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A non-linear least squares program has been developed to analyse data for the dipole-dipole relaxation 
time of carbon (TIDD) based on the symmetric top model of molecular rotational diffusion. The program 
employs four parameters in the simulation, i.e. two rotational diffusion constants and two angles related 
to the axis of molecular motion. The internal rotation of methyl groups is also incorporated. The application 
of the program to methylbenzofurans indicated the reliability and wide applicability of the method. The 
factors affecting the methyl rotation barrier are also examined with the aid of MNDO MO calculations, 
and a novel inter-relation is found with the bond length of C-CH3. 

Recently n.m.r. 13C Tl data have attracted much attention in 
the discussion of molecular motion in solution.' This relies 
partly on methodological developments in Fourier transform 
n.ni.r. spectroscopy which makes TI data readily available, 
and partly on the theoretical treatment of magnetic resonance 
phenomena 2*3  and molecular m o t i o n ~ . ~ - ~  Hitherto various 
models have been examined to extend the most simple iso- 
tropic model of molecular motion in which only one rotational 
diffusion constant or correlation time is assumed. These 
models stem from the expression for TIDD derived by Woess- 
nor who took account of anisotropic molecular motions 
using three rotational diffusion constants, 01-03. Among 
these studies, one which assumes symmetry in the molecular 
motion, i.e. a symmetric top model in which D2 and D3 
coincide, may be most widely applicable to organic com- 
pounds as Lambert et al. noted.' According to Lambert 
et nl., the expression for TIDD is greatly simplified while 
retaining the essential relaxation features of anisotropic 
motion,-f and internal motions are easily incorporated. 

In the present study a computer program has been written 
which simulates TIDD data using the symmetric top model. 
The application of the program to the data for methyl- 
benzofurans examined by Platzer '' led to promising results. 
Rotation of methyl groups is discussed in relation to the 
molecular as well as the electronic structures. 

t Applications of the full anisotropic model ( D l  f: D2 # D3) have 
been attempted by several in~estigators.~-'~ To our knowledge, 
however, only Somorjai and Deslauries made their simulation 
without making any serious assumptions and used six parameters, 
i .e. three each for the rotational diffusion constants and the Euler 
angles. In other studies axes of the rotational motion were usually 
fixed and set equal to those of the moment of Inertia, yielding a 
three-parameter simulation for the D values. The rotational dif- 
fusion constants thus derived were often not easy to interpret, and 
also internal motions or break down of the diffusion process were 
possibly r e s p ~ n s i b l e . ~ * ~ * ' ~  Stilbs and Moseley loo developed a 
program to include error analysis and warned that a poor fit in the 
simulation does not always imply the presence of, e.g. internal 
motions. They also pointed out a serious problem: that no con- 
clusion about the rotational behaviour of cholesterol is possible 
because of the large errors estimated in the D values. 

Methods 
The significance of TIDD in the symmetric top model has been 
reviewed by Lambert et al.' 

Rigid Part of M ~ l e c u l e s . - R ~ , , , ~ ~ . ,  i.e. l/TIDD calculated for 
carbon CJ relaxing with a dipole-dipole interaction with 
protons H (i = I - M), is expressed by equation (1) where D1 

- \ 

and D2 are the rotational diffusion constants, and A-C are 
geometric factors related to the angle Aji between the direction 
of the CJ - Hi pair and the axis of symmetry of the top 
molecule, i.e. equations (2). In equation (1) cross relaxation 

Aji = (3 COS2Aji - 1)2/4 
Bji = 3 sin2(2Aji)/4 (2) 
C,, = 3 sin4(A,,)/4 

between protons is omitted as is usually the case. The problem 
is then to fit the data of RJ,obs. by adjusting the parameters. 
This may be accomplished by minimizing the function F by a 
non-linear least-squares procedure [equation (3) where N 

indicates the number of carbons whose TIDD values are 
available]. Of course, N should equal or exceed the number of 
parameters to be determined. Unless N is larger than the 
number of parameters after allowing for geometrically 
equivalent data, the resulting errors in the parameters will 
become serious. 

Among the various kinds of non-linear least-squares analysis 
we had adopted here a version of the DFP (Davidon-Fletcher- 
Powell) rne th~d, '~J~  which is a variable method. It is widely 
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Figure 1. Definition of the axis of symmetry of molecular motion by 
polar co-ordinates 

accepted as one of the most sophisticated search techniques, 
and appears to be independent of the number of variables 
involved.16 This DFP method was partly improved by 
Fletcher."* * This subroutine minimizes functions with or 
without the use of derivatives. We believe that taking into 
account the characteristics of the minimized function as much 
as possible is the best way to achieve successful minimization, 
and hence the derivatives were also added to the program in 
an analytical form. 

All in equation (2) is defined by equation (4) where a-c are 

directional cosines of the axis of symmetry of the molecule, 
and I-n are those of the C, - * H 1  pair. The latter are easily 
deduced if the co-ordinates of C and H atoms are given 
[equations ( 5 ) ] .  Directional cosines of the axis of symmetry are 

related to the polar angles 0 and cp (Figure 1) [equations (6)]. 

a = sine coscp 
b = sin0 sin9 
c = case 

Consequently there are four adjustable parameters in equation 
(1) in the general case, i.e. D1 (or (3 = D1/D2), D2, 8, and cp. 
When the values of one or a few of these parameters are 
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Figure 2. Benzofuran framework and definition of the major axis 
for molecular motion 

Methyl Groups.-The TIDD value of carbon in a methyl 
group which is rotating internally around an axis inclined at 
an angle o! to the axis of symmetry of the whole molecule is 
expressed by equation (7)' where n = 3, D, is the internal 
methyl diffusion rate, A-C are given by equations (S), and a 
and in are factors which depend on the model of methyl 
rotation, i.e. a = 1 and 117 = 4 for the stochastic model and 
a = r/2 and m = 1 for the r-fold jump model. In equations 
(S), A is an angle between the C-H bond and the C-CH, 

A1 = 1/8(1 - 3c0s~a)~(3cos~A - 1)' 
A2 = 9/16sin220!sin22A 
A3 = 9/16sin40!sin4A 
B1 = 3/8sin22a(3cos2A - 

B3 = 3/4(sin2a + 1/4sin22a)sin4A 
Cl = 3/Ssin4a(3cos2A - 1)2 
C2 = 3/4(sin2a + 1/4sin22x)sin22h 
C3 = 3/16[(1 + COS'~!)~ + 4cos2a]sin4A 

B2 = 3/4(cos220! + cos2a)sin22A (8) 

internal rotation axis of a methyl group. In principle D1 may 
be determined by solving equation (7) for an experimental 
value of TlDD(CH3) provided Dl and D2 are available from the 
TIDD data of the rigid part of molecule. Equation (7) is, 
however, too complex to be solved for DI, i.e. a polynomial of 
the sixth power with respect to DI needs to be solved. Accord- 
ingly, we adopted a simulation method as described above to 
accomplish this process. Thus, an initial value of D1 is 
adjusted to make the F value in equation (9) as small as 
possible. In equation (9) R C H 3 c a l c .  means 1/TlDD(CH3) in 

equation (7). In  this case, of course, the residual F value 
should become as small as zero. 

A2 A3 -' 
B, B, 

+ 602 + aD1 602 + amDl 

known, e.g. from symmetry requirements, derivatives with 
respect to these parameters can be set to zero and the simul- 
ation made with the reduced number of parameters. At the 
input step of the program it was specified which parameters 
were varied and which held constant. Errors were also 
estimated in the 95% confidence range, assuming the para- 
meters were independent. 

* A subroutine program DAFLEP had been introduced, registered 
at the Computation Center, Osaka University, by Professor T. 
Kotani (College of General Education). 

Results and Discussion 
Platzer l 3  has made an extensive study of the relaxation 
times of several methylbenzofurans (Figure 2), the data of 
which have been used here to examine the molecular motion 
and internal rotation of methyl groups. Although Platzer 
discussed the results on the basis of a trial and error method 
and by adopting a colinear model in the interpretation of the 
TIDD values of the methyl groups, data processing as described 
above is more reliable and widely applicable. The application 
of the program is summarized in the Table, together with 
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Analysis of TIDD data in monomethylbenzofurans by the computer program based on the symmetric top model 

Benzofuran 10" D2/s DdD2 0 (") S.d./s DJDZ Vo/kJ m o P  
2-Methyl a 1.80 f 0.03 2.99 f 0.15 -0.3 f 1.3 0.31 24.9 7.4 

1.7 3 .O 0 30 7.3 
3-Methyl 2.42 f 0.05 1.83 f 0.12 -24.1 f 5.7 0.36 15.3 7.9 
4-Methyl 2.71 f 0.06 1.28 f 0.09 2.1 f 0.2 0.29 26.5 6.3 
5-Methyl ' 1.66 f 0.04 2.25 f 0.17 9.0 f 6.8 0.35 92.0 4.4 

1.7 2.2 10 00 

1.8 3.0 - 19 00 

6-Methyl 1.84 f 0.04 3.29 f 0.15 -20.7 f 2.2 0.35 47.5 5.8 

7- Met hy 1 2.65 f 0.02 1.32 f 0.02 -36.9 f 2.5 0.07 29.5 6.0 
N 

i= I 
Platzer's results are cited in the lower line. ' Standard deviation in the TIDD data calculated as: s.d. = [C(TIDDi,obs. - T,DD,,ca,c.)2]*/(N - P)*, 

where N = number of TI data and P = number of unknown parameters. ' Six-fold jump model is adopted for the methyl rotation. 
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Figure 3. Correlation between V,, and the bond length of C-CH3 
in monomethylbenzofurans. The number indicates the site of the 
methyl su bst it uent 
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Figure 4. Correlation between Vo and the excess charge on the 
methyl carbon. The number indicates the site of the methyl sub- 
stituent 

Platzer's calculation. In this case, cp (Figure 1) is zero from the 
planarity of the molecule, and Dz, G ( = D , / D J ,  and 8 are 
adjusted for the simulation. Final values of these parameters 
are tested to show if they are independent of the initial values. 

cr and 8 change drastically depending on the site of methyl 
substitution (Table). This fact and the fairly small standard 
deviations in the Table clearly support the validity of the 
model assumed. In another sense the results imply that the pro- 
gram is applicable to  signal assignment based on differences 
in TIDD values: assignments can be made by simulating the 
TIDD data with definite assignments and by calculating the 
T,DD values of carbons of unknown assignments utilizing pre- 
determined parameters such as D2 and o. 

The methyl rotation barrier Vo is obtained from Dt from 
the relation Vo = --RTln(DJDio), and it is also cited in 
the Table. In this relation DIo is the diffusion constant for a 
zero barrier and is 0.86 x lo'' s (at 30 "C) by adopting 
(kT/I)* as its measure.' 

To examine the dependence of Vo on the site of methyl 
substitution, MNDO MO calculations l8  were made and 
ground-state structures were deduced by geometrical optimiz- 
ation. The optimized molecular structures were then used in 
the above simulation of TIDD data for the rigid part of the 
molecule. In  Figure 3 Vo values are plotted against the bond 
lengths between the methyl carbon and the attached carbon. 
As might be expected, Vo decreases with increasing bond 
length, reflecting the weakness of the methyl group in binding 

to  the framework of the molecule. Yo also increases with 
increasing the excess charge on the methyl carbon (Figure 
4). This is phenomenologically similar to  the case of the 
potential energy barrier of the amino-group in anilines.I9 
Hence, it reflects the increased bond order of the C%H3 
linkage induced by hyperconjugation which acts so as to  
draw positive charges into the methyl group.* These features 
have stimulated a more extended study of the inter-relation 
between Vo and the bond length for various kinds of com- 
pounds. Although a precise estimate of the bond length is 
necessary for such an  investigation, it has recently become 
available for relatively simple molecules from n.m.r. spectros- 
copy using liquid crystal media." Inter-relations of this sort 
are of value not only for the estimation of the bond length 
from TIDD(CH3) but also for a discussion of steric hindrance in 
methyl groups. 

Lambert and Nienhuis 21 suggested, from a discussion of 
Vo in terms of substituent constants and of 13C shifts, that Vo 
in toluenes is governed by electronic interactions between 
bonds and hence by the electron density a t  carbons ovtho to  
the methyl group. However, a similar discussion may not be 

* More rigorously, Vo should be related to the excess charge on the 
methyl hydrogens. However, this excess charge shows only a small 
dependence on the site of attachment, i.e. one order smaller than 
that for the methyl carbon, so that no definite relation was ob- 
servable for this charge. 
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applicable in the present case, because the structural environ- 
ment changes considerably around the methyl group depend- 
ing on the site of attachment. In fact, no definite relation was 
observable between Vo and excess charges on the ortho- 
carbons (or oxygen), whichever excess charges on the ortho- 
atoms were considered. Vo was also independent of excess 
charges at the carbon attached to the methyl group. 

References 
1 J. B. Lanibert, R. J. Nienhuis, and J. W. Keepers, Angew. Chern. 

2 R. Kubo and K. Tomita, J. Pliys. SOC. Jpn., 1954, 9, 888. 
3 1. Solomon, Phys. Rev., 1955, 99, 559. 
4 D. E. Woessnor, J. Chem. Plzys., 1962, 37, 647. 
5 H. Shimizu, J. Chem. Phys., 1962, 37, 765. 
6 W. T. Huntress, jun., J. Chem. Phys., 1968, 48, 3524. 
7 D. M. Grant, R. J. Pugmire, E. P. Black, and K. A. Christensen, 

8 S. Berger, F. R. Kreissl, D. M. Grant, and J. D. Roberts, J. Am. 

9 R. Deslaiiries and I. C. P. Smith, Biopolymers, 1977, 16, 1245. 
10 (a) P. Stilbs and M. E. Moseley, J. Mugn. Reson., 1979,33,209; 

Iut. Ed. Etigl., I98 I ,  20, 487. 

J .  Atn. Chem. SOC., 1973, 95, 8465. 

Chem. Soc., 1975, 97, 1805. 

(b) M. E. Moseley and P. Stilbs, Polymer, 1978, 19, 1133. 

11 R. Gerhards, W. Dietrich, G. Bergmann, and H. Duddeck, J. 

12 R. L. Somorjai and R. Deslauries, J. Am. Chern. SOC., 1976,98, 

13 N. Platzer, Org. Mugn. Reson., 1978, 11, 350. 
14 W. C. Davidon, A.E.C. Research and Development Report, 

15 R. Fletcher and M. J. D. Powell, Comp. J., 1963, 6, 163. 
16 D. A. Pierre, ' Optimization Theory with Applications,' Wiley, 

17 R. Fletcher, Comp. J., 1970, 13, 317. 
18 W. Thiel, Quantum Chemistry Program Exchange, No. 353, 

Bloomington, Indiana, 1980. Program NICER has been devel- 
oped for the diagonalization of Fock matrix, Y. Beppu and I. 
Ninomiya, Quantum Chemistry Program Exchange, No. 409, 
1980. 

Magn. Reson., 1979, 36, 189. 

6460. 

1959, ANL-5990. 

New York, 1969, p. 320. 

19 R. A. Kydd and P. J. Krueger, J. Chern. Phys., 1980,72, 280. 
20 J. W. Emsley and J. C. Lindon, ' NMR Spectroscopy using 

21 J. B. Lambert and R. J. Nienhuis, J. Am. Chem. SOC., 1980,102, 
Liquid Crystal Solvents,' Pergamon, Oxford, 1975. 

6659. 

Received 2nd June 1982 ; Paper 21906 




