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SPECTROSCOPY LETTERS, 20(10) ,  7 8 5 - 7 9 4  (1987) 

TEMPERATURE DEPENDENCE OF ROTATIONAL DIFFUSION I N  CH2C12 

Key Words: Mo lecu la r  R e o r i e n t a t i o n ,  R o t a t i o n a l  C o r r e l a t i o n  Times 
b A. A. Rodrigueza and M. Schwartz 

Department of  Chemist ry  
Nor th  Texas S ta te  U n i v e r s i t y  

Denton, Texas 76203 

ABSTRACT 

Var ious a priori t h e o r e t i c a l  models have been u t i l i z e d  t o  

p r e d i c t  t h e  temperature dependence o f  r e o r i e n t a t i o n a l  c o r r e l a t i o n  

t imes  o f  t h e  C-H and C-C1 v e c t o r s  i n  l i q u i d  CH2C12. 

Zwanzig s l i p  model were a f a c t o r  o f  two s h o r t e r  t han  exper imenta l  

va lues.  

t h e o r y  showed improved agreement w i t h  measured r C ' s ,  p a r t i c u l a r l y  

~ ~ ( C - c l ) .  
G i e r e r - W i r t z  m i c r o v i s c o s i t y  model t o  c h a r a c t e r i z e  t h e  ' t u m b l i n g '  

mot ion,  w h i l e  assuming t h a t  ' s p i n n i n g '  about  t h e  unique a x i s  i s  

i n e r t i a l l y  c o n t r o l l e d  f r e e  r o t a t i o n .  With t h i s  model , t h e  agree- 

ment between t h e o r e t i c a l  and exper imenta l  c o r r e l a t i o n  t imes  was 

q u i t e  s a t i s f a c t o r y  f o r  b o t h  t h e  C-H and C-C1 v e c t o r s  a t  a l l  

temperatures. 

INTRODUCTION 

I n  a r e c e n t  i n v e s t i g a t i o n  o f  t h e  temperature dependence o f  

I 3 C  NMR r e l a x a t i o n  i n  CH2C12,' i t  was found t h a t  t h e  J-Extended 

I t was found t h a t  r o t a t i o n a l  t imes c a l c u l a t e d  by  t h e  Hu- 

C o r r e l a t i o n  t imes p r e d i c t e d  v i a  t h e  Hynes-Kapral-Weinberg 

However t h e  b e s t  r e s u l t s  were ob ta ined  by u s i n g  t h e  
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786 RODRIGUEZ AND SCHWARTZ 

D i f f u s i o n  
sured d i p o l a r  and s p i n - r o t a t i o n  r e l a x a t i o n  t imes  ( TlDD(13C-H) 

and TlsR ) .  S p e c i f i c a l l y ,  angular  momentum c o r r e l a t i o n  t imes, 
TJ, c a l c u l a t e d  f rom r e o r i e n t a t i o n a l  t imes,  T ~ ,  v i a  t h e  model 
p r e d i c t e d  s p i n - r o t a t i o n  r e l a x a t  i o n  t imes  t h a t  were i n  reasonable 

agreement w i t h  exper imen ta l  va lues o f  T ~ s R .  

However, i n  a subsequent s tudy  of 13C T i ' s  o f  d i c h l o r o -  

methane i n  s o l u t i o n , 4  t h e  Extended D i f f u s i o n  model was n o t  

c o n s i s t e n t  w i t h  t h e  exper imen ta l  data.  Therefore, seve ra l  a p i -  
or i  t h e o r i e s  o f  r o t a t i o n 5  were u t i l i z e d  t o  c a l c u l a t e  r o t a t i o n a l  
c o r r e l a t i o n  t imes  which were compared w i t h  exper imenta l  r C ' s  
determined from T l ~ ~ ( 1 3 c - H ) .  

a c o n s i s t e n t  e x p l a n a t i o n  of t rends  i n  rc, p a r t i c u l a r l y  i n  Lewis 
bas i c  so lvents .  

p r o v i d e d  a c o n s i s t e n t  e x p l a n a t i o n  o f  t h e  mea- 

One o f  t hese  models p rov ided  

I n  o rde r  t o  determine t h e  a p p l i c a b i l i t y  o f  these t h e o r i e s  t o  

mo lecu la r  r e o r i e n t a t i o n  i n  dichloromethane, we have u t i l i z e d  t h e  
v a r i o u s  models t o  c a l c u l a t e  c o r r e l a t i o n  t imes  f o r  r o t a t i o n  o f  bo th  

t h e  C-H and C-C1 v e c t o r s  i n  CH2C12 as a f u n c t i o n  o f  temperature. 
Below, t h e  r e s u l t s  a re  compared w i t h  exper imenta l  r C ' s  determined 

f r o m  13C d i p o l a r  T i ' s  ( rC(C-H) )1 and f rom 3 5 ~ 1  quadrupolar  

T i ' s  ( Tc(C-C1) ).6 

RESULTS AND D I S C U S S I O N  -- 
Although d ich loromethane i s  an asymmetric t o p  molecule, two 

o f  t h e  components o f  i t s  i n e r t i a  tenso r  a r e  quasi-degenerate' as 
a r e  two o f  t h e  semi-axes o f  i t s  volume e l l i p s o i d . 8  Therefore,  
i t s  r e o r i e n t a t i o n  i s  o f t e n  approximated as t h a t  o f  a p r o l a t e  
symmetric top,  w i t h  a r a t i o  o f  minor  t o  major  semi-axes, p = b / a  = 

0.67 .5 W i t h i n  t h e  s t r i c t u r e  o f  t h i s  approx imat ion,  t h e  unique 

a x i s  i s  p a r a l l e l  t o  t h e  C1-C1 vec to r ,  and t h e  C-H and C-C1 v e c t o r s  

l i e  a t  90" and 34", r e s p e c t i v e l y ,  r e l a t i v e  t o  t h e  t o p  ax is .8  

c o r r e l a t i o n  t imes  ( i n t e r p o l a t e d  t o  25'C), ~ , ( 9 0 ' ) = ~ ~ ( 1 3 C - H ) 1  and 

Tc ( 3 4 ' ) = p (  35C1 ) ,639 and t h e i r  r e s p e c t i v e  a c t i v a t i o n  energ ies.  

Presented i n  t h e  f i r s t  row o f  t h e  Table a re  t h e  exper imenta l  
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TEMPERATURE DEPENDENCE OF ROTATIONAL DIFFUSION 787 

~ ~ ( 9 0 ' ) ~  IEa(9O0) lb  

[ps ]  [ kca l /mo l ]  

Ex p e r  i men t a  1 a 0.59 1.91 

Hu-Zwanzig/Free Ro to r  0.33 1.39 

Hynes- Kapra l  -Wei nberg 0.89 1.40 

M ic rov i sc /F ree  Ro to r  0.71 1.76 

TABLE 

~ ~ ( 3 4 ' ) '  /Ea (34" ) IC  

[PSI [ k c a l / m o l l  

1.03 1.94 

0.48 1.65 

1.11 1.59 

1.08 1.59 

C o r r e l a t i o n  t imes  a t  25°C a 

bFrom I3C-H d i p o l a r  r e l a x a t i o n  t imes  (Ref. [ l ] )  

'From 3 5 C l  quadrupolar  r e l a x a t i o n  t imes  (Ref. [6 ] )  

The temperature dependences o f  t h e  exper imenta l  c o r r e l a t i o n  t imes 

a re  a l s o  d i sp layed  i n  t h e  F i g u r e .  As seen i n  t h e  Table. t h e  two 

a c t i v a t i o n  energ ies are almost equal ,  b u t  ~ ~ ( 3 4 " ) > r , ( 9 0 " ) ,  by  

app rox ima te l y  a f a c t o r  o f  1 . 7 .  I t  was noted i n  t h e  e a r l i e r  s tudy1 

t h a t  t h i s  r a t i o  l i e s  w i t h i n  exper imenta l  e r r o r  o f  t h e  maximum c a l -  

c u l a t e d  value, Tc (34" ) /Tc (9Oo)  = 1.55, which i s  ob ta ined  o n l y  

i f  t h e  r e o r i e n t a t i o n  i s  h i g h l y  a n i s o t r o p i c ,  i . e .  i f  D z / D x > > l  ; 

D z  and Dx a re  t h e  two d i f f u s i o n  cons tan ts  f o r  r o t a t i o n  p a r a l l e l  
and pe rpend icu la r  t o  t h e  unique a x i s .  

The f i r s t  t h e o r y  o f  a n i s o t r o p i c  r o t a t i o n  was fo rmu la ted  by 

Per r i n , lO  who so l ved  t h e  Navier -Stokes hydrodynamic equa t ion  
u s i n g  t h e  ' s t i c k '  boundary c o n d i t i o n  and ob ta ined  express ions f o r  

Dx and 0, i n  symmetric t op  molecules.  U t i l i z i n g  Eq. [2 ]  o f  
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7 88 RODRIGUEZ AND SCHWARTZ 
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FIG. Temperature dependence of c o r r e l a t i o n  times. 

~ ~ ( 9 0 ' ) :  ( A )  experimental ; ( 6 )  Microvisc/Free Rotor; 
(C) Hynes-Kapral -Wei nberg 

Tc(34"): (D) experimental; (E )  Microvisc/Free Rotor; 
( F )  Hynes-Kapral-Weinberg 

Ref. [S], one f i nds  f o r  CH2C12 a t  room temperature t h a t  
Dx=2.5x1010 5 - 1  and DZ=3.0x1010 s-1. 

-standard equation11 r e l a t i n g  TC t o  Dx, DZ and the angle, e 
(e.g. 
rc (90" )=6 .1  ps and rc(34')=6.5 ps. Clear ly,  these values are 

much longer than the  experimental re's by as much as an order o f  
magnitude, as has been found i n  most r e o r i e n t a t i o n  studies o f  
small  t o  moderate s i ze  molecules.5 

Then, using the 

Eq. [ 7 ]  o f  Ref. [ l ] ) ,  the  ca lcu la ted  c o r r e l a t i o n  times are 
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TEMPERATURE DEPENDENCE OF ROTATIONAL DIFFUSION 789 

Hu and Zwanzig lz  commented t h a t  t h e  f a i l u r e  o f  P e r r i n ' s  

model t o  desc r ibe  adequate ly  t h e  r e o r i e n t a t i o n a l  dynamics o f  many 

systems p robab ly  r e s u l t s  f rom a p p l i c a t i o n  o f  t h e  ' s t i c k '  boundary 
c o n d i t i o n .  They so l ved  t h e  Navier -Stokes equa t ion  n u m e r i c a l l y  

u s i n g  t h e  a l t e r n a t i v e  ' s l i p '  boundary c o n d i t i o n  ( i . e .  ze ro  tan -  
g e n t i a l  s t r e s s )  and ob ta ined  an exp ress ion  f o r  Dx o f  symmetric 

t o p  mo lecu les  (e.g. Eq. [ Z ]  o f  Ref. [ 4 ] ) .  I n  t h e  ' s l i p '  l i m i t ,  

t h e r e  i s  no f r i c t i o n  r e t a r d i n g  r o t a t i o n  about t h e  t o p  a x i s .  
Therefore,  t h i s  mo t ion  i s  i n e r t i a l l y  c o n t r o l l e d ,  and Dz can be 
c a l c u l a t e d  from t h e  'F ree  R o t o r '  c o r r e l a t i o n  t i m e  (Eq. [ 4 ]  o f  Ref. 

-1 PI) b y  D ~ = ~ ( T z ) F R .  
U t i l i z i n g  t h e  combined Hu-Zwanzig/Free Rotor  approach, we 

have c a l c u l a t e d  t h e  d i f f u s i o n  constants ,  D, and DZ, and f rom 
them, t h e  c o r r e l a t i o n  t imes, Tc(900)  and ~,-(34'), i n  CH2C12 

as a f u n c t i o n  o f  temperature.  

A l though n o t  shown i n  t h e  F i g u r e  ( t o  avoid congest ion) ,  t h e  
room temperature va lues and t h e  a c t i v a t i o n  energ ies are presented 
i n  t h e  Table. The c o r r e l a t i o n  t imes  c a l c u l a t e d  v i a  t h e  ' s l i p '  
model a r e  c l e a r l y  an improvement over  those  determined f rom Per- 

r i n ' s  ' s t i c k '  equat ions.  However, t h e  agreement w i t h  experiment 
i s  f a r  f rom q u a n t i t a t i v e .  

a re  r o u g h l y  a f a c t o r  o f  two s h o r t e r  t han  t h e  e x p e r i m e n t a l l y  mea- 

sured t imes;  t h e  same i n e q u a l i t y  i s  found a t  a l l  temperatures. 
Th is  r e s u l t  suggests t h a t  a l t hough  t h e  ' s l i p '  boundary c o n d i t i o n  

i s  more r e a l i s t i c  t han  t h e  ' s t i c k '  l i m i t ,  t h e  molecular  f r i c t i o n a l  
f o r c e s  a c t u a l l y  l i e  somewhere between t h e  two extremes. 

Hynes, Kapra l  and Weinberg (HKW),13 n o t i n g  t h e  f a i l u r e  
o f  e i t h e r  o f  t h e  above approaches t o  q u a n t i t a t i v e l y  c h a r a c t e r i z e  

r e o r i e n t a t i o n ,  f o rmu la ted  a model which i nco rpo ra tes  a s l i p  coef-  

f i c i e n t ,  B, i n t o  a m o d i f i e d  boundary c o n d i t i o n .  They a l s o  p re -  
sented a method by which 8 may be es t ima ted  from Enskog c o l l i s i o n  
t h e o r y .  A l though o r i g i n a l l y  developed f o r  s p h e r i c a l  p a r t i c l e s ,  

t h e  HKW model has been extended i n  an i n t u i t i v e  f a s h i o n  t o  symmet- 

r i c  t o p  molecules by Tanabe. 

One sees t h a t  b o t h  ~ ~ ( 9 0 ' )  and ~ ( 3 4 " )  

14,15 
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790 RODRIGUEZ AND SCHWARTZ 

Using t h e  equat ions and methodology o f  Refs. [41, E l41  and 

[15], we have c a l c u l a t e d  t h e  temperature dependence o f  r o t a t i o n a l  

d i f f u s i o n  cons tan ts  and c o r r e l a t i o n  t imes  i n  CHzC12. 

As seen i n  t h e  Table, t h e  c a l c u l a t e d  room temperature c o r r e -  

l a t i o n  t ime  f o r  C-C1 vec to r ,  r c ( 3 4 " ) ,  i s  f a i r l y  c l o s e  t o  t h e  ex- 

pe r imen ta l  va lue.  The c a l c u l a t e d  a c t i v a t i o n  energy is somewhat 

lower  than  t h e  measured Ea. 

serves a reasonab ly  c l o s e  agreement between t h e o r y  and experiment, 

w i t h i n  3% t o  8% a t  a l l  temperatures.  The agreement, though, i s  

l e s s  s a t i s f a c t o r y  f o r  r o t a t i o n  o f  t h e  C-H v e c t o r ,  ~ ~ ( 9 0 " ) .  From 

b o t h  t h e  Table and F igu re ,  i t  i s  seen t h a t  re's c a l c u l a t e d  f rom 

t h e  m o d i f i e d  HKW model range f rom 30% t o  50% g r e a t e r  t han  t h e  ex- 

pe r imen ta l  t imes .  

Another approach t h a t  l i e s  between t h e  p u r e l y  ' s  i p '  and 

' s t i c k '  l i m i t i n g  cases has been suggested by G i l l e n 1 6  and 

G r i f f i t h s . 1 7  They have noted t h a t  i n  many symmetric op mol- 

ecules,  l )  t h e  t u m b l i n g  r o t a t i o n  o f  t h e  t o p  ax i s ,  Dx, i s  d i f f u -  

s i o n a l l y  c o n t r o l l e d  and w e l l  c h a r a c t e r i z e d  by t h e  m i c r o v i s c o s i t y  

model o f  G i e r e r  and W i r t z , l 8  whereas 2) r o t a t i o n  about t h e  

a x i s ,  D,, i s  b a s i c a l l y  t h a t  o f  a F ree  Ro to r  ( v i d e  supra). 
The G i e r e r  W i r t z  exp ress ion  f o r  t h e  r o t a t i o n a l  d i f f u s i o n  

However, f rom t h e  F igu re ,  one ob- 

1 kT 
fGW 8aa3q 

cons tan t  i s :  
D =--  

TI i s  t h e  s o l u t i o n  v i s c o s i t y .  

The o r i g i n a l  development was f o r  s p h e r i c a l  molecules i n  which case 

' a '  i s  t h e  mo lecu la r  r a d i u s .  However, i n  a p p l y i n g  t h e  model t o  

t h e  t u m b l i n g  mot ion o f  a symmetric top, i t  i s  i n t u i t i v e l y  more 

reasonable t o  take  ' a '  t o  be h a l f  t h e  l e n g t h  of t h e  symmetry a x i s .  

Fo r  d ich loromethane,  assuming an average r a d i u s ,  r = (  ab2)1/3 
=2.375 A,19 and an a x i a l  r a t i o ,  ~=b /a=0 .67 ,5  one f i n d s  

t h a t  a=3.10 A .  

s i o n  f o r  D,,20 we have c a l c u l a t e d  r e o r i e n t a t i o n  t imes o f  t h e  

F o r  nea t  l i q u i d s ,  f ~ ~ = ( 6 . 1 2 5 ) - ' .  

Using t h e  above equa t ion  f o r  Dx and t h e  F ree  Ro to r  expres- 
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TEMPERATURE DEPENDENCE OF ROTATIONAL DIFFUSION 791 

C - H  and C-C1 v e c t o r s  a t  va r ious  temperatures i n  t h e  l i q u i d  phase. 

As seen f rom bo th  t h e  Table and t h e  F igu re ,  t h e  combined M i c r o v i s -  

c o s i t y l f r e e  Rotor  approach p r e d i c t s  values of ~ ~ ( 3 4 " )  t h a t  are 

s u r p r i s i n g l y  c l o s e  b o t h  t o  those  c a l c u l a t e d  w i t h  t h e  HKW model and 

t o  t h e  exper imenta l  r e s u l t s .  However, one sees a l s o  t h a t  ca l cu -  

l a t e d  r e o r i e n t a t i o n  t imes o f  t h e  C - H  vec to r ,  Tc(gO"), a re  i n  

much b e t t e r  agreement w i t h  experiment than those p r e d i c t e d  by t h e  

HKW approach. 

va lues  of ~ ~ ( 3 4 " )  t h a t  are c l o s e  t o  equal, t h e i r  d e s c r i p t i o n s  o f  

t h e  mo lecu la r  r e o r i e n t a t i o n  o f  CH2C12 are a c t u a l l y  q u i t e  d i f -  

f e r e n t .  S p e c i f i c a l l y ,  d i f f u s i o n  cons tan ts  ob ta ined  f rom t h e  HKW 

t h e o r y  a t  room temperature a re :  

D2=25.9x1010 s-1. 

Free Rotor  model y i e l d s :  

D2=92.5x1010 s-1. Thus, t h e  l a t t e r  approach p r e d i c t s  t h a t  t h e  

r e o r i e n t a t i o n  i s  h i g h l y  a n i s o t r o p i c  ( i  .e. DZ>>Dx) i n  agreement 
w i t h  exper imenta l  NMR resul ts .1 ,8 

c o s i t y l f r e e  Rotor t h e o r i e s  p r o v i d e  a more r e a l i s t i c  c h a r a c t e r i z a -  

t i o n  o f  t h e  temperature dependence o f  r e o r i e n t a t i o n a l  c o r r e l a t i o n  

t i m e s  i n  CH2C12 than  does t h e  p u r e l y  ' s l i p '  model o f  Hu and 

Zwanzig.12 

a b e t t e r  e s t i m a t e  o f  r o t a t i o n a l  t imes o f  t h e  C - H  vec to r ,  ~ ~ ( 9 0 ' ) .  
However, it would be i n a p p r o p r i a t e  t o  conclude t h a t  t h e  M i c r o v i s -  

c o s i t y l f r e e  Rotor approach i s  i n  a l l  r e s p e c t s  s u p e r i o r  s ince ,  un- 

l i k e  t h e  HKW theo ry , l 3  i t  f a i l s  t o  adequate ly  e x p l a i n  t h e  so l ven t  

dependence o f  r o t  a t  i o n a l  t imes  i n  dichloroinethane .4 

We wish t o  comment a l s o  t h a t  even though t h e  two models y i e l d  

Dx=13.4x1010 s -1  and 

On t h e  o t h e r  hand, t h e  M i c r o v i s c o s i t y l  

Dx=8.3x1010 s - 1  and 

In summary, i t  has been found t h a t  b o t h  t h e  HKW and M i c r o v i s -  

In a d d i t i o n ,  t h e  l a t t e r  o f  t h e  two models p rov ides  
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