to

HO . . .OH and ¼O . . .O¼) lead to a lower energy for the

trans arrangement around the C–C bond. This is the arrange-

ment found in all of the three lowest energy conformers of

oxalic acid.

Irradiation at 6712 cm�1 converts the most stable

conformer into forms II and III. A further irradiation at

6755 cm�1 induces the II ! I and II ! III processes [34].

Identification of the conformers based on their IR absorption

spectra was straightforward due to the high efficiency of

the photoinduced processes [34]. This is illustrated in Fig. 8,
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Fig. 6. Photolysis products (CO2 and CO) of formic acid isolated in Ar at

8 K: (a) resulting from the 193 nm irradiation of trans-formic acid; (b)

resulting from the simultaneous 193 nm and 6930 cm�1 irradiation of

formic acid isolated in Ar (the trans ! cis isomerization is induced under

IR irradiation) and (c) resulting from the 193 nm irradiation of the cis

conformer, obtained by subtraction of (a) from (b).
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where the OH and C¼O stretching bands in the relevant

difference spectra are presented. The lower trace shows the

spectrum of the as-deposited oxalic acid in an Ar matrix,

where only the bands of the conformational ground state

(form I) are clearly visible. The middle difference spectrum

shows the result of excitation of form I at 6712 cm�1. The

top trace of Fig. 8 presents the net result of irradiation of

form I for about 1 h followed by pumping periodically forms

I and II (at 6755 cm�1) during ca. 30 min. In this case, the

difference spectrum shows the growth of the absorption

bands of conformer III while those belonging to conformers

I and II decrease.

No evidence was found of photoinduced rotamerization

involving rotation around the C–C bond, despite its theore-

tically predicted lower barrier for conformer II than that

estimated for the observed II ! III rotamerization [34]. This

result can be understood if the energy barrier to internal

rotation around the C–C bond for the free molecule differs

strongly from that for the molecule isolated in the matrices.

Indeed, rotation around the C–C bond involves extensive

motion of heavy atoms and this should require reorganiza-

tion of the matrix atoms around the guest molecule. This can

lead to a considerable increase of the energy required for the

isomerization. Another possibility is an inefficient relaxa-

tion mechanism to transfer the energy deposited into the

2nOH mode to the C–C torsion. However, the latter hypoth-

esis is not supported either by the results obtained for formic

acid, already described in this paper, or the results obtained

for two of the studied carboxylic acids (where C–C rotation

was observed after 2nOH excitation).

The propanedioic acid (malonic acid) molecule was

detected in three different forms, shown in Fig. 7, in an

as-deposited Ar matrix [35]. Near-IR irradiation of the

matrix produced a significant rearrangement of the confor-

mational distribution, which enabled the assignment of the

bands to the three lowest energy conformers predicted

Fig. 7. Dicarboxylic acid conformers detected in the argon matrices and the corresponding estimated energy differences (in cm�1). For all but malonic acid

the energy differences presented were calculated on the basis of the observed relative population in the as-deposited matrices [33,35]. For malonic acid the

computationally predicted value is given [34].
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theoretically. In analogy with oxalic acid, the most stable

conformer of malonic acid is stabilized by intramolecular

hydrogen bonding. The redshift induced by the intramole-

cular hydrogen bond of malonic acid is about four times

larger (295 cm�1) than that of oxalic acid (70 cm�1).

The observed interconversion processes involved rota-

tion around the C–O bond as well as around the C–C bond.

This means that the restrictions imposed by the matrix to

the rotation around the C–C bond are less severe in

malonic acid than in oxalic acid. This difference could

be associated with the fact that malonic acid is a bigger

molecule with all relevant conformers being non-planar.

Hence a less compact arrangement of the lattice atoms

around the malonic acid molecules can be expected to

allow the heavy atoms to move, contrary to the case of the

small planar oxalic acid.

The IR absorption spectrum of (Z)-2-butenedioic acid

(fumaric acid) isolated in Ar was also interpreted in terms

of the three lowest energy conformers predicted theoreti-

cally [36] and shown in Fig. 7. As expected on the basis of

the previous studies on a,b-unsaturated molecules [44],

the relative conformational energy in fumaric acid

increases with the number of trans arrangements around

the Ca–C bonds. On the other hand, in the case of maleic

acid [(E)-2-butenedioic acid] the cis arrangement around

both Ca–C bonds is not favored due to the strong repulsive

interaction between the lone pairs of the carbonylic oxy-

gen atoms (see Fig. 7). Hence, for this molecule the most

stable conformer has one cis and one trans conformation

along the Ca–C axis and it is stabilized by a very strong

OH . . .O¼ intramolecular hydrogen bond (the observed

redshift of the nOH vibration frequency associated with

the intramolecularly bonded hydroxyl group is as large as

440 cm�1 [36]). The second lowest energy conformer of

maleic acid possesses a non-planar geometry with two

nearly perpendicular carboxylic groups, which minimizes

the electrostatic and steric repulsions between these

groups.

Interconversion between the two lowest energy confor-

mers of maleic acid was induced by IR excitation and also by

annealing the matrix at 35 K [36]. As expected, annealing of

the matrix resulted in conversion from the less stable form II

to the conformational ground state (form I) [36]. Tuning the

IR radiation over the 6940–6835 cm�1 region allowed us to

find only one mode, at 6901 cm�1, which was active to

promote rotamerization. This mode corresponds to the

2nOH vibration of form II and it promotes the II ! I

rotamerization. This isomerization process in maleic acid

involves rotation around both the C–O and Ca–C bonds. It

should be stressed that we were able to induce rotameriza-

tion starting from the non-planar conformer (form II) but we

did not succeed to induce any isomerization processes from

the planar conformer (form I). If the anharmonicity of the

2nOH mode in form I is similar to that of the same vibration

in conformer II, then form I absorbs within the probed

spectral region. Hence, this observation further supports

the results previously discussed for both oxalic and malonic

acids that, for the planar conformers, the energy barrier to

rotation around the C–C bond seems to increase consider-

ably in matrices as compared with the gas phase. This

observation is also consistent with the idea that the reaction

barrier for conformational isomerization processes may be

considerably different depending on the nature of the cage

occupied by the trapped molecule. A more compact trapping

site for the planar conformers would imply a higher energy

barrier for the rotamerization while the non-planar confor-

mers isolated in bigger cages would have a lower rotamer-

ization barrier.

In the case of fumaric acid, no rotamerization was found

while IR irradiation was scanned through the 7018–

6873 cm�1 spectral region. From the IR-pumping experi-

ments performed on the other dicarboxylic acids studied, we
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Fig. 8. IR absorption spectra (3600–3400 cm�1 and 1850–1700 cm�1)

showing the result of near-IR irradiation of oxalic acid isolated in solid

argon at 7.5 K. The lower plot shows the spectrum of the as-deposited

sample where the main bands correspond to the OH and C¼O stretching

absorptions of the conformational ground state (form I). The middle plot is

a difference spectrum where the bands belonging to form I point

downwards and the bands of forms II and III are pointing upwards. The

upper plot is a difference spectrum showing the bands of forms I and II

pointing downwards and the bands of form III pointing upwards. See text

for the pumping details.
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were expecting to find at least two active 2nOH modes in this

region belonging to form II (in forms I and III this mode is

infrared inactive due to symmetry restrictions). The anneal-

ing experiments were equally inefficient in inducing rota-

tional isomerization processes in fumaric acid. Since

conformational interconversion between the three observed

conformers of fumaric acid should occur through internal

rotation around the Ca–C bonds, as for the previous mole-

cules, this negative observation is also consistent with an

increased barrier to rotation around the Ca–C bond for the

planar conformers in matrices. On the other hand, internal

rotation around the C–O bonds of fumaric acid would lead to

high energy conformers, with energies higher than the

ground conformational state by 2100 cm�1. This situation

contrasts with that for the other molecules studied where

conformers differing by internal rotation around the C–O

bonds are relatively close in energy. Though these high

energy species could eventually be formed, they could

convert back by tunneling to the more stable forms fast

enough to prevent their detection under our experimental

conditions [19,36].

7. Concluding remarks

In this work, an overview of our recent studies dealing

with infrared-induced conformational interconversion of

carboxylic acids isolated in rare-gas matrices was presented.

Photoreactive spectroscopy (narrowband IR pumping

coupled with vibrational spectroscopy) is a powerful method

to investigate conformational properties of matrix-isolated

molecules. This method allowed us to probe the local

morphology effects on several intermode couplings and

anharmonicity constants by investigating the site-resolved

vibrational spectroscopy of formic acid isolated in solid Ar.

The trans ! cis isomerization reaction induced by mode-

selective irradiation of trans-formic acid was studied. The

excitation energy was quite efficiently relaxed into the

reaction coordinate (C–O torsion) from all vibrationally

excited levels used here. Tunneling was found to play an

important role in the trans ! cis photoinduced reaction

mechanism. On the other hand, phonon-assisted tunneling

mechanism was demonstrated on the reverse cis ! trans

process as well. In this case, a strong dependence of the

reaction rate on both temperature and solid host was found.

The local morphology within the same host was also shown

to influence the tunneling rate. From these studies it is

possible to conclude that the tunneling mechanism can

contribute in similar isomerization reactions for various

molecules bearing a hydroxyl group. Photodissociation of

formic acid was shown to be an isomer-selective reaction,

where the time scale for rotamerization is longer than for

dissociation. Narrowband IR irradiation was shown to be an

effective switch between the two main reaction channels of

formic acid UV-photolysis (decarboxylation and dehydra-

tion) by changing the cis/trans ratio in the irradiated matrix.

Using near-IR irradiation we were able to promote con-

formational interconversion in a series of dicarboxylic acids.

Excitation of the first O–H stretching overtone leads to

internal rotation around the C–O bond in oxalic, malonic

and maleic acid but does not isomerize fumaric acid. Rota-

merization around the C–C bond was observed only when

the precursors for IR-pumping were non-planar, possibly

due to the effect of a more restrictive packing of the lattice

atoms around the planar conformers that hinders the internal

rotation when it involves an extensive motion of heavy

atoms.
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