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Spin-Rotational Relaxation Study of Molecular
Reorientation of Oblate Symmetric Top Molecules
with Internal Extended Rotational Diffusion

Eun Mi Kim and Kook Joe Shin'

Department of Chemistry, Seoul National University, Seoul 151~ 742. Received May 29, 1989

Molecular reorientation of oblate symmetric top molecules in the presence of internal rotation is investigated and an analytic
expression for the spin-rotational relaxation rate of a nucleus attached to the internal rotor is obtained as a function of the in-
ternal angular momentum correlation time. The overall reorientation of the symmetric top is treated by the anisotropic rota-
tional diffusion and the internal rotation is assumed to undergo modified extended rotational diffusion. The result is com-
pared with the previous work for the prolate symmetric top molecule and it is shown that both results reduce to the same ex-

pression in the spherical top limit.

Introduction

Study of molecular reorientation in the presence of inter-
nal rotation has been carried out for many molecular sys-
tems. Theoretically, one usually adopt a certain model for
the reorientation and widely employed models are rotational
diffusion'"3, jump diffusion®®, and extended rotational diffu-
sion” 2. Experimentally'®'®, various techniques of spectro-
scopy such as NMR, IR, Raman, and Rayleigh light scatter-
ing are employed and these techniques can be complemented
with one another to extract reliable informaiton on the
molecular reorientation.

Recently, we investigated a model of a symmetric-top
molecule undergoing anisotropic rotational diffusion in the
presence of the extended diffusion of internal rotation'¢7,
Particularly, the effects of internal rotation of methyl group
in liquid toluene which is a prolate symmetric top molecule
on the C nuclear dipolar and spin-rotational relaxation
times were investigated'® to evaluate the internal angular
momentum correlation time which reveals the inertial effect in
the internal rotation. We also carried out a similar investiga-
tion of the effect of the reorientation of oblate symmetric top
molecules containing internal rotors on the 3C nuclear
dipolar relaxation time'’. In this case, the overall reorienta-
tional correlation time expressed in terms of the internal
angular momentum correlation time is quite different from
the expression for prolate symmetric top molecules but re-
duces to the same expression in the spherical top limit.

The purpose of this work is to investigate the effect of
reorientation of oblate symmetric top molecules in the pre-
sence of internal rotation on the '3C nuclear spin-rotational
relaxation time. The result can be compared with the case of

3C nucelar dipolar relaxation and the internal angular
momentum correlation time can then be evaluated reliably.

Theory

The spin-rotational contribution to the relaxation rate in
the extreme narrowing limit is given by!®

YTa=#" [Tdtlg s 48 (1)) ()
where
Ewe () =< V,(t) Vx (0)> (- 1)* 2)
with
Vi=ZDG*A,. (3)

Here the rotation matrices D(Q) defined by Rose!® are
employed and the angular brackets denote the ensemble
average. A, in Eq. (3) appears in the spin-rotational Hamilto-
nian as follows?’:

Hu/h=Z A, ()
where
I=1., L,,=F2""* (I, il,) (5)
and
A =27 (Coafa= 1Coi)) (6a)
Ay= = (Cec et Do) (6b)

A ==-27" (Caafat {Cosfs). (6¢c)
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In Eqgs. (4), (5), and (6) the components of nuclear spin vector
and total angula momentum ([, [,, I, and J,, J,, J) are along
the molecule-fixed frame (a,b,c) in which the spin-overall ro-
tation coupling tensor C is diagonal. j is the internal rota-
tional angular momentum along the axis of internal rotation
and D, is defined as Do =Co(1-1,/1,) where C, is the
spin-internal rotation coupling constant, and I and /,denote
the monents of inertia of the whole molecule and the internal
rotor, respectively, along the axis of internal rotation.

If we assume that the orientation of molecule is indepen-
dent of its angular momentum, the time correlation function
in Eq. (2) can be expressed as

e (8)= (- l)kq€<Aq(t)A¢ 0)>

X <D):(;)* [QLF(t)]DKdu)‘ (Q.-0))> (7)

whereQ, ris the Euler angles connecting the laboratory fixed
coordinate system and the coordinate system fixed to the in-
ternal rotor such as a methyl group. The orientational cor-
relation function can be further decomposed in terms of two
sets of Euler angles to give

< DY Q. (8)) Ded" (Qur (0))>

= (~1)* X <DY*(Qu (1) DE* (0, %, 0)

abGd

X DI™* (@ (2),0,0) D_, (R:,(0)) Dy 0, '_ié_, 0)

X Dy-4(a 0),0, 0}> (8)

where @, are the Euler angles connecting the labo-
ratory fixed frame and the principal coordinate system.
The second set of Euler angles represents the transformation
from the principal coordinate system to the coordinate sys-
tem fixed to the molecule with the z-axis coincident with the
minor principal axis. The last set of the Euler angles are re-
quired to transform to the coordinate system fixed to the in-
ternal rotor. In this case the z-axis is taken to be along the
C-H bond and the angle « is the internal rotation angle. Other
angles, g and 7, are set to zero without loss of generality.
Then Eq. (8) can be further simplified if we assume that the
overall reorientation is independent of the internal rotation to
give

< DE* (Qur (1)) Dy (Qur (0) 1>
=(_1)x-qz <D;:L;*[QLD(t)] —(-I)I(b[QLD(O)]>

X <expiica () —da (0)}>dy (n/2)ds (n/2)  (9)

As before, we assume that the overall reorientation of the
whole molecule, which is also assumed to be a symmetric
top, is undergoing the anisotropic rotational diffusion and
then the first ensemble average becomes®!

< D@1 (1)) Dl (@1 (0) 1> =56 ™ 8- xBas (10

where
E.=2D,+ (D,— D).
In Eq. (10), 6 is the Kronecker delta and D, and D, are the

rotational diffusion constants of the spinning along the major
principal axis and the tumbling along the minor principal
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axis, respectively.

The second ensemble average in Eq. (9) represents the in-
ternal rotational correlation function and here we adopt the
modified extended rotational diffusion model proposed re-
cently by us!®. In this model, the direction of the internal
angular momentum vector is fixed along the axis of internal
rotation and only the magnitude of internal angular momen-
tum is randomized at the end of each free rotational step.
With this model the internal rotational correlation function
can be expressed as

<expi{ca(t)—da (0)}>= s r,""“’e"/”ftdt,H---
n=1 °
t
l’dt, <expiica (0) — da 0)}> wo

X< €T julta— ta)/la>jn=b0caClfe 0D

where r; is the internal angular momentum correlation time
and the ensemble averages are over the initial internal rota-
tion angle, a(0), and over the magnitude of the internal an-
gular momentum vector in the mth free rotational step, For
respectively.

Substitution of Egs. (9), (10) and (11) into Eq. (7) gives

gur ()= £ (- 1) 00 x <A A, 0)> %e
* (d () )Gl (8) 12

The dg) (7/2) matrix elements can be explicitly given by
Rose’s formula to give

d (/2)=d2, (2/2) = d, (n/2) =% -, (x/2) =1/2
ay (n/2)=d% (n/2)= - dy (n/2)
=-ag (n/2)=2"""
dy (x/2)=0.
Then, Eq. (12) becomes

13

g (=L 00015 (CL<TD 0>
+Cop<Jo(8)],0)> G (2)
X (exp (= Eot) +exp(— Eyt)]
+(CL<J )] 0)> +Di<j(5)7(0)>)
% G (t)exp (— Et)} 14

where all the cross correlations are neglected. As usual, we
also assume that the angular momentum correlation func-
tions decay exponentially and Eq. (14) can be reduced to

Eax (1) =E ko Tou_x o UnaClaexn (= t/2)

+1,,Cpy €xp (= t/75)]

X G (¢) (exp (— Ept) +exp (= Et)) (19
+ (ecClcexp (= t/ze) +1aCa (1= 1o/ Icc)
Xexp(-t/7,)) G (t)exp (- E\t)}
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where k5T is the Boltzmann factor and t {f=a,b,c;)) is the
correlation time for the corresponding component of angular
momentum.

By substituting Egs. (11) and (15) into Eq. (1), we can
evaluate the spin-rotational contribution to the spin-lattice
relaxation time analytically as shown in APPENDIX to give

1/ T¥a= ks T/30') 15sCo0lF (@) +F’ (@) )+ 1,,Cy,
X(E (B) + F7(0) )+ LecCle (DF+DF +1/72) '+ L.Ch
K= Lo/ Iee) (DM-DF+1/7%) 71 16
where
Ta= (ks T/1a)"
D= (I./ksT) D,

Tosx = (kyT/1)" "z,

and

Fla=1*fa)/2(z}~f(a)
F'a=}f (a)/2(z} -1 (a))
with
fla)= (n/2)exp (Y}) erfc(Y)
Y=2"V*(D¥+DF+1/c2+1/1F)
f (@)= (n/2)exp (Y?) erfc (YY)
Yi=27"* Q2D+ 1/ +1/7})

and erfc x is the complementary error function. F(b) and F'(b)
have the same expressions except that r, is replaced by z Pl

In the internal rotational diffusion limit (¢; 1), Eq. (16)
can be reduced to

1/ T%= ks T/3#") 1aaClaly ((D¥+Df+1/22
T+ D1/ e+ ) )
+LuCl (g (DF+DE+1/23+e4) )
+ (ZD:‘—;_ 1/7:+ TJ‘)_I) ] "L]cccc‘c (Dl*
+D2*+1/Z'c‘)_l +]aC; (1 - [a/lcc)
X(DF+DF+1/2F) "

On the other hand, Eq. (16) is reduced in the internal free
rotational limit to

1/ T~ 2k T/30) {1Caa(n/2)"*/2
x(exp3- (D +DF +1/22)*
X erfc(27V4 (D*+D¥+1/z¥)]
xexp% @RDF¥+1/2¥)erfc(27V?
X@DF+1/13) 1)+ 1oCoy (n/2)'7 /2
x[exp% (D¥+DfF+1/t¥) erfc

x@27V(DF D F1/1))
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+exp+ (2DF+1/13) erfe(277* @D +1/73)))
Jrlcccczc (D1*+Dz*+1/f:)_l+[actzz (1 - [a/lcc)
X(D¥+ D)~ 18

At this point let us compare Eq. (16) for an oblate sym-
metric top molecule with the similar result for a prolate sym-
metric top molecule obtained previously!®. If we take the
spherical top limit (D; = D,=D*), Eq. (16) becomes

1/ T5se= (ks T/30%) {[,CLF” (@) + 1,,CLF" (b)
+ICCCCIC (2D*+1/‘[c)_1+ aCé (1" Ia/Ice)
X@D*+1/¢*)'} 19

where
Frl@y=zrf" (@) /(- f" (a))
with
f7 (@)= (n/2)" *exp (Y,?) erfc(Yy)
Yi=27t @D*+1/28+1/1)).

The same expression can be obtained from Eq. (17) of Ref.
16 in the same limit. In both the rotational diffusion limit and
the free rotational limit the same situation can be observed in
the spherical top limit.

Discussions

In this work we have evaluated the effect of reorientation
of oblate symmetric top molecules in the presence of internal
rotation on the nuclear spin-rotational relaxation rate. The
overall reorientation is assumed to undergo anisotropic rota-
tional diffusion and the internal rotation is treated by the
modified extended rotational diffusion in which the direction
of the internal angular momentum vector is fixed along the
internal rotation axis and only the magnitude of the internal
angular momentum is randomized at the end of each free ro-
tational step. Previously we carried out a similar calculation
for the nuclear dipolar relaxation rate which is also given as a
function of the internal angular momentum correlation time.
By comparing both the dipolar and spin-rotational relaxation
rates we may now determine t;  reliably. the reliable value of
T ; is required to investigate the inertial effect of the internal
rotation via the internal rotational correlation time, r,% difin-
ed by

71::)”: f dt Gz‘r’ﬁ: 20

For prolate symmetric top molecules, this kind of analysis is
possible with rather plenty experimental data although the
agreement among those data is not always satisfactory. As
pointed out in our previous work, there exists no consistent
and complete set of experimental data for oblate symmetric
top molecules at present and we hope that further analysis
would be done in the near future.
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Appendix
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We start from G,-:,“?in Eq. (11) which can be written as
o t tz
B0=Z o exp (= t/x) [dbe e [
n=1 a ]

X lnz <COS [d]'m<tm_tm~1)/[a]>1m (Al)

1

The ensemble average over j, is performed using a
Boltzmann-type weighting function,

W(in) = QulaksT) ' "exp (= ja/2nlaksT) (A2)
and an integration formula??
/;mexp (- Bx*) cos bxdx= % (n/B)" %exp (- B*/48).
(A3)
Then,
<COS (AJm (bn= tn-1) /1) >,
=exp(~ d® (tn— tn ) ks T/21,). (A4)

The internal rotational correlation function G,-(,‘f,)(t), cannot he
further simplified as it stands but the time integral in the
spin-rotational relaxation rate can be evaluated analytically
as follows:

Jacs w=1 gm0 [dexp(= t/z) [ b,
t2 n
x [ at [T exp(~ Bylta= tn_)?) (A5)

=3 r;‘"-“‘f dzlf dt,mfm dtn
n=1 0 13} tn—1

exp{_ (tm_ thl)/Tj]exp[_Bd(tm— tm—l)zj (AG)

1

X

=K

=X r;‘"-"fa’(t,— t) fd(’t,— t,)---fd(tn— th))

1

X 1 exp(— (tp—ta_)/7,)exp(~ Byltn— ta_y)?) (A7)

= 7‘51 ;™ {foma’texp(~ tr,— Bit)" (AR)
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where B,=d*gT/21. and it is also understood that ¢ .=tand
1,=0. The integral in Eq. (A7) can be evaluated readily by
use of an integration formula®

fowdtexp(— e’ - Bt)= (n/4)'?

x exp (8*/4a®) erfc(B/2a) (A9)

and the summation formula for an infinite series can be used
to evaluate the time integral in Eq. (A5).
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