
Experimental Evidence of Long-Range Intramolecular Vibrational
Energy Redistribution through Eight Covalent Bonds: NIR Irradiation
Induced Conformational Transformation of E‑Glutaconic Acid
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ABSTRACT: Long-range intramolecular vibrational energy redis-
tribution (IVR) driven conformational changes were investigated in a
matrix-isolated open-chain, asymmetrical dicarboxylic acid, E-
glutaconic acid. Although the analysis was challenging due to the
presence of multiple backbone conformers and short lifetimes of the
prepared higher energy cis conformers, it was shown that the
selective excitation of the O−H stretching overtone of one of the
carboxylic groups can induce the conformational change (trans to cis)
of the other carboxylic group, located at the other end of the E-
glutaconic acid molecule. This is a direct proof that the IVR process
can act through eight covalent bonds in a flexible molecule before the
excess energy completely dissipates into the matrix. The lifetime of
the prepared higher energy conformers (averaged over the different backbones) was measured to be 12 s.

1. INTRODUCTION

The detailed understanding of photochemical processes at the
molecular level requires not only the investigation of the
excitations but also the relaxation mechanisms. The excess
energy of vibrationally excited molecules can be dissipated via
either inter- or intramolecular relaxation pathways. The
theoretical interpretation of the intermolecular relaxation
processes is grounded on a solid base,1 while the background
of intramolecular vibrational energy redistribution (IVR) is far
more complicated.2 Therefore, the experimental investigations
of the IVR phenomenon have a great importance.
Although there are experimental examples of direct

observation of IVR processes in condensed phase, e.g., in
solution,3 IVR can be best studied in the gas phase4−6 or in the
case of nearly isolated molecules, because under these
conditions the intermolecular relaxation processes are negli-
gible. Even in this case, a proper environment can enhance the
effect, serving as a buffer for compensating the energy gap
between the vibrational levels. From this perspective, the matrix
isolation method offers ideal conditions for studying IVR
processes.7−9 This method also provides well-resolved vibra-
tional spectra, making conformational assignments possible.
It was demonstrated by many studies that excitation of the

overtones and combination vibrational modes by narrow band
NIR or MIR laser irradiations can induce conformational
transformations of a selected conformer in a matrix-isolated
molecule.10−12 These transformations are driven by the IVR
processes between the excited vibrational levels and a highly

excited torsional mode along the reaction coordinate. A very
effective NIR induced conformation transformation, the cis−
trans (or Z−E) conversion of the carboxylic group, occurs when
the first overtone of the OH stretching is pumped by a
laser.10−15 Indeed, though in this case the vibrational excitation
is not strictly local, because the excited vibrational coordinate is
not the same as the one defining the conformational changes
(for example, for formic and acetic acids, pumping of the OH
stretching overtone led to geometry changes occurring along
the CCOH torsion coordinate), the coordinates responsible for
the conformational changes are located closely in space in
relation to the excited fragment.
As an early demonstration of nonlocal or remote pumping, it

was shown that the excitation of CH (CH3) and CO stretching
overtones can also induce cis−trans conformational change in
formic and acetic acid.13−15 More recent examples include
amino acids. The irradiation of the first overtone of the NH
stretching mode of glycine results in the cis−trans conversion of
the carboxylic group,16 while the excitation of the first overtone
of the OH stretching mode of the carboxylic OH group can
induce a conformational change in the side chain in serine.17

Although in these two latter examples the energy is absorbed by
a group different from the group in which the conformational
change occurs, these groups are spatially close to each other;
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therefore, the conformational change might occur due to
noncovalent interactions (e.g., due to H-bond or spatial
hindrance) and not by a so-called long-range IVR process.
More obvious examples of long-range IVR processes were
observed recently for 2-thiocytosine, in which SH rotameriza-
tion was induced by the excitation of the NH2 stretching
overtone;7 in kojic acid, in which the phenolic OH group was
irradiated and the conformational change of the hydroxymethyl
group was observed;8 and in 6-methoxyindole, in which the
excitation of the NH stretching overtone induced the
conformational change of the methoxy group.9 In each of
these examples, the two groups are connected by aromatic
rings, which can facilitate the IVR process. Finally, it is
interesting to note that an intermolecular vibrational energy
redistribution process was observed through a hydrogen bond
in matrix-isolated formic acid dimers.18

The aim of the present study is to reveal the long-range IVR
in a more flexible, nonaromatic molecule. The molecule
selected for this purpose, E-glutaconic acid, unequivocally has
a structure different from those examined previously. E-
glutaconic acid has two carboxylic groups, and due to the
asymmetric position of a CC double bond, these two groups
are distinguishable. In this paper, to differentiate between the
two carboxyl groups (and the respective OH or CO groups) of
the molecule, the carboxylic group located closer to the CC
double bond is denoted by 1, and the other one by 2.
Regarding the cis−trans conformations of the carboxylic groups,
the first denomination refers to 1, and the second one refers to
the conformation of the carboxylic group 2. (Note that the
literature is not consistent in the cis−trans nomenclature of a
carboxylic group. The nomenclature used in the present study
is given in Figure 1.) The asymmetry of this molecule enables

one to selectively excite vibrationally one of its carboxylic
groups and detect the conformational change of the other
group by IR spectroscopy. The processes intended to be
observed are summarized in Figure 1.

2. COMPUTATIONAL DETAILS
The elucidation of the experimental results was supported by
quantum mechanical computations. Geometry optimizations
were performed at the B3LYP19,20/6-31++G**21−23 and
MP224/6-311++G** levels of theory. Transition structures
between different conformers were located by the synchronous
transit-guided quasi-Newton (STQN)25 method. Fundamental

vibrational wavenumbers and IR transition intensities were
computed by two different methods. In the first method, the
B3LYP/6-31++G** harmonic frequencies were empirically
improved by the scaled quantum mechanical (SQM)26,27

approach, using the scaling factors determined by Fab́ri et al.
for spectra recorded in an Ar matrix.28 In the second method,
vibrational anharmonicities were taken into account by second-
order vibrational perturbation theory. The latter method was
used to compute the wavenumbers of the overtone transitions
too. The computations were carried out using the Gaussian
0929 and PQS30,31 program packages.

3. EXPERIMENTAL DETAILS
E-Glutaconic acid was obtained from Sigma-Aldrich, purity
>97%. For matrix deposition, the solid sample was placed in a
specially designed Knudsen cell heated up to 350 K. The vapor
was codeposited on a CsI window with a large excess of Ar or
N2 gas (purity N60 and N48, respectively). The CsI substrate
was kept at 11−14 K either by an APD Cryogenics DE-202A
closed-cycle helium refrigerator system or Janis CCS-350R cold
head cooled by a CTI Cryogenics 22 refrigerator.
The mid-infrared (MIR) spectra were recorded, with 1 cm−1

spectral resolution, using a Bruker IFS 55 FT-IR spectrometer
equipped with a liquid-N2-cooled mercury and cadmium
telluride (MCT) detector, a KBr beam splitter, and a Globar
source. In the near-infrared (NIR), spectra were recorded on a
Thermo Nicolet 6700 spectrometer. In the NIR spectral range,
a CaF2 beam splitter, a tungsten lamp source, and an InGaAs
detector were used.
Conformational changes were selectively induced by an

optical parametric oscillator (VersaScan MB 240 OPO, GWU/
Spectra Physics) pumped with the third harmonic (355 nm) of
a pulsed (10 Hz, 2−3 ns) Quanta Ray Lab 150 Nd:YAG laser
(Spectra Physics). The line width of the idler (NIR) output of
the OPO was about 5 cm−1, and pulse energies were 4−10 mJ.
The laser beam was unfocused; its diameter was about 0.8 cm.
In order to record the spectra during the laser irradiation, an
LPW 3860 low pass filter was placed between the cold window
and the detector.
For recording the spectra of conformers with short lifetimes,

first a 64 scan (90 s) averaged spectrum was taken. Then, the
laser was turned on, and after waiting 30 s to reach the steady
state concentration of the short-lived conformer, a second 64
scan averaged spectrum was recorded during the laser
irradiation. Finally, the laser was switched off, and after waiting
30 s, a third 64 scan averaged spectrum was collected.
(Technically, it is not advantageous to accumulate longer,
because in the difference spectra the stable site-changing
species will dominate over the short-lived trans−cis forms.) In
order to visualize the spectra corresponding to the short-lived
conformer, difference spectra were computed from the spectra
recorded during and before the irradiation, as well as from the
spectra taken after and before the irradiation. The positive
bands observed only in the first difference spectrum correspond
to the short-lived conformers. In order to improve the signal-to-
noise ratio, this process was repeated 20 times, and the
difference spectra were averaged; this means a 30 min
cumulative accumulation time.
For lifetime measurements, single interferograms were

scanned with a repetition rate of 4.3 s. The laser radiation
was switched on at the beginning of a 45 scan cycle, and it was
switched off after the 24th scan; i.e., the 25−45th scans were
recorded in the dark. This cycle was repeated 50 times, and the

Figure 1. Nomenclature in E-glutaconic acid used in this paper and
the long-range IVR driven processes intended to be observed.
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corresponding interferograms from each cycle were averaged
and Fourier-transformed.

4. RESULTS AND DISCUSSION

4.1. Identification of the Isomers of the Deposited
Sample. In order to assign the NIR spectra, to select the
appropriate wavelengths for the irradiations to perform, and to
understand the NIR laser-induced conformational changes, the
conformational landscape of E-glutaconic acid has to be
explored first. This is followed by the computation of the
vibrational spectra of the conformers in both the MIR and NIR
regions. It shall be stressed here that not only the internal
rotations within the two carboxylic acid groups (along the
CO bond) but also the rotations along the three single
CC bonds contribute to the conformational flexibility of the
molecule. The latter are here denoted by A, B, and C: A is
connected to carboxylic group 1, C to 2, and B is the middle
CC bond. The rotation along the CC double bond has a
high barrier, and therefore, this rotation was not considered in
the conformational search.
Initial geometries for the conformational search were

prepared by varying the torsional angles corresponding to A,
B, and C by 120°. This, combined with the possible cis and
trans orientations of the two carboxylic groups, resulted in 2·2·
3·3·3 = 108 initial structures. After geometry optimization, the
Gibbs free energies relative to the most stable conformer and
the mole fractions were determined for the sample evaporation
temperature, 350 K. As depicted in Figure 2, B3LYP/6-31+
+G** computations predict six conformers with at least 1%
abundance at 350 K. Both carboxylic groups of each of these
conformers have a trans structure. The backbone conformations
are denoted by roman numbers, in decreasing mole fraction
order. Table 1 summarizes the computed Gibbs free energies
and mole fractions for these conformers, as well as for the most
stable cis−trans, trans−cis, and cis−cis forms.
In general, higher energy conformers that are separated from

a more stable conformer by low-energy (≈5 kJ mol−1 or lower)
barriers can partially or completely convert to the lower energy
forms upon matrix deposition.32 Therefore, the possible
transition structures between the six most stable conformers,
i.e., the six trans−trans conformers of E-glutaconic acid, were
located on its potential energy surface. These barrier heights are
summarized in Table 2. As can be seen, all of these barriers are
high enough to prevent conformational conversions from
taking place during the deposition of the matrix.

A comparison between the computed and experimentally
observed OH and CO stretching fundamental regions is shown
in Figure 3, and the corresponding vibrational wavenumbers are
collected in Tables 3 and 4. Complete unambiguous assignment
cannot be made, because of the close vicinity of the bands,
possible site splits, and spectral overlaps. However, the
experimental spectra clearly show that several conformers are
present. Furthermore, both the SQM and the VPT
computations indicate that, for each of the six trans−trans
conformers, the OH stretching fundamental of carboxylic group
1 appears at a higher frequency than that of carboxylic group 2,
while the opposite is true for the CO stretching fundamental;
i.e., it appears at a higher wavenumber in the case of carboxylic
group 2. Although we cannot completely exclude that there is
no large site splitting (>10−15 cm−1) in the OH region, three
observations suggest that in the present case we do not need to
count with the possible interferences of site splitting for the
data analysis. First, the computed spectra (that do not take into
account the sites) fit very well to the experimental spectra in

Figure 2. Six (trans−trans) conformers that, according to the B3LYP/6-31++G** level of theory, have at least 1% abundance in the vapor phase at
350 K.

Table 1. Relative Gibbs Free Energies (ΔGr,350K° ) and Mole
Fractions of the Six trans−trans Conformers at 350 K and
Those of the Corresponding cis−trans, trans−cis, and cis−cis
Forms

conformer ΔGr,350K° (kJ·mol−1) mole fraction

I (trans−trans) 0.0 0.35
II (trans−trans) 1.0 0.25
III (trans−trans) 1.6 0.20
IV (trans−trans) 3.2 0.12
V (trans−trans) 3.9 0.05
VI (trans−trans) 5.7 0.03
most stable trans−cis 23.7 5.2 × 10−5

most stable cis−trans 26.7 1.7 × 10−5

most stable cis−cis 49.5 7.2 × 10−9

Table 2. Zero-Point Vibrational Energy Corrected Barrier
Heights between the trans−trans Conformers as Obtained at
the B3LYP/6-31++G** Level of Theory

conversion rotation barrier height (kJ·mol−1)

trans IV → trans II C 10.5
trans III → trans I C 9.1
trans II → trans I A 29.8
trans IV → trans III A 29.2
trans VI → trans V A 28.5
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the OH stretching and in the first OH stretching overtone
region. Second, the experimental spectra in the OH stretching
and in the first OH stretching overtone regions (see below) are
very similar, while in the case of site splitting we would expect
different anharmonicities for different sites. Third, the herein
proposed band assignments for the two regions allow a clear,

consistent interpretation of the results. Of course, smaller site
splittings (a few cm−1) are very likely present, which, besides
the existence of multiple backbone conformers, are responsible
for the broadening of the OH stretching bands.

Figure 3. OH and CO stretching regions of the computed and experimental spectra recorded in an Ar matrix.

Table 3. Computed Wavenumbers (in cm−1) of the OH
Stretching Fundamental Modes of the Six trans−trans
Conformers with Tentative Assignments to Experimental
MIR Bands

νOH 1 νOH 2

backbone
conformation SQMa VPT2a Exp.b SQMa VPT2a Exp.b

I 3580 3571 3564 3571 3569 3564
II 3589 3585 3577c 3570 3568 3560
III 3580 3576 3567c 3573 3568 3560
IV 3588 3583 3574 3573 3569 3560
V 3580 3578 3567c 3574 3565 3558c

VI 3590 3586 3577c 3574 3569 3560
aB3LYP/6-31++G**. bAr matrix. cShoulder.

Table 4. Computed Wavenumbers (in cm−1) of the CO
Stretching Fundamental Modes of the Six trans−trans
Conformers with Tentative Assignments to Experimental
MIR Bands

νCO 1 νCO 2

backbone
conformation SQMa VPT2a Exp.b SQMa VPT2a Exp.b

I 1743 1758 1749, 1752 1767 1793 1780
II 1738 1768 1755, 1759 1765 1791 1780
III 1741 1766 1755, 1759 1768 1793 1780
IV 1738 1766 1755, 1759 1769 1792 1780
V 1736 1758 1749, 1752 1767 1796 1782
VI 1738 1760 1749, 1752 1769 1792 1780

aB3LYP/6-31++G**. bAr matrix. The assignments to different
backbones are uncertain due to site splittings.
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The spectral patterns of other regions of the MIR spectrum
are also well reproduced by the calculations (see the Supporting
Information), but similarly to the OH and CO stretching
regions, the corresponding vibrations of the six lower energy
conformers of E-glutaconic acid have wavenumbers that are
very close to each other; therefore, no complete and
unambiguous conformational assignment can be made.
As can be seen in Figure 4, there are four dominant bands in

the spectral region corresponding to the first overtone of the

OH stretching mode (2νOH). Each of these bands has
shoulders, revealing the complexity due to the presence of six
conformers and two carboxylic OH groups for each conformer.
According to the VPT2 computations (see Table 5), the two

lower intensity bands at higher wavenumbers (6982 and 6989
cm−1) unambiguously correspond to the 2νOH mode of the
carboxylic group of 1 of the trans−trans conformers with
backbone II to VI. The intensive and relatively sharp band at
6952 cm−1 can also be assigned confidently; it belongs to the
2νOH mode of carboxylic group 2 of the trans−trans
conformers with backbone II, III, IV, and VI, and possibly
also V. Finally, the similarly intense but broader band at 6961
cm−1 corresponds most likely to both 2νOH bands (i.e., 1 and

2) of the trans−trans conformer I, because for this conformer
the computed wavenumber difference between the 2νOH 1
and 2νOH 2 bands is only 3 cm−1. The 2νOH 2 mode of
trans−trans II, III, IV, V, and VI conformers might also
contribute to this band. Considering the above assignments and
our laser line width, it can be concluded without determining
the accurate conformational distribution that upon 6982 and
6989 cm−1 irradiation only carboxylic group 1 is excited, while
upon irradiation at 6952 cm−1 only carboxylic group 2 can
absorb a photon. On the other hand, the 6961 cm−1 photons
might be absorbed by both groups. In practice, the laser
wavelength was optimized for the most efficient bleaching. This
optimization resulted in irradiation wavenumbers of 6991,
6985, 6965, and 6955 cm−1, according to the reading of the
OPO controller. Since these wavenumbers are systematically
2−3 cm−1 higher than the band maxima in the NIR spectrum,
the differences are mostly due to the imprecise calibration of
the OPO. Therefore, hereafter we will refer to the measured
band positions of the NIR spectra, and not to the OPO reading,
as the irradiation wavenumbers.
The effects of the irradiations were examined by the analysis

of the MIR spectra. The difference spectra obtained by
subtracting the spectra recorded before the irradiations from
the ones recorded during the irradiations (red traces) and the
difference spectra obtained by subtracting the spectra recorded
before the irradiations from the one recorded 90 s after the end
of the irradiations (blue traces) are shown in Figure 5. The
positive bands in the latter type of difference spectra (blue
traces) correspond to species with longer (>60 s) lifetime,
while in the other type (red traces) mostly the bands of short-
lived species are expected, with some possible contribution
from the (more) stable species.
As can be seen from the blue traces of Figure 5, spectral

changes that are not restored in 90 s after switching off the laser
can only be observed in the carbonyl stretching region
(exceptions are for two very weak bands at 1189 and 1361
cm−1 appearing upon the 6982 and 6989 cm−1 irradiations).
The very high relative intensity of the CO stretching bands
results in relatively intense bands in the difference spectra. The
complicated pattern in the carbonyl stretching region, between
ca. 1750 and 1775 cm−1, is most likely due to very small
changes in the matrix sites.
Similar difference patterns were observed upon irradiations

of several minutes and hours. This means that these irradiations
do not promote the formation of stable conformers from other
stable forms. These observations also indicate that (1) the
conformational transformation of the backbone is unfeasible in
the low-temperature, rigid matrix due to steric effects; (2) if
cis−trans, trans−cis, or cis−cis conformers are formed, then their
lifetime is less than ca. 1 min. Note that, according to literature
data, the lifetime of a cis carboxylic acid form can be as short as
7 s in a 10−12 K Ar matrix, due to fast H-tunneling.33

The red traces in Figure 5 indicate that even though stable
species are not generated short-lived species are being formed,
because many bands are observed only during the irradiations.
The most intense bands of the short-lived species appeared in
the 1232−1272, 1274−1309, and 1793−1814 cm−1 regions for
each irradiation, and, in addition, at 1326 cm−1 in the case of
the 6961 cm−1 irradiation. Among these, the most intense
bands are those observed between 1793 and 1814 cm−1, which
belong to the CO stretching mode of the short-lived species.
In order to assign these bands to short-lived conformers, the

following assumptions were made. First, considering that

Figure 4. Assignments of the OH stretching overtone region. The
experimental spectrum is recorded in an Ar matrix. The positions of
the NIR laser irradiations are marked with asterisks.

Table 5. Computed Wavenumbers (in cm−1) of the First
Overtone of the OH Stretching Mode of the trans−trans
Conformers with Tentative Assignments to Experimental
NIR Bands

2νOH 1 2νOH 2

backbone conformation VPT2a Exp.b VPT2a Exp.b

I 6975 6965c 6972 6961
II 7003 6989 6969 6952
III 6986 6982 6970 6952
IV 7000 6989 6972 6961
V 6991 6982 6963 6952
VI 7006 6989 6972 6961

aB3LYP/6-31++G**. bAr matrix. cShoulder.
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during the irradiation only ∼0.1% of the trans−trans form is
converted to short-lived (X-cis and cis-X, X = trans or cis) forms
and assuming a similar efficiency for the absorption of a second
photon and for the trans to cis conversion of the X-cis and cis-X,
we expect <0.0001% two-step conversion to the cis−cis form,
which is below our detection level. It is also unlikely that the
absorption of a single photon can cause conformational change
on both carboxylic groups with a quantum yield that could
produce enough cis−cis conformers for detection. Therefore,
the analysis can be restricted to the cis−trans and trans−cis
conformers, while the cis−cis conformers can be excluded.
Second, as was already mentioned, the irradiations cannot
effectively induce conformational changes of the backbone.
Hence, only the cis−trans and trans−cis conformers with
backbones I−VI are considered in the following discussion. In
order to compute their vibrational frequencies, these 2 × 6
structures were generated from the corresponding trans−trans
forms by changing the CCOH torsion angle from 180 to 0° and
then reoptimized at the B3LYP/6-31++G** level of theory.
The SQM B3LYP/6-31++G** wavenumbers of the CO
stretching fundamentals of the obtained conformers are
collected in Table 6.

As the data shown in Table 6 and Figure 6 show, the CO
stretching fundamentals of the trans−cis and cis−trans con-
formers are clustered into three groups. Independently from
the backbone conformation, the computed νCO 2 wavenumber
of the trans−cis conformers is 50−60 cm−1 higher than that
corresponding to νCO 1. In contrast to this, the two
fundamental νCO modes of the cis−trans conformers are
very close to each other, and they depend considerably on the
backbone conformation. According to the computations, both
fundamental νCO modes of all cis−trans conformers have
wavenumbers staying between and very well separated from
those of the two fundamental νCO modes of the trans−cis
conformers. Furthermore, the higher wavenumber νCO
fundamental mode of the cis−trans conformers overlaps with
the νCO fundamental of the trans−trans conformers (see Table
4), while the lower wavenumber νCO fundamental mode
overlaps with the lower wavenumber νCO fundamental mode
of the trans−cis conformers. As a conclusion, independently
from the backbone conformation, the νCO 2 bands of the
trans−cis conformers at very high wavenumbers are distinctive,
and can be used for the identification of conformers with
trans−cis carboxylic groups.
As was mentioned before, and can be seen in Figure 5, bands

of short-lived conformers were observed between 1793 and
1814 cm−1 in each irradiation. These bands can unambiguously
be assigned to the νCO 2 mode of the trans−cis conformers.
This means that, although in the case of the 6982 and 6989
cm−1 irradiation experiments only carboxylic group 1 can
absorb the photons, the conformation change takes place on
carboxylic group 2. This proves that the IVR process can act
through eight covalent bonds in a flexible molecule, before the
excess energy completely dissipates into the matrix. In order to
eliminate the effect of different absorptions at different
irradiation wavelengths, in Figure 5, the spectra were
normalized by the absorption intensities of the irradiated
bands. As seen, the “remote pumping” is only a few times less
effective than the “local pumping”. This difference is not

Figure 5. Difference spectra of the spectra of the transient species, i.e., the spectra obtained by subtracting the spectra recorded before the irradiation
from the ones recorded during the irradiations (red traces), and the difference spectra obtained by subtracting the spectra recorded before the
irradiation from the one recorded after the irradiations (blue traces). The wavenumbers of the irradiations are given on the right. Spectra were
recorded in an Ar matrix. The intensities are normalized by the absorption intensity of the irradiated 2νOH bands; from top to bottom: 0.00319,
0.00585, 0.02195, 0.0225.

Table 6. Computed (SQM B3LYP/6-31++G**) CO
Stretching Fundamental Wavenumbers (in cm−1) of cis−
trans and trans−cis Conformers with Backbone I−VI

cis−trans trans−cis

backbone conformation νCO 1 νCO 2 νCO 1 νCO 2

I 1775 1766 1745 1799
II 1765 1759 1739 1797
III 1771 1767 1744 1794
IV 1763 1773 1742 1795
V 1768 1762 1736 1799
VI 1769 1767 1741 1800
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surprising, and can be rationalized by the competitive energy
transfer to the matrix. Furthermore, the efficiency of “remote
pumping” compared to that of “local pumping” is much larger
than could be caused by nonresonant effects (i.e., pumping of a
combination of molecular vibrational and lattice modes; see
below) or by the line width of our laser radiation. It should also
be noted that the band structures in the 1793−1814 cm−1

region look different for the different irradiations, which results
from the fact that the overlap of the 2νOH band of the different
backbone conformers with the excitation laser line is different
in the four experiments; i.e., the relative amounts of the
different conformers undergoing excitation in the four
experiments are different.
One might think that the remote switching occurs not

because of a long-range IVR process but simply due to
statistical energy distribution of the absorbed energy, i.e., due to
heating. This can, however, easily be excluded by a simple
consideration. The computed heat capacity (B3LYP/6-31+
+G**, anharmonic) of our model compound is 329 J mol−1

K−1. This corresponds to a statistical energy distribution (kT)
of only ∼220 K, which is only ∼150 cm−1. This means that to
trigger a trans−cis conformation change over a ca. 5000 cm−1

trans to cis barrier33 the 2νOH absorption should occur at least
∼30 times before the energy is dissipated to the matrix. This is
more than a highly unlikely event with our relatively low-power,
unfocused laser beam! In addition, the relatively large quartic
force constants (4.9 and −4.9 aJ amu−2 Å−2, for kxyyy and kxxxy,
respectively, where x and y denote the two OH stretching
normal modes) obtained by VPT2 theory also suggest that the
IVR process is feasible between the two groups.
One can also consider that the trans−cis conformers may be

produced not by a remote switching effect but by nonresonant
pumping of 2νOH 2. Such nonresonant pumping, due to
coupling of molecular vibrations with phonon modes, was
observed for formic acid when it was pumped at the blue side of
its OH stretching overtone.14 The efficiency of this pumping
was observed to be 2−3 orders of magnitude weaker than that
of the direct pumping. First, in our case, the difference in the
efficiency of the local and remote pumping is smaller. Second,

the action spectrum (or reactive vibrational excitation, i.e., the
integrated band intensities of the high-wavenumber CO
stretching of trans−cis forms vs excitation frequency; see the
Supporting Information) shows that upon irradiation at ∼6980
cm−1, on the red side of the 2νOH 1 II−VI bands, no trans−cis
conformers could be observed. This proves that the trans−cis
forms generated by nonresonant pumping of the 2νOH 2
bands around 2νOH 1 II−VI bands are below our detection
limit.
Unfortunately, the long-range IVR process in the other

direction (i.e., excitation of group 2 and inducing conforma-
tional change in group 1) cannot be proved on the basis of the
carbonyl stretching mode, because, as was mentioned, the
carbonyl bands of the cis−trans forms overlap with those of the
trans−trans conformers.
Although in the other regions of the spectrum the separation

of the bands of the cis−trans and trans−cis forms are not large
enough for unambiguous structural identifications (see
computed transitions in the Supporting Information), most of
the bands that can be assigned to a short-lived conformer
appear at the same position upon the four irradiation
experiments but with different relative intensities. This
observation suggests that all of the short-lived cis−trans and
trans−cis forms can be prepared regardless of which carboxylic
group (1 or 2) is irradiated; i.e., it points to efficient long-range
IVR in both directions (excitation of 1 and conformational
change in 2, and vice versa).
In order to determine the lifetime of the identified trans−cis

conformers, the time evolution of their most intensive bands
was monitored in the dark, after irradiation at 6961 cm−1 (see
Figure 7). Since no single bands can be unambiguously
assigned to the trans−cis conformers with a given backbone
conformation (I−VI), and also because the signal-to-ratio is
low, the absorbances of the bands between 1814 and 1793
cm−1 were integrated together. This resulted in an average
lifetime of the trans−cis conformers with different backbone
structures of 12 s. This lifetime is comparable with the 7 s
lifetime of the glycine VI conformer,21 which can convert via a
similar tunneling mechanism to glycine conformer I.33 In a

Figure 6. Assignment of the CO stretching region of spectra (recorded in an Ar matrix) of the transient species.
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good correspondence with this, the barriers computed at the
MP2/6-311++G** level for the relaxation of the trans−cis
conformer I into the trans−trans conformer I in E-glutaconic
acid and for the relaxation of glycine VI conformer into glycine
I are very similar, amounting to 2045 and 2147 cm−1,
respectively.
Former studies have shown that the cis conformers of

carboxylic acids are stabilized in a N2 matrix compared to an Ar
matrix.33−37 Due to this stabilization, the lifetime of the cis
conformers is 2−3 orders of magnitude larger in N2 matrix.
Therefore, it seemed to be an obvious choice to investigate the
IVR process in E-glutaconic acid in a N2 matrix. Unfortunately,
the OH stretching overtones of the two carboxylic groups are
overlapping in this matrix, which made it impossible to excite
selectively each one of the two groups.

5. CONCLUSION
In this paper, the long-range IVR process was examined on E-
glutaconic acid isolated in solid argon. It has been shown that in
this model compound a conformational change highly likely
occurs in a group separated by eight covalent bonds from the
group absorbing the NIR photon. Other long-range IVR driven
conformational transformations were formerly identified by the
MI method only in more rigid molecules containing aromatic
rings.7−9 Long-range IVR and thermal conductivity processes
were also studied in nanotubes and organic polymers, and small
peptides by time-resolved two-dimensional infrared (2DIR)
spectroscopy.6,38,39 Although our method provides evidence on
the long-range IVR process only by a “static” observation (i.e.,
observing the resulted conformational change), and in the
present case the observation was challenging, our approach is
still much simpler than that of the 2DIR experiments.
Therefore, the approach applied in the present study can be
used to find the best model systems for more complicated
2DIR studies with which the dynamics of these processes can
be explored in detail, and which can unambiguously reveal that
the observed conformational change is basically IVR driven and
not a simple statistical heat effect. Future MI studies on related
model compounds can further prove that our observation is not
interfered by a larger site-splitting effect.
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