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A numerical integration of the Langevin equations connected to the motions of a diatomic
molecule trapped in a rare gas matrix is performed using a Runge-Kutta procedure and a
Monte Carlo-Metropolis sampling for the initial configurations of the so-called primary
system (cf. paper I). The rotational energy transfer from the molecule to the crystal is shown
to strongly depend on the coupling between the molecule and the nearest-neighbor (NN)
atoms and also on the ability for these NN atoms to dissipate their energy into the bath.
Several cases are discussed according to the values of the viscous terms describing the damping
of the molecule rotation and translation and of the NN atom vibrations. The prolate CH,F
molecule trapped in an argon matrix seems to relax more quickly its rotational energy than the
nearly isotropic CO molecule. Special trajectory calculations, when the molecule is rotationally

excited or in thermal equilibrium, are considered in order to study the well jump and the

librational motion of the CO molecule.

I. INTRODUCTION

In paper I,' we have obtained generalized Langevin
equations for the dynamics of a diatomic molecule trapped
in a crystal. The orientational energy relaxation of the mole-
cule has been interpreted in terms of viscous terms connect-
ing the primary system, formed by the molecule rotation and
translation and a limited number of nearest-neighbor (NN)
atoms (j atoms), and the bath, formed by the remaining
atoms of the 3D matrix. More specifically, three damping
terms, which characterize the direct couplings of the rota-
tion and of the molecule translation with the bath and the
indirect coupling with the bath through the j atoms, have
been analyzed in order to compare the most efficient relaxa-
tion channels.

Due to the increasing complexity of strictly 3D models,
we have shown that, thanks to slight simplifying assump-
tions, it was possible to modify the general 3D system into an
effective 2D dynamical primary system coupled to a 3D
bath. The present model is then particularly well adapted to
molecules with sufficiently high rotational moments of iner-
tia and constrained to rotate in a given symmetry plane of a
low temperature crystal. Such a situation seems to occur for
CO trapped in rare gas crystals since several papers?-° have
been devoted to the computation of the interaction energy
and of the dynamics of this molecule as well in a quantum
approach as in a classical one. Among the most recent theo-
retical models, Manz® has given a qualitative, but very inter-
esting, description of the nature of the orientational motion
of the CO molecule through the pseudorotating cage model.
A somewhat similar approach has been considered by Maur-
icio et al.® within a strictly 2D description of the libration of
the molecule strongly coupled to an undeformable shell of
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matrix atoms. This undeformable shell could, however, ro-
tate around the same center as the molecule and it was cou-
pled to the remaining crystal (the bath) with viscous damp-
ing terms. In the last decade, a lot of theoretical quantum
models have also been proposed in literature, with special
emphasis on the interpretation of the vibrational relaxation
of CO in rare gas matrices. Multiphonon theories and li-
bron-phonon coupling methods have been developed in
monodimensional and then tridimensional models by Alla-
vena

et al.® with the aim of interpreting the experimental results
obtained by Dubost’ on one of the first studied molecule.

A second example is also considered here, with CH,F
trapped in a rare gas matrix. Indeed, this prolate symmetric
top can, in first approximation, be schematized by a diatom-
ic molecule formed by the two entities, CH; and F. It thus
appears as a heavy rotor with the shape of a lengthened
asymmetric ellipsoid, in contrast with CO which appears as
a slightly anisotropic ellipsoid. Very recent potential calcu-
lations have shown® that the CH,F molecule is constrained,
like CO, to rotate (librate) in a crystal plane. But this orien-
tational motion induces an important anisotropic distortion
of the neighboring matrix atoms. Such a molecule has been
extensively studied in high resolution spectroscopy® and in
fluorescence or double resonance infrared—infrared experi-
ments.'?

Note that the present model is inadequate for hydroge-
nated molecules' (HCl, OH, NH) because, on the one hand,
they cannot be considered as classical rotors and, on the
other hand, the rotational motions are clearly 3D.

The paper is built as follows: Sec. II is devoted to the
improvement of the previous Langevin equations, in a form
convenient for a numerical computation. Reduced quanti-
ties are therefore defined and the interaction potential
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between all the particles forming the doped matrix is dis-
cussed. The numerical procedure is developed in Sec. III
where the distorted equilibrium configuration of the mole-
cule and of the NN matrix atoms is determined in order to
get the numerical values of the forces and relaxation matri-
ces of the equations of motions. A Runge-Kutta integration
procedure of the Langevin equations is then done using a
preliminary statistical Monte Carlo procedure required for
the determination of the initial conditions for the primary
system. The numerical results are described in Sec. IV for
CO and CH,F and these results are discussed according to
the values of the viscous terms.

Il. REDUCED EQUATIONS OF MOTION

A more convenient form of the generalized Langevin
equations of motion for the primary system formed by the
molecule and the four NN atoms is obtained' by defining
reduced quantities. A reduced time

T=wt )
and reduced dynamical coordinates

§= i=(0,j=1,.,4) (2)
a

T

are thus defined where w is a typical pulsation for the lattice
vibration (@ = 27X 102 s™!) and a is the closest distance
between matrix atoms (a@ = 3.756 A for an argon matrix).
The corresponding dynamical quantities are then written in
a reduced form. The forces are given by

F, =F,(i,0)/ (M%) ,
B, = F,(6,,0)/Us?) , (3)

where Myand M, (i5#0) = M are the masses of the molecule
and of a matrix atom; the viscous terms are

B. =B./w; €=unbu (4)
and the effective square frequencies
A.(0) = A, (0)/w?. (5)

The reduced random forces per mass unit are finally written
as

N, =N,/o%,

Ny =Ny/e?, (6)
with the corresponding fluctuation—dissipation relations

(N, O, (1)) = kTA, (1)/(M,a%0*)

(N, (ON, (1)) = kTAy(r)/ (o) . )

All the nonreduced quantities have been defined in paper I,’
and the equations of motion turn out to be

ér)=F, + A (0)&(r) —B.é(r) + N. (8)

for € = ug, 6 — 6, u;.

The quantities defined in Eqgs. (3)-(7) are calculated
using an atom-atom form for the interaction energy. The 6-
exp analytical form, already used in Refs. 3 and 11 for CO
trapped in an argon matrix, is extended here to the CH,F/Ar
case. This potential between two atoms / and /' is written as

@(ry) = —Ayrg®+ By exp( —ayry), %

TABLE I. Potential constants and molecular parameters.

A Bx10~% a
Pair (kI mol~'A%)  (kJmol™}) (A°1
Ar-Ar 6554 3.27 3,305
C-Ar 3379 3.12 3.493*
O-Ar 2737 3.28 3.706
CH,-Ar 4369 2.02 3234
F-Ar 2378 2.95 3.812°

I 5.',“ 5,%
Molecule A-B (g cm?) (A) (A)
C-0 1.45% 107 0.645 0.484
CH,-F 3.20x 107 0.815 0.645

* Reference 3.
®Reference 17; the usual combination rules have been used for the heteronu-
clear pairs.

where the potential parameters are given in Table I. Such a
pairwise atom—~atom interaction provides a direct angular
dependence for the molecule orientation and even an inter-
nal dependence through the distances §, and 6y between
the c.m. of the molecule and its two atoms A and B (cf. Table
I).

1. NUMERICAL METHOD

Two steps in the numerical procedure are successively
considered. The computation of the equilibrium configura-
tion of the doped matrix is first required to determine the
lattice distortion and the transfer matrices intervening in the
expressions of B and A.. Then, Eqs. (8) are solved for sev-
eral initial physical conditions of the total system.

A. Equilibrium configuration

The equilibrium configuration for the primary system is
determined in order to test the adequacy of our model with
the general 3D calculations. Indeed, here, the bath atoms are
assumed to be nearly insensitive to the molecule inclusion
(d, =0) and only the four NN atoms (j atoms) and the
molecules are relaxed from the initial perfect sites. This is
obviously a restrictive hypothesis with respect to other more
accurate calculations,>® but this simplification is expected to
have minor consequences on the dynamics of the primary
system since atoms belonging to the rotation plane of the
molecule will @ priori be more perturbed by the inclusion
than outside atoms.

The knowledge of the equilibrium configuration of the
primary system is also a necessary information to calculate
the quantities A and ,BE within the framework developed in
Sec. III of paper I [see also Eq. (33) of paper I].

One way of computing this equilibrium would be to
minimize the potential energy v of the system [Eq. (6) of
paper I]. Another way consists to solve the dynamical equa-
tions (8) after introduction of minor modifications to ac-
count for the static conditions (cf. the Appendix):

(i) The displacements d, and d; are taken to be zero

since the coordinates u, and u; will now play therole
of d, and d;.
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(ii) The linear term Ke (0) € vanishes since € will be an
instantaneous position, referred to the distorted
equilibrium configuration, which must give zero at
equilibrium. ~

(iii) The random forces N are arbitrarily taken to be
zero since they do not influence the equilibrium
condition. .

(iv) The numerical values of the viscous terms /3, are
conveniently chosen to obtain a rapid convergence
towards equilibrium; not too small to avoid oscilla-
tions around equilibrium and not too large to per-
mit a significant drift of the atom positions towards
equilibrium. Note that such a choice has only a
practicalﬂreason, as the equilibrium does not de-
pend on B,. (cf. the Appendix).

Equations (8) are then solved using a Runge-Kutta'!
integration procedure for the following initial configuration;
the j atoms and the molecule c.m. are taken at their perfect
crystal positions and the orientation of the molecular axis is
taken to be, for instance, 6 ; = 7/2 which corresponds to an
equilibrium for AB trapped in an undistorted crystal. The
initial velocities & are zero. The numerical procedure then
evolved according to Eqgs. (8) in a theoretical infinite time
range. In fact, 7~ 30 is generally sufficient to ensure a con-
vergence, connected [item (iv) ] to the choice of 8, , towards
the equilibrium.

The values of € thus obtained correspond to the equilib-
rium positions d,, d;, and 6, which are given in Table II for
CO and CH,F trapped in an argon lattice. For comparison,
we also give the distortion vectors obtained from direct mini-
mization of the potential energy of the 3D doped crystal.>®
Our results for the four atoms and the molecule satisfactorily
agree with accurate 3D calculations for CO; the agreement is
not as good for CH,,F. These results are not surprising in the
sense that the symmetric top molecule has a larger aniso-
tropic size than CO. The accurate calculations account for a
distortion over four matrix shells (56 atoms, instead of 4
here!) for CH,F. Moreover, the C, symmetry of the mole-

TABLE II. Distortion of the primary system.

cule is taken into account in the accurate calculations while
CH,F is regarded here as a diatomic molecule. The energy
gain due to the matrix distortion with respect to the undis-
torted configuration exhibits the same discrepancy for the
same reason. Note, however, that the values of the molecule
position and orientation issued from the two types of calcu-
lations are very close.

The fact that our results are not too different from other
statical calculations may be considered as a promising fea-
ture. Indeed, this means that the computation of the dynam-
ics of the primary system rests on a convenient 3D statical
basis. Accuracy would lead to use of the 3D results, but
consistency requires that we take our results for the study of
the dynamics!

B. Determination of the matrices A, and f,

These general 3D matrices are in fact reduced to 2D for
the vibrations of the primary system and to 1D for the mole-
cule orientation. They are matrices obtained as a sum of the
square of matrices of which the elements are force constants
connecting the atoms of the crystal. The sum over the atoms
is rapidly convergent when these atoms are inside a sphere of
radius 3a for each j atom or for the molecule, The matrices
can be expressed in terms of a single matrix T as

fi’e = (F/w)’T\l ,
A(0) = (/N T, , (10)

where i depends on the second derivatives of the interac-
tion potential and has a definite value for a given potential.
In contrast, I/ and Q/w® will be free to vary in the follow-
ing. We give, in ’;‘\able II1, the nonzero elements of T.

The matrix T; characterizes the jth atom; its diagonal
terms are nearly the same and they have been taken to be
strictly equal and normalized to unity; the nondiagonal ele-
ments remain small and they would vanish exactly if the j
atom ‘“‘saw” an isotropic crystal (i.e., in the absence of the
molecule and of the concomitantA lattice distortion). Note
that the nondiagonal elements of T can be larger for CH,F
than for CO as expected by the larger anisotropy of the sym-
metric top. R

The matrix T;, connected to the molecule, is diagonal

Cco CH,F
Molecule This work Reference®* This work Reference® TABLE III. Numerical data for the matrices 7.*
dx(A) 0.031 0.031 0.054 0.026 XX zZz Xz
dy» 0.047 0.026 0.066 0.020
doy 0.031 0.031 0.054 0.025 T, Cco 1 1 —0.072
dyy —0047 —0026 0066 —0022 CH,F 1 1 0.006
dix —0034  —0030 —0060 —0.039 7 Co 1 1 0.072
dyy ~0063 —0029 —0.120 —0.064 CH,F 1 1 — 0.006
dex —0034  —0030 —0060 —0.043 T, co 1 1 —0.041
d. 0.063 0.029 0.120 0.067 CH,F 1 1 0.118
dox ~0275  —0249  —0571  —0.530 T, co 1 1 0.041
doz 0 0 0 0 R CH,F 1 1 —0.118
6o /2 7/2 /2 /2 T, co 0.908 0.183 0
E (cm™")° — 68 —127 — 309 — 52 " CH,F 0916 0.267 0
Ty co 0.275 2% 2%
2See Ref. 3 for a 3D relaxation of the crystal. CH,F 0.682

" See Ref. 8 for a 3D relaxation of the crystal and including four shell relax-
ations.
°Energy gain by matrix relaxation.

*These results are for ¥ = 1; for ¥ = 2, 3, 4, corresponding equivalent re-
sults can be obtained after applying the symmetry rules of the crystal.

J. Chem. Phys., Vol. 87, No. 8, 15 October 1987



4812

since the molecule site is the only site from which one can see
a nearly isotropic crystal if we expect the distortion. The
larger the molecule anisotropy is, the more different the di-
agonal elements are. The (1X1)7, matrix is larger for
CH,F than for CO and generally remains smaller than the
diagonal terms of 7; and T,. We can thus expect, from this
feature, a more efficient energy transfer from the vibrational
motions than from the orientational one.

At this stage, all the quantities appearing in Egs. (8) are
known, and we can then solve these dynamical equations
where the temperature is introduced through the fluctu-
ation—dissipation theorem [Eqgs. (7)].

C. Dynamical computations

The numerical integration of Egs. (8) is done using a
Runge-Kutta procedure after a Monte Carlo-Metropolis
sampling for the initial configurations. The development of
the statistical method has been extensively explained in Ref.
12 and we give here the specificity of the method when ap-
plied to our case.

Aninitial configuration P for the primary system is cho-
sen to be the distorted equilibrium configuration for the posi-
tions €, (d,,d;,6,), and the following thermal velocities for
each component of é:

é= + (kT/2M )2, (11)

where the sign is randomly assessed. A numerical integra-
tion of Egs. (8) is then performed with ,86 = A (0) =0for
7~30 in order to obtain a better configuration P,. Within
this model, the bath does not influence the primary system
and the temperature is fixed at its value 7.

The Monte Carlo sampling is then applied from this
configuration P, as described in Ref. 12, The positions and
the velocities of the atoms and of the molecule belonging to
the primary systems are then moved in succession using a
random generator. A new configuration is accepted each
time that the lattice energy is lowered with respect to the
previous one or, if not, each time that the Boltzmann prob-
ability ratio for this configuration with respect to the pre-
vious one is greater than a random number in the range
(0,1). A sampling of about 6 10* random walks has been
performed at this first stage. Such a procedure allows us to
improve the convergence, i.e., to obtain a final configuration
P, which is expected to be more probable for the system than
the previous configuration.

This latter accepted configuration P, is considered to be
the new initial configuration for the integration of the Lan-
gevin equations and the determination of the various obser-
vables of the primary system: kinetic, potential, and mechan-
ical energies and autocorrelation functions of the molecular
axis.

Then a sequence of r random configurations starting
from the initial configuration P, is constructed before an-
other numerical integration of the Langevin equations is
achieved. This procedure is repeated p times, then the se-
quence length is changed into 50r before a new integration
and a new sequence of  random walks. 7 and p have been
varied within the ranges [10,30] and [6,10], respectively.
The convergence is obtained for 800 to 1600 trajectories ac-
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cording to the molecule and to the physical conditions, and
the mean values of the observables have then been calculat-
ed.

Note still that the numerical procedure must be modi-
fied to introduce particular initial conditions in the Langevin
equations. Beside the general method used before, we have
considered the case of an orientational excitation of the mol-
ecule with

= [kT*/(2)]V% T*=50T. (12)

These data must be introduced in the different P; (i>>1) con-
figurations which have been retained to calculate the trajec-
tories. However, the atom velocities and positions and the
molecule positions are not changed with respect to the pre-
vious development.

Another case has also been considered when the mole-
cule orientation is arbitrarily fixed at a maximum (6 = 7/4)
or at a minimum (8 = 7/2) of the interaction energy. The
Monte Carlo sampling is therefore done on the positions and
velocities of the particles of the primary system.

A particular feature connected to the rotational motion
of the molecule must also be mentioned. When, within a
given trajectory, the molecular axis jumps from a given well
¥ to another one 7', we have to renormalize the equations of
motion. This means that a new equilibrium configuration
must be defined with respect to the " well (d? changes into
d?) and the corresponding dynamical variables €”, in the
new well, are such that

u/=df —d/ +ul; i=(0,)). (13)
Moreover, since the equilibrium configuration is changed,
the primary system-bath coupling terms A, and S, must
also be changed and recalculated for this new equilibrium.

The same renormalization is again used for the initial
conditions as calculated by the Monte Carlo sampling. Due
to the symmetry of the problem, the probability for finding
the molecular axis must be the same in the four wells. The
temperature values used here (7~20 K) prevent jumps
from one well to another in the Monte Carlo sequences. So
we have rotated the whole crystal, by fixing the axis system,
by successive rotations of 77/2; such a process is equivalent to
force the molecular axis to jump from one well to another.

V. RESULTS AND DISCUSSION

High resolution spectroscopy and time-resolved experi-
ments provide two complementary species of informations
regarding the phase and energy relaxations of the molecule
vibration. Two physical situations are considered which can
be connected directly to the influence of the orientational
motions on the lifetime of the excited vibrational level of a
molecule and on the linewidth of its near infrared spectrum.
In the first case, the molecular rotation is assumed to be
highly excited by a direct and partial transfer of the vibra-
tional energy. This excitation is simulated by raising the
equivalent rotational temperature of the molecule to
T* =507, where T is the bath temperature (T = 20 K).
Note that this temperature T * corresponds in fact to a small
part of the possible excitation energy issued from the vibra-
tional deexcitation of a CO molecule (7 *~3007) or of a
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CH,F molecule (T*~150T). The relaxation of the rota-
tional energy towards the primary system and the bath is
then analyzed. In the second case, the temperature of the
whole doped crystal is fixed at 7= 20 K and the trajectories
of the molecule and of the atoms of the primary system are
computed according to different initial configurations for
the molecular axis. Moreover, the values of I'/w and Q/?
have been varied in order to analyze the influence of the
system and bath viscosities. For each selected case, we will
compute the time behavior of the averaged rotational and
translational kinetic energies K, and K,, of the molecule, of
the mean vibrational kinetic energy K , of the four j atoms,
of the mean potential energy ¥ of the primary system and of
its total mechanical energy E, and of the correlation function
F of the dipolar axis of the molecule.

A. Rotational excitation 7™ =507
1. CO trapped in an argon matrix

a. Theoretical damping. Figure 1 exhibits the behavior
with 7 of Ky, K, K o, V, E, and F for the theoretical values:
(T/w) = 0.16 and (/w?*) = 0.024. Three steps can be dis-
tinguished in the relaxation mechanism:

0 < 7%2 corresponds to the transient regime. The main

4813

part of the rotational energy is dissipated towards the kinetic
energy of the molecule c.m. and of the j atoms and also trans-
formed into potential energy. The primary system relaxes
about 30% of K, into the bath directly through the molecule
rotation or, indirectly, through the j atoms.

2 5756 corresponds to an enlarged transient—station-
ary regime for the primary system. The energy excess is lo-
cated mainly on the c.m. vibrations of the particles of the
primary system with a possible feedback transfer from the j
atoms to the molecule c.m., and to the rotation in a smaller
extent. The energy E of the primary system monotonously
decreases.

7R 6, corresponds to the stationary regime where the
remaining energy excess is dissipated towards the bath, Fig-
ure 2 shows the various deexcitation channels with the con-
comitant efficiency (in energy unit) of these channels in the
first stages of the time evolution. A relative equipartition of
the energy seems to be observed for the various dissipation
channels. Note again that the correlation function  monot-
onously decreases and is zero after about ten oscillations of
the bath atoms.

b. Increasing damping. When the viscous term I'/w is
twice larger (I'/w = 0.32) the overall time behavior of the
computed observables for I'/w = 0.16 is quite similar, but

3004 K E
Ke -900- E
200
~1100 1
100 +
0 < Y -ﬁm M LA L
0 6 12 B ! 0 6 12 B T
1120 FIG. 1. Time behavior of the observ-
80 — ables of the primary system formed by a
K v CO molecule and four Ar atoms I'/
0 @ =0.16 and O/0® = 0.024, T= 20K,
T'* = 50T. Left: mean rotational kinetic
4200- energy K, and vibrational kinetic ener-
4 0-1 gies K, and K, for the molecule c.m.
and the four atoms. Right: total energy
E and potential energy ¥ of the primary
system, and autocorrelation function F
0 . . . 1280 . for the molecular axis. All energies ex-
0 6 12 BT " 0 6 12 s T pressed in cm ™! unit and time in re-
duced unit.
120 K -
KA 0.4~ F
804
0.21
401
Y \_
0 v L Ll
0 6 12 BT -0 z 5 T
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Primary Kq + (272

System RA + eg}

e}

|

Bath l

FIG. 2. Energy balance for the total system. The transfers are schematized
by corrugated arrows and the corresponding magnitudes are given within
brackets for I'/w = 0.32 (upper value), 0.16 (middle), and 0.016 (lower),
respectively.

not in the details (cf. Fig. 3). In the transient regime 7 <2,
the rotational energy loss is the same ( ~280 cm™?), but
55% only, instead of 70% in the first case, of this energy is
transferred to the remaining primary system. The bath re-
ceives from the primary system an energy twice as large be-
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cause E decreases much more rapidly. This is a striking fea-
ture of the behavior of the energy relaxation when the
viscosity increases. Indeed, as discussed in paper I, an in-
crease of I'/w leads to an increase of the various viscous
terms Ao (7), Ao(7), and A; (7). We thus would expect an
increased efficiency of the energy relaxation channels. But
this relaxation seems to be unfavorable to the primary sys-
tem channel, in the sense tha it cannot accept energy be-
cause it is more q\amped by A; (7). In contrast, the direct
relaxation due to A, (7) seems to be enhanced by the viscos-
ity increase. This results from the already mentioned antago-
nistic effects (cf. paper I). In the intermediate regime, the
features are not too different from the less damped case. The
main difference is due to the damping of the j atoms which
leads to a less oscillatory behavior of the kinetic and poten-
tial energies K , and V. Note also that the remaining rota-
tional energy for 7> 2 is less important in this case and that
the correlation function is zero for 7 around 18. Thus, we are
led to conclude that, although the energy relaxation is en-
hanced, the correlation function is less damped. This appar-
ent paradox can nevertheless be very well understood if we
consider the antagonistic effects mentioned before. Indeed,
the molecule sees the j atoms as poor energy acceptors since
these atoms are relatively damped. So the collisions between

8001 - 9004 E
Ko
200 1
-1100 1
1001
0 ¥ Y v - v 1 -
-1160
60 1 _
V
404 FIG. 3. Same as for Fig. 1, but for I'/
124 01 o =032,
201
0 o <1320 5 4 2 B T
0.5
80- _ F_-:
K
60 - A 0.44
404
Q.34
204
15 T e Qﬁ T - T
0o 6 12 st 0 6 12 T
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the molecular rotation and the vibrations of the j atoms are
inefficient inelastic collisions, with an apparent consequence
that the molecule is freer in this case.

This mechanism may be of the same type as that which
occurs in quantum systems, due to rapid dephasing. Cal-
deira and Legett!> have shown that quantum tunneling,
which is generally expected to be the predominant decay
mode of a metastable state, can be considerably reduced by
the increase of the friction in macroscopic systems; or, in
other words, that the tunneling effects are diminished by the
damping from the heat bath.'* An extensive discussion and
the corresponding bibliography of the phenomena connect-
ed to this mechanism can be found in Ref. 15. Further analy-
ses of this mechanism are left for a forthcoming paper where
the vibrational relaxation of the same molecule will be stud-
ied through the vibration-rotation-lattice vibration cou-
plings and by including effective quantum (low tempera-
ture) effects.

c. Decreasing damping. When the viscous parameter I'/
o is ten times smaller (I'/w = 0.016) than the theoretical
value, the behavior of the computed observables differs in a
considerable way (cf. Fig. 4).

4815

In the transient regime 7 < 2, the rotational energy loss
is nearly the same as for the previous cases (a) and (b)
(~260 cm™1!), but now the primary system takes 90% of
this energy and the bath receives a negligible part of it ( < 10
cm™1), as shown by the slow decrease of the energy E.

When 7> 2, the vibrational motions keep this energy
either in their kinetic or in their potential parts and the pri-
mary system thus appears as a self-consistent mechanical
system which exchanges energy inside its own degrees of
freedom, as shown by the oscillations of K,, K ,, and V. The
bath is quite inefficient.

The autocorrelation function is strongly damped, over
five oscillations of the crystal atoms, by the collisions
between the molecule rotation and the primary system vibra-
tions. Note, however, that this autocorrelation function
tends to oscillate around the zero value for long 7 times,
whereas the rotational energy never decreases to zero, at
least up to 7 = 20. About 40 cm ~ ' of the rotational energy is
kept by the molecule as the result of the energy exchanges
between the various motions of the primary system.

. Note, finally, that a change of the effective frequencies
A, (0), through the change of the ratio (£2/w?), does not

300- - -830 -
KO E
2004
-8701
1004
0 T T T —910 . 3
0 6 12 BT 0 6 12 B !
100 -1060
70 %o
-1140 FIG. 4. Same as for Fig. 1, but for T'/
v @ = 0.016.
40+
10 P T 1240 T T T
0 6 12 . T 0 6 12 w T
1607 KA f_‘:
0.4 1
100 0.2 4
0 \_//
40 r pa T 0. —
1] 6 2 Bl 0 6 42 T
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influence the various behaviors described here and therefore
the curves connected to (2/0?) = 0.24 and 0.0024 are not
given here.

2, CH3F trapped in an argon matrix

The various observables for the CH,F molecule, assimi-
lated to a diatomic CH,—F molecule, have been computed
for the theoretical value of the viscous parameter T'/w

= 0.16. The values I'/w and Q/w* which depend only on
the solid characteristics are the same as for CO.

The behavior of the energy relaxation still appears in a
much clearer way than for CO (Fig. 5).

In the transient regime, the rotational energy relaxation
(320 cm™!') appears more efficient than for CO. A yield of
85 cm ! is transferred to the molecule c.m. kinetic energy,
only 50 cm™! are given to the kinetic energy of the four j
atoms and 155 cm™! to the potential energy V. The bath
gains about 30 cm~' The intermediate regime (for
25735 10) is longer than for CO. The c.m. of the molecule
and the potential energy of the primary system transfers a
part of this energy ( ~ 140 cm™?), on the one hand, to the j
atoms (~S50 cm™!) and, on the other hand, to the bath
(~90 cm™!) for 7~4, as shown by the strong peaks ob-
servedin K and K .
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Beyond 7~ 10, a part of the excitation remains on the
primary system with feedbacks towards the molecule rota-
tion and translation. The decrease of the energy E of the
primary system is similar to what is observed for CO. The
behavior of the autocorrelation function is very different of
the monotonous decrease exhibited for CO in Fig. 1. Indeed,
for the same value of I'/w, the decrease is not so fast for
CH,F and this therefore leads to a greater relaxation time for
the molecular axis.

B. Thermal conditions T* =T

Three typical cases have been considered. They corre-
spond to the normal time evolution of the primary system at
thermal equilibrium and to the time evolution of the system,
when the molecular axis is forced to be located at the bottom
of a potential well or at the top of the energy maximum. No
significant differences occur between the three cases, except
for the rotational energy. Figure 6 shows the evolution of the
kinetic energy when the molecular axis is located at a mini-
mum or at a maximum of the potential well. An obvious
behavior for K, is observed since, when 8 = 6, , the kinetic
energy is maximum and decreases at the expense of the po-
tential energy when the molecule librates in its well up to a
potential maximum where the kinetic energy takes a mini-
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mum value and so on. When 8 = 0,,,,, in contrast, the kinet-
ic energy has its minimum value which increases up to the
minimum of the well and decreases before the molecule stops
and comes back. The other observables of the primary sys-
tem have a regular decrease due to the damping. The auto-
correlation function of the dipolar axis of CO decreases over
a large time scale for the three cases, leading to a relaxation
time for the molecular axis around 3 ps. The same conclu-
sions have been reached for CH,F with a greater relaxation
time.

C. Comparison of the trajectories for CO trapped in
argon

Selected trajectories for the primary system formed by a
CO molecule and four argon atoms have been computed, ina
separate way, with the theoretical conditions I'/w = 0.16
and )/’ = 0.024. Two types of trajectories are discussed
here according to the molecular rotation which is excited
(T*=50T)ornot (T*=T=20K).
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1. Rotational excitation

Figure 7 exhibits the behavior with time of the kinetic
energies of the molecular rotation and translation and of the
four j atoms when the equations of motions are integrated at
the P, configuration. Note that these curves show oscilla-
tions for large 7 values and that the molecular rotation can
gain energy around 7= 10. This gain corresponds to the
increase of the rotational velocity after the molecule has
gone through a potential maximum. In fact, the molecular
axis investigates three consecutive wells (y = 1, 2, and 3).

At 7 = 0, the cage formed by the fourj atoms is distorted
and the molecular axis is located in the first well. The molec-
ular c.m. is appreciably displaced from the site center. Then
the excited molecule quickly jumps into the second well and
pushes back its two NN j atoms of the y = 2 well. These
atoms tend to follow the molecule motion for 7~4 and the
molecule then nearly stops up to 7 = 6. At 7~ 8, the molecu-
lar rotation starts and the molecule jumps into the third well,
around 7 = 10. An energy transfer towards the c.m. motion
of the molecule occurs which strongly displaces the location
of the molecule with respect to its site. Then the molecule
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goes back to the site center and tends to librate inside the
y = 3 well with a strong coupling with the vibrations of the j
atoms.

When I'/w increases, the rotational motion tends to be
more damped and the molecular axis cannot jump into the
third well. The molecule remains in the ¥ = 2 well and li-
brates in this well. The coupling of the libration with the
vibrations of the j atoms is greater than with the theoretical
value of the damping parameter. The details of the molecule
and of the cage motions are presented in Fig. 7. Note the
consistency between the kinetic energy behavior and the
photographies of the trajectory.

2. Thermal conditions
An equivalent scheme has been studied when the CO

molecule is in thermal equilibrium (at 7= 20 K) with the

surrounding crystal and for the same theoretical conditions
I'/w = 0.16 and Q/w* = 0.024. The three previous cases,
0 = 0 permars @ = Opin» and 6 = 6., have been investigated.
The results concerning the whole behavior are not very dif-

35

25 6 0

Xl
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ferent. The main discrepancy concerns the rotational behav-
ior of the molecule.

Figure 8 exhibits the kinetic energies associated to the
primary system for a particular trajectory starting from the
initial configuration with 8 = 8_,, and the other values giv-
en by the Monte Carlo procedure. The time behavior of the 8
angle connected to the molecular rotation is also shown
when 8 =6,,, and 0 = 6 ;... for the P, configuration is-
sued from the Monte Carlo sampling. One can see that, from
€max » the molecule rotates inside the first well ( = 1), then
librates around 8 = /2 (which corresponds to a minimum
potential energy), and finally jumps back to the well y = 4.
The study of the same curve §(7), when 8 = 6 .11, leads to
the occurrence of two typical angular positions for the mo-
lecular axis. Indeed, the molecule remains confined in its
origin well but librates first around § = 77° and then around
8 = 97° (located on each side of the equilibrium minimum
0 = 7/2) before going back and making librations around
this latter equilibrium value. If the matrix cage and the mole-
cule c.m. were rigidly fixed, the libration would proceed
around @ = 7/2. The occurrence of different angles 8 = 77
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K a particular trajectory and
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501 sponds to 8 = 8,,, . Right: time be-
havior of the angle & for two
304 trajectories; upper: 8 = 6,,,,, ; lower:
0 = ethermal .
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and 97 is a clear manifestation of the primary system distor-
tion and of its simultaneous evolution when the molecule
rotates. This corresponds to the pseudorotating cage motion
qualitatively described by Manz.*

The matrix distortion is clearly exhibited in Fig. 9 which
shows a particular trajectory of the primary system originat-
ing from the configuration 8 = 8,_,,. When 7 = 0, the mo-
lecular c.m. and the four atoms are displaced from their site
centers, since nothing has been required regarding the pri-
mary system configuration, except that § = 6,_,,. As time
proceeds, the molecular c.m. is strongly displaced, when the
molecular axis rotates, towards the center of the first well. In
this motion, for 2 S 7 5 4, the molecule pushes back the atom
belonging to the ¥ =1 well, to which it faces. Then, for

4 5 7 5 8, the molecule libration around this minimum equi-
librium position is strongly coupled to the vibrations of the j
atoms. In fact, the more displaced atom then transfers its
energy to the molecule rotation in order to recover a lower
energy corresponding to its site. This energy transfer is suffi-
cient to induce a jump of the molecular axis in the well y = 4,
because, simultaneously, the two atoms which would a priori
prevent such a jump are moved back. After the jump, the
molecule librates in its new well (¥ = 4) around 8 = 0.

V. CONCLUSION

To sum up, one can say that the rotational energy loss of
a molecule trapped in a rare gas crystal is fast (over the
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picosecond scale). The CO molecule, with a slightly aniso-
tropic shape, seems to relax its rotational energy towards the
bath in a direct way, when the viscous parameter I'/w is
larger than 0.2. But if this parameter is smaller than the
estimated value, the relaxation will proceed within the pri-
mary system. In contrast, the CH,F molecule, more aniso-
tropic, transfers its rotational energy for the same value of
I’/ towards the primary system which thus plays the role of
acceptor modes.

For an excitation of about 350 cm ™" the rotational mo-
tion is rapidly damped, since the possibility for the molecule
to explore the four wells is very small. The molecule is
strongly damped and makes angular oscillations which can
reach a magnitude of about 25°-30° in the latter well. Such an
orientational excitation corresponds, however, to a small
part of the available vibrational energy ( ~20% for CO and
~35% for CH,F). Reversely, for a thermal excitation
T * = T, the molecule is generally trapped in a given well and
makes librations strongly coupled to the motions of the sur-
rounding atoms. It is nevertheless possible that an energy
accumulation on the primary system and on the molecule
c.m, is transferred back to the rotation and produces a jump
to an adjacent well. The magnitude of the librational mo-
tions does not exceed 10°-15° in this case.

The autocorrelation function for the molecular axis de-
creases more rapidly for CO than for CH,F and, consequent-
ly, the rotational transitions observed in infrared spectrosco-
py experiments are expected to have a larger width for the
less anisotropic molecule.

For CO, the experimental results corroborate such a
conclusion since the librational transition observed in the
near infrared spectrum of CO trapped in argon is very broad-
ened. This feature is conveniently interpreted by our model
which leads to a linewidth of one to several wave numbers
according to the temperature. The same conclusions con-
cerning the position of the more intense librational transition
and its broadening had been reached in a previous simplified
model which considered the first matrix shell as a rigid sys-
tem. The present results show that the distortion of the ma-
trix is highly anisotropic and the matrix shell cannot there-
fore be considered as a whole undeformable system. Indeed,
such a matrix deformation is able to induce molecule jumps!
This study may also be considered as a classical quantitative
interpretation of the pseudorotating cage model proposed by
Manz.*

For CH,F the experimental results are not so clear.
Jones and Apkarian,® after many investigations on the high
resolution infrared spectrum of the v, mode of CH,F, do not
observe a librational residue. In contrast, Abouaf et al.® have
observed small signals in the close neighborhood of the pure
vibrational transition which they assigned to rotational resi-
dues. Given the present results which tend to show the
strong coupling between the molecular rotation and the ma-
trix motions and the occurrence of a librational peak nar-
rower than the corresponding signal easily observed for CO
trapped in the same matrix, it remains to be understood why

the librational signal of CH,F has never been unambiguous-
ly assigned!

To conclude, the present paper, although developing a

classical point of view, can bring additional information as
well on the energy relaxation as on the motions of a limited
number of particles in a crystal. Even if quantum theories are
now available for the CO molecule,’ this study has the great
advantage of giving a simple representation of an intricate
problem. Note, however, that our calculations could be con-
siderably improved'® by first introducing a convenient de-
scription of the random forces and an effective temperature
for the bath which incorporates the zero point energy of the
system and allows low temperature (quantum) effects to be
adequately accounted in this classical version. Second, one
could also start with a model which connects the internu-
clear vibration of the molecule to the remaining degrees of
freedom. These improvements are necessary for a quantita-
tive analysis of the spectroscopic and time resolved experi-
mental data but they require considerable and tedious nu-
merical calculations.

APPENDIX: CALCULATION OF THE EQUILIBRIUM
CONFIGURATION OF THE PRIMARY SYSTEM

Let us introduce ' = d + i such that
F,= —v7(@@)=0 w=d, (A1)

where 7 is the reduced potential defined in Eq. (6) of paper
1. The calculation of #' can be performed from the integra-
tion of the following equation of motion:

i=-VZw) —Bt
over an infinite time:

W(t- ) =d.

Such a valueis 8’ independent, but in practice, the com-
putational time of the numerical procedure will be fasterif 8

is conveniently chosen. The introduction of B ' thus corre-
sponds to an artificial mathematical process to fasten the

(A2)

computation of the equilibrium since E' tends to damp the
motions of the atoms and to change it into a drift toward the
final equilibrium.

Equation (A2) is nothing but Eq. (8), after substitution
ofdby @i’

i =B, + A, (0) (& —d) —B, 0 + A, (A3)
and taking

As (O (¥ =d) =0,

A —o0, (A4)

B.=8".

Equations (A4) are equivalent to the modifications given in
items (i)~(iv) which are only specific of the equilibrium
calculations.
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