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ABSTRACT

Using the DFT/M06-2X method, we simulated the structure and vibrational spectra of inert gas (Ne, Ar, Kr, Xe) clusters with an isolated
formic acid molecule. The impact of the matrix environment on the vibrational spectra of formic acid is established. The values of the
matrix shifts of the vibrational frequencies predicted by calculations matched those obtained experimentally. We found that the best
agreement between the calculated and experimental shifts occurred for clusters with the smallest deformation energy of the inert gas crystal.
At the same time, the ratio of the volume of the molecule embedded in the matrix, and the volume of substituted matrix gas atoms, allowed
one to determine only the minimum possible size of the matrix site. The calculated and experimental values of the matrix shifts are in good
agreement, indicating the computation method matches the actual experimental conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/10.0000534

1. INTRODUCTION

The matrix isolation method enables the efficient identifica-
tion of the structure of molecules confined in inert gas crystals.1,2 It
is used to establish the detailed structural features of pivotal biolog-
ical molecules. One of the advantages of isolating molecules in
inert gas matrices is the weak interaction of the studied molecule
with the matrix environment, the value of which for argon matrices
is approximately 4–5 kJ/mol per one atom of an isolated mole-
cule.3,4 This interaction can be omitted in many cases. However,
for biological molecules possessing significant conformational
lability, interaction with the matrix can have a strong impact on
their structure, because relatively little energy is required to alter
the intramolecular structure of labile moleculesZup to 10 kJ/mol.
Hence, the structure of the molecule in the matrix may differ from
the unperturbed structure of this molecule in the gas phase. Such a
change in the structure of an embedded molecule should also lead
to a change in the vibrational frequencies of the molecule. The
interaction of the isolated molecule with the matrix environment is
another reason that can cause a change in the vibration frequency
of both labile and rigid molecules.

To separate these two effects, we studied how the matrix envi-
ronment impacts the IR spectra of a structurally rigid formic acid
molecule, in this article. Formic acid was chosen as a test molecule
for several reasons. First, the IR spectra in the matrices of all inert
gases (Ne, Ar, Kr, Xe) have been obtained for this compound.5–10

The splitting of absorption bands has been recorded in almost all
matrix IR spectra of formic acid. Also, the IR and Raman spectra of
formic acid in the gas phase have been well studied.11–18 Comparing
gas-phase and matrix spectra enables a direct determination of the
matrix shifts. Obtaining such information is especially relevant con-
sidering the significantly increased accuracy of quantum mechanical
calculations of the normal vibration frequencies,19,20 which are used
in the analysis of experimental IR spectra. The difference between
the vibrational frequencies calculated for single molecules and the
experimental frequencies of matrix-isolated molecules cannot be
reduced to values less than 5–10 cm−1 even by the most accurate cal-
culation methods, including those taking into account the anharmo-
nicity of vibrations and polynomial scaling of the calculated
frequencies.21–23

Model systems that include both the molecule and inert
gas atoms should be used to study the matrix effects when the
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modeling of IR spectra. The calculations of model systems, which
included only one atom of inert gas, made it possible to qualita-
tively explain the differences in the vibration frequencies of formic
acid isolated in matrices of various inert gases.24–27 However, such
a simplified approach does not allow one to study the spectral
effects associated with the incorporation of molecules into the
matrix. A more comprehensive model accounting for matrix effects
has been used to analyze the vibrational spectra of small (two and
triatomic) linear molecules.28–30 The results revealed that in many
cases the shell of a single layer of inert gas atoms becomes unstable
and does not correspond to the structure of inert gas crystals.
Significantly larger fragments of inert gas crystals should be consid-
ered to simulate the effect of the matrix on the structure and IR
spectra of polyatomic molecules.

In this work, we used fcc fragments of inert gas crystals
consisting of more than 100 atoms to simulate matrix effects. The
objectives of this study were to determine the optimal size of a
crystal fragment, as well as the energy and structural parameters
that can be used to localize the optimal matrix sites for embedding
molecules. The feasibility of accounting for the effects of inert gas
matrices on the structure and vibrational spectra of isolated mole-
cules was shown. The results obtained on a structurally rigid mole-
cule of formic acid will further expand the approaches used in the
simulation of conformationally labile molecules.

2. COMPUTATIONAL METHODS

Inert gas clusters with an embedded formic acid molecule
were simulated applying the DFT method with the M06-2X meta-
hybrid density functional.31 For formic acid atoms (C, O, H), the
standard aug-cc-pVDZ basis set was used. For inert gas atoms, we
used the basis with the effective core potential (ECP, GRENBL
ECP.32–34 First, the geometry of the fcc fragment of inert gas
crystals consisting of 108 atoms was optimized using the density
functional M06-2X, and crystal fragments consisting of 171 atoms
were also used for neon and argon. The resulting structures were
then applied as matrix models. Various cavities for the incorpora-
tion of formic acid molecules were obtained by removing several
atoms (from 1 to 5) from the center of the crystal fragment. The
size and shape of the cavities were determined based on calcula-
tions of the ratio of the volumes of the formic acid molecule and
inert gas atoms. We fully optimized the geometry of all complexes
using the M06-2X / BS1 method. Further, we calculated the
harmonic vibration frequencies. We took into account the superpo-
sition effect of basic sets (BSSE, basis set superposition error) to
calculate the interaction energy between the embedded molecule of
formic acid and the inert gas crystal. In this case, we employed
the standard method of counterweights (counterpoise correction
procedure).35 The quantum/mechanical calculations were con-
ducted using programs Gaussian 09.36

3. RESULTS AND DISCUSSION

Experimental IR spectra of formic acid in inert gas
matrices and gas phase

Before modeling the matrix effects, analysis of the available
experimental data on the vibrational spectra of formic acid

(HCOOH) is necessary. Table I presents the measurement results
obtained for the gas phase by IR spectroscopy11–17 and Raman
spectroscopy.18

The formic acid molecule consists of 5 atoms and has 9
(3⋅5–6) intramolecular degrees of freedom and, correspondingly,
the same number of natural vibrations. The most accurate values of
the 9 vibrational frequencies were obtained in Refs. 11–16, in each
of which a small region of the high-resolution IR spectra of formic
acid, containing one or two absorption bands, was studied in detail.
These data are in good agreement with the frequencies determined
from the Raman spectrum.18 The vibrational frequencies obtained
in Refs. 11–16 will be used to determine the values of matrix shifts
for each vibration, calculated as the difference in frequencies in the
gas phase and in the corresponding matrix.

Table II presents the experimental values of the fundamental
frequencies of the formic acid isolated in inert gas matrices. The
vibration frequencies in the matrices of para-hydrogen and nitro-
gen are also given for comparison. From Table II, in Refs. 9 and 10
(Ar, Kr, and Xe matrices), the splitting of most fundamental
vibration bands was recorded. The formic acid molecule has
two possible conformers: cis- and trans- (Fig. 1). A high energy
barrier separates these conformers and, also, the relative stability of
the trans-conformer is significantly lower than that of the
cis-conformer (the energy difference is about 46 kJ/mol.7 For this
reason, upon sputtering into the matrix from the gas phase, the
formic acid molecule exists only in the form of a cis-conformer,
and the ways of incorporating the molecule into the matrix deter-
mine the splitting of the IR spectral bands. The results of the study
on formic acid in an argon matrix are the most informative for the
study of matrix effects.10 In this work, doublet bands are recorded
for all fundamental vibrations. The reason for this splitting of the
bands is the existence of two approaches to embedding the formic
acid into the argon matrix. Moreover, for each vibration, the
authors succeeded in assigning the components of each doublet
band to a specific matrix site.10

Comparing the vibrational frequencies of formic acid in the
gas phase (Table I) and inert gas matrices (Table II), makes it pos-
sible to to determine the values of the matrix shifts, which corre-
spond to the frequency difference between the gas phase and the
matrix. In general, during isolation in the matrix, a low-frequency
shift of the bands in the IR spectra was observed, although in some
cases a shift to the high-frequency region occurred. Figure 2 shows

TABLE I. Vibrational frequencies of formic acid in the gas phase (ν, cm−1).

ν IR IR17 Raman18 Identification

ν1 3570.5 11 3567 3568.9 OH str
ν2 2942.1 12 2941 2942.0 CH str
ν3 1776.8 13 1775 1776.6 CvO str
ν4 1380.0 14 – 1380.6 HCvO bend
ν5 1223.0 14 1218 – HOC bend
ν6 1104.9 15 1104 1103.8 CZO str
ν7 626.2 16 612 624.9 OZCvO bend
ν8 1033.5 15 – – CH tor
ν9 640.7 16 640 642.0 OН tor

Low Temperature
Physics ARTICLE scitation.org/journal/ltp

Low Temp. Phys. 46, 000000 (2020); doi: 10.1063/10.0000534 46, 000000-156

Published under license by AIP Publishing.

https://aip.scitation.org/journal/ltp


a graphical representation of matrix shifts for stretching vibrations
of OH and CvO bonds.

The data shows a significant increase in matrix shifts at the
transition from the neon matrix to the xenon matrix. The matrix
shifts in para-hydrogen approximately corresponded to that in the
argon matrix, and the nitrogen matrix occupied an intermediate
position between the krypton and xenon matrices. As already
noted, there is a splitting of most of the spectral bands in the IR
spectra of formic acid in the matrices of argon, krypton, and
xenon, probably due to the different methods of embedding the
molecules of this compound into the matrix. The matrix shifts
differ for the different methods of embedding the molecule into the

TABLE II. The vibrational frequencies of formic acid confined in inert gas matrices (Ne, Ar, Kr, Xe), molecular para-hydrogen (pH2), and nitrogen (N2), ν (cm−1).

ν Ne5 pH26 N27 Ar8 Ar9
Ar10

Kr9 Xe9site 1 site 2

ν1 3569.4 3553.69 3528.2 3546 3547
3549
3551

3548.2 3550.5 3530
3536
3537

3514
3521

ν2 2937.8 2942.07 2967.5 2950 – 2956.1 2953.1 – –
ν3 1773.9 1768.63 1762.2 1766 1765

1767
1768.9 1767.2 1763

1764
1757
1758

ν4 1379.7 1380.62 1342 1379 – 1384.4 1381.0 – –
ν5 1217.6 – 1265 1214 1216 1214.8 1215.8 1211 1207
ν6 1102.8 1106.69 1119.4 1102 1104

1107
1103.9 1103.2 1101

1105
1098
1101

ν7 625.9 – 1040.5 628 – 628.0 629.3 – –
ν8 1035.6 1035.33 672.3 1036 – 1037.4 1038.5 – –
ν9 637.6 – 637.0 635 – 635.4 635.4 – –

FIG. 1. The structure of cis- and trans-conformers of formic acid.

FIG. 2. Differences in the experimental values of the fundamental vibrational frequencies of formic acid recorded for the gas phase and for the matrix samples. Negative
values correspond to the low-frequency shift of the matrix strip vis-a-vis the gas phase.
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matrix, which is related to the different structures of the insertion
sites (matrix sites). Figure 2 shows that the difference in matrix
shifts observed in the IR spectra occurred as matrix splitting. The
spectral manifestations of matrix splitting are similar to manifesta-
tions of the conformational splitting. To enhance sensitivity of the
matrix isolation method, it is necessary to distinguish between
these spectral effects when determining the structure of molecules.
This requires the simulation of systems that are optimized for inert
gas matrices. The results of such modeling performed for formic
acid are presented in the following subsections.

3.2. Structure and interaction energies in formic acid
clusters with inert gases

Upon embedding into a crystal (matrix) of inert gas, the
molecules of the test compound replace (substitute) several crystal
atoms. The cavity formed is usually called a matrix site. The size
and shape of the matrix sites depend, first of all, on the structure
of the embedded molecule. In this section, a number of energy
parameters will be used to describe clusters of formic acid with
inert gases. Chiefly, it is the interaction energy Eint of an embedded
molecule with a matrix environment (atoms of an inert gas
crystal). The deformation of the structure of both the molecule
itself and the inert gas crystal occurs upon the incorporation of the
molecule into a matrix. The difference between the energies of
an individual molecule in the optimal configuration and that calcu-
lated for the matrix configuration of this molecule is the strain
energy of the molecule Edef. The deformation energy of a crystal
is determined similarly. The difference between the interaction
energy and the sum of the deformation energies of the embedded
molecule and the inert gas crystal is denoted as the cluster forma-
tion energy

Eform ¼ Eint � (Emol
def þ Ecryst

def ): (1)

The considered energies are used to estimate the stability of the
cluster and its formation in the experiment. First of all, when mod-
eling the clustering of formic acid with inert gases, it is necessary
to determine the size of the cavity required for the incorporation of
this molecule into the crystal. Therefore, the volume of the formic
acid molecule was calculated and compared with the volumes of
inert gas atoms. The calculations were carried out using the density
functional M06-2X. The results obtained (Table III) correspond to
the volume inside the circuit with an electron density of 0.001 elec-
trons/Bohr3. Table III also shows the estimated number of inert gas
atoms (N), which are replaced by a formic acid molecule when it
incorporates into the crystal.

As can be seen, the formic acid molecule approximately corre-
sponds to one Xe atom by volume, and can be integrated into
the xenon matrix replacing only one atom. At the same time, the
volume of argon or krypton atoms is smaller than the volume of a
molecule of formic acid by approximately 25%. Therefore, it can be
supposed that upon the incorporation of argon and krypton into
the matrices, the formic acid molecule will replace two atoms. The
volume of the neon atom is much smaller, and formic acid will
replace at least 4–5 neon atoms. The results are estimates since it is
necessary to take into account not only the volume, but also the
shape of the molecule embedded in the matrix. Hence, the size of
the matrix sites may be slightly different from the size calculated
based on the volumes of the formic acid molecule and the atoms of
the matrix gases. Modeling the incorporation of formic acid mole-
cules into inert gas matrices will be carried out taking into account
this condition.

3.2.1. Molecule of formic acid in xenon matrices

The simplest insertion scheme should be observed for the
xenon matrix, in which the formic acid molecule will replace only
one atom, as follows from the results of the calculated volumes of
atoms of inert gases and the formic acid molecule. The structure of
this site is shown schematically in Fig. 3. In addition to this
method of incorporation, we simulated the embedding of formic
acid into the cavity of the xenon matrix formed by the removal of
two or three xenon atoms. Their structure is also shown in Fig. 3.
The necessity of considering larger sites originates from the non-
equilibrium structure of matrices. When depositing matrices at
temperatures significantly lower than the melting point of the cor-
responding inert gas, the formation of incorporating sites, which
do not correspond to the global minimum of energy, is possible.
Upon annealing (increasing temperature) of the matrix, a site is
usually rearranged, which is accompanied by a transition to a more
energetically stable state. The structure of the selected clusters was
fully optimized using the M06-2X method. The calculation results
are summarized in Table IV, and the calculated cluster structures
are shown in Fig. 4.

TABLE III. Calculated volumes (Ǻ3) of a formic aid molecule (FA) and atoms of
inert gases.

Parameters FA Ne Ar Kr Xe

Volume 51.8 12.5 36.0 37.6 52.3
N 4–5 2 2 1

FIG. 3. The shape of matrix sites formed upon the incorporation of a formic
acid molecule. The lattice fragment comprising three {111} layers of crystal fcc
lattice of Xe is shown. The substituted atoms are selected.
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The data obtained show that, among all the calculated struc-
tures, the FA@Xe107 complex, in which the formic acid molecule
replaces only one xenon atom, is the most energetically favorable.
As can be seen from the data in Table IV, for this complex, the cal-
culations give the largest absolute values of the cluster formation
energy and the interaction of the formic acid molecule with the
matrix. The second most stable is the FA@Xe106A complex. It
should be noted that for all complexes, the calculations predict a
small deformation energy of the formic acid molecule, not exceed-
ing 0.1 kJ/mol. The smallest xenon matrix deformation energy was
obtained for the complex FA@Xe107. This is in good agreement
with the results of calculations of the volumes of the formic acid
molecule and xenon atom (Table III).

Further, quantum-mechanical modeling of the impact of the
matrix environment on the vibrations of formic acid molecules was

carried out for all clusters. First, the IR spectrum of a single formic
acid molecule was calculated using the M06-2X/aug-cc-pVDZ
method. The purpose of this calculation was to determine the
scaling factors (SF) for each of the 9 normal vibrations. The coeffi-
cients were calculated as the ratio of the experimental (gas phase)
and calculated frequencies. The obtained results are presented in
Table V. As one can see, the average value of SF is about 0.95. This
means that the M06-2X method overestimates the frequencies by
an average of 5%.

Subsequently, the vibrational spectra of the FA@Xe clusters
were calculated. The obtained values of the vibration frequencies of
the formic acid molecule were scaled using the previously found
coefficients. The calculation results for the two most stable clusters
(calculated and experimental values of vibration frequencies and
matrix shifts) are given in Table VI.

Four bands were recorded in the experimental IR spectrum of
formic acid isolated in the xenon matrix, for three of which matrix
splitting was observed. The remaining bands could not be detected
due to their low intensity. The strongest matrix shift was observed
(more than 50 cm−1) for the OH band of stretching vibration . The
value of matrix splitting in this case was 7 cm−1. As can be inferred,
the simulation results are in good agreement with the experiment,
although the calculated value of the matrix shift is by 11 cm−1

smaller than the experimental one. At the same time, the magni-
tude of the splitting in the calculation and experiment match. For
the other bands, a good agreement was obtained for the matrix
shifts as well as for the values of matrix splitting. For some weak
bands, which were not detected experimentally, the calculations
predicted significant matrix splitting. The strongest splitting was
observed for out-of-plane vibrations of the formic acid molecule.
For the HCOH torsion vibration, the magnitude of the matrix split-
ting was 18 cm−1, and for the HOCO torsion vibration it was
19 cm−1. In this case, for the FA@Xe107 cluster, a matrix shift of
the frequencies of out-of-plane oscillations to the high-frequency
region was observed. For the experimental detection of this split-
ting, additional studies of formic acid isolated in the xenon matrix
are necessary.

The results obtained for the xenon matrix allow us to conclude
that the criteria used in the simulation to determine the preferred
insertion sites of the formic acid molecule (the formation energy of
the cluster and the interaction energy of the molecule with the

TABLE IV. The formation energy (Eform) of FA@Хе clusters, deformation energy
(Edef ) of the matrix and formic acid, and interaction energy (Eint) between a formic
acid molecule and the matrix. All energies are given in kJ/mol and calculated taking
into account the BSSE correction. N Z the number of xenon atoms removed to
form a cavity in the matrix.

Cluster N Eform

Edef

EintXe FA

FA@Xel07 1 −35.1 1.7 0.1 −36.9
FA@Xel06 2 −26.0 2.3 0.1 −28.4
FA@Xel06A 2 −31.4 3.1 0.1 −34.6
FA@Xel05 3 −27.3 2.2 0.1 −29.6

TABLE V. Scaling coefficients (SF) for formic acid.

M06-2X/aug-cc-pVDZ

Identificationunsealed SF scaled

3777 0.945 3571 OH str
3126 0.941 2942 CH str
1861 0.955 1777 CvO str
1394 0.990 1380 HCvO bend
1323 0.924 1223 HOC bend
1167 0.947 1105 CZO str
644 0.972 626 OZCvO bend
1067 0.969 1034 HCOH tor
694 0.924 641 HOCO tor

FIG. 4. The structure of FA@Xe clusters calculated using the M06-2X method.
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matrix environment) made it possible to correctly and precisely
identify the incorporation methods, which were implemented
experimentally. This is confirmed by the matching of the calculated
and experimental values of the matrix shifts and the matrix envi-
ronment. It should be noted that for the other two clusters
(FA@Xe106 and FA@Xe105), the calculations yielded matrix shifts
that were significantly different from the experimental values.

3.2.2. Incorporation of a formic acid molecule into
matrices of krypton, argon, and neon

In determining the size and shape of sites formed upon the
incorporation of formic acid molecules into the matrices of argon
and krypton, the size of the atoms of these matrix gases was taken
into account. Initially, the method of molecular dynamics was used
to test all possible ways of embedding into the cavity formed in a
matrix when a formic acid molecule replaces 1 to 4 krypton atoms
or 1 to 5 argon atoms. It was found that upon the replacement of
only one argon atom, the formed cavity was insufficient to host
the formic acid molecule. Simulating this system, a significant

deformation of the crystal structure of argon was observed. In addi-
tion, for the cavity formed by the substitution of four krypton
atoms (the largest cavity considered for krypton), a large deforma-
tion (collapse) of the crystal structure was also observed, which was
accompanied by a decrease of the cavity size. The shapes of possible
sites in the krypton and argon matrices formed upon the incorpo-
ration of formic acid are shown in Figs. 5 and 6.

Further, quantum-mechanical calculations were performed for
the identified matrix sites using the M06-2X method that deter-
mined the structure and energy characteristics of the formed clus-
ters. The calculations were carried out for fragments of krypton
and argon crystals, which initially (before the replacement of inert
gas atoms by formic acid molecule) consisted of 108 atoms. In
addition, the calculations were performed for larger argon clusters
of 171 atoms. The purpose of these calculations was to determine
the effect of the total cluster size on the structure and interaction
energies during modeling. Table VII summarizes the energy char-
acteristics of the calculated FA@Kr clusters.

In the clusters FA@Kr107 and FA@Kr106, the formic acid
molecule was located in the {111} plane of the argon crystal lattice,
and in the clusters FA@Kr106A and FA@Kr105 − in the {100}
plane. The most energetically favorable cluster was FA@Kr106A
with the formation energy of –25.4 kJ/mol. In the IR spectra of
formic acid isolated in the krypton matrix, for the most observed
bands, doublet splitting was observed. This indicates that isolation
in the matrix proceeded in two ways while the formic acid molecule
was embedded. It can be suggested that one of them corresponds to
the most energetically preferred cluster FA@Kr106A. For the other
clusters, the calculations gave close values of the formation energy
that did not allow us to unambiguously identify the structure of
the second cluster only on the basis of the calculated energy
characteristics.

In such a situation, conclusions as to the structure of the
formic acid molecule insertion sites into the krypton matrix were
inferred from a comparison of the experimental and calculated
vibrational frequencies for all the clusters that were found. The
results of this comparison are presented in Table VIII, showing
that the experimentally observed matrix shifts and matrix splitting
are completely consistent with the IR spectra calculated for the

FIG. 5. The shape of the sites formed upon the incorporation of a formic acid
molecule into the krypton matrix. The lattice fragment of three {111} layers of fcc
crystal lattice of krypton is shown. The substituted krypton atoms are selected.

TABLE VI. Experimental and calculated vibrational frequencies and matrix shifts for a molecule of formic acid (FA) isolated in the xenon matrix, (cm−1).

Experiment Calculation (M06-2X)

Gas phase Xe matrix9 FA@Xe107 FA@Xe106A

Frequency Identification Frequency (shift) Frequency (shift)

3571 OH str 3514 (−57) 3521 (−50) 3525 (−46) 3532 (−39)
2942 CH str – – 2934 (−8) 2832 (−10)
1777 CvO str 1757 (−20) 1758 (−19) 1758 (−19) 1761 (−16)
1380 HCvO bend – – 1385 (5) 1379 (−1)
1218 HOC bend 1207 (−11) 1211 (−7) 1210 (−8)
1105 CZO str 1101(−4) 1098 (−7) 1102 (−3) 1099 (−6)
626 OZCvO bend – – 630 (4) 636(10)
1034 HCOH tor – – 1048(14) 1030 (−4)
641 HOCO tor – – 657(16) 638 (−3)
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FA@Kr106A and FA@Kr105 clusters. The maximum matrix shift
was detected for OH valence vibrations (–36 and –31 cm−1 for
two sites), although its value is smaller than that in the xenon
matrix (–46 and –39 cm−1). It should be noted that for most
stretching vibrations, a low-frequency shift is observed, and for
deformational and out-of-plane vibrations, a high-frequency shift is
observed. At the same time, as can be inferred from Table VIII, for
some fluctuations this pattern was not satisfied. For example, a
high-frequency shift was observed for CH valence vibration of
formic acid in the FA@Kr105 cluster. An analysis of the cluster
geometry showed that the CH–Kr distance (the krypton atom is
located approximately at the length of the O–H bond) is 3.2 Ǻ,
which is shorter than the equilibrium value (3.4 Ǻ). In this case,
the equilibrium is the distance between the inert gas atom and the
atom of the molecule with which the inert gas atom interacts,
obtained by optimizing the geometry of the complex consisting of
the studied molecule and one inert gas atom. For a molecule iso-
lated in the matrices, the inert gas atoms directly interacting with
the molecule are not necessarily at the equilibrium distance.
Depending on the structure of a particular matrix site, such dis-
tances could be shorter or longer than the equilibrium one. This
determines the direction of the matrix shift.

As in the case of the xenon matrix, the results obtained for
krypton matrices showed a good agreement between the experimental
and calculated values of the matrix splitting and matrix shifts. This
indicates that the proposed technique made it possible to accurately
determine the structure and IR spectra of inert gas clusters containing
impurity molecules.

Table IX gives the energy parameters of formic acid clustered
with argon. The identification of possible matrix sites for argon
was carried out similarly to krypton and xenon. The difference in
the simulation of argon matrices had to do with using clusters of
different sizes. In these calculations, for inert gas atoms, a basis set
with an effective core potential (CRENBL ECP) was used. The
number of basis functions in this set was 16 for neon and argon
atoms, and 32 for krypton and xenon atoms. This made it possible
to perform calculations of larger argon and neon clusters consisting
of 171 atoms (before the incorporation of formic acid molecules).

Firstly, we note that the size of the site formed by the removal
of two argon atoms was insufficient to accommodate the formic
acid molecule. This is evidenced by the significant deformation
energy of the argon crystal for the FA@Ar106 cluster. The calcu-
lated strain energies of the matrix environment are given in
Table IX and show that for the same matrix sites, the strain energy
substantially increased with the size of the argon cluster. Therefore,
for the clusters incorporating formic acid molecules of 108 argon
atoms, the strain energies did not exceed 3 kJ/mol. At the same
time, the strain energies for the clusters consisting of 171 argon
atoms ranged from 4.6 to 8.2 kJ/mol. The FA@Ar106 cluster was
excluded from this analysis because of the practically nonexistent
formation energy. By analyzing the cluster structure, one can infer
that the local deformation of the argon crystal was at a maximum
in the immediate vicinity of the incorporated molecule, and
decayed rather slowly when it moved away from the cluster center
where the isolated molecule was located. Clearly, the strain energy
increases with an increase in the crystal size. It is important that
the energy calculations demonstrated the greatest stability for the
same matrix site (FA@Ar104A/FA@Ar167A) regardless of the size

TABLE VII. Formation energy (Eform) of FA@Kr clusters, deformation energy (Edef )
of the matrix and formic acid, and interaction energy (Eint) between a formic acid
molecule and the matrix. All energies are given in kJ/mol. N Z the number of
krypton atoms removed to form a cavity in the matrix.

Cluster N Eform

Edef

EintKr FA

FA@Krl07 1 −21.7 2.6 0.1 −24.4
FA@Krl06 2 −19.6 2.6 0.0 −22.2
FA@Krl06A 2 −25.4 4.1 0.1 −29.6
FA@Krl05 3 −19.9 4.3 0.1 −24.3

FIG. 6. The shape of the sites formed upon the incorporation of a formic acid molecule into the argon matrix. A lattice fragment comprising three {111} layers of fcc crystal
lattice of argon is shown. The substituted argon atoms are selected.
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of the argon cluster. The formation energies of the remaining clus-
ters are close. Therefore, conclusions about which clusters were
formed in the matrix experiment were made by comparing the
vibrational frequencies and matrix shifts calculated for all clusters
against the experimental values. These results are presented in
Table X.

A comparison of the experimental and calculated frequency
vibrations showed that the observed matrix shifts perfectly matched
the calculated shifts for only two clusters Z FA@Ar104 and
FA@Ar104A. It should be noted that for formic acid isolated in the
argon matrix, band splitting was registered for all nine normal
vibrations.10 For krypton and xenon matrices, splitting was regis-
tered only for the three most intense vibrations.10

The direction of the matrix shift (low-frequency or high-
frequency) coincided for all vibrations, except for the stretching vibra-
tion of the CH bond. For CH stretching vibrations, a high-frequency

TABLE IX. The formation energy (Eform) of FA@Ar clusters, deformation energy
(Edef ) of the matrix and formic acid, and the interaction energy (Eint) between a
formic acid molecule and the matrix. All energies are given in kJ/mol. N Z the
number of argon atoms removed to form a cavity in the matrix.

Cluster N Eform

Edef

EintAr FA

FA@Arl06 2 −0.5 16.9 0.1 −17.5
FA@Arl05 3 −19.1 1–5 0.1 −20.7
FA@Arl68 3 −15.1 8.2 0.1 −23.4
FA@Arl04 4 −17.2 2.1 0.0 −19.3
FA@Arl67 4 −19.4 4.6 0.1 −24.1
FA@Arl04A 4 −29.6 2.8 0.0 −28.4
FA@Arl67A 4 −22.7 6.4 0.1 −29.2
FA@Arl66 5 −22.6 0.0 0.0 −22.6

TABLE X. The experimental and calculated vibrational frequencies and matrix shifts for a formic acid (FA) molecule isolated in argon matrix, (cm–1).

Experiment Calculation (M06-2X)

Gas pliase Ar matrix9 FA@Ar104 FA@Ar104A

Frequency Identification Frequency (shift) Frequency (shift)

3571 OH str 3548 (−23) 3551(−20) 3554 (−17) 3558 (−13)
2942 CH str 2956 (14) 2953 (11) 2939 (−3) 2940 (−2)
1777 CvO str 1769 (−8) 1767 (−10) 1771 (−6) 1768 (−9)
1380 HCvO bend 1384 (4) 1381 (1) 1394 (14) 1391 (11)
1218 HOC bend 1215 (−3) 1216 (−2) 1211 (−7) 1215 (−3)
1105 CZO str 1104 (−1) 1103 (−2) 1102 (−3) 1103 (−2)
626 OZCvO bend 628 (2) 629 (3) 626 (0) 630 (4)
1034 HCOH tor 1037 (3) 1039 (5) 1036 (2) 1039 (5)
641 HOCO tor 635 (−6) 635 (−6) 634 (−7) 635 (−6)

TABLE VIII. Experimental and calculated vibrational frequencies and matrix shifts of a formic acid molecule (FA) isolated in the krypton matrix, (cm−1).

Experiment Calculation (M06-2X)

Gas pliase Kr matrix9 FA@Kr106A FA@Ki105

Frequency Identification Frequency (shift) Frequency (shift)

3571 OH str 3530 (−41) 3537 (−34) 3535 (−36) 3540 (−31)
2942 CH str – – 2934 (−8) 2945 (3)
1777 CvO str 1764 (−13) 1763 (−14) 1765 (−11) 1764 (−13)
1380 HCvO bend – – 1377 (−3) 1393 (14)
1218 HOC bend 1211 (−7) 1214 (−4) 1218 (0)
1105 CZO str 1101 (−4) 1105 (0) 1105 (0) 1107 (2)
626 OZCvO bend – – 633 (7) 627 (1)
1034 HCOH tor – – 1031 (−3) 1048 (15)
641 HOCO tor – – 655 (15) 633 (−7)
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shift of 14 and 11 cm−1 was experimentally recorded, whereas cal-
culations gave a small low-frequency shift for this vibration. The
reason for this discrepancy is likely the extremely low intensity of
this oscillation,10 as well as the presence of additional bands in the
region of 2900–3000 cm−1 of the IR spectrum of formic acid in the
argon matrix, caused by Fermi resonance. For most oscillations in
the region below 2000 cm−1, the differences between the experi-
mental and calculated matrix shifts did not exceed 2 cm−1. This
indicates a high accuracy of calculations performed using the
density functional M06-2X. For the highest frequency oscillation
(OH valence), the differences in the matrix shifts were 6 and 7
cm−1 for two different incorporation sites.

The experiment showed the smallest matrix shifts, below
4 cm−1, for the neon matrix among all inert gases.5 The neon
matrix is the only one for which matrix splitting of the formic acid
vibration bands was not registered in the IR spectra. This can be
explained by the fact that, as was shown for other inert gases, the
amount of splitting (in fact, the difference in the frequency shifts
for different incorporation sites into the matrix) was much smaller
than the values of the shifts themselves. Therefore, the analysis was
limited to comparing only the experimental and calculated values
of matrix shifts for the most stable cluster, in which the formic
acid molecule replaced five neon atoms. For the most stable
cluster (FA@Ne103A), the calculation gave the formation energy of
–8.0 kJ/mol, which is significantly lower than that of other inert
gas matrices. This indicates a weak interaction of the molecule with
the matrix environment and explains the low matrix shifts that do
not exceed 3 cm−1. In this case, the maximum difference between
the shifts calculated for different clusters did not exceed 1 cm−1,
and for the majority of bands it did not exceed 0.2 cm−1, thus
explaining the absence of matrix splitting in the experimental
spectra of formic acid isolated in neon matrix.

4. CONCLUSIONS

Quantum-mechanical modeling of the structure and vibra-
tional spectra of inert gas clusters with a formic acid molecule was
performed. The high accuracy of the M06-2X meta-hybrid density
functional was demonstrated when calculating complexes with
inert gas atoms, for which accurate consideration of dispersion
interactions is important. The influence of the matrix environment
on the vibrational spectra of formic acid was established. The
matrix shifts of the vibrational frequencies predicted in the calcula-
tions were in good agreement with the experimental values. The
size and shape of the matrix sites required for the incorporation of
formic acid molecules into various inert gas crystals were deter-
mined. It was found that an analysis of the matrix environment
strain energies calculated for different clusters can be used to opti-
mize the size of the matrix site. Moreover, the ratio of the volume
of molecules embedded in the matrix to the volume of atoms of
matrix gases allows one to determine only the minimum possible
size of the matrix site. In most cases, the optimal site size required
to incorporate the molecule exceeds the minimum size determined
from the ratio of volumes, and depends on the shape of the embed-
ded molecule. The good agreement between the calculated and
experimental values of the matrix shifts confirms the adequacy of
the computational approach to the real experimental conditions.
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