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ABSTRACT: The vibrational structure of the hydroxyl radical in argon was
investigated by transfer-matrix path-integral calculations. The results for the OH X2�
ground state in Ar indicate that the vibrational structure in the matrix is modified
relative to the gas phase. However, only vibrational levels above v � 12 are
significantly perturbed. The changes of the higher vibrational energy levels can be
explained by interactions between the OH radical and the Ar matrix. We predict that
the position of the OH fundamental in argon matrix is 3540 cm�1 in good agreement
with the experimental result (3548.2 cm�1). This value is red-shifted by �6 cm�1

relative to the free radical (3546 cm�1). In contrast with previous results for Br2 in solid
Ar, where a very large barrier related to confinement effects inhibits dissociation, the
present study indicates that the OH radical can dissociate in the matrix. © 2005 Wiley
Periodicals, Inc. Int J Quantum Chem 103: 610–616, 2005
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Introduction

T he hydroxyl radical (OH) has been the subject
of several recent investigations, in part be-

cause OH is associated with deleterious effects on
biological systems [1–4], including Parkinson’s dis-
ease [5], and in atmospheric abstraction reactions
the OH radical determines the lifetime of many
hydrofluorocarbons [6, 7]. Herzberg’s pioneering
investigations on the spectroscopic properties of the
OH radical [8, 9] were followed by several other
studies [10–17]. As the OH radical is a very reactive

species, experiments were often carried out in inert
rare-gas solids, where it can be trapped. However, the
characterization of the vibrational structure of the OH
radical in solid argon has been a controversial issue.
Acquista et al. [10] found that the �G1/2 vibrational
spacing of OH (X2�) in the solid was red shifted by
�130 cm�1 from its gas phase value. Goodman and
Brus [11] suggested that a possible explanation for
this finding was a strong interaction between the
open-shell OH and the argon atoms. These authors
also remarked that the shift was an order of magni-
tude larger than was normally observed for co-
valently bond molecules in rare-gas solids. Suzer and
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Andrews [13] bombarded Ar/H2O matrices with
electrons; in addition to the 3452.3 cm�1 band, they
observed the 3548.2 band, which they attributed to
OH�. Cheng et al. [12] provided further evidence that
OH and OD radicals in solid argon at T � 12 K are
characterized by their infrared absorption lines at
3548.2 and 2616.1 cm�1, respectively. The first value is
close to the free radical �G1/2 value of 3546 cm�1,
indicating a negligible interaction with the Ar matrix.
Moreover, these authors indicated that although an-
other set of lines at 3452.3 and 3428.2 cm�1 could be
detected, the relative intensity and shapes of the lines
are variable, and their presence seems to be depen-
dent on the molar fraction of the reactants. They sug-
gested that these lines may be attributed to OH or OD
aggregates rather than to the OH radical immersed in
Ar. Recently, these two lines were assigned to the
�(OOH) vibrational stretching of the radical in the
H2OOHO complex trapped at two different sites
within the Ar matrix [14–16].

However, at least one relevant question deserves
further investigation: How does the interaction be-
tween the OH radical and the Ar matrix modify the
vibrational structure of the radical species, in partic-
ular its higher vibrational states? In the present work
we report on a theoretical investigation of the OH
radical vibrational properties in solid argon. Our ap-
proach is based on a mixed quantum-classical system
representation for the vibrational motion (quantum
degree of freedom) of the OH radical coupled to a
classical system (the Ar matrix). Initially, we review
the statistical theory for a mixed quantum-classical
system [18, 19] and the transfer-matrix [20] path-inte-
gral [21] method [22, 23]. This is followed by a de-
scription of the potential model representing the in-
teractions between the OH radical and Ar, which was
based on second order Møller–Plesset perturbation
theory calculations (MP2). Then we discuss the results
for the vibrational structure of the OH radical in solid
Ar and comment on possible extensions of the present
procedure to the analysis of bond breaking in con-
densed phase.

Computational Details

MIXED QUANTUM-CLASSICAL SYSTEMS:
BASIC THEORY AND TRANSFER-MATRIX
PATH-INTEGRAL METHOD

The Hamiltonian for a mixed quantum-classical
system can be written as [18, 19, 23]

H � Tf � V�r�R� � Ts � Vs�R�, (1)

where Tf and Ts are the kinetic contributions for the
quantum (fast) and the classical (slow) degrees of
freedom, respectively. V(r�R) is defined by

V�r�R� � Vf�r� � Vc�r�R�, (2)

where the term Vc(r�R) couples the quantum (r) and
classical (R) degrees of freedom and Vs(R) is the
potential energy of the classical system. By assum-
ing a Born–Oppenheimer approximation, the den-
sity matrix can be written as the product of the
density matrix �f(r, r	�R) describing the fast degree
of freedom in the configuration R of the classical
variables and the density matrix �s of the classical
system:

��r, R; r	, R� � Qc�f�r, r	�R� � �s�R�

� Qc �
n

�*n�r�R��n�r	�R�exp
��En�R��

� exp
��Vs�R��, (3)

where Qc is the kinetic classical partition function.
Consequently, we can write the partition function
for the mixed quantum-classical system as

Z � � dRdr��r, R; r, R� � � dR��R�, (4)

where

��R� � exp��
Vs�R� � Aq�R��� (5)

and the quantum free energy Aq(R) � ���1 ln
Zf(R). Zf is the quantum partition function given by

Zf�R� � Tr �f�r, r	�R� � � dr�f�r, r�R�. (6)

For a configuration R of the classical variables, the
quantum average of an observable A can be written
as

A� �R� � 
Zf�R���1 Tr��fÂ�. (7)

Therefore, the canonical average of A over different
configurations R can be written as
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� A� � 
Z��1 � dR exp��
Vs�R� � Aq�R���A� �R�.

(8)

Canonical averages can be calculated by the con-
ventional Monte Carlo method, with the probability
density given by (5). On the other hand, the quan-
tum partition function corresponding to the quan-
tum degree of freedom Zf can be written in a
discretized path-integral representation based on
Trotter’s formula:

Zf�R� � � dr1dr2 . . . drP�mP/2��2��P/ 2

� exp
��Veff�r1, r2, . . . , rP�R��, (9)

where

Veff�r1, r2, . . . , rP�R� � �mP/2�2�2� �
i�1

P

�ri�1 	 ri�
2

� �1/2P� �
i�1

P


V�ri�R� � V�ri�1�R��. (10)

Introducing the transfer-matrix for the discretiza-
tion in the coordinate space �aa	 as

�a���a	� � exp��
�mP/2�2��2��a�r 	 a	�r�2

� �1/2P�
V�a�r�R� � V�a	�r�R���� (11)

Zf can be written as

Zf�R� � ��r�P
�mP/2��2���P/ 2 �
a1

�
a2

· · ·�
aP

�a1���a2�

� �a2���a3�· · ·�aP���a1� (12)

or

Zf�R� � ��r�P
�mP/2��2���P/ 2 � Tr �P

� ��r�P
mP/2��2��P/ 2 �
i


i
P, (13)

where 
i are the eigenvalues of the matrix �.
In the present case, the fast quantum degree of

freedom corresponds to the vibrational degree of
freedom of the OH radical, which is usually repre-
sented by a Morse potential. The classical system

corresponds to the Ar atoms in condensed phase
interacting through a Lennard-Jones potential. The
quantum degree of freedom has been integrated in
a 12 au interval with �r � 0.024 au and P � 15000.

AB INITIO CALCULATIONS, INTERACTION
MODEL, AND MORSE POTENTIAL

Ab initio calculations using second-order
Møller–Plesset perturbation theory (MP2) were car-
ried out to study the interactions between the OH
radical and Ar atoms. The frozen core approxima-
tion [MP2(FC)] and the aug-cc-pVTZ basis set were
employed in all calculations. Basis-set superposi-
tion errors (BSSEs) were not included. It is expected
that they are quite small at this theoretical level.
The MP2 calculations were carried out with the
Gaussian98 program [24].

The potentials describing the interaction be-
tween the OH radical and Ar are presented in Fig-
ures 1–3. In general, they are well represented by a
12-6 Lennard-Jones (LJ) model. The potential model
for the interaction between hydrogen and Ar is
presented in Figure 1. It shows a minimum of
�0.00012 hartree (�0.075 kcal/mol) at r � 6.5 au.
The model for the interaction between oxygen and
Ar is presented in Figure 2. It shows a minimum of
�0.0004 hartrees (�0.25 kcal/mol) at r � 6.2 au.
These small values for the well depths indicate that
the interactions between the OH radical and the Ar
atoms are dominated by repulsive contributions.
Figure 3 shows the interaction between the OH

FIGURE 1. HOAr interaction potential. UMP2/aug-cc-
pVTZ calculations (diamonds) and fitted 12-6 Lennard-
Jones potential (dashed curve).
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radical and the Ar atom in a linear configuration
where the Ar atom is at a distance r from the OH
hydrogen. Quite interestingly, a shift to lower r
values (�5.2 au) is observed for the HOAr interac-
tion in the radical in comparison with free hydro-
gen (6.5 au). This reflects some polarization of the
OH radical in interaction with Ar. This effect can be
assessed by comparing the free radical and the
OHOAr complex charge distributions.

Data for the optimized structure, frequency, di-
pole moment, and binding energy for the OHOAr
complex are reported in Table I, where results for
the free radical are also reported. The binding en-

ergy of the OHOAr complex is 0.78 kcal/mol,
which means a very weak attractive interaction.
Consequently, our results do not support the view
that hydrogen bonding and charge transfer are rel-
evant to explain the structure of OHOAr com-
plexes [11]. The �(OOH) frequency is red-shifted
by 31 cm�1 in the complex relative to the free
radical. Comparison between the dipole moments
of OH (1.76 D) and OHOAr (1.94 D) confirms some
polarization of the radical due to the presence of Ar.
To introduce, at least partially, polarization effects,
the charge distribution of the OH radical in Ar will
be represented by the charge distribution of the OH
radical in interaction with Ar. In addition, we will
assume explicitly that the Ar atoms are polarized
by the OH radical charge distribution. This means
that although our model is based on the OOAr and
HOAr LJ pair potentials, an additional contribution
due to induction interactions Uind will be included,
according to the expression

Uind � �1/2 �
j

�
�,�

���F�
j F�

j , (14)

where the field produced by the OH radical charges
on the Ar atom j is

F�
j � �

k�OH

qkT��kj� (15)

and

T��kj� � R��kj�/�R�kj��3. (16)

FIGURE 2. OOAr interaction potential. UMP2/aug-cc-
pVTZ calculations (diamonds) and fitted 12-6 Lennard-
Jones potential (dashed curve).

FIGURE 3. OHOAr interaction potential for the linear
complex. UMP2/aug-cc-pVTZ calculations.

TABLE I ______________________________________
Data for OH and OHOAr complex from MP2/aug-
cc-pVTZ calculations.

OH OHAr

r(OOH) 1.831 1.832
r(HOAr) 5.099
�OOH 3795 (3738)a 3764
� 1.76 (1.66)b 1.939
BE 0.78

Distances in atomic units. Frequencies (cm�1) calculated at
MP2/aug-cc-pVDZ. Dipoles in D. Binding energy (BE) in kcal/
mol.
a Experimental value from Herzberg [8].
b Experimental value from Nelson et al. [27].
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The average polarization of the Ar atoms � �
(�xx � �yy � �zz)/3 � 11.08 (au)3 [26]. It is known
that induced interactions are not pairwise additive
and that the final charge distribution in a polariz-
able system should be self-consistently determined
[25]. However, in the present case, this contribution
is quite small (although not negligible) and the
following approximation was adopted: the polariz-
ing field is only related to the OH charges and the
interactions between the induced dipoles in the Ar
atoms were neglected.

The experimental Morse potential describing the
vibrational motion of the free OH radical [8] is

reported in Figure 4. The same figure shows the
potential based on UMP2/aug-cc-pVTZ calcula-
tions for the free radical (diamonds) and the curve
corresponding to the vibrational motion of the OH
radical coupled to one Ar atom (dotted curve). A
good agreement between the experimental and the
theoretical potential is observed, which supports
the adequacy of the present approach. The presence
of the Ar atom modifies the OOH vibrational de-
gree of freedom introducing an attractive contribu-
tion from the minimum position, which remains
nearly the same (1.9 au) up to 5 au, where a repul-
sive contribution due to the HOAr interaction ap-
pears. The HOAr distance was optimized for each
OOH value. The full set of interaction and Morse
potential parameters is reported in Table II.

OH Radical in Solid Argon

To model the vibrational structure of the OH
radical in solid phase, we initially carried out con-
ventional Monte Carlo simulations for the OH rad-
ical at its equilibrium distance (1.837 au) in the Ar
matrix. The NPT ensemble was employed in a cubic
cell with 108 Ar atoms and periodic boundary con-
ditions. The interactions were truncated at 12 au. A
preferential sampling algorithm for the atoms
closer to the radical was used [28]. By using an
annealing procedure, 4 million steps were carried
out to equilibrate the system. The final configura-
tion from the classical simulation at T � 10 K was at
a reduced density �* � (N/V)3 � 1.1 and at a
reduced temperature T* � kBT/� � 0.083, where �
and  are Lennard-Jones parameters for Ar (see

FIGURE 4. Morse potential for the OH radical. Experi-
mental (dashed curve), UMP2/aug-cc-pVTZ calculations
(diamonds). The dotted line is the OOH potential in the
OHOAr complex.

TABLE II ______________________________________________________________________________________________
Lennard–Jones and Morse potential parameters.

O H Ar

Lennard-Jones VLJ(r)a

� 4.048 � 10�4 3.713 � 10�5 3.793 � 10�4

 4.874 6.009 6.462

Morse potential VM(r)b

De 0.1683
� 1.2196
re 1.8342

Data in atomic units.
a VLJ(r) � 4�[(/r)12 	 (/r)6]. Parameters fitted to UMP2/aug-cc-pVTZ calculations. Lorentz–Berthelot composition rules �ij �

(�i�j)
1/2 and ij � (i � j)/2 were adopted.

b VM(r) � De[1 	 exp( 	 �(r 	 re))2]. Parameters for OH X2� from Herzberg [8].
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Table II). From this configuration we started to
generate new configurations in the NVT ensemble
according to expression (5). The system was then
equilibrated during 5000 steps and final averages
correspond to additional 8000 steps. We note that
no Monte Carlo sampling of the fast variable r is
needed; in the present approach it is explicitly in-
tegrated. We observe the relatively small number of
configurations for the mixed quantum-classical sys-
tem. However, we believe that it is an acceptable
number of steps (considering the large computa-
tional time) for the simulation in a matrix where
small fluctuations should be expected.

Figure 5 shows the Morse potential describing
the free OH vibrations and the effective averaged
vibrational potential in solid Ar. From the mini-
mum position up to �5 au, the weak attractive
interactions of the OH radical with the Ar matrix
introduces a small shift to lower energies. This ef-
fect is small and the shape of the curve up to this
distance (�5 au) is essentially the same, which is a
clear indication of a modest condensed phase effect
on the lower vibrational levels of the OH radical.
However, in contrast with the vibrational behav-
iour for the free radical, the present results show
that confinement effects due to repulsive interac-
tions with the matrix will certainly modify the vi-
brational structure the OH radical. First, an energy
barrier (�0.3 � 0.15 au) above the free OH radical
dissociation limit appears. In addition, new dis-
cretized vibrational levels will be present, indicat-

ing significant changes on the absorption spectra of
OH, a feature already observed for Br2 in solid Ar
[23].

The changes on the vibrational structure can be
illustrated by calculating �Gv�1/2 � G(v � 1) �
G(v). This quantity is reported in Figure 6 for the
Morse OOH oscillator and for the OOH radical in
Ar. For the free species, only two regimes exist. The
first is a linear behavior typical of Morse oscillators,
although it is not always observed in diatomic mol-
ecules, as, for example, H2 [8]. The second regime
correspond to continuum states levels. For OH in
Ar, three regimes can be defined. The first, which
involves the 12 lower vibrational levels is a Morse-
like regime. The second is a transition regime,
which deviates considerably from Morse and in-
volves discrete vibrational levels from v � 13 up to
v � 20. Finally, a third regime characterized by a
nearly constant spacing between the vibrational
levels (typical of harmonic regimes) is observed,
which reflects confinement effects. We predict that
in solid Ar, �G1/2 � G(1) � G(0) � 3540 cm�1,
which is 8.2 cm�1 lower than the experimental
value (3548.2 cm�1) [12]. Thus, significant con-
densed phase effects on the vibrational structure of
the OH radical should be expected, mainly if higher
energy vibrational levels are involved. However,
the effect is essentially related to confinement. At-

FIGURE 6. �Gv � 1/2 � G(v � 1) 	 G(v) for the OH
Morse oscillator (diamonds) and for the oscillator in
solid Ar (circles).

FIGURE 5. Morse potential for the free OH radical
(dashed curve) and the effective potential for the OH in
solid Ar.
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tractive interactions between the OH radical and
the Ar atoms are weak and apparently play a minor
role.

Conclusions

The vibrational structure of the OH radical in
solid Ar was investigated by a transfer-matrix path-
integral (TMPI) method previously proposed for
mixed quantum-classical systems [23]. MP2 calcu-
lation for the OHOAr complex indicates that the
interaction between the radical and the Ar atom is
very weak and amounts to less than 1 kcal/mol.
Gas-phase calculations for the OH vibrational de-
gree of freedom coupled to an Ar atom show that
attractive short-range interactions are slightly en-
hanced. A repulsive contribution starting at �5 au
increases the dissociation energy relative to the free
radical by �0.04 hartree. TMPI calculations for the
oscillator coupled to the Ar matrix indicates that the
lower vibrational levels of the OH radical are not
significantly modified relative to the gas phase,
which is in agreement with the most recent exper-
imental results [12]. The major changes concern
higher vibrational levels (above v � 12), which is
essentially a consequence of repulsive interactions
and/or confinement effects. The calculations also
indicate that the dissociation energy in solid Ar is
increased by �0.3 hartree (188 kcal/mol) relative to
the gas-phase value. However, in contrast with pre-
vious results for Br2 in Ar [23], which indicated that
strong confinement effects inhibited dissociation of
the Br2 molecule in the matrix, the results suggest
that the OH radical can dissociate in solid Ar. In
this sense, it appears that the present study based
on TMPI may provide valuable information on
bond-breaking processes in condensed phases.
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