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Abstract 

Our general extended diffusion theory for the reorientational dynamics of a symmetric top molecule with internal rotation 
is applied to mesitylene which is an oblate symmetric top. The basic idea of independent extended J-diffusion of both the 
overall and internal rotations with the different angular momentum correlation times is implemented in the theory. The 
resulting expressions for the dipole-dipole relaxation times for ~3C nuclei are evaluated numerically and compared with 
NMR experiments on mesitylene. The angular momentum correlation times obtained from the comparison show that internal 
rotation is much faster than the overall rotation. © 1997 Elsevier Science B.V. 

I. Introduction 

Recently, we developed a general extended diffu- 
sion (ED) theory for the reorientation of  a molecule 
with an internal rotor [1]. Using the generic ED 
picture [2] that both the overall and internal rotors 
undergo 'collision interrupted free rotations', we for- 
mulated a general ED theory which eliminates Bull 's  
'equal  angular  m o m e n t u m  correlat ion time 
(EAMCT)'  assumption for both the overall and inter- 
nal rotations [3]. With the Laplace translbrm tech- 
nique [4], we obtained an expression for the reorien- 
tational correlation time as a contour integral of  
some function of  the overall and internal free rotor 
correlation functions. In the diffusion limit of the 
overall rotation, we derived simple expressions which 
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reduce to the results of previous work. As an applica- 
tion, ~3C NMR dipole-dipole relaxation times of the 
methyl carbon in toluene, which was approximated 
to be a prolate symmetric top molecule, were calcu- 
lated and compared with experiments. The angular 
momentum correlation times, thus obtained, show 
that our ED theory is consistent with the experiments 
and the EAMCT assumption is not valid in that case. 

The previous application [1] was focused on the 
case where the axis of  internal rotation is along the 
major principal axis of the prolate symmetric top. 
Since our theory is straightforward to implement for 
arbitrary geometry, within the constraint of an over- 
all symmetric top with internal rotation, it would be 
interesting to investigate quite a different geometry 
- -  an oblate symmetric top minor axis along which 
lies the internal rotation axis. In the present study, 
we have chosen mesitylene as such a molecule. One 
of  the advantages of  investigating mesitylene is that 
it is an almost perfect oblate symmetric top. On the 
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contrary, toluene is actually an asymmetric top but it 
has often been approximated as a prolate symmetric 
top because of easier formulation of tractable theo- 
ries. As a result, mesitylene is a better candidate for 
checking a theory of molecular reorientation formu- 
lated for a symmetric top. 

Some time ago, Shin [5] proposed a theory for an 
oblate symmetric top with internal rotation assuming 
that the internal rotation is undergoing extended 
J-diffusion while the overall rotation is anisotropic 
rotational diffusion. At that time, there was a rather 
big discrepancy [6,7] in reported values of 13C NMR 
relaxation times and he could not carry out quantita- 
tive analysis. Recently, Suchanski [8] resolved the 
problem by extensively measuring the dipole-dipole 
relaxation rates of ~3C over a wide range of tempera- 
tures. In this Letter, applying our previous general 
ED theory to mesitylene, we obtain quantitative in- 
formation on the reorientational dynamics of mesity- 
lene from Suchanski's relaxation data. 

2. Theoretical background 

The Wigner rotation matrix [9] at time t, 
D[I2Lv(t)], connects the laboratory coordinate sys- 
tem with the coordinate that diagonalizes the cou- 
pling of interest. We need to consider the following 
sequence of Euler angles; from the laboratory coor- 
dinate system, (1) OLF(t) to the principal body 
coordinate at time t, (2) [% r/,0] to the coordinate 
whose z-axis is coincident with the internal rotation 
axis, (3) [ a ( t ) , /3 ,0 ]  to the 
izes the coupling. Then the 
given by 

O[f2Lv( t )]  = D[ aLp( t ) ]  

× D [ a ( t ) ,  

coordinate that diagonal- 
rotation matrix desired is 

D [ y ,  ~/,0] 

/3,01. ( l )  

Here we are considering an oblate symmetric top 
molecule with internal rotation about a minor princi- 
pal axis which is the axis of tumbling reorientation. 
The major principal axis is taken to be the z-axis of 
the principal coordinate system fixed to the main- 
body. For mesitylene in which the internal rotation 
axis is parallel with the molecular symmetry axis, r/ 
becomes 7r/2. We set y = 0 without loss of general- 
ity as before [1]. a ( t )  is the angle of internal rotation 

and /3 is the angle between the internal rotation axis 
and C - H  bond. 

The outline of the theory goes as follows: We 
assume that both the overall and internal rotations 
undergo independent extended J-diffusion with dif- 
ferent angular momentum correlation times. Using 
the convolution theorem of the Laplace transform. 
we can express the reorientational correlation time 
with the overall and internal free rotor correlation 
functions. Following the same procedure as in Ref. 
[1], we get the reduced reorientational correlation 
time, r f ,  as 

L 

~ * =  

a ,  b = - L 

t*ab \ a. " ~hO ', 

(2) 

The components of the reorientational correlation 
time, (re*),. t,, are given by 

( r f  ) ,.,,.~ o = /x (2  7ri) - ' 

+~ ._  d ° ' ~ . ( .  * + ~ /~ ,*)  ( 

x),~ I - ( I / V ) d ? ' M . *  + i / V )  

~ l n t  i - -  / , / *  * h. FR~ + I / r , ,  ) 
X * l - - ( l / ~ , * ) ~ ' n t  / 7" du , (3) "t,,~:R~-u* + 1 /  . ) 

dov, l 1 / U  ) 
a ,  F R \  

+ ' ~ - £ ~ " " : ° =  I ( l / V )  ^o.,, . 
(4) 

-- G, .FR(1/r  J ) 

where rg and % are the reduced overall and 
internal angular momentum correlation times, respec- 
tively, and /z the ratio of moment of inertia defined 
as /z = ~,.'I~,/17. The complex Laplace transforms of 
the free rotor correlation functions of the overall, 

~r,,t rotations are defined, do,~ and internal, "Jb. FR' ~ a .  F R  ' 

respectively, as 

( ~ O v l  ( * ,.FR~U* + l / r /  ) 

ff f + ' d  = d J* ( c o s o ) w < ( J * , o )  
- I  

L t f d ( l - ) z O ) ]  ~, 
× g 

, ' = - L  hi* Jr- 1 / ' r j *  + i J * ( c + a s ~ c o s  0) " 

(5)  
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d ln t  ( --  H * * /,,FRk Or- 1/r,, ) 
1 

f d&* * +a¢ Wint (& ) -I~U + 1/% +ib& 

= e xp 2 b 2 

[ - ~ u *  + 1/%* 
× effc 2 V ~  

with the weighting factors given by 

E,v~(J* 0 ) =  ~/ 
1 + 

' v 27r 

× j , 2  

(6) 

W i n t ( & * )  = ~ 

[ +  cos 2 0) ] 
exp 2 ' 

(7) 

where J * is the magnitude of reduced overall angu- 
lar momentum vector, 0 the polar angle of the Euler 
angle f~LD, and & * the reduced angular velocity of 
the internal rotor. The asymmetry parameter, ~:, is 
defined as ~= ( I x -  I:)/I: where I, = ly  and I z are 
the moments of inertia of the symmetric top. 

The above expressions are evaluated numerically 
as described in Ref. [1]. Numerical calculation is 
somewhat involved because, unlike the toluene case 
('q = 0), nondiagonality of d~,~)('rr/2) makes it nec- 
essary to compute the every possible element of 
(re*)a,b given by Eqs. (3) and (4). In the diffusion 
limit of the overall rotation (rj* << 1), we could 
carry out analytic contour integration to obtain the 
same limiting expression as the result reported ear- 
lier [5] provided the following relations hold: D 1 = 
(kBT/Iz)r J and D 2 = (kBT/!,)7 J. 

3. Appl icat ion  to ~3C N M R  relaxat ion o f  mesity-  
lene 

13C spin relaxation of mesitylene (1,3,5- 
trimethyl-benzene) has been studied by several au- 
thors [6-8,10,1 l ]. The dipole-dipole relaxation time, 

TI Do of, ~3C nuclei directly bound to the protons is 
given by [ 12] 

1 2 
T1DD n r6  T c , (9) 

where n is the number of protons attached to the 
relaxing carbon nucleus, h the Planck constant over 
2.rr and y the gyromagnetic ratios. Our working 
equations for the ring and methyl carbons, respec- 
tively, are as follows: 

1 0.38 
TID° (ring) x/T re* (ring), (10a) 

I 1.21 
TiOO(methyl) ~ re* (methyl),  (10b) 

where the corresponding reorientational correlation 
times are given as 

2 

* d . 0 ( 9 0 ) ]  ( r ~ ) . . 0 ,  ( l l a )  r c ( r ing )=  E [ ,2) o 2 . 
a = 2 

2 2 

r~*(methyl)= 2 [d(,2)(lll°)] z 2 
a=  - 2  b= - 2  

× [ ) h. ( l l b )  

Molecular parameters used for mesitylene are [11]: 
Moments of inertia 0 0  -4o g cm2); I, = I,. = 486, 
I. =957  and I, = 5.3; C -H  bond length; 0.11 nm 
(nng carbon) and 0.109 nm (methyl carbon); C - C - H  
bond angle (methyl carbon) = 111 °. 

At T =  313 K, Kuhlmann and Grant [6] reported 
T~ D° = 7 . 8 ( + 1 ) s  for the ring carbon and Ti D°= 
23(_+ 2)s Ior the methyl carbon of mesitylene. Re- 
cently, for the same molecule, Suchanski [8] mea- 
sured the dipole-dipole relaxation rates of 13C over a 
wide temperature range. From his data, fitted into his 
least-squares fitting equations at T =  313 K, we ob- 
tain Tj DD= 8.5 s and T~ DD= 24.2 s for the ring and 
methyl carbon nuclei, respectively. 

From Eqs. (4), (5), (7) and (1 la) we obtained 
r j*=  0.038 from the experimental Tl DD data of 
Kuhlmann and Grant and rj* = 0.042 from that of 
Suchanski, which shows that rotational diffusion 
condition for the overall rotation (rj* << 1) is well 
satisfied in this case. With these rj*, the dipole-di- 
pole relaxation times of the methyl carbon are corn- 
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Fig. I. Numerical calculation of TI r)D for the methyl carbon of 
mesitylene, as a function of ~',~ with ~-f = 0.038 (from Kuhlmann 
and Grant 's data) and r/* = 0.042 (from Suchanski 's data). 

puted and plotted in Fig. I as a function of r f .  
Interpolated value of r f  to Suchanski's data is 
r,] = 2.53, which reveals that the methyl rotation of 
mesitylene is near, but not in the fully dilute gas 
limit. 

From T~ measurements, Kuhlmann and Grant [6] 
deduced that the internal rotation of methyl group is 
very fast with respect to the overall molecular rota- 
tion. The immediate question is 'how much faster it 
is, on the molecular basis if possible, than the overall 
motion'?'. Our result, together with ED picture, pro- 
vides the means of some quantitative insights on this 
question. Calculation of the ratio of  root mean square 
velocities of free rotors yields 

(12) 

which indicates that the internal rotation is about 10 
times faster, during each free rotation step between 
collisions, than the overall rotation. Moreover, the 
angular momentum correlation times obtained 
( r c e / r j  = I . t r f / r f  = 62) show that the average du- 
ration (Z~) of the free rotation steps for the internal 

rotation is about 6 times longer than that (T j )  of  the 
overall rotation. This analysis also leads us to the 
same conclusion as in the toluene study that EAMCT 
condition (r~ = %)is not compatible with experi- 
ments. Note that, if we use EAMCT condition for 
the calculation, we have a poor prediction of the 
relaxation time, T~ Dr) = 21.6 s, for the methyl carbon. 
The present ratio ( ' c ~ / r j  = 6.2) is considerably higher 
than that of toluene ( , c / r j  = 0.5) [I]. When the 
reduced quantities are converted to absolute values, 
we obtain r j  = 45 fs and , r  ~ 280 fs for mesitylene, 
but r j  = 56 fs and r~ ~ 28 fs for toluene. The de- 
crease in "cj is believed to represent the fact that 
mesitylene is more massive and, as a result, more 
diffusional in motion than toluene. On the other 
hand, the enhancement of r,~ is thought to be origi- 
nated from the temperature increase (from 301 to 
313K) and the change of molecular geometry. To 
figure out exactly how and to what extent each of  
two origins affects the variation of the angular mo- 
mentum correlation times, further investigation is 
desired. 

It should be noted that our ~ ] ( =  2.5) is some- 
what larger than those reported by Suchanski [8]. 
Our value lies slightly outside the range, 1 < %* < 
2.3, he obtained. Several comments on this differ- 
ence are in order. First, Suchanski extracted r,] 
from the spin-rotational relaxation times but we have 
drawn it out from the dipole-dipole relaxation time 
data. Second, as a theoretical model, he used the 
isotropic rotational diffusion model for the overall 
rotation. In contrast, we have explicitly taken ac- 
count the anisotropy of the overall rotation with 
generalized ED model. Finally, as we pointed out in 
the previous work [1], exact determination of ~] 
from dipole-dipole relaxation data might be a chal- 
lenging task when we consider the limited experi- 
mental accuracy of 13C NMR relaxation experiments 
(usually 10% error [11]). It can be easily seen in Fig. 
1 that TL DD is nearly insensitive to the increase of T] 
when r f  becomes larger than 1. In fact, ~/  can not 
be decided from Kuhlmann and Grant's data because 
there is no crossing point between the experimental 
value and the theoretical curve. However, with an 
increase of "c ' ,  the curve converges to the point that 
is placed very close to the experimental value. When 
we use the same 7,] as Suchanski's data, we get 
TiDD(methyl) = 22.3s. which is in agreement with 
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Kuhlmann and Grant's data within experimental er- 
ror. If  we instead use EAMCT condition, ~-~/rj = 1, 
then we get T~ DD = 2 0 . 0 s ,  which is beyond 10% 
error bar of  the experimental value. 

4. Concluding remarks 

In this Letter, our generalized ED theory [1] for a 
molecule with internal rotation is applied to mesity- 
lene which has a different geometry from toluene, It 
is general in the sense that, through the Laplace 
transform technique, the 'EAMCT ( r j =  ~-,~)' as- 
sumption is removed. 

Physically, EAMCT implies that collisions (within 
the ED picture) randomize both the overall and 
internal angular momenta simultaneously, which, we 
believe, is not true in general. To test self consis- 
tency of  our theory and the validity of  the EAMCT 
assumption, numerical calculations are conducted to 
compare with NMR experiments of  mesitylene. ~-~, 
extracted from Suchanski 's data, is larger than ~-j by 
a factor of  6, which obviously reveals that the 
EAMCT condition is not acceptable in this case. 
Previous reports inferred from NMR measurements, 
as well as our physical intuition, tell us that the 
methyl rotation of  mesitylene is much more rapid 
than the overall reorientation. The present analysis 
based on the ED picture has clarified this point on a 
quantitative basis. The internal rotation is found to 
be nearly free rotational (r,~* = 2.53). Our ~-~* is 
rather large, in comparison to those obtained from 
the spin-rotational relaxation time measurements as- 
sociated with the isotropic rotational diffusion model 
for the overall rotor. Possible causes of  this differ- 
ence are discussed. 

Whereas angular momentum correlation times are 
required as input, the ED model has an attractive 
feature that makes it possible to calculate T~ with 
molecular parameters (moments of inertia) and with 
explicit consideration of  temperature through Boltz- 
mann weighting factors. In addition, based on a 

'collision interrupted free rotation' picture, it natu- 
rally takes inertial effect of  rotation into account. 
The overall rotation of  mesitylene was found to be 
diffusional in the sense that ~-j* is much smaller than 
1 and, as a consequence, our expression produces 
almost the same numerical results as that obtained 
from the overall rotational diffusion model. 

However, the full power of  the general expres- 
sions, given by Eqs. (3) and (4), of  the reorienta- 
tional correlation times can be realized when it comes 
to the case where the rotation has intermediate 
(neither diffusional nor free rotational) character. It 
is left for future work to apply this theory to a 
molecule with this 'intermediate' character. 
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