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Intramolecular tunneling of a hydrogen atom in formic acid at low temperatures has been studied theoretically
on the basis of quantum-chemical modeling of HCOOH@Nb12 clusters. Three noble matrixes (Ar, Kr, and
Xe) are considered. Energetic and geometric parameters as well as vibrational frequencies for the formic acid
in cis and trans configurations surrounded by 12 Nb atoms are calculated within the frame of the MP2 approach
with extended basis sets. The rate constant of HCOOH cis-trans conversion is analyzed by taking into account
matrix reorganization and the change of HCOOH position in the cluster. The matrix reorganization is considered
within the Debye model of lattice vibrations, whereas the external motion of HCOOH in the cluster is treated
using the Einstein model of solids. It has been shown that the literature experimental data on the cis to trans
tunneling reaction in the formic acid can be accounted for within the proposed mechanism, which describes
the matrix reorganization and the change of the HCOOH position in the noble gas matrix, with fitting parameters
of the suggested theoretical model attaining reasonable values.

I. Introduction

It is known that the tunneling mechanism of atomic transfer
plays the critical role in reaction kinetics at very low temper-
atures. The medium has a strong effect on the tunneling
processes.1-3 This effect appears in the temperature and pressure
dependence of the tunneling rate constant (see, for example,
refs 1-5 and references here). The origin of this dependence
in many respects is determined by the reaction type. In the case
of chemical reactions involving an intermolecular H-atom
transfer,6-11 the most important mechanisms responsible for the
temperature effects include an amplitude change of intermo-
lecular vibrations (promotive modes)6-10 and reorganization of
the medium.11 The medium reorganization energy was first
introduced in chemical kinetics for classical vibrations of the
medium.12 Then, the rate constants accounting for the medium
reorganization mechanism were determined for the quantum case
within the Einstein model of vibrations of surrounding
molecules,13,14 and recently also in a continuous phonon
spectrum.15,16 Meanwhile, as follows from the Debye model of
solids, a truly continuous spectrum is justified only at very low
temperatures. A theoretical approach for the mechanism of
temperature dependence of the tunneling rate constant originated
from the influence of intermolecular vibrations on the potential
barrier to be overcome by the tunneling particle was first

proposed in 197817 and was further developed in later
works.1,2,15,16,18-20 Numerous examples that compare theoretical
results of these two models with experimental data are given
in these publications.

Several extensive surveys of numerous experimental results
can be found in the literature concerning the reactions involving
intramolecular H-atom tunneling.21,22 Usually, a tunneling
process occurs in very complicated molecular systems, so that
a rigorous consideration of the medium effects is not a simple
task. Solid noble gases represent the simplest matrixes, and
temperature-dependent tunneling rate constants were recently
measured for the cis-trans isomerization of the formic acid
molecule in solid Ar, Kr, and Xe at extra low temperatures.23,24

In these experiments, HCOOH is excited from the ground trans
state to the higher-energy cis conformer. Then, a spontaneous
reverse cis-trans process takes place via H-atom tunneling. The
studies of chemical reactions of organic compounds in matrixes
of solid noble gases have begun several decades ago,25,26 and
various mechanisms of chemical transformations of simple
molecules in inert matrixes have been explored experimentally
since then.27-29,23,24

The tunneling mechanism was first confirmed for intramo-
lecular reactions by Brunton et al.30,31 They investigated
isomerization of aryl radicals in hydrocarbon solvents in a wide
temperature range of 28-240 K, and the low temperature limit
of the rate constant was observed near 100 K. For the reactions
in the noble gas matrixes, very detailed data on the temperature
dependence of tunneling rate constants of the intramolecular
H-atom transfer in the formic acid in different inert matrixes
are available.23,24 It should be emphasized that a matrix is “inert”
only in the sense that it does not affect the result of chemical
transformation, but as shown experimentally,23,24 the temperature
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dependence of the reaction kinetics strongly depends on the type
of the noble gas involved.

One can imagine various mechanisms, which can be respon-
sible for the medium influence on the intramolecular tunneling
process, including a change of the barrier height and shape due
to the reagent interaction with surrounding molecules and matrix
reorganization. These mechanisms were proposed earlier32,33 for
different monomolecular reactions, and the appropriate theoreti-
cal approach to describe them was developed in these works
and some experimental data were discussed.33 The aforemen-
tioned mechanisms pertinent to the media influence on the
formic acid conversion inside an Ar12 model cluster were
investigated in our recent papers.34,35 It has been shown that
the matrix reorganization upon the intramolecular H-atom
transfer described within the Debye model of lattice motion
plays the key role in the temperature dependence of the rate
constant. One of the purposes of the present work is to
investigate the effect of heavier rare gas matrixes on the barrier
of the HCOOH cis-trans conversion and to evaluate reorga-
nization effects in this process by means of quantum chemical
modeling (sections 2-4). Note that an adequate theoretical
description of the HCOOH-Nb interaction (where Nb stands
for a noble gas atom) requires the use of high-level approaches,
which take electron correlation effects into account. Previously,
such high-level calculations were only reported for HCOOH-
Ar36 and HCOOH@Ar12.34,35

The present work is devoted to quantum chemical calculations
of the HCOOH molecule inside the first coordination sphere of
solid Nb atomic matrixes in the Ar-Kr-Xe row. It seems that
such a cluster model should be sufficient to reproduce main
features of matrix effects on the tunneling process during the
HCOOH cis-trans conversion. The most important mechanism
of the matrix influence is expected to be the following. It is
known that this molecule changes its configuration upon H-atom
transition, and the matrix geometry adjusts accordingly, which
leads to an appearance of the reorganization energy of the
system.34,35 As a result, the H-atom tunneling rate constant
depends on temperature. For the rate constant calculations, it is
also necessary to take into account the fact that some frequencies
of HCOOH librations and rotations in the Nb12 cluster are
comparable with the Debye frequency ωD, especially for the
heavier Xe matrix. Therefore, an analytical expression for the
tunneling rate constant should take care of not only the matrix
reorganization but also HCOOH motions inside the Nb12 cluster
(section 5). The derived expression is compared with experi-
mental data23,24 in section 6.

2. Calculation Details

Solid noble gases possess a cubic close-packed crystal
structure37-39 with 12 neighbors surrounding each atom (Figure
1). Since the sizes of the formic acid molecule and Ar, Kr, and
Xe atoms do not differ significantly, embedding the HCOOH
molecule in a condensed Nb gas matrix occurs in place of one
of the Nb atoms, having 12 neighbors in the first surrounding
layer. Such system can be considered as minimal to simulate
the HCOOH-Nb matrix interaction. As the Nb-Nb and
Nb-HCOOH interactions are determined mainly by dispersion
effects, an account of electron correlation (at the MP2, MP4,
or CCSD levels of theory with flexible basis sets containing
polarization and diffuse functions) is required for its appropriate
description. It was demonstrated earlier34,35 that the MP2
approach (Möller-Plessett perturbation theory up to the second
order) with basis sets including diffuse and polarization functions
is suitable for this purpose. The calculations were performed
here using the GAUSSIAN 0340 program package.

A potential energy scan along the Nb-Nb distance in the
Nb2 diatomic complex shows that the results of the MP2 and
MP4 calculations are similar (Table 1), and hence the simpler
MP2 is adequate for modeling the Nb-Nb interactions.
Calculations with the extended aug-cc-pVTZ basis set40-42

(triple-� augmented by diffuse and polarization functions,
APVTZ in short) give the minimum energy positions of the
Ar2 and Kr2 potential energy curves close to the corresponding

Figure 1. Fragment of a noble gas crystal.

TABLE 1: Nb-Nb Interaction Parameters Calculated with
Different Basis Sets, Including R, the Inter-atomic Distance
(Å), De, the Interaction Energy (cm-1), and BSSE, the Basis
Set Superposition Error (cm-1)

system method R (Ǻ) De (cm-1) BSSE De(BSSE)

Ar2 MP2/PVTZ 4.0 52
MP4/PVTZ 4.05 38
MP2/LanL2apDZ 3.8 182 168 14
MP4/LanL2apDZ 3.75 210 192 18
MP2/APVDZ 3.95 87 35 52
MP4/APVDZ 4.0 77 38 39
MP2/APVTZ 3.8 112 28 84
MP4/APVTZ 3.8 98 24 74
exp 3.72 52

Kr2 MP2/CEP-31ap 4.13 140 98 42
MP4/CEP-31ap 4.15 136 105 31
MP2/LanL2apDZ 4.05 245 203 42
MP4/LanL2apDZ 4.06 259 227 32
MP2/SDDa 4.11 136 42 94
MP4/SDDa 4.18 112 42 70
MP2/SDDa′ 84 28 56
MP4/SDDa′ 42 28 14
MP2/APVDZ 4.12 147 87 60
MP4/APVDZ 4.20 122 91 31
MP2/APVTZ 3.96 241 122 119
MP4/APVTZ 4.01 210 119 91
exp 4.04 73

Xe2 MP2/CEP-31ap 4.59 171 115 55
MP4/CEP-31ap 4.57 147 133 14
MP2/LanL2apDZ 4.55 213 171 42
MP4/LanL2apDZ 4.61 189 147 34
MP2/SDDa 4.48 192 63 129
MP4/SDDa 4.57 150 70 80
MP2/SDDa′ 119 59 60
MP4/SDDa′ 66 66 0
exp 4.42 105
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experimental values, but the interaction energies are overesti-
mated (Table 1). Taking the basis set superposition error (BSSE)
into account improves the agreement between the calculated
and experimental interaction energies. A removal of diffuse
functions from the basis set in use (PVTZ) results in a substantial
underestimation of the Nb-Nb interaction. A simpler double-�
aug-cc-pVDZ (APVDZ) basis set, which includes diffuse
functions, provides more reasonable results (Table 1). But even
APVDZ is too cumbersome for the model system under investiga-
tion. One can simplify the calculations by replacing core electrons
with a pseudopotential with a suitable core-less basis set. Hence,
we tested the LanL2 pseudopotential40,43-45 with the corresponding
double-� basis set augmented by diffuse and polarization functions
taken from aug-cc-pVDZ (LanL2apDZ). This approach repro-
duces the minimum energy positions reasonably well, but the
Nb-Nb interaction energies are substantially overestimated in
direct calculations and are underestimated with the BSSE
correction included (Table 1). Therefore, one can use the MP2/
LanL2apDZ approach for geometry optimization, but the energy
values should be refined with more flexible basis sets. Addition-
ally, the MP2/LanL2apDZ approach was tested for the Ar13

model system (Figure 1). In this case, the calculated Ar-Ar
distance between central atom and its neighbors was 3.706 Å,
in good agreement with the experimental value for solid Ar,
3.717 Å.37

For the heavier Nb atoms, Kr and Xe, we additionally tested
other pseudopotentials available in GAUSSIAN 03, including
SBK46-48 with the CEP-31 basis set and the more flexible but
also more computationally demanding SDD40,49-53 pseudopo-
tential with the corresponding (3111s/3111p/111d/1f) basis set
including polarization functions. CEP-31 was augmented by
polarization and diffuse functions (CEP-31ap), whereas for SDD
we added diffuse functions only (SDDa). Exponential factors
for these functions were taken from aug-cc-pVDZ, but since
this basis set is not available for Xe, its exponents were
extrapolated in the Ar-Kr-Xe row. In addition, we tested a
simplified SDDa′ basis set, which does not include f-functions.
The calculation results with the CEP-31ap basis set are slightly
worse in comparison with those obtained using LanL2apDZ.
Calculations with the SDDa basis set do not lead to significant
refinement of Nb-Nb distances, but the description of interac-
tion energies is much better than with LanL2apDZ and CEP-
31ap. The use of the reduced SDDa′ basis set leads to
underestimation of the interaction energies with the BSSE
correction, but the energy values without this correction are
reasonable.

At the next stage, we tested the performance of the selected
theoretical approaches for the description of the Nb-HCOOH
interaction. The calculated results for Ar-HCOOH36 were taken
as the reference data. In the most stable form of this complex,
the Nb atom is located approximately along the O-H bond
(Figure 2). Geometry optimization for this configuration was
performed at the MP2 level with the B2 basis set, including
APVDZ for O, C, H and LanL2DZap for Nb. The Nb-HCOOH
interaction energy was refined with more flexible basis sets at
the optimized structures. Optimization at the MP2/B2 level for
Nb ) Ar leads to approximately the same structure of the
complex as that obtained in the previous work,36 but with a
slightly shorter Ar-H distance (Table 2). For heavier Nb atoms,
this value grows in a similar proportion as R(Nb-Nb) (Tables
1 and 2). The Nb-HCOOH interaction energies (De) calculated
at the MP2/B2 level without BSSE are overestimated, but the
BSSE corrected values are too low. Moreover, at this level of
theory the De behavior is nonmonotonous in the Ar-Kr-Xe

row. With fuller and more flexible APVTZ, SDDat, and SDDa′t
(SDDa and SDDa′ at Nb and APVTZ at O, C, H) basis sets the
results are more reasonable; the interaction energy grows in the
Ar-Kr-Xe row. As for the Nb-Nb interaction, there is no
substantial difference between the MP2 and MP4 results, and
the basis set quality seems to be similar for SDDat and APVTZ;
moreover, the De values with the reduced SDDa′ basis set
deviate by only ∼10% from the SDDat data (Table 2). On the
basis of these results, one can conclude that the MP2/B2 level
is suitable for geometry optimization for the systems under

Figure 2. Nb-HCOOH (trans) complex.

TABLE 2: Nb-HCOOH Interaction Parameters Calculated
with Different Basis Setsa

basis set R(H-Nb), Å De (cm-1) BSSE De(BSSE)

Ar
MP2/B2 2.55 633 559 73
MP2/B3 2.55* 468 336 132
MP2 [a] 2.63 133
MP4 [a] 84
Kr
MP2/B2 2.63 806 794 12
MP4/B2 902 882 20
MP2/SDDa′d 311 192 119
MP4/SDDa′d 332 222 110
MP2/SDDad 325 180 145
MP4/SDDad 338 199 139
MP2/B3 775 618 157
MP2/SDDa′t 517 318 199
MP2/SDDat 453 236 217
MP2/APVTZ 597 377 220
Xe
MP2/B2 2.82 748 686 62
MP4/B2 846 780 66
MP2/SDDa′d 388 229 159
MP4/SDDa′d 395 287 108
MP2/SDDad 403 206 197
MP4/SDDad 421 235 186
MP2/SDDa′t 638 392 246
MP2/SDDat 588 313 275

a De is the interaction energy (cm-1). BSSE is the basis set
superposition error (cm-1). The basis set notation is as follows. B2:
Nb, LanL2DZap; O, C, H, APVDZ. B3: Nb, APVDZ; O, C, H,
APVTZ; SDDad, SDDa′d: O, C, H, APVDZ, and SDDa and SDDa′
at Nb. SDDat, SDDa′t: O, C, H, APVTZ, and SDDa and SDDa′ at
Nb.
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investigation, but the energy values should be refined with fuller
and more flexible APVTZ, SDDat, or SDDa′t basis sets. It is
worth noting that the BSSE correction is significant when one
considers separation of the system, when basis set functions
from one fragment are unable to contribute to the wave function
of the counter-fragment and vice versa. However, for intramo-
lecular rearrangements, such as, for instance, internal rotation,
the mutual contributions of basis sets from different parts of
the system are similar for different configurations, and the BSSE
correction has only a weak effect on their relative energies.

Finally, the selected theoretical approach needs to be tested
for the description of molecular properties of HCOOH. The
global minimum of this molecule corresponds to the trans
isomer. By means of the OH group rotation around the C-O
axis, the molecule passes through a transition state (TS) to the
cis isomer (Figure 3) with a higher energy (local minimum).
For testing purposes both isomers of this molecule and the
transition state (barrier) between them were calculated at the
MP2/APVDZ and MP2/APVTZ levels. The calculated molec-
ular properties (geometry parameters, vibrational frequencies,
and relative energies) were found to be in good agreement with
other high-level calculations and the experimental data avail-
able36,54-56 (Tables 3 and 4). Moreover, there is no substantial
difference between relative energies calculated with the APVDZ

and APVTZ basis sets (Table 4). Thus, the levels of theory used
in this work are suitable for describing the HCOOH cis-trans
rearrangement.

3. Embedding HCOOH in the Cell of a Noble Gas
Matrix

It was demonstrated earlier34,35 that HCOOH has several
orientations in Ar12 cage, but properties of the barrier for the
cis-trans conversion are similar for all of these configurations.
In this paper we used for the entire Ar-Kr-Xe row the most
stable Cs-symmetric form C (Figure 4), where HCOOH is
parallel to two of the cube faces.

Optimization of geometry parameters for the HCOOH@Nb12

systems leads to very weak variations of HCOOH bond lengths
and valence angles as compared to those of the isolated molecule
(Table 5). It is apparent from the available data that the matrix
effects are somewhat higher for heavier Nb atoms, but the trend
is not very clear. In contrast, Nb12 cages are significantly
distorted due to the interaction with HCOOH. After geometry
optimization, the Nb atoms located approximately in equatorial
positions relative to the C-O bond (numbered as 1-4) are

TABLE 3: Optimized Geometry Parameters for Cis, Trans, and TS Forms of Formic Acida

R(CO) R(CO′) R(CH′) R(OH) �(O′CO) �(H′CO) �(HOC) τ(HOCO′)

Trans
MP2/B1 1.358 1.215 1.103 0.975 125.1 109.5 106.3 0.0
MP2/B2 1.347 1.205 1.092 0.971 125.1 109.7 106.5 0.0
MP2/B35 1.348 1.204 1.090 0.967 125.1 109.8 106.8 0.0
CCSD/B423 1.351 1.210 1.099 0.973 125.1 109.6 106.6 0.0
exp23 1.343 1.202 1.097 0.972 124.6 111.3 106.3 0.0

TS
MP2/B1 1.390 1.208 1.107 0.969 123.7 112.5 109.9 94.1
MP2/B2 1.377 1.197 1.096 0.965 123.7 112.5 110.4 94.3

Cis
MP2/B1 1.365 1.209 1.109 0.970 122.2 113.7 108.7 180.0
MP2/B2 1.354 1.199 1.099 0.966 122.3 113.5 108.9 180.0
MP2/B35 1.355 1.197 1.096 0.962 122.4 113.5 108.9 180.0
CCSD/B423 1.357 1.204 1.105 0.968 122.7 113.6 108.7 180.0
exp23 1.352 1.195 1.105 0.956 122.1 114.6 109.7 180.0

a The basis set notation is as follows. B1: AUG-cc-pVDZ. B2: AUG-cc-pVTZ. B3: 6-311++G(2d,2p). B4: DZp.

TABLE 4: Relative Energies Er (cm-1) and Zero-Point vibrational Energies (ZPE) for Trans, Cis, and TS Configurations of
Formic Acida

trans
ZPE

TS cis

Er ZPE Er+ZPE Er ZPE Er+ZPE

MP2/B1 7388 4565 6928 4105 1492 7307 1403
MP2/B2 7436 4533 6985 4089 1484 7356 1403
MP2/B35 4565 1492
CCSD(T)/B423 7695 4678 7307 4291 1565 7799 1460
exp25 1363

a The zero Er value corresponds to the trans isomer.

Figure 3. Formic acid in trans, TS, and cis configurations.

Figure 4. Optimized C configurations of the Nb12@HCOOH system
(cis and trans isomers). X is the center of the system.
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shifted toward the center of the system, whereas the other Nb
atoms (5-12) are displaced in the opposite direction (Figure 4,
Table 6). The displacements are sizable, up to 0.5-0.7 Å, mainly
for the “equatorial” Nb atoms, which are attracted to the
HCOOH molecule. In a real system, the distortion of the noble
gas lattice by HCOOH would lead mainly to a compression of
the first coordination shell around the impurity with gradual
attenuation of deformations in the next layers. Thus, the
deformation of the Nb12 cage surrounding the impurity in the
bulk should be smaller than in the present model due to attractive
influence of the outer shells. Nevertheless, the main trends are
expected to be similar because the Nb-HCOOH interactions
are significantly stronger in comparison with the Nb-Nb
interaction, as was shown earlier in the case of Ar.35

The vibrational analysis revealed one imaginary frequency
of ∼3 cm-1 for the cis isomer of HCOOH in the Ar12 cluster.
Reoptimization of this configuration along coordinates corre-
sponding to this vibration has led to approximately the same
structure but with C1 symmetry. There were no imaginary
frequencies in this configuration, but the energy decrease was
negligibly small (∼0.6 cm-1). A probable reason of this result
could be round-up errors in integral calculations, and for further
investigations we used the configuration with Cs symmetry. For
the Kr and Xe cages, the optimized Cs-symmetric configurations
have no imaginary frequencies.

For all HCOOH@Nb12 systems, calculated frequencies can
be clearly separated into three groups, internal vibrations of
HCOOH (with slight variations from the corresponding values

in the isolated molecule), six vibrations of HCOOH as a rigid
particle in the Nb12 cell (with values from 200 to 60 cm-1),
and vibrations of the Nb atoms from the Nb12 shell, which cover
the range from 60-40 cm-1 to almost zero (Table 7). The
frequency values from the second and the third groups have a
clear tendency to decrease in the Ar-Kr-Xe row, but the
reasons for such a behavior are different. In the third group the
main reason of the decrease is the increase of the atomic mass
of Nb, whereas for the second group the main factor is the
reduction of the corresponding force constants. This means that
the interaction potential between HCOOH and the Nb12 cage is
smoother for heavier atoms.

4. Mutual Influence of Nb12 and HCOOH on Their
Energetic and Geometric Characteristics

Tunneling proceeds adiabatically - while the H atom pen-
etrates the potential barrier, the other atoms remain at the initial
or final position corresponding to the minimal energy of the
respective conformation of HCOOH@Nb12. Such consideration
is commonly called in the literature as a double adiabatic
approximation.1,14,15 The reaction system chooses the configu-
ration in which the tunneling takes place. It may be the initial
or final state, subject to the proper value of the potential barrier.
It is clear that tunneling is more probable when the barrier is
smaller. For example, the intermolecular transfer of hydrogen
atom in fluorene-acridine system occurs in the final configu-
ration of reagents, where the potential barrier is significantly

TABLE 5: Optimized Geometry Parameters for Cis and Trans Forms of the Formic Acid in the Nb12 Cella

R(CO) R(CO′) R(CH′) R(OH) Φ(O′CO) �(H′CO) �(HOC) τ(HOCO′)

Trans
isolated 1.358 1.215 1.103 0.975 125.1 109.5 106.3 0.0
Ar 1.354 1.216 1.098 0.975 125.0 109.8 106.5 0.0
Kr 1.353 1.217 1.098 0.976 125.0 109.7 106.8 0.0
Xe 1.354 1.218 1.101 0.978 125.1 109.7 107.0 0.0

Cis
isolated 1.365 1.209 1.109 0.970 122.2 113.7 108.7 180.0
Ar 1.360 1.210 1.103 0.970 122.0 113.8 108.5 180.0
Kr 1.360 1.211 1.103 0.971 121.9 113.9 108.5 180.0
Xe 1.361 1.213 1.106 0.973 121.9 114.0 108.6 180.0

a The basis set notation is as follows. Nb: LanL2DZap. O, C, H: APVDZ.

TABLE 6

a. Distances from the Cluster Center to Nb Atoms (R(X-Nbk), Å) for Cis and Trans Isomers of HCOOH in the Nb12 Model Cluster (Figure 4)

k 1, 2 3, 4 5, 6 7, 8 9 10 11 12

Ar, cis 3.16 3.52 4.21 3.94 3.97 3.82 4.03 3.88
Ar, trans 3.30 3.50 4.20 3.87 4.04 3.85 3.95 3.62
Kr, cis 3.40 3.62 4.22 4.20 4.15 4.18 3.95 3.99
Kr, trans 3.42 3.66 4.21 4.17 4.10 4.12 3.93 4.02
Xe, cis 3.69 3.95 4.48 4.43 4.42 4.46 4.19 4.27
Xe, trans 3.74 3.97 4.48 4.40 4.38 4.45 4.20 4.28

b. Displacements of Nb Atoms from Their Crystalline Positions (S(Nbk), Å) after Embedding of the Cis Isomer of HCOOH in the Nb12 Model
Cluster (Figure 5)

k 1, 2 3, 4 5, 6 7, 8 9 10 11 12

Ar 0.68 0.95 0.99 0.80 0.45 0.44 0.76 0.38
Kr 0.81 0.99 1.04 0.81 0.58 0.44 0.77 0.73
Xe 1.05 1.05 1.11 1.14 0.74 0.63 0.90 0.92

c. Displacements of Nb Atoms (S(Nbk), Å) in the Nb12 Model Cluster after the Cis-Trans Conversion of HCOOH (Figure 4)

k 1, 2 3, 4 5, 6 7, 8 9 10 11 12

Ar 0.52 0.35 0.86 0.39 0.52 1.12 0.34 0.39
Kr 0.20 0.13 0.04 0.05 0.22 0.30 0.10 0.08
Xe 0.12 0.07 0.06 0.02 0.14 0.10 0.11 0.06
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lower.5,16,34 In the given system the barrier was calculated for
the initial and final configurations. It turned out to be close in
value and shape for both cases (Table 8). The scan of the
potential energy profile for the HCOOH cis-trans conversion
in the Ar-Kr-Xe matrixes was carried out with geometry
parameters optimized for the cis and trans isomers. The
exponential factor for a quasiclassical tunneling process was
calculated for each profile as

where U(x) is the potential barrier height at the point x and mH

and EH are the mass and the energy of the tunneling H-atom.

Integration was carried out along the arc l of the H motion for
the region with U(x) > EH. All values are in atomic units.

The results of potential energy scanning show only a weak
influence of the Nb12 cluster on the barrier parameters (Table
8). In the Ar12 cage (Figure 4C) both barrier height and σ value
are only several percent different from those for the isolated
molecule of the formic acid. For HCOOH in the Kr and Xe
clusters, variations of the barrier height and σ values are small
and nonmonotonous. According to the data in Table 5, variations
of the basis set (AUG-cc-pVDZ or AUG-cc-pVTZ) cause a
barrier height change of ∼0.4% and the corresponding change
of the σ value turns out to be ∼0.1. Taking into account that
the σ value is in the ∼40-50 range, this error, since it is in the
exponent, dramatically affects the accuracy of the calculated

TABLE 7: Vibrational Frequencies (cm-1) of the Cis and Trans Isomers of the Formic Acid in the Nb12 Clusters

trans cis

assignment isolated Ar Kr Xe isolated Ar Kr Xe

OsH str 3728 A′ 3721 3705 3675 3790 3791 3766 3738
CsH str 3138 A′ 3193 3187 3154 3052 3111 3121 3090
CdO str 1772 A′ 1775 1768 1758 1805 1805 1798 1788
HCO bend. 1396 A′ 1411 1406 1397 1404 1422 1418 1407
HOC bend. 1295 A′ 1305 1303 1297 1274 1278 1273 1267
CsO str 1116 A′ 1124 1122 1116 1097 1120 1118 1110
HCOO tors 1047 A′′ 1068 1066 1060 1020 1032 1030 1026
HOCO tors 673 A′′ 683 671 672 525 527 522 512
OCO bend. 618 A′ 624 624 621 643 649 647 644
HCOOH 202 205 172 220 212 170
librations 118 116 96 126 115 92

and 116 109 88 114 105 86
rotations 105 98 79 110 101 81
in the Nb12 103 97 77 108 101 73
cluster 90 80 64 94 80 59

62 61 45 44 39 39 62 620 44 43 38 38
59 58 43 43 34 34 60 59 43 43 34 34
56 54 41 41 33 32 57 55 42 39 33 33
53 51 37 337 32 30 48 48 38 35 32 30

vibrations 48 44 34 33 30 29 43 43 33 32 30 30
of the Nb12 43 41 32 31 29 26 42 39 32 31 29 27
cluster 38 36 30 28 26 24 36 35 30 28 26 26

36 35 27 26 23 23 34 33 28 27 24 23
31 31 24 23 22 21 32 31 26 25 23 21
29 29 22 21 20 20 30 29 24 23 20 20
28 25 20 19 20 19 26 26 22 22 19 19
24 24 19 17 18 16 24 22 20 19 18 17
21 20 17 17 16 16 22 18 17 17 16 15
17 15 16 14 15 15 15 15 17 13 15 15
12 9 13 9 12 9 8 3i 7 6 11 5

TABLE 8: Adiabatic Energy Profiles (cm-1) for the HCOOH Cis-Trans Conversiona

τ isolated cis isolated trans Ar12 cis Ar12 trans Kr12 cis Kr12 trans Xe12t cis Xe12 trans

180 0 0 0 0 0 0 0 0
165 198 198 195 187 196 219 166 180
150 751 753 729 689 741 803 676 711
135 1536 1543 1487 1373 1524 1598 1464 1502
120 2350 2364 2319 2120 2377 2427 2314 2349
105 2956 2961 3012 2775 3061 3064 2982 3009
90 3138 3103 3287 3031 3313 3261 3230 3229
75 2794 2682 2970 2662 2987 2870 2903 2855
60 1982 1762 2146 1752 2162 1959 2073 1964
45 907 569 1075 572 1093 781 973 779
30 -152 -597 25 -602 64 -364 -85 -399
15 -919 -1437 -745 -1497 -671 -1194 -793 -1222
0 -1201 -1742 -1029 -1840 -933 -1493 -1009 -1482
σ 45.70 43.25 47.06 43.14 47.65 46.40 46.15 45.51

a Zero energy corresponds to the cis configuration. τ denotes the torsional HOCO′ angle in degrees. The basis set notation is as follows. Ar:
LanL2DZap. Kr: SDDa. Xe: SDDa′. O, C, H: APVTZ.

σ(l) ) 2∫ {2mH[U(x) - EH]}1/2 dx (1)
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absolute magnitude of the tunneling rate constant. However, as
will be shown in section 6, these absolute magnitudes are not
essential for the comparison of the theoretical and experimental
temperature dependences of the rate constant.

From our previous results, we can see that the interaction
energy between the Nb atom and HCOOH molecule grows in
the Ar-Kr-Xe row (Table 2), but the potential energy for
HCOOH in the Nb12 cage becomes smoother in the same row
(see HCOOH librations and rotations in Table 7). Apparently,
these two factors affect the barrier profile in opposite directions
resulting in a nonmonotonous behavior of the barrier height and
σ values.

It was demonstrated earlier34,35 that the temperature depen-
dence of the HCOOH cis-trans conversion rate constant in a
noble gas matrix does not originate from a change in the
potential barrier due to the matrix vibrations but is rather caused
by reorganization processes in the reaction system. Therefore,
in this work we estimated different components of the reorga-
nization energy associated with the H penetration through the
potential barrier. To do so, we calculated energies of the
following structures:

1. The trans isomer of HCOOH@Nb12 with all geometry
parameters taken from the cis configuration, except for the
HOCO dihedral angle.

2. For the configuration taken from step 1, all internal
parameters (interatomic distances and bond angles) of the
HCOOH molecule were optimized, but its position in the Nb12

cluster and coordinates of the Nb atoms were frozen.
3. The HCOOH position in the cluster was also optimized.
4. Coordinates of all Nb atoms were optimized (full optimiza-

tion).
Using differences of the energies calculated at these four

steps, one can evaluate the energy components related only to
the reorganization of Nb atoms (denoted as Nb12 only),
reorientation of HCOOH in the cluster (FA position) and
relaxation of the HCOOH bonds and bond angles (FA-inner).
Geometry optimization was carried out at the MP2 level with
the basis sets LanL2apDZ at Ar, Kr, and Xe, aug-cc-pVDZ at
O, C, and H; the energies were then refined with the more
flexible basis sets aug-cc-pVTZ at O, C, and H, aug-cc-pVDZ
at Ar, and SDDa′ at Kr or Xe. The calculated components of
the reorganization energy and the energy difference between
the optimized cis and trans isomers (denoted as EDCT) are
presented in the Table 9.

It follows from these results that the EDCT value for
HCOOH@Nb12 is smaller than that for isolated HCOOH (1484
cm-1 at the MP2/B2 level) and decreases in the Ar-Kr-Xe
row with all the basis sets used and taking BSSE into account
(Tables 4 and 9). Obviously, the interaction of the cis isomer
with the Nb12 cluster is stronger as compared to the trans isomer
interaction, and for heavier Nb atoms the difference is more

substantial. In contrast, the barrier height for the OH group
rotation remains almost unchanged in this row. The total
reorganization energy is ∼300-400 cm-1, and the main
contribution is the FA-inner energy corresponding to the
reorganization of HCOOH bond angles and distances. Its value
is almost unchanged in the Ar-Kr-Xe row, and the basis set
dependence is also weak (Table 9). The energy decrease due to
the reorientation of HCOOH in the cluster (FA position) is
approximately equal in the Ar and Kr clusters, but it is
significantly lower for Xe, with all basis sets (Table 9). The
reorganization energy of the Nb12 cluster (Nb12 only) is the
largest for Ar and much lower for Kr and Xe. For this quantity,
the basis set dependence appears to be significant. Because the
b2 and b4 basis sets are more suitable for the description of the
Nb-Nb interaction as compared to b1, the values calculated
with these basis sets seem more reliable. The account of BSSE
does not change this energy for Ar12 and Kr12, but for Xe12 the
value with BSSE is much higher (Table 9). Possibly, this is a
result of insufficiently accurate evaluation of integrals involving
diffuse functions with high angular momenta when the functions
are located away from the nuclei as in the calculations of
counterpoise corrections for BSSE, and hence the results without
BSSE are preferable.

5. Temperature Dependence of the Rate Constant of In-
tramolecular Hydrogen Tunneling

Quantum-chemical calculations described above show that
the main variations occurring upon intramolecular H-atom
tunneling concern the positions of the atoms in the reaction
system, HCOOH@Nb12. This leads to changes of the intramo-
lecular distances and angles, the HCOOH position in the cell,
and the Nb12 configuration. The calculated vibrational frequen-
cies are presented in Table 7. The first group includes intramo-
lecular frequencies, which are too high to be active at the
experimental temperature.23,24 The other two groups include
HCOOH librations and rotations inside the Nb12 cluster and own
vibrations of the cluster. These frequencies are comparable with
the experimental temperature. According to the theory of
radiationless transitions,1,14,18 the argument of the tunneling rate
constant as a function of temperature is pωR/4kBT. Here, kB and
p are the Boltzmann and Plank constants, respectively, T is the
temperature, ωR represents phonon frequencies. In our ap-
proximation, the values of ωR are replaced by the Debye
frequency ωD or the frequency of a local mode of the HCOOH
motion in the cluster.

So, the continuous phonon spectrum of the matrix and local
vibrations of HCOOH contribute to the temperature dependence
of the rate constant of intramolecular H-atom tunneling. The
rate constant as a function of temperature is presented in the
double adiabatic approximation1,13-15 using the theory of ra-

TABLE 9: Reorganization Energies (cm-1) and Their Components in the HCOOH@Nb12 Cluster (Trans) after Tunneling from
the Cis Form, Configuration Ca

Ar, b1 Kr, b1 Xe, b1 Ar, b2 Kr, b4 Xe, b4 Ar, b2* Kr, b4* Xe, b4*

full (Nb12 + FA) 396 367 326 353 322 297 364 334 350
FA-inner 272 269 270 249 246 253 263 263 268
Nb12 and FA position 124 98 56 104 76 44 101 71 82
FA position (Er′) 62 68 41 64 63 25 58 56 31
Nb12 only (Er) 62 30 15 40 13 19 43 15 51
RE 1376 1295 1262 1373 1226 1190 1334 1230 1202

a FA denotes formic acid. Released energy (RE) is the energy difference between the cis and trans isomers in the ground states. The basis
set notation is as follows. b1: LanL2apDZ at Ar, Kr, Xe; aug-cc-pVDZ at O, C, H. b2: aug-cc-pVDZ at Ar; aug-cc-pVTZ at O, C, H. b4:
SDDa′ at Kr or Xe; aug-cc-pVTZ at O, C, H. Asterisks (*) designate BSEE-corrected energies.
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diationless transitions1,57,58 and accounting for the HCOOH local
rearrangement and matrix reorganization. According to the
theory,1,14,16,20 at very low temperatures (pωD(ω′) . 4kBT) the
following expression for the rate constant of an exothermic
process can be obtained:

The terms in the exponent describe the influence on the
temperature dependence of the rate constant of both local modes
of the HCOOH motions in the Nb12 cluster (the first term) and
the continuous spectrum of own vibrations of the Nb12 cluster
(the second term). The external motion of HCOOH is considered
here as a vibration with the effective frequency ω′. The
corresponding reorganization energy is equal to Er′. A continu-
ous phonon spectrum is valid for describing the medium at
considered temperatures, and Er is the matrix reorganization
energy for the Debye phonon spectrum.16,35

At higher temperatures (pωD ∼ 4kBT; ω′ is arbitrary), in the
range of classical intermolecular vibrations of the Nb12 cluster,
the rate constant expression takes the form

Here, ∆E is the defect of energy, which is defined as the energy
difference between the initial and final positions of the H atom in
potential wells, i.e., the difference between the energy of the cis
ground vibrational state and the final energy of the trans state with
possible excitation of some vibrational levels of the formic acid
molecule. Similar to eq 2, the first term in the exponent describes
the reorganization of the local mode, and the second one corre-
sponds to the matrix reorganization. The expression for the last
term coincides for the classical, Einstein, and Debye approximations
describing the surrounding matrix.12,14,16 The rate constant expres-
sions for the classical and Einstein models of the medium12-14

are known for a long time. The corresponding formula for the
Debye model of solids was derived recently.16 The pre-
exponential factors k0 and k0′, as usual, depend exponentially
on the quasiclassical action of the tunneling particle under the
barrier. Note that eqs 2 and 3 are also justified for intramolecular
processes and charge transfer (electrons or protons) with local
and media rearrangements. For example, similar rearrangements
may occur with the impurities in solids between which a charge
transfer takes place.

6. Comparison of Theory with the Experimental Data

Equations 2 and 3 are used in this section for fitting theoretical
results to the experimental data23,24 on intramolecular H-atom
tunneling in the formic acid cis-trans conversion in solid Ar,
Xe, and Kr. We emphasize that only temperature dependence
of the rate constant will be considered here because of the
peculiarities related to the accuracy of the potential barrier
calculation (see the comment below eq 1). This accuracy is very
important since the rate constant depends on the value of the
potential barrier exponentially. This issue was discussed in detail
earlier.20 The weak temperature dependence of the pre-
exponential factor k0′ in eq 3 is taken into account in the fitting
procedure.

a. Choice of Fitting Parameters. It follows from eqs 2 and
3 that the rate constant is determined by the parameters ∆E,
Er′, Er, ω′, and ωD. Let us consider their properties and evaluate
their magnitudes on the basis of the data in Tables 7 and 9.
According to the quantum chemical calculations, the released
energies are in different ranges for the Ar, Kr, and Xe matrixes
(see the last line in Table 9). It is easy to see that these energies
are significantly greater than the defect of energy ∆E. Therefore,
a part of the released energy may be used for exciting some
intramolecular formic acid vibrational modes in the final state.
After penetration through the potential barrier, the particle has
a zero velocity. Also, the HCOOH molecule is flat (Cs-
symmetric) in the initial and final states, being in the same
position inside the Nb12 cage. Therefore, mostly symmetric
vibrations can be activated, for which variations of geometry
parameters are sufficient to change the energy by an amount
corresponding to several vibrational quanta. After the sub-barrier
cis-trans conversion of HCOOH, the most significant variations
involve the HCO and OCO bond angles (Table 5). However,
the corresponding energy change is too low to activate the HCO
vibration (Table 7), and the most suitable candidate for the
activation following the cis-trans conversion of HCOOH is the
OCO bending. In this case the released energy is sufficient to
activate two vibrational quanta. It is worth noting that the
difference between the released energy and the HCO frequency
is small and, due to additional interactions with the surrounding
matrix, the HCO vibration may be also activated in some cases.
It should be also noticed that an even number of quanta of A′′
vibrations can be excited during this transition, like in the case
of Franck-Condon progressions. The probability of such
excitations depends on the distortion of the corresponding A′′
vibrational modes, i.e., on the frequency change upon the
cis-trans isomerization. For example, the Franck-Condon
factor for a 0-2 transition for a distorted normal mode, Icis-trans

2

) [(ωω′)1/2(ω′ - ω)2]/(ω + ω′)3 in the harmonic approximation,
can be significant only if the frequency change is large.
However, as seen in Table 7, the distortion of the A′′ normal
modes in HCOOH upon the cis-trans transformation is rather
small and therefore their excitation probability is almost
negligible, with the largest Franck-Condon factor for the
excitation of two quanta of the HOCO torsion being below 0.01.

A rough estimation of the energy of the OCO second
excitation level taking into account the anharmonicity of the
vibrations gives the following approximate values of ∆E: Ar,
158-200 cm-1; Kr, 57-126 cm-1; Xe, 34-106 cm-1. The
calculated ranges of the reorganization energy Er′ related to
the change of the HCOOH position in the Nb12 cluster are the
following: Ar, 58-64 cm-1; Kr, 56-68 cm-1; Xe, 25-41 cm-1.
The proper ranges of Er are Ar 40-62 cm-1, Kr 13-30 cm-1,
and Xe 15-51 cm-1. As to the frequency ω′ of HCOOH
librations and rotations in the Nb12 cluster, here it is reasonable
to take the smallest values from Table 7, because the corre-
sponding term in the exponents of eqs 2 and 3 with the smallest
value of ω′ depends on temperature most strongly. These values
of ω′ are equal to 94 cm-1 for Ar, 80 cm-1 for Kr, and 59 cm-1

for Xe. Finally, the magnitudes for ωD are Ar 62 cm-1, Kr 45
cm-1, and Xe 39 cm-1. These calculated values are reasonable
enough and correspond to the experimental data. It is also
necessary to take into account that the real phonon spectrum is
much more complicated than the Debye spectrum. For example,
the experimental spectra59 show peaks at frequencies less than
ωD, and there are no such peaks in the Debye spectrum. So, the
effective frequency ω(eff) will be used as a fitting parameter

k(T) ) k0 exp{- Er′
pω′ tanh( pω′

4kBT) + 7π4

90

Er

pωD
( kBT

pωD
)4}

(2)

k(T) ) k0′ exp{- Er′
pω′ tanh( pω′

4kBT) -
(∆E - Er)

2

4ErkBT }
(3)
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instead of ωD. Thus, three fitting parameters will be considered,
∆E, Er, ω(eff), and two fixed parameters, ω′ and Er′.

b. Fitting Procedure. As mentioned earlier, only temperature
dependence of the rate constant is taken into account in the
comparison of the experimental and theoretical data. At low
temperatures, eq 2 is valid for the fitting and it is changed to
eq 3 as the temperature increases. Then, both fitting curves have
to match.

The fitting procedure gives for each matrix the curves plotted
by eqs 2 and 3 with the fitted parameters a and b, so that the
sum of squared deviations from the experimental points was
minimal (see Figures 5-7). The values a and b are defined as

These parameters correspond to the second terms in the
exponents of eqs 2 and 3, respectively. The values of a and b
can be obtained for the greater and smaller Er′ values. Then,

the following steps are required to determine the fitting
parameters ∆E, Er, and ω(eff).

1. For each pair a and b, the system of eqs 4 is solved with
the greater and smaller quantum-chemically calculated values
of Er. This procedure gives allowable intervals for ∆E and
ω(eff).

2. By comparing these intervals for ∆E and ω(eff) with
quantum-chemically calculated intervals, one can find their
intersections.

3. By substituting the greater and smaller values of ∆E
intersection in eqs 4, we can determine the intervals for Er and
ω(eff).

4. A comparison of these intervals with the quantum-chemical
interval for Er and values of ω(eff) determined in step 2 allows
us to find the appropriate intervals for all three fitting parameters.

5. The final step is to search intersections of the ∆E, Er, and
ω(eff) intervals obtained for the greater and smaller values of
Er.

Below we present the fitted values of a and b corresponding
to the greater Er′(v) and the smaller Er(V):

Ar matrix: at Er(V) ) 58 cm-1 these values are equal to aAr(V)
) 6.5 × 10-6 cm4, bAr(V) ) 56.5 cm-1, and at
Er′(v) ) 64 cm-1 they are aAr(v) ) 6.6 × 10-6

cm4, bAr(v) ) 56.2 cm-1.
Kr matrix: at Er′(V) ) 56 cm-1 aKr(V) ) 2.6 × 10-6 cm4,

bKr(V) ) 44.4 cm-1, and at Er′(v) ) 68 cm-1 aKr(v)
) 2.5 × 10-6 cm4, bKr(v) ) 42.0 cm-1.

In experiment,24 there are two sets of data related to the Xe
matrix. This is most likely related to slightly different conditions
of matrix preparation.

Xe I matrix:at Er′(V) ) 25 cm-1 aXe I(V) ) 0.28 × 10-6 cm4,
bXe I(V) ) 27 cm-1, and at Er′(v) ) 41 cm-1 aXe

I(v) ) 0.21 × 10-6 cm4, bXe I(v) ) 28 cm-1.
Xe II matrix:at Er′(V) ) 25 cm-1 aXe II(V) ) 0.29 × 10-6 cm4,

bXe II(V) ) 27 cm-1, and at Er′(v) ) 41 cm-1 aXe

II(v) ) 0.24 × 10-6 cm4, bXe II(v) ) 28 cm-1.
It is easy to see that, despite the experimental data differing

significantly, the values of the parameters a and b for both Xe
matrixes are very close.

c. Fitting Results and Discussion. The fitting parameters
were calculated by following the procedure described in the

Figure 5. Temperature dependence of the rate constant of hydrogen
tunneling in the cis to trans HCOOH conversion in the Ar matrix. The
points are the experimental data (refs 23 and 24). The solid curve is
the result of fitting of the theoretical temperature dependence (eqs 2
and 3) to the experimental data.

Figure 6. Temperature dependence of the rate constant of hydrogen
tunneling in the cis to trans HCOOH conversion in the Kr matrix. The
points are the experimental data (refs 23 and 24). The solid curve is
the result of fitting the theoretical temperature dependence (eqs 2 and
3) to the experimental data.

a )
Er

pω(eff)( kB

pω(eff))
4

b ) (∆E - Er)
2/4ErkB

(4)

Figure 7. Temperature dependence of the rate constant of hydrogen
tunneling in the cis to trans HCOOH conversion in the Xe matrix. The
points are the experimental data (refs 23 and 24). The solid curve is
the result of fitting of the theoretical temperature dependence (eqs 2
and 3) to the experimental data. The squares represent measurements
in the Xe (1) matrix and circles are those for Xe (2).
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previous subsection, and the following results were obtained
using the fixed values of ω′ and Er′ given above:

1. Ar matrix: ∆E ) 158-180 cm-1, Er ) 51-62 cm-1, ω(eff)
) 23.9-24.8 cm-1.

2. Kr matrix: ∆E ) 61-101 cm-1, Er ) 13-30 cm-1, ω(eff)
) 21.9-26.0 cm-1.

3. Xe I matrix: ∆E ) 55-106 cm-1, Er ) 15-40 cm-1,
ω(eff) ) 35.1-42.8 cm-1.

4. Xe II matrix: ∆E ) 55-106 cm-1, Er ) 15-40 cm-1,
ω(eff) ) 34.9-42.5 cm-1.

To better understand how well the fitting parameters are
determined, we carried out their sensitivity analysis. With the
values of the fitting parameters shown above, the maximal
deviations of the theoretical curves describing temperature
dependence of the logarithm of the tunneling rate constant from
the corresponding experimental curves constituted 5%, 3%, and
2% for the Ar, Kr, and Xe I matrixes, respectively (see Table
10). A change of the ∆E value by 10% results in an increase of
the maximal deviations to 29%, 14%, and 9% for Ar, Kr, and
Xe I, respectively. If we change Er by 10%, the maximal
deviations grow respectively to 22%, 10%, and 7%. The 10%
change in ω(eff) leads to an increase of the maximal deviations
to 7%, 4%, and 3% for Ar, Kr, and Xe I, respectively. Finally,
if all three fitting parameters ∆E, Er, and ω(eff) are altered by
10% each, the maximal deviations are raised to 53%, 26%, and
16%, respectively, for the Ar, Kr, and Xe I matrixes. One can
see that results are most sensitive with respect to the ∆E value
and least sensitive with respect to ω(eff). Also, the sensitivity
of the maximal deviations of the theoretical results from
experiment decreases in the row Ar-Kr-Xe.

Consequently, the calculations demonstrate that all values of
the fitted data are physically reasonable and lie within the
intervals determined quantum chemically. As expected, the
resulting fitting parameters for both Xe matrixes practically
coincide. Only the effective frequencies of the matrix phonon
spectrum slightly differ. Atomic bonds in the noble gas matrix
are responsible for the phonon spectrum, but for each matrix
they would be different. The ω(eff) values are substantially
lower than the Debye frequencies for these crystals. A similar
result was found earlier for D-atom tunneling in the HD
crystal.11,15,20 As mentioned above, such behavior of ω(eff) may
be caused by the peculiarities of the real phonon spectrum of
the sample, which differs significantly from the Debye spec-
trum.59

7. Conclusions

The temperature dependence of the rate constant of hydrogen
intramolecular tunneling is studied here on the basis of the
mechanism of the reagent and media reorganization upon an
atom transfer proposed in earlier works.32,33 The experimentally
measured23,24 cis-trans conversion of HCOOH embedded in
Ar-Xe-Kr matrixes at extra low temperatures is considered.
The parameters of the system, the height and width of the
potential barrier of the reaction, the energy defect of the
intramolecular subsystem, the energies of the reagent and media
reorganization, and the frequencies of intermolecular vibrations
are calculated quantum chemically by the MP2 method with

extended basis sets. As shown in Table 9, the configurations of
all matrixes change significantly as a result of intramolecular
H-atom tunneling.

Expressions for the rate constant for intramolecular atom
tunneling are derived for different temperature ranges. The fact
that the temperature dependence of the reaction rate constant is
determined by the matrix reorganization and the change of the
HCOOH coordinates is taken into account. The matrix reorga-
nization is described in the Debye approximation for the lattice
motion and the formic acid vibrations in the cage are considered
as an Einstein mode.

These theoretical expressions for the rate constant are
compared with the experimental data23,24 for the H-atom transfer.
The computed values of energy reorganization of noble gas
cages and HCOOH positions are used in the fitting procedure.
The theory allows us to explain the experiment for the
Ar-Xe-Kr matrixes23,24 with reasonable values of the fitting
parameters.

The developed method of the comparison of theoretical and
experimental data can be used to study similar tunneling
processes. Many similar monomolecular reactions can go
through the analogous tunneling mechanism at low temperatures,
and hence, the theoretical approach developed and tested here
should provide a reliable foundation for the studies of such
reactions and for substantiated comparison of theoretical and
experimental data. Furthermore, the accuracy of theoretical
predictions for the reorganization energy in such low-temper-
ature tunneling systems can be substantially increased by
employing quantum chemical calculations with larger model
clusters.
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