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Abstract

A theory of orientational relaxation for the inertial rotational Brownian motion
of a symmetric top molecule is developed using the Langevin equation rather
than the Fokker—Planck equation. The infinite hierarchy of differential-
recurrence relations for the orientational correlation functions for the relaxation
behaviour is derived by averaging the corresponding Euler-Langevin equations.
The solution of this hierarchy is obtained using matrix continued fractions
allowing the calculation of the correlation times and the spectra of the
orientational correlation functions for typical values of the model parameters.

PACS numbers: 05.40.Jc, 05.10.Gg, 83.10.Mj

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Models of the inertial rotational Brownian motion are frequently used in studying orientational
relaxation in liquids in order to compare spectra obtained by various probe techniques such as
dielectric relaxation, the dynamic Kerr effect, infrared absorption, Raman scattering, etc with
the corresponding theoretical spectra [1-3]. Hitherto the theoretical treatment of rotational
Brownian motion has been mainly based on the corresponding Fokker—Planck equation [4].
This equation is a partial differential equation for the time evolution of the orientational
distribution function of a molecule in phase space. It is derived by calculating the drift and
the diffusion coefficients from the inertial Euler—Langevin equation which governs the time
behaviour of the set of random variables describing the rotational Brownian motion of a
molecule in a fluid. The solution of the Fokker—Planck equation has been usually obtained by

0305-4470/03/184947+16$30.00  © 2003 IOP Publishing Ltd Printed in the UK 4947


http://stacks.iop.org/ja/36/4947

4948 W T Coffey et al

separating the variables. A comprehensive discussion of the Fokker—Planck equation method
and its applications to orientational relaxation in fluids is given, e.g., in [1, 3, 5-14].

An alternative approach to the problem has been given by Coffey [15, 16] and Coffey
et al [17-19]. They developed a method of solution of the Langevin equations for simple
models of the inertial rotation of linear rotators without recourse to the Fokker—Planck
equation. The key step in applying the method is first to convert by appropriate transformation
the Langevin equation into an equation for the quantity the statistical average of which is
desired. That equation is then averaged over its realizations in phase space. The transformed
Langevin equation contains not only the quantity the average of which is desired but also
the next higher order average and so on. It is thus the generating equation of a hierarchy of
averages which can be solved by a variety of methods. This procedure entirely eliminates
the excessive step in the theory of constructing and solving the corresponding Fokker—Planck
equation. The advantage in computational labour that the averaging method has over the
Fokker—Planck solution is considerable, neither the derivation of that equation nor knowledge
of the intricate transformations used to effect separation of the variables in it, and to solve
the resulting simultaneous recurrence relations is required. The advantages of the Langevin
equation method have been amply demonstrated in a recent paper [20]. There a theory of
orientational relaxation for the inertial rotational Brownian motion of a linear molecule (rotator
in space) has been developed, the infinite hierarchy of differential-recurrence relations for the
orientational correlation functions describing the relaxation behaviour of the system has been
derived and the solution of this hierarchy has been obtained in terms of continued fractions.
Here, the Langevin equation approach for rigid rotators proposed in [20] is generalized to the
orientational relaxation of an assembly of symmetrical top molecules undergoing rotational
Brownian motion in space.

2. Rotational Brownian motion of a symmetrical top molecule

We consider the rotational Brownian motion of a symmetric top molecule. In the molecular
coordinate system oxyz rigidly connected to the top, the angular velocity w and the angular
momentum M are defined as [1]

w = (wy, 0y, w;) = (&, @sind, ¥ + @ cos?) )
and
M = (loy, loy, Lo,) 2)

where I and I, are the components of the moment of inertia tensor, ¥, ¢ and ¢ are the Euler
angles (¢ is the angle between the axes of symmetry of the molecule and the Z axes of the
laboratory coordinate system, ¢ is the azimuthal angle and i is the angle characterizing
rotation about the axis of symmetry). In the absence of external fields, the rotational Brownian
motion of the top is governed by the vector Euler—Langevin equation [1, 18]

d

aM(t) +w(t) x M(1) + ¢w(t) = A1) 3)

where {w(?) and A(¢) are the frictional and white noise torques arising from the Brownian

motion of the surroundings, respectively. The white noise torque has the following properties:
rj()=0 Aj(Ohn (') = 2kpT¢8; (1 — 1) (jom=x,y,2) 4

where kg is the Boltzmann constant, T is the temperature, ¢ is the friction (drag) tensor, §(¢)is
the Dirac-delta function, §; ,, is Kronecker’s delta and the overbar means the statistical average
over an ensemble of rotators that all start at the instant ¢ with the same sharp values of the
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angular velocity and the orientation. The A;(f) must also satisfy Isserlis’s theorem [19] for
centred Gaussian random variables, namely for 2n 1’s

A () - Aj(ton) = AAa - Ay = Z l_[ A, Mk, 5)

kp <k

where the sum is taken over all distinct products of expectation value pairs, each of which is
formed by selecting n pairs of time intervals from 2 time points and for 2z + 1 A’s

Aj(tDAj(t2) -+ - Aj(t2ne) = 0. (6)

We proceed by noting that equation (3) rewritten for the vector components in the
molecular frame becomes

o, (t) = —w, ()L (t) — [wy(t) cot D) — wy(t) + A () (7)
oy (t) = 0y (t) ;0 (t) — [wy(t) cotD) — Sy (t) + Ay (1) (8)
Lo (t) = =L (t) + A (1). )
Equations (7)—(9) combined with
D (1) = w, (1) @) = wy(1)/ sin ¥ (1) U (1) = w (1) — (1) cot ¥ (1) (10)

(which follow from the definition of the angular velocity components equation (1)) constitute
a system of non-linear stochastic differential equations. In order to proceed, we shall use the
Stratonovich definition [21] of the average of equations (7)—(9). Thus, it is unnecessary to
transform the Langevin equations (7)—(9) to It6 equations; moreover, one can apply the usual
rules of calculus (e.g., [22]).

As far as the majority of applications is concerned, the quantities of interest are the
orientational equilibrium correlation functions (CFs) C;(¢) for the Legendre polynomials
P[cos ¥ (t)] defined as

Ci(t) = (P[cos ¥ (0)] P[cos ¥ (1)]) (1)

(the angular brackets denote the equilibrium ensemble averages). These averages characterize
the orientational relaxation in liquids. Having determined the correlation function C;(¢), one
can also evaluate the corresponding orientational correlation time 7, defined as the area under
the normalized correlation function C;(¢)/C;(0) [3], namely

1 o0
7 = C,(O)/o C,(t)dr. (12)

We shall show below how the first- and the second-order equilibrium orientational CFs (namely
C(t) and C, (1)) can be calculated in the context of the Langevin equation approach (these CFs
are used for the interpretation of dielectric and infrared absorption and Raman and Rayleigh
scattering measurements) [2].

In order to calculate the C;(¢), we introduce the functions

frr(e) = P [cos 9(0) s [ (1), 0y (1), 0, (1)] (13)
where Pl‘m‘ (z) are the associated Legendre functions [23] and the functions s,'l’fk (wy, wy, ;)
(I,n,k =0,1,2,...; =1 < m < ) are expressed as finite series of products of Hermite

polynomials H,(z) [23] in the components wy, w, and w, of the angular velocity, namely

Tom—m (1, q)

q | (n _ q)' H2n72q+M78m (an)qu‘hE‘”, (nwy)' (14)

n
2m—M
sn,rz (wy, Wy, w;) = Hk(nzwz) Z
q=0



4950 W T Coffey et al

Here n = /1/Q2kpT), n, = /1,/2kpT), e, = 0form >0,¢,, =1 form<0,M=0or1

and the coefficients ry,,47 (12, ¢) of the finite series are determined by the recurrence relations

1 2 1 2 1
P, q) = (n —g+ —) (1 - L) Famt (@) + (= ) D g D)

2 2m — 1 2m — 1
(15)
B q q
rana (@) = (1+L) a1, 9) = Lo, g = 1) (16)
m m
) =m—q | (1- 2452 (n, q) + 2443 n.g+1| (7
rom(n,q) =(n—gq 5 1) e @) * S —an—n (1. g
gy = (142441 n.q) — - (2 ! ( o a8)
r—em+H\n,q) = m rom\n,q m n _q+1 rom\n,q

withrg(n, q) = ry1(n, g) = 1 and m > 0. The above recurrence relations and the orthogonality
of the Hermite polynomials guaranty that the functions s, (w,, wy, @) are orthogonal, namely

0 oo poo
, 20 2. 22 2
m m —n* (@ +w2)—n’w?
/ / / Sn,k(w)ca Wy, wz)sn/,k/(a)x’ Wy, w)e " (@pkoy)—ze; dwy da)y dw; ~ 8,0 Om.m Ok
—00 J—00 J—00

and that they form a complete set in angular velocity space. Itis obvious from the definition of
equation (13) that fé:g (t) = Pi[cos ¥ (t)]. Weremark thatin the present paper, we are interested
in orientational CFs (11), which are independent of the azimuthal angle ¢, therefore, this angle
does not appear in equation (13); in the general case, one can take into account the dependence
on the angle ¢ by introducing the factor "¢ in equation (13).

We desire equations for the averaged values of f,f:f (t) over its realizations in phase space
(here configuration—angular velocity space). This is accomplished by evaluating (following
the appropriate transformation of the variables in equations (7)—(9) and subsequent use of
Isserlis’s theorem)

d l,m
& ,,:k (t)
. P"cos 9(t + D)5 [wx (1 +T), w0y (t +T), (1 + T)] — P (cos 9)s!" (wy, 0y, @;)
o 7—0 T

(19)
where

é— +T
o (1 +7T) =wy — _/ U)X([,)d[/
I t
t+1T I | e
_ / o, (1) [7%01(/) — o, () cotﬁ(t/):| di'+ - / A () df’ (20)
! 1
é— +T
wy(t+7) = wy — " / wy (1) dt’
t+rt I |
+ / o, (1) [TZa)Z(t/) —w,(t) cotﬁ(t/):| dr’ + 7 / Ay () dt’ Q1
! 1

é- +T 1 I+t
w,(t+7)=w, — —/ w,(t")dt’' + —/ A () dt (22)
I J; I J;

are integral forms of equations (7)—(9). We remark that the time t is assumed to be of such
short duration that the angular velocities do not significantly alter during t neither does any
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external conservative torque. Nevertheless t is supposed sufficiently long that the chance that
the rapidly fluctuating stochastic torque A(f) takes on a given value at time 7 + 7 is independent
of the value which the torque possessed at time ¢. We further remark that ¢, w, , w, and @, and
U (t), wy(t), w,(t) and w, () in equation (19) have different meanings, namely, 9 (1), w, (¢),
wy (1) and w, (1) are stochastic variables (processes) while 1, @, , @, and w, are the sharp values
at time ¢ (recall that the time t is infinitesimally small). Instead of using different symbols
for the two quantities, we have distinguished the sharp values at time ¢ from the stochastic
variables by deleting the time argument as in [19].

Thus by evaluating the right-hand side of equation (19) explicitly, we can derive the
differential -recurrence relations (recurring in the three numbers, namely m, n, k) for the

moments f & (the derivation is given in appendix A):

d—%

N ik = —120B' + kBL/B1S 0+ 5 f,f,i+2f“ (23)

— —
NIt = —(@n e+ M BB 4 A

| Gy P v o
Z e M — (1= 8smoan. DU +2m — MY —2m + 1+ M)

Ixam_i—m W—m+1+M) 55, "1—n
[(n+m)f T ffﬂzw(f )

FQm— MVB ( AL 3 e M)> (24)

Here m > 0, B’ = n¢/I, B, = n¢./I and B = I /1. For linear molecules (I, = 0, . = 0),

equations (23) and (24) yield the results of [20]. All the quantities f k in the three number
recurrence relations (23) and (24) are functions of the sharp values ¥, w,, w, and ., which
are themselves random variables with the probability density function W (¥, wy, @y, @, t).
Therefore, in order to obtain equations for the moments governing the relaxation dynamics of
the system, we must also average equations (23) and (24) over W [19]. However, if a system is
in equilibrium as in the present problem all such averages are either constant or zero indicating
that one must first construct from equations (23) and (24) a set of differential-recurrence
equations for the appropriate equilibrium CFs [19, 20].

3. Evaluation of C}

Following [20], one may also readily derive differential-recurrence equations for the

I,m

equilibrium CF for the first Legendre polynomial (/ = 1), namely ¢, (1) = (cos ?(0) f, Flmey ,f ' (t))
(so that céjg (t) = C1(t)) by multiplying equations (23) and (24) by cos ¢+ (0) and by averaging
the equations so obtained over the equilibrium distribution function W at the instant ¢ = 0.
These equations can be written as a system of algebraic recurrence relations in the frequency
domain using Laplace transformation, namely

[ns +2nB +kBL/Beyy = ncyg(0)8uwo + 38,4 + 260, (25)
[ns +@n+ DB +kBL/BIE, = —3(n+ D2, — 200+ DE 5 — 3VB(E,0) + 248,71
(26)

[ns + Q@n+ DB +kBL/BIey ;' = 3VB(E) 1, +2key ;) 27



4952 W T Coffey et al

where &(s) = L{c(t)} = [;~ e *'c(t) dr. Here, we note that all the c,}(0) vanish with the
exception of n + k = 0, namely c(l):g (0) = 1/3 (this result follows from the orthogonality
property of the associated Legendre functions [25]). Equations (25)—(27) can be reduced
to equations (3.18a)—(3.18d) of Morita [12] (obtained via the Fokker-Planck equation) by
introducing new functions A, , B, x and C, ; (in Morita’s notation), namely

(_1)n+k Bn,k (_1)n+k E-i]lc
T nI2 2k 2k Cox| ~ i+ D12I 2 @RUEE |t [

In order to solve the hierarchy of recurrence equations (25)—(27), we introduce a
supercolumn vector C,(f) comprising three subvectors:

=~ o

~1,
n,k C,,’

1.m
o (D)
¢ (1) o
11 1 1 cn—l,l (t)
C.t)=|¢,.,(®) ¢, () = ) . (28)
¢, (1) .
Co'n (1)

The subvector c,'l’m(t) has dimension n + 1. The three index recurrence equations (25)—(27)
Am

for ¢, (¢) can then be transformed into the matrix three-term differential-recurrence equation

d
naCn (1) =Q, Cr1 (1) +Q,C,u (1) + Q;;Crii (1) (n=1) (29)
where Cy(1) = 0,

0 q, O
Q, = (0 0 -p, )
0 p, O

0 0 0
QZ=<qZ 0 —p2>

0 p; 0
q2 L,/2 0
Q. = (2(rn -L) q, 0 )
0 0 ¢!
and
1 0 0
0 1 0
q, =2|: @ . (30)
0O 0 --- 1
00 --- 0 nx(n—1)
n 0 0 0
N 110 n—1 0 O 31
qn__i ( )
0 0 L0/ wx@men
o --.. 0 0
1 0 0
p,=vVB|: i (32)
0 -+ n-2 0
0 0 n—1

nx(n—1)
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o1 -~ 00
VB -
+__ Y7 . . 33
P, 2 1o o 10 (33)
0 0 0 1 nx(n+l1)
n—1 0 0
0 n—2 -0
r,=—| . . (34)
0 0 0/ ,xn
M —1,0) 0 0
0 Mu—2,1) - 0
q¥ = . . . . (35)
0 0 e Mo,n-10/ 0

Here fM(n,k) = —Q2n+M)p — kp./B and I, is the unit matrix which has dimension n x n.
The initial conditions are

1/3
Ci(0) = ( 0 ) and C,0)=0 forall n > 2.
0

On taking the Laplace transform of equation (29), we have the matrix three-term recurrence
relation

sy, — Q,)C(s) — QFCrii(s) — Q, €1 (s) = 8,,17C1(0) (n>1). (36)

The exact solution, for the Laplace transform Cj(s), is then given by the matrix continued
fraction [19]

I3

Ci(s) = C1(0) (37

I
sk —Q, - QF — Q;
nsly — Q) — Q————Q;
nsly — Q; .

where the fraction lines denote matrix inversion. Having determined the spectrum
Ci(iw) = Eé:g (iw) from equation (37), one can also evaluate the orientational correlation
time 7; = C;(0) /C1(0) (equation (12) for n = 1) and the normalized complex susceptibility
X (w) = {'(w) —i{”(w). This is given by linear response theory as [21]

. x (@) _ Zpglio)
= =1- : 38
X (@) 00) iw 200) (38)

where x'(0) = Nu?/3kpT is the static susceptibility, N is the number of dipoles per unit
volume and u is the dipole moment of a molecule.

For linear (/, = 0) and spherical top (/ = I,) molecules, the results of numerical calculations
based on equation (37) for linear (/, = 0) and spherical top (I = I,) molecules were compared
with those of Sack [6] (Sack obtained the solutions in terms of ordinary continued fractions).
For linear molecules this is equation (27) of [20] and for spherical tops Sack’s continued
fraction solution [6] is (in our notation)
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Ci(s) =

s+ I G_1/2)/2

+
/ 2
2(sn +26") sn+28 +
/ 1 G-1/3)/2
sn+38" + + ;
3(sn+4p") sn+48 +---
(39)
(equation (39) is derived in appendix B). The numerical calculation indicates that the

matrix equation (37) and ordinary continued fraction solutions, equation (27) of [20] and
equation (39), yield the same results.

sn+ B+

4. Evaluation of C’l for an arbitrary /

In like manner we can derive differential-recurrence equations for the equilibrium CF

I'Z(t) = (Pl [cos 19(0)]f] % (t)) so that ‘0 0(t) = C;(t). This is accomplished by multiplying
equations (23) and (24) by P;[cos ¥ (0)] and averaging the equations so obtained over the
equilibrium distribution function W, at the instant + = 0. In order to evaluate the /th-order
equilibrium orientation correlation function C;(¢), the 2/ + 1 independent equations (23) and
(24) must be considered. Hence, the solution can be given in terms of matrix continued
fractions. In order to solve the hierarchy of moment equations so obtained, we introduce the
supercolumn vector C,(#) comprising 2/ + 1 subvectors

R0
1 l(t) ci’,rg ()
,:11 Cf{r—nl,l(t)
C,(t) = | €1 (® chm(t) = . - (40)
¢y Co 0w ()

Then the hierarchy of equations can be transformed into the matrix three-term differential-
recurrence equation (29), where Q,,, Q; and Q,; are matrices with elements to be determined
from equations (23) and (24). The initial conditions are given by the supercolumn vector

1/@21+1)

0
Ci(0) = ) and C,0)=0 forall n > 2.

0

The exact solution for the Laplace transform C, (s) is similar to that given by equation (37).
An explicit solution for / = 2 is now presented as an example.

By multiplying equations (23) and (24) by P>[cos ¢ (0)] and by averaging the equations
so obtained over the equilibrium distribution function W, at the instant ¢+ = 0, we have
for/ =2

[ns +2nB +kBL/Blewy = ncyg(0)8uwo + 38rs + 262", (41)

[ns + Qn + DB +kBL/BIE> = —3(n + D&, — 6(n + )&

n+l k

1522 222 1 ~2,—1
+4 itk T 6k — 2 B(nk+1+2k‘nk 1) (42)
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[ns +Qn+ 1) + kBl BIey ' = 1eni 5+ T+ 3VB(Copn +2kEr ;) (43)
[ns +2nB +kB./Bley; = —ntyy —4(n+ eyt — By +2ker 7)) (44)
[ns +2nB' +kBL/BIey > = —ntry ' — 4+ Dey ™ +VB(Er i, +2ker ) (45)

where ¢’} (1) = (Pa[cos #(0)] £, (1)) so that cg'g (1) = Ca(0).

In order to solve the hierarchy of moment equations so obtained, we introduce a
supercolumn vector C,(f) comprising five subvectors ci‘iﬂl (1), equation (40), with m = 0,
41, £2. Then the hierarchy of equations for ci:f (t) equations (41)—(45) can be transformed
into the matrix three-term differential-recurrence equation (29), where

0q 0 0 0

0O 0 —-p, O 0
Q, =10 p, O 0 0
0 v, 0 0 —2p,
0 0 v, 2p, 0
0 0 0 0 0
3 0 —pi v 0
Q=0 p, 0 0 v
0 0 0 0 —2p:
0 0 0 2p; 0
qQ° L,/2 0 0 0
6ar,—L) q 0 I, 0
Q. = 0 0 q 0 I,
0 r, 0 ¢ 0
0 0 r, 0 ¢
Here the submatrices p£, =, r, and ¢ are given by equations (30)—(35) and
n 0 e 0
0O n—1 --- 0
v, =—4]|: : ’ :
0 0 2
0 0 0 nx(n—1)
1 0 0 0
., 1101 0 0
Ky
00 .- 10 nx(n+l)

The exact solution for the Laplace transform C; (s) is then given by the matrix continued
fraction, namely

- I
Ci(s) =1 — - Ci(0)] (46)

nsls — Qi — Q7 Q;
. L5 _
nslip — Q2 - Q27Q3
nslis — Q5 -
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log;o{Re[C]}

log;g(wmn)

Figure 1. 3D-plot of log;y{Re[C;]} as a function of log,y(wn) and log,y(B’) for spherical top
molecules (I = I) and g’ = B..

with initial conditions
1/5
0
C(0) = 0 and C,0)=0 forall n > 2.
0
0

As an example the results of numerical calculations for linear (I, = 0) molecules based on
the above matrix continued fraction solution have been compared with those of [20] presented
in terms of ordinary continued fractions, namely

Cas) = e (47)
ns + , by
ns+'3+r]s+2,3/— b,
ns+a, — 5
ns+a, —
ns+ay;—

where

4, = Qn+ 1) + 4n+3 N 4n +5

2nB'+ns  2(m+1)B +ns

and

16(n+1)(n+2)

[2(n+ 1B’ +ns]>

The numerical calculations show that both matrix and ordinary continued fraction solutions
yield the same results. In order to illustrate this, the 3D-plots of loglO{Re[C' 11} and of

loglO{Re[Cz]} versus log,,(wn) and log,,(8") for spherical top molecules (/ = I,) and
isotropic diffusion (8" = B!) are shown in figures 1 and 2, respectively.

n =

5. Discussion of the results

The matrix continued fraction solutions we have obtained are very useful in computation
(various algorithms for calculating matrix continued fractions are discussed in [22], ch 9).
The calculations have shown that for g’, 8, > 0.005, the matrix continued fraction involved
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T
ELIRRE
LS LALES

lo Re[C,]} -2 LELRS
-4 NN o1
6 ..:.zéﬂ\\ &
0 ,
logo(8")

log;o(wm) )

Figure 2. 3D-plot of log;y{Re[C,]} as a function of log;o(wn) and log;y(B’) for spherical top
molecules (I = I;) and ' = ..

converges very rapidly, thus 10-60 downward iterations in evaluating these matrix continued
fractions are enough to arrive at not less than six significant digits in the majority of cases
(with decreasing 8’ and ., a number of iterations increases).

For very small 8/, B, (<0.001), the numerical procedure may become unstable. However,
in this very low damping limit and @B’ > 10, the C;(iw) are very close to those of the free
rotation model C ]F RGw) (B, B. = 0) [24], namely

Ci(iw) ~ CF*(iw)
. I 1
= —ZC®(00) + 401 +b2m*1/ dh leos™ o1 F [i2 VT b2 ] ax
w 0 ’ m
m=1
(48)
where b =1/1I, — 1,

1 PZ(x)
CfR(00) = V1 +b/0 m dx F(z) = z{1 — J/mzexp(zH)[1 — erf(2)]}.

erf(z) is the error function [25] and the dllwq () are functions familiar in the theory of
angular momentum; explicit equations for d}]w,M,(z?) are given, e.g., in [25], p 78. One has,
for example,

NI
/2

3 1 /3
dy 4 [cos™ ()] = + Ex\/l — x2 dy 1olcos™ ()] = 5\/;(1 —x%) etc.

In the opposite (high damping) limit, 8/ — oo, the form of the spectrum C;(iw) becomes
Lorentzian (see figures 1 and 2) and coincides with that of the noninertial rotational diffusion
Debye (model) [3], namely

djy o[cos™ (x)] = Py(x) dy 4y lcos™ (x)] = +

- (0
CP (i) = - 1© (49)
iw+1(+1)/Q2tp)
where tp = nB’ = ¢/(2kgT) is the (Debye) relaxation time.
The matrix continued fraction solution we have obtained is not only useful for numerical
calculations, but also fruitful in analysis using symbolic calculations in the MATHEMATICA

program. For example, in the high damping limit (8’ > 1) and isotropic diffusion (8, = B'),
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we obtain the following Taylor series expansion for the orientational relaxation times
71 = C1(0)/C1(0) and 7, = C»(0)/C»(0) (equation (12) for n = 1, 2) of the symmetric top:

T _1+1+B+82 2Q2+5B+4B*+ B3 +3B°) 24 06 50)
—— 1+8 7 31+B22+B) | Yo
and
30 5+5B+ B? 2(32+80B +76B* +46B° + 12B* +3B%) , ;
=1+ Yy — 5 Yy +0®). (5D
™ 1+B 3(1+B)2(2+B)

Here y = 1/(28') is the inertial (Sack’s [6]) parameter. For spherical tops (B = 1) and linear
rotators (B = 0), equations (50) and (51) reduce to known results, respectively [1],

35
L1+ 2y - 22400 (52)
D 2 6
3 11 83
E oty - 22007 (53)
p 2 6
and

T 2 3
—=l+y—-Zy +0@W") (54)
(%)) 3
sy 2008

=1+5y Y +00u7). (55)
(%)) 3

Results of our calculations of the spectra Ci(iw) and C»(iw) and the orientational
relaxation times t; and t, show that these quantities depend on the frictional anisotropy
(B'/B.) and the shape parameter B = I./I and agree in all respects with those obtained
using the Fokker—Planck equation [1, 10]. As far as comparison with experimental data is
concerned, the Langevin—Fokker—Planck model is suitable only for the explanation of the
rotational motion of small molecules (such as N,O, CF,, and so on) in liquids [3, 11]. Here,
the model reasonably describes experimental data on infrared absorption, Raman scattering,
nuclear magnetic relaxation, etc (see, e.g., [3, 9, 11], where a detailed comparison with
experiments is given); however, it is not applicable [2] to liquids comprised larger molecules,
where the rotational motion is more hindered and has a librational character. The failure of the
Langevin—Fokker—Planck model as well as all other inertia corrected Debye-type models [3]
to account for the high-frequency molecular librations in neat liquids even though they explain
the return to transparency at high frequencies is to be expected [2] in view of the assumption
made in the theory that all electrical interactions between dipoles may be neglected.

To conclude we have derived an infinite hierarchy of differential-recurrence equations (23)
and (24) for the statistical moments governing the inertial Brownian motion of a symmetric
top molecule freely rotating in space by using the Langevin equation method. We have
also obtained exact analytical solutions (in terms of matrix continued fractions) of this
hierarchy for the one-sided Fourier transforms of the first, C;(¢), and the second, C»(¢), order
equilibrium orientational correlation functions. The problem at hand provides a convenient
benchmark solution for the method as it may also be solved using other methods (cf Sack’s
equation (39)). The method of solution of orientational relaxation problems, which we have
proposed, is quite general because it is based on the concept of the equation of motion of an
observable which in turn is based on the dynamical (Langevin) theory [19] of the Brownian
motion. The attractive feature of the dynamical method is that it allows one to compute directly
from the dynamical equations of motion the spectra of the equilibrium CFs C;(iw) taking
account of the effect of molecular inertia on orientational relaxation in liquids. The major
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advantage that the dynamical (Langevin) method has over the Fokker—Planck equation is that
it avoids both the derivation of this equation for the distribution function W (%, w,, w,, @, t)
in phase space, which for the problem in question is [12]

Iw 4 I, 4 4 ¢ 0 kgT OW
—+t+o,—+|oycot) — —w, | |woy— —wy— | == oW+ —
at v ’ 1 T dwy dw, I dw, I Jdw,

¢ 90 kgT oW ] kgT 0W
+-— oW+ — + = o, W+
I 3wy, \ - I dw, I, dw, I, dw,
and also the complex mathematical manipulations associated with the separation of variables
in that equation, which combine to obscure the physics underlying the problem. The method
developed is essential for the solution of problems involving spatial rotation in a potential as
recurrence relation involving more than two numbers will always occur.
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Appendix A. Derivation of differential-recurrence equations for ffl’f,?(t)

In order to derive the hierarchy of equations for average values of frf:Z‘ (1), we first note that

d ml 4 o 4
5 n,zn(t) = P[ ' asnfk-'—snfkaplm'

For arbitrary / and m = 0, we can evaluate the two terms on the right-hand side of the above
equation as follows:

d
spalo (0, 0, (1), (0] - Plcos (1]

= 0, (050 [0, (1), »,(1), 0. (1) P} [cos O (1)]

_ Ly Z (H3\ gy +4(n — ) H3, 5, 1) H3,
27] ] kq=0 t]!(l’l—q)!

1
= EPII (Srt,k + 455—1,1()

(AL)

and

d " 4
Pileos 9(1)] -0 [, (1), @, (). @, (1)] = Pi[cos D(1)] ; m

x [(n — Q) H3, 5, (O Hy, (O H{ (Do (1) + q Hy, o, () Hy, (1) H (1) (1)

n.k z .
+ ;—nH;Hq (1) Hy, (D H (D)o, (t)}

n 477 ] .
= Pj[cos ¥ (1)] q; m {(n — q)H2n72q71(t)qu (1)
X |:—0)y(t) (%a)z(t) — wy (1) cotﬂ) _ %wx(t) N )»xl(t)j|
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x y I; ¢ Ay (1)
+qHS, o, OH3, () | 0x0) ( Fo.(0) = o, ot ) = 20,0+ =22

n:k X ) z e A (1)
+ EHénfzq(t)ng (OHE (1) |:—I—a)z D+ } } = —Qnp +kB)Ps,
(A2)

z z
Z Z

where H,{ ) = H,[nw;)](j = x,y,z) and w,(t), o,(t) and @.(t) are given by
equations (7)—(9). In order to simplify equations (A1) and (A2), we have used the identities
(23]

3
o5 Filcos?) = P/ (cos ) (A3)
d
— H,(x) = 2nH,_1(x) (A4)
dx
Hyy1(x) = 2x H, (x) — 2nH, -1 (x) (A5)

and the relations from Stratonovich calculus [19, 20]

Li(OED (1), w)(1), wx(D]H, [nw;(1)] = %E(ﬁ, wj, o) H,_(nw;)  (A6)

where E is an arbitrary functionand i, j, k = x, y, z (i # j # k). Equation (A6) follows from
Isserlis’s theorem and is given in appendices A—C of [19]. On combining equations (A1) and
(A2), one can obtain equation (23).

In like manner, we have for m # 0

S CXONRONNO) by P'2’" Mlcos 9 (1)]

= 0,057 Mo, (), 0,(1), 0, Qs P‘Z’" Mircos 9 (1)]

1

= 4_[p,'2"1—M'+‘ (cos®) — (L +12m — MU +1—2m — M) PP" M (cos 9)]
n
» sz Fam—m (1, t])
k '(”l _ q)' 2n 2g+M —e,+1
+ 2(2]’1 - 2q +M — 8m)H2n72q+M78,,,71]H2);1+8,,, (A7)

and

P Micos ﬁ(r)]%s,%j*;*M[wx(t), o,(1), 0, ()] = —[Q2n+ M) + kB P> M52

.\ i (n—q@)2+en/(@+ D)rom—mn,g+1) — 2n —2q+ M — &,)rom-m(n, q)

pard q'(n—q)!

x {m[gﬂmm”(cos 9)+ (L +2m — MDA +1— 2m — M) P> M (cos )]

XH;anq+M7178m (H2yq+2+£ + 2(2q +1+ 8m)H2q+s )sz

1
[2m—M| :
+— I 2 — P H;, 2g+M—1 s,,,H2)q+1+s,,,(sz+l +2kaZ—1)}' (A8)
Z
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Here equations (A3)—(A6) and the following relations of the associated Legendre functions
have been used [23]:
ad

251);" =P —d+m)d —m+ 1P

2mcot® P = — P — (L +m)( —m+ 1) P!
and
@+ Dsino " = P = P = (= m+ DU =m+ 2P = (+m = DU +m) P
Noting equations (A7) and (A8), we have equations (23) and (24).

Appendix B. Sack’s continued fraction solution for sphere

Sack [6] obtained a solution for the dielectric (first-order) response in terms of a scalar
continued fraction (his equation (3.19)). Unfortunately, no details of the derivation have been
given; moreover, a misprint in his equation exists. This has led to some confusion in the
literature as Sack’s solution was used as printed, see, e.g., [1, 9]. Here, a detailed derivation
of Sack’s continued fraction solution is given. In the notation of Sack [6], the dynamics of an
assembly of spherical top molecules is governed by the recurrence equations:

iway+2b; =i’ (B1)
(i +n)a, + (n+2)bye1 — yby_1 =0 (B2)
. 2y 2
i +n+ - by+|n+2———)an —ya,—1 =0 (B3)
n+3)(iw' +n+1) n+3

where y = 1/(28"%) and ' = Iw/¢. One can formally solve equations (B1)—-(B3) for a¢ as

/

. 2 1 a

i + 7 y—\|3—-—=-|—

ia)’+l+f 2 o
2w +2)

where the infinite continued fraction a;/ap must be evaluated from the following recurrence
equation:

(B4)

ap =

2

. 2
i 14—
an n+2)(iw +n) (BS)
a2 b1 2 (n+2) 432 )
n - — n —\n -

i 4 L4 n+2 . Y n+4) a,

iw/+n_1+72y/(n+2) iw/+n+l+72y/(n+4)

iw +n iw +n+2

(n > 2). One may see by inspection that the continued fraction (B5) differs from that given
by Sack [6]. However, equation (BS) can be rearranged as follows:
yn
N 2y /(n+2) N ynn+3)/(n+2)
iw +n i +n+Z,0

Z, =

(B6)

iw +n—1

where Z, is defined as

z " [ < 12 ) “"} (B7)

= y—(n+1- —.

2
ia)’+n—1+—y n+2/ an-

(n+2)({w' +n)
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Thus, we obtain from equations (B4) and (B6)

/

_ia)/+Z2 a
i’
. 2y
i +
3—1/2
1+i0 + )/' — + ( 2y
22 +iw) iy 4y
2+iw + G=1/3)y
3+iw/+34y, — + G
(4+iw) 4+i0 + yy
S+i0 + ——Fr+- -
4(6+iw)

(B3)

that is Sack’s result ([6], equation (3.19)) with the corrected misprint. On noting that
Ci(iw) = ay /(3iw), equation (B8) yields equation (39).
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