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A model for the spin lattice relaxation time of the protons of dimethylammonium in the Redfield 
limit and common spin temperature approximation is developed. The three fold reorientations of the 
methyl groups, the rotation of the whole molecular group around its two fold symmetric axis and 
possible correlations among these motions are considered. The effect of these processes on the 
dipolar interactions among the protons within the same molecular group is taken into account. The 
resulting relaxation rate is powder averaged and used to explain the experimental data in literature 
on [NH2(CH3)2]3Sb2Br9 . The analysis shows that dynamically inequivalent groups exist in this 
compound and that the effect of proposed correlation among the different motions on the final 
results is negligible. 

Introduction 

C o m p o u n d s conta in ing d i m e t h y l a m m o n i u m ( D M A ) 
a r e k n o w n t o u n d e r g o s t ruc tu ra l p h a s e t r ans i t ions . 
T h e s e p h a s e changes a r e n o r m a l l y a s soc ia ted wi th 
sub t l e c h a n g e s in the d y n a m i c s of the D M A g r o u p s 
[ 1 - 5 ] . P r o t o n spin la t t ice re laxa t ion t ime (7 \ ) m e a -
s u r e m e n t s of this m o l e c u l a r g r o u p p r o v i d e a conve-
n ien t a n d power fu l too l t o s tudy its dynamics . H o w -
ever , t h e d a t a on these sys tems are n o t a p p r o p r i a t e l y 
a n a l y z e d so far , due to t he lack of re levant theore t ica l 
c a l c u l a t i o n s in terms of all dynamica l p a r a m e t e r s as-
soc i a t ed w i th this g roup . T h e d a t a h a v e been a n a -
lyzed by ass igning the obse rved r e l axa t ion to the 
m e t h y l g r o u p d y n a m i c s only , whereas , in pr inciple , 
t he D M A ion unde rgoes m o r e compl i ca t ed d y n a m i c s 
[1]. T h i s p a p e r a ims a t de r iv ing an ana ly t ica l expres-
s ion fo r t h e re laxa t ion ra tes , t ak ing in to a c c o u n t the 
d y n a m i c s of the D M A g r o u p in a d d i t i o n t o the dy-
n a m i c s of t he methy l g r o u p . T h e o u t c o m e of th is cal-
c u l a t i o n is used to ana lyze the pub l i shed d a t a [2] 
o n t r i s - d i m e t h y l a m m o n i u m n o n a b r o m o d i a n t i m o n a t , 
y ie ld ing fo r the first t ime dynamica l i n f o r m a t i o n 
a b o u t t he D M A ion as a whole . 

Proton Spin Lattice Relaxation in D M A Groups 

T h e f o u r types of p laus ib le m o t i o n s of the D M A 
ion , r e l evan t in the p r e sen t exper iments , a r e [1]: (i) 
t h ree fo ld r eo r i en t a t i ons of the methy l g r o u p s a r o u n d 
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the i r t h ree fold s y m m e t r i c axes, (ii) t w o fold r o t a t i o n s 
of t he D M A g r o u p a r o u n d its d i ad axis, (iii) n-fold 
r e o r i e n t a t i o n s of t h e D M A g r o u p a r o u n d its d i a d axis, 
a n d (iv) i so t rop ic t u m b l i n g of t he who le D M A g r o u p 
(see F i g u r e 1). O u t of these, (iii) a n d (iv) d o n o t p re -
serve the s y m m e t r y of the D M A g r o u p a n d hence a re 
expec ted to be q u i t e h inde red , t a k i n g p lace on ly a t 
very h igh t e m p e r a t u r e s . I n th is p a p e r , a n express ion 
fo r t he r e l axa t ion r a t e ( T ^ 1 ) of the g r o u p is der ived 
c o n s i d e r i n g on ly t h e first t w o types of d y n a m i c s , m o d -
ell ing b o t h i n t r a - a n d i n t e r - m e t h y l p r o t o n - p r o t o n 
d i p o l a r i n t e r a c t i o n s as well as l one p r o t o n - m e t h y l 
p r o t o n in terac t ions . T h e genera l m e t h o d o l o g y of these 
ca l cu l a t i ons is s imi la r t o t he t r e a t m e n t of S j o b l o m a n d 
P u n k k i n e n [6] fo r t r i m e t h y l a m m o n i u m g r o u p . 

T h e m a g n e t i c d i p o l a r i n t e r a c t i o n (which is t he d o m -
i n a n t r e l axa t i on m e c h a n i s m fo r p r o t o n s in t he D M A 
ion), b e t w e e n t w o p r o t o n s m a n d n is 

£ Sir/K (1) 
ß = - 2 

w h e r e the S ^ ' s a r e the c o m p o n e n t s of t he s econd 
r a n k i r reduc ib le t e n s o r o p e r a t o r s involv ing spin var i -
ables , a n d the F ^ ' s a r e t he c o r r e s p o n d i n g spa t ia l 
f u n c t i o n s given by 

Fmn = (1 COS2 6 m n ) , r mn 

F £ ) = F ^ * = y - ^ s i n e m n c o s d m n e - i * - , (2) 
^ mn 

mn mn 3 m n 

' mn 
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H e r e ( r m n , d m n , </>mn) is the vec to r j o i n i n g t he p r o t o n s 
m a n d n expressed in spher ica l c o o r d i n a t e s . These 
quan t i t i e s b e c o m e t ime d e p e n d e n t d u e t o t he m o l e c u -
lar m o t i o n s , a n d the i r f l uc tua t ions , X ^ , a r e 

(3) 

T h e spin la t t ice r e l axa t ion r a t e of the p r o t o n m d u e 
t o its d i p o l a r i n t e r ac t i on wi th p r o t o n n, in t he Redf ie ld 
l imit, is given by [7] 

IcoJ), (4) 

where 

J (5) 
- oo 

is the spect ra l dens i ty f u n c t i o n , a n d the c o r r e s p o n d i n g 
a u t o co r r e l a t ion func t i ons a re given by 

= + (6) 

In ca lcu la t ing the va lue of Ti of a n y p r o t o n in the 
D M A g r o u p , the pa i r wise i n t e r ac t i ons between p r o -
t o n s can be res t r ic ted to a g o o d a p p r o x i m a t i o n t o 
t h o s e wi th in the D M A group . 

Let the r a t e of the three fold r e o r i e n t a t i o n (C 3 r o t a -
t ion) of the m e t h y l g r o u p s be r a n d t he ra te of the t w o 
fold r e o r i e n t a t i o n of the D M A g r o u p a r o u n d its d i a d 
axis (diad ro t a t ions ) be R. N o w , t o t a k e the s ta t is t ical 
i n t e r - d e p e n d e n c e of these m o t i o n s i n t o accoun t , let 
the r a t e of c o u p l e d C 3 r o t a t ion of one methyl g r o u p 
a n d d i ad r o t a t i o n be R', a n d t h a t of the coup led C 3 

r o t a t i o n s of two me thy l g r o u p s a n d t he d iad r o t a t i o n 
be R". Refer r ing to Fig. 1, cons ide r the m o t i o n s of a 
p r o t o n pa i r init ially at pos i t ions 1 a n d 2 (denoted by 
12). A C 3 r o t a t i o n of the me thy l g r o u p can t r ans fe r 
th i s pa i r t o pos i t i on 23 or 31 at a r a t e of r / 3 a n d t o 
pos i t i on 12 at a r a t e of 2 r / 3 . It c an a l so occupy pos i -
t i on 12 o r 45 d u e to d iad r o t a t i o n of the D M A g r o u p 
a t a r a t e of R/2. Similarly, different coup led m o t i o n s 
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c a n t r a n s f e r t h e ini t ial pa i r 12 to 23, 31, 56, a n d 64 a t 
a r a t e R'/4, t o 12, 45 a t a r a t e R"/4, a n d to 23, 31, 56, 
a n d 64 a t a r a t e R"/S. Le t p 0 (t) be the p robab i l i t y of 
f i nd ing th is p a i r a t a pos i t i on ij a f te r a t ime t. D u e to 
s y m m e t r y , p 2 3 ( 0 = P 3 i ( 0 a n d PseiO = PeM and 

hence on ly f o u r p robab i l i t i e s i j = 12, 23, 45, a n d 
56) a r e i n d e p e n d e n t . T h e a b o v e a r g u m e n t s can be 
e legan t ly s u m m a r i z e d in the f o r m of a de ta i led b a l a n c e 
e q u a t i o n fo r t h e r a t e of c h a n g e of a pa i r p r o b a b i l i t y 
f u n c t i o n , say pl2{t), as 

(2 R 3 \ 

Pi2(t)= - ( j r + y +R'+ 4 R")Pi2(t) 

+ ( j + f + f ) ( p » W + P,tW) 

( R R"\ 

(R' R"\ 
+ + Y J ( P 5 6 ( 0 + P64W), 

wh ich o n s impl i f i ca t ion d u e t o s y m m e t r y leads t o 

. . . f 2 R 3 \ 
P n ( 0 = - ( • j r + y +R'+ - R " j p l 2 ( t ) 

[2 r R' R"\ 
+ ( t + T + TJ p " ( , ) (7) 

/ R ( R R"\ 

Simi lar e q u a t i o n s c a n be wr i t t en fo r t he r e m a i n i n g 
p robab i l i t i e s , a n d these a r e s u m m a r i z e d as 

P l 2 ( 0 \ 

P 2 3 ( 0 
P 4 5 ( 0 

PssW 

+ — + R ' + - R ' 

R' R" 
3 + 4 

'R 
+ 

R"\ 
+ 

t J 

R' 
+ 

R"\ 
+ 

t ) 

2r R' R 
t + t + t 

R 3 5 

R R" 
2 + t 

R' R" 

R' R" 
t + t 

R R' 3R" 
2 + T + 1 T 

R' R"\ (2 R 3 \ / 2 r R' R"\ 
2 + t J - l 3 r + 2 + j , ' + j r " j ( T + t + t J 

R R ' 3 R" 
2 + 4 

r R' R" 
3 + T + 

r R 3 5 
- I - + — + - R' + - R" 

\ 3 2 4 8 

P12 (0 
P23W 
P 4 5 ( 0 

PseW 

(8) 

T a k i n g su i t ab l e l inear c o m b i n a t i o n s of these p robabi l i t i es , these e q u a t i o n s c a n be d e c o u p l e d t o give 

a n d 

P 1 2 - P 2 3 

P45-P56 

P l 2 + 2 P 2 3 

P45 + 2 P 5 6 

R 5R' 7R" 
r + — + — + -

2 4 
R R' R" 

2 " 4 + " 

R R' R" 

2 " 4 
R 5 R' 7R" 

r + — + —— + — 
2 4 ! 

P 1 2 - P 2 3 

P45-P56 

= - ( R + R ' + R " ) 2 
- 1 + l \ / p 1 2 + 2 p 2 3 

+ 1 - V V P 4 5 + 2P56 

T h e so lu t ions , w i th t he init ial c o n d i t i o n p 1 2 ( 0 ) = 1, p , - (0) = 0 fo r i j = 23, 45, a n d 56, a re w r i t t e n as 

I P 12 W \ 

P 2 3 ( 0 
P45W 

\ p 5 6 ( 0 / 

2 2 1 

- 1 - 1 1 

2 - 2 - 1 

- 1 1 - 1 

1\ 
le~kl'\ 

1 e~k2t 

1 e~k3t 

l1 j 
w h e r e 

a n d 

3 R' 3 R" 

/c7 = r + R + K' + R" 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 
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Similar results are obta ined for the probabil i t ies involving lone p ro ton - methyl p ro ton ( I p - m p ) pair, like i j = 71 
(Figure 1). 

Time modula t ions of the dipolar interact ions a m o n g inter-methyl pairs can similarly be taken into account . 
Considering a p ro ton pair like 14 (Fig. 1) at t = 0, var ious j u m p probabilit ies to other pair locations connected 
by the above proposed dynamics can be calculated. After taking symmetry considerations into account (i.e. 
Pis= Pi6 = P24 = P34 a n d P25= P26 = P 3 5 = Pie) the detailed balance equat ion for the independent probabil i t ies 
(Pi4' Pis» a n d P25) assumes the form 

/Pi*W\ 

Pi s(0 

P 2 5 W 

/ -
4r 

+ R+R" 

r R' 
3 + 4 

4r 

R" 
T 

+ R 

3 R' R" 

2r R' R" 
T + J + ~2 

Solutions with the initial condi t ion p 1 4 (0) = l and 
Pis(0) = £25(0) = 0 are obtained as 

p 1 5 | = i - 2 1 1 

(e~k4t\ 
e-k*A 

/ 
where 

and 

3 R' 3R" 

2 ' 4~ 

3 R' 3 R" 
ks = r + + - r -2 2 

(16) 

(17) 

(18) 

Correlation Functions 

Equat ion (4) expresses the relaxation rate of m-th 
p ro ton due to its d ipolar interact ion with n-th p ro ton 
modula ted in time due to the relocation of this pair in 
different configurat ions arising f rom the permissible 
molecular mot ions with different probabili t ies. To be 
able to find the total relaxation rate of, say, this m-th 
proton, this equat ion has to be summed over all p ro-
tons with which it interacts. Fur ther , the overall relax-
ation rate of the D M A molecular g roup is computed 
by averaging the relaxation rates of individual pro-
tons in this group, under the c o m m o n Zeeman spin 
temperature approximat ion [7]. Thus the average pro-
ton pair correlation funct ions are the relevant objects 
to be computed to proceed fur ther with the objective. 
N o w the average intra-methyl g roup p ro ton pair 
correlation function can be expanded, suppressing the 
index p, as 

G(t)intra = i [<** 2 (0 ) Xl2(t)> + <X*23(0) *««> + ... 

R" 

R' 
~2 

I Pl4-\ 

R" 
~2 

2 r R' 3 R" 

P15 

\p25, 

(15) 

These pair correlation functions in the above equa t ion 
are then to be evaluated making use of j u m p probabi l -
ities in (11). The result for one of the pair functions, say 
<X*2(0)Xl2(t)), is 

<X* 2 (0 ) * 1 2 ( f ) > 

= * * 2 ( 0 ) [pl2 Xl2(0) + p 2 3 (X23(0) +X3l(0)) (20) 

+ p 4 5 * 4 5 ( 0 ) + p56(X56(0)+XM{0))]. 

Similar expressions can be written for the other pair 
correlat ion functions in (19). Substi tuting all these ex-
pressions in (19) one obtains 

g xL(t)=p 12 cr+p23 c r + p 4 5 c r + P s 6 c i ^ , 

where 

(21) 

(22 a) 

c r = I Re p f 3 > (0) + x r (0)) 2"> 

+ * £ ' > « ) ) ] , (22b) 

c r = 3 Re [X^(0) 5 ( 0 ) + x r (0) (0) 

+ xr(0) ^ " > ( 0 ) ] (22 c) 
and 

Ci"' = j Re [(*§•>(0) + (0)) X t f * (0) 

+ (X(
64 (0) + X(£l (0)) X(

2~lß) (0) 

+ (X^(0) + X ^ m XiSHO)]. (22d) 

Substi tut ing for p{- s f rom (11) in (21) the average cor-
relation function can be written as 

+ < X | 4 ( 0 ) * 6 4 ( f ) > ] . (19) GXL(t)= z Kl» e -kit (23) 
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w h e r e 

a n d 

K <"> = | [2 C <"> - + 2 - Ci" ' ] , (24 a) 

= £ t 2 C1M) - C2M) - 2 C3M) + C4M )] ' ( 2 4 b ) 

x f = | [C<"> + C|"> - e r - c n (24c) 

Since the express ion fo r j u m p p r o b a b i l i t i e s of a n 
I p - m p pa i r a re the s a m e as t h o s e of i n t r a - m e t h y l 
p r o t o n pairs , o n e gets s imi lar e x p r e s s i o n s fo r t he co r -
r e s p o n d i n g c o r r e l a t i o n func t ions , i.e. 

(25) 

T h e quan t i t i e s p e r t a i n i n g to Ip-mp i n t e r ac t i ons , viz., 
Af;0 0 ' s a n d D}M)'s c o r r e s p o n d to t he q u a n t i t i e s K\ß) a n d 
C/M), respect ively, i n t r o d u c e d ear l ie r f o r i n t r a - m e t h y l 
in te rac t ions , a n d they sat isfy s imi la r r e l a t i o n s h i p s as 
in the ear l ier case (see (23) a n d (24)). 

F ina l ly , the a v e r a g e c o r r e l a t i o n f u n c t i o n invo lv ing 
in ter -methyl p r o t o n pa i rs can similarly b e expressed as 

(26) 

w h e r e 

a n d 
(27 a) 

(27 b) L<£> = I (4£<"> + E?> - 2E^). 

Here , the £,(M) 's a r e su i t ab le e x p a n s i o n s in t e r m s of the 

r e l evan t X f f ' s , g iven by 

£ r = i [ | X W ( 0 ) | 2 + |X<"5>(0)|2 

+ | X W ( 0 ) | 2 + . . . + | ^ ( 0 ) | 2 ] , (28a) 

£<"> = | Re Pf<"5>(0) + X ^ ( 0 ) + X<"J(0) + X(£(0)) X<~">(0) 

+ (X26 (0) + X24 (0) -I- X^ (0) + X^ (0)) Xi~5"\0) 
+ (X&>(0) +X£(0) + X<"6>(0) + X<"6»(0)) *<6">(0) 
+ (X<"6>(0) +X<"»(0)) *<;">(0) + X<"6>(0) 
+ ( x % ( 0 ) + x $ m x ^ m , 

(28 b) 

£<*> = | Re [(X%(0)+X%(0) + X£(0)+Xttm X<;">(0) 
+ (Xjfij (0) + X(£l(0) -I-Xjfil(0) + Xf$(0)) x[-5"\0) 
+ (X&> (0) + (0) + X^(0) + X<£(0)) X[-6"\0) 
+ (X£(0)+Xttm X{-^(0) + (X^(0) (28c) 

+ X&>(0)) X<7">(0) + (X£(0) + X£(0)) X<-">(0)], 

Proton Zeeman Spin-Lattice Relaxat ion Rates 

S u b s t i t u t i n g these c o r r e l a t i o n f u n c t i o n s ((23), (25), 
a n d (26)) in the express ion for t h e spec t ra l dens i ty 

f u n c t i o n (5), a n d ca lcu la t ing t he overa l l sp in- la t t i ce 
r e l axa t ion ra t e of the D M A g r o u p us ing (4), o n e o b -
ta ins 

T f 1 = 
27 

16h 2 

2 

z 
M = 

[2 £ K^ 
1 L m = l k2

m+{pw0y 

intra-methyl contribution 
3 fc 

+ 2 Y A f 0 0 -
- t , " k2 + (pco0)2 

I p - m p contribution 

+ 3 
p =4 kp + ipoo, 

inter-methyl contribution 

(29) 

It m a y be n o t e d tha t the a b o v e r e l a x a t i o n r a t e is b a s e d 
on the c o n s i d e r a t i o n of the m o d u l a t i o n of t he d i p o l a r 
i n t e rac t ions of each m e t h y l p r o t o n wi th t w o o t h e r 
p r o t o n s wi th in the s a m e me thy l g r o u p , as well as w i th 
th ree o t h e r p r o t o n s in the o t h e r m e t h y l g r o u p , a n d t he 
in t e rac t ion of a lone p r o t o n wi th six p r o t o n s in t he 
t w o me thy l g r o u p s wi th in the D M A ion . T h e d i p o l a r 
i n t e rac t ion be tween the t w o lone p r o t o n s d o e s n o t 
cause a n y r e l axa t ion for the t w o types of m o l e c u l a r 
m o t i o n s cons idered . 

E q u a t i o n (29) can be rewr i t t en , r ede f in ing t he re lax-
a t i on cons t an t s , as 

Trx= x 
M = 1 

(M) 
n ? i X m k2

m+(pCO0)2 

+ £ M y k -
n = 1 " k 2 + (p (O0) 

5 k 
_i_ V T '<"> P 
+ 2- ^P b2 r 4 * k2 + (pa)0y 

(30) 

Numerical Calculations 

In o r d e r t o o b t a i n t he va lues of the r e l axa t i on c o n -
s t an t s in (30) (K[, M[, a n d L',) fo r a g iven phys ica l 
s i tua t ion , the b o n d l eng ths a n d ang les fo r t he D M A 
ion given by A n d r e w a n d C a n e p a [1] a r e used . T o 
m a k e the resul ts app l i cab le t o po lycrys ta l l ine s a m p l e s 
(which is typical ly the case), these r e l a x a t i o n c o n s t a n t s 
a re p o w d e r averaged . Th i s is a c c o m p l i s h e d by first 
cons ide r ing o n e of the sides of the c u b e cen t e r i ng t he 
D M A g r o u p (Fig. 1) to be para l le l w i th t he m a g n e t i c 
field (say, z-axis), a n d f ind ing the c o o r d i n a t e s of all 
p r o t o n s for the given d i m e n s i o n s of t he D M A g r o u p . 
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Table 1. The relaxation constants ( x 108 sec2) in (30) for the 
dimethylammonium molecular group. 

i L'(.(M) 

1. 1 30.59 3.00 
2 25.43 1.68 
3 11.88 4.50 
4 1.23 
5 1.62 

2. 1 122.34 12.36 
2 101.74 7.08 
3 47.5 17.64 
4 5.07 
5 6.17 

T h e n , fo r th i s o r i e n t a t i o n K[, M[, a n d L\ can be cal-
cu l a t ed us ing (24) a n d (27). N o w dif ferent o r i en t a t i ons 
of the D M A g r o u p a re o b t a i n e d by c h a n g i n g the p o l a r 
c o o r d i n a t e s (6 a n d </>) of the side t h a t is para l le l t o the 
m a g n e t i c field, in smal l s teps (0 -7 t fo r 6, a n d 0 - 2 n 
for </>). F o r each o r i e n t a t i o n the c o o r d i n a t e s of all p r o -
tons a re ca l cu la t ed us ing a p p r o p r i a t e W i g n e r r o t a t i o n 
mat r ices , a n d c o r r e s p o n d i n g r e l axa t i on c o n s t a n t s a re 
ca lcu la ted . F ina l ly , t he r e l axa t i on coeff icients t h u s ob-
t a ined fo r all these c h o s e n o r i e n t a t i o n s a re averaged . 
Table 1 gives the va lues of these p a r a m e t e r s , o b t a i n e d 
a f te r a v e r a g i n g ove r 256 i so t rop ica l ly d i s t r i bu ted ori-
e n t a t i o n s of the D M A molecu le . It h a s been obse rved 
tha t a v e r a g i n g over on ly 64 o r i e n t a t i o n s leads to a 
negligible e r r o r (less t h a n 1 % ) in the r e l axa t ion coeffi-
cients. 

Th i s m o d e l is tes ted by ana lyz ing the r e l axa t ion 
d a t a of I dz i ak a n d J a k u b a s [2], col lected o n a poly-
crys ta l l ine s a m p l e of ( D M A ) 3 S b 2 B r 9 . In this p rocess 
it is a s s u m e d t h a t these m o l e c u l a r m o t i o n s a re ther -
mal ly ac t i va t ed a n d hence h a v e the A r r h e n i u s type 
of t e m p e r a t u r e (T) d e p e n d e n c e , i.e. r = r~1 = Zq 1 

• exp { — Ea/kBTj, w h e r e t c is the c o r r e l a t i o n t ime. In 
o r d e r to ca lcu la te 7\ m i n i m a wi th the p resen t m o d e l 
(at a g iven L a r m o r f r equency) ar is ing d u e to D M A 
a n d C H 3 d y n a m i c s separa te ly , subs tan t i a l ly different 
d y n a m i c a l p a r a m e t e r s for the me thy l g r o u p reo r i en ta -
t ion a n d the d i ad axis r e o r i e n t a t i o n h a v e been as-
s u m e d to min imize the c o n t r i b u t i o n of o n e d y n a m i c s 
a t the Tj m i n i m u m of the o the r . As a result , well 
s e p a r a t e d m i n i m a o n the t e m p e r a t u r e axis h a v e 
been o b t a i n e d (cross c o u p l i n g s a re neglected for s im-
plicity, i.e. R' a n d R" = 0). T h e 7\ m i n i m a are calcu-
la ted f r o m (30) wi th the r e l axa t ion c o n s t a n t s given in 
Table 1 a n d are f o u n d t o be 63.9 m s e c for C H 3 d y n a m -
ics a n d 243 m s e c for D M A d y n a m i c s (at 90 M H z ) , 

/ - 1 
1 0 0 0 / T ( K ) 

Fig. 2. Tj data of (DMA) 3 Sb 2 Br 9 (points) at 90 MHz [2] fitted 
to (30) (solid line) with R' and R" — 0 and with the relaxation 
constants given in Table 1 (under the assumed inequivalence 
as explained in the text). 

respect ively. T h e cons i s t ency of this m o d e l is checked 
by ensu r ing t h a t the va lue of the Ti m i n i m u m cor re -
s p o n d i n g to the C H 3 d y n a m i c s , ca lcu la ted by t a k i n g 
the a p p r o p r i a t e l imi t ing case (R = R' = R" = 0) of the 
a b o v e m o d e l , ag rees very well wi th t he expec ted re-
sul ts [6]. T h e 7\ d a t a of Idz iak a n d J a k u b a s a t 
90 M H z , h o w e v e r , s h o w a b r o a d m i n i m u m of a b o u t 
100 msec, a n d th is va lue d o e s n o t m a t c h wi th e i ther of 
the c o m p u t e d m i n i m a , sugges t ing the p resence of dy-
namica l ly i nequ iva l en t m o l e c u l a r g r o u p s . In fact , t he 
X - r a y s tud ies on th is a n d o t h e r re la ted c o m p o u n d s 
s h o w the p resence of i nequ iva l en t D M A ions in 2 : 1 
r a t i o [8]. T h e ear l ier e x p l a n a t i o n of these d a t a is in-
deed based o n such a n inequ iva lence [2], b u t on ly the 
me thy l g r o u p d y n a m i c s , p r e s u m a b l y in the absence of 
a re levant mode l , h a s b e e n t a k e n i n t o cons ide r a t i on . 
H o w e v e r , d u e to the l im i t a t i on of the m o d e l used in 
the ear l ier ana lys i s (i.e., t h e absence of t he d y n a m i c s of 
t he D M A ion), the r e l a x a t i o n coeff icients c o r r e s p o n d -
ing to b o t h types of m e t h y l g r o u p s were f o u n d to be 
cons ide rab ly di f ferent , a n d b o t h a re smal le r t h a n the-
oret ical ly expec ted (8.05 x 10 9 sec2 fo r a p r o t o n - p r o -
t o n d i s t ance of 1.78 Ä) [9]. T h e inequ iva lence in the 
d y n a m i c s of these g r o u p s is n o t expec ted t o resul t in 
d i f ferent r e l axa t i on coeff ic ients because t he or ig in of 
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these coeff icients lies m o r e wi th the de ta i l s of the phys -
ical d i m e n s i o n s of the m o l e c u l a r g r o u p s t h a n wi th the 
s u r r o u n d i n g d y n a m i c e n v i r o n m e n t . 

N o w , in o r d e r to a c c o u n t fo r the o b s e r v e d b r o a d 
m i n i m u m at s o m e i n t e r m e d i a t e va lue of 100 msec, it 
is a s s u m e d here t h a t i n e q u i v a l e n t D M A g r o u p s as 
well as inequ iva len t C H 3 g r o u p s exist in 2 : 1 r a t i o in 
th is c o m p o u n d . T h e o b s e r v e d b r o a d m i n i m u m t h e n is 
a t t r i b u t e d to the d y n a m i c s of 1/3 of t he D M A g r o u p s 
a n d 2 / 3 of the me thy l g r o u p s (this is t h e c o m b i n a t i o n 
wh ich resul ts in the o b s e r v e d va lue of t he m i n i m u m ) . 
A m i n i m u m d u e to t h e r e m a i n i n g 2 / 3 D M A g r o u p s is 
expec ted t o occu r a t t e m p e r a t u r e s a b o v e t he r a n g e 
cove red in the e x p e r i m e n t ( the d a t a a t h igh t e m p e r a -
tu res s h o w this t endency) , a n d t he r e m a i n i n g 1 /3 
m e t h y l g r o u p s p e r h a p s l ead t o a m i n i m u m a t very low 
t e m p e r a t u r e s n o t c o v e r e d in th is e x p e r i m e n t . W i t h 
th is a s s i g n m e n t of i n e q u i v a l e n c e the d a t a a r e ana lysed 
us ing a n o n l i n e a r least s q u a r e s m e t h o d w i th the re lax-
a t i o n p a r a m e t e r s given in Tab le 1, a n d t he a g r e e m e n t 
b e t w e e n the e x p e r i m e n t a l a n d t heo re t i c a l va lues is 
r e a s o n a b l y g o o d , as s h o w n in F i g u r e 2. T h e ac t iva t ion 
ene rgy a n d p r e e x p o n e n t i a l f ac to r , o b t a i n e d a re 
2.2 + 0.3 k c a l / m o l e a n d 1.1 x 1 0 " 1 2 sec, respect ively, 
f o r t he 2 / 3 D M A g r o u p s , whi le t h o s e of t h e 1 /3 C H 3 

g r o u p s a r e 1.8 ± 0 . 3 k c a l / m o l e a n d 1.5 x 1 0 " 1 2 sec, re-

spectively. O b v i o u s l y t he a s s i g n m e n t of m i n i m a c a n 
be d o n e m o r e defini t ively if t he m i n i m a a r e be t t e r 
resolved. E x p e r i m e n t s a t l ower L a r m o r f r equenc ie s 
n o r m a l l y p r o v i d e be t t e r r e so lu t ion , a n d p e r h a p s such 
expe r imen t s a re cal led fo r to c o n f i r m the p r o p o s e d 
m o d e l for this c o m p o u n d . Such a m u l t i f r e q u e n c y in-
ves t iga t ion of 7 \ d a t a in o t h e r c o m p o u n d s invo lv ing 
D M A g r o u p s is in p rogress . 

Conclusions 

A n express ion for the a v e r a g e sp in la t t ice r e l a x a t i o n 
r a t e of p r o t o n s in the D M A g r o u p , u n d e r g o i n g 3 fold 
r e o r i e n t a t i o n of the C H 3 g r o u p s a n d 2 fold flips of t he 
who le ion a r o u n d the d i a d axis is der ived wi th in t he 
Redfie ld limit, a s s u m i n g c o m m o n spin t e m p e r a t u r e . 
T h e resul ts h a v e been su i t ab ly a v e r a g e d t o m a k e t he 
m o d e l readi ly app l i cab l e to po lyc rys ta l l ine samples . 
Exis t ing e x p e r i m e n t a l d a t a o n ( D M A ) 3 S b 2 B r 9 h a v e 
been reana lysed us ing th is m o d e l a n d b r i n g i n g o u t a 
qua l i ta t ive ly d i f ferent p i c tu re of the d y n a m i c a l p r o -
cesses of the D M A ion in th is sys tem. T h e r e a r e sev-
era l in te res t ing sol ids w h e r e th is m o d e l can be app l i ed 
t o s tudy D M A d y n a m i c s t h r o u g h a n ana lys i s of p r o -
t o n 7\ d a t a . 
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