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Two-dimensional  mult iple  quantum N.M.R. of isotopic 
mixtures in liquid crystals 

by M. G O C H I N ,  D. H U G I - C L E A R Y ,  H. Z I M M E R M A N N t  
and A. PINES+ + 

Department of Chemistry, University of California, 
Berkeley and Lawrence Berkeley Laboratory, Berkeley, California 94720, U.S.A. 

(Received 25 July 1986 ; accepted 5 August 1986) 

A technique is presented for the experimental determination and assign- 
ment of dipolar coupling constants from the N.M.R. spectra of molecules 
dissolved in liquid crystals. The technique is applicable to larger molecules 
than have been studied to date. Random deuteration of the molecule results 
in a statistical mixture of partially protonated species which can be analysed 
by two-dimensional and multiple quantum N.M.R. techniques to determine 
and assign all the dipole coupling constants. Benzene is used as an illustrative 
example. 

1. INTRODUCTION 

Proton N.M.R. of molecules dissolved in liquid crystal solvents has been a 
useful means of determining averaged magnetic dipole coupling constants from 
which structural parameters can often be inferred [1]. Beyond a certain size and 
lack of symmetry,  typically more than eight to ten hydrogens on an acyclic mol- 
ecule, normal Fourier transform N.M.R. is not practical since the spectrum 
becomes intractably complex. For example, the proton N.M.R.  spectrum of 
oriented benzene displays seventy six lines [2], whereas that of oriented hexane, 
illustrative of a class of flexible molecules whose conformational structure and 
motions are of interest, contains tens of thousands of transitions. 

Two approaches to solving this problem can be envisaged. The first involves 
specific labelling with a few hydrogens (most simply pairs) in an otherwise per- 
deuterated molecule [3]. The  advantages of this method are that the spectra and 
magnetic dipole coupling constants of these individual isotopomers are simple to 
analyse and assign. The disadvantage is that this approach can be synthetically 
quite demanding. The second approach, using the normal protonated molecule, 
involves exciting and detecting high n-quantum N.M.R.  transitions. These are 
known to become simple and directly analysable as n approaches the number  of 
spins [4]. An obvious advantage of this method is that no isotopic labelling is 
necessary, but, on the other hand, it is extremely difficult to obtain high n- 
quantum transitions (e.g. n = 12 in hexane) with practically useful sensitivity. 

Max Planck-Institut ftir Medizinische Forschung, D-6900 Heidelberg 1, F.R. 
Germany. 
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206 M.  G o c h i n  et al.  
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Figure 1. Mass spectral data from 33"9 per cent (0) and 78"7 per cent (A) randomly 
deuterated benzene. Open symbols are the fractions obtained from the measured 
relative intensities at masses 84 (0 protons) through 78 (6 protons). Solid symbols 
show the calculated statistical distributions. 

T h u s  the  first app roach  can be cha rac te r i zed  as r equ i r ing  dif f icul t  syn thes i s  bu t  
s t r a igh t fo rward  N . M . R .  whereas  the  second  is easy on sample  p r e p a r a t i o n  bu t  
r equ i res  comp lex  N . M . R .  t echniques .  

In  this  paper ,  we descr ibe  a m o d e l  s tudy  which  inco rpora t e s  the advan tageous  
fea tures  of  the  above  approaches .  T h e  idea is to deu te ra t e  r a n d o m l y  the com-  
p o u n d  to a cer ta in  level,  y i e ld ing  a s ta t is t ical  m ix tu r e  of  pa r t i a l ly  p r o t o n a t e d  
molecules .  T h e  N . M . R .  s p e c t r u m  of  this  m i x t u r e  will  be e x t r e m e l y  compl i ca t ed ,  
bu t  if  the  spec t ra  of  the  ind iv idua l  i s o t o p o m e r  cons t i tuen t s  in the  mix tu r e  can be 
sepa ra t ed  out ,  then  they  m a y  be s i m p l y  analysed .  T h i s  can be achieved by  two-  
d imens iona l  and  m u l t i p l e - q u a n t u m  N . M . R .  t echniques .  T w o - d i m e n s i o n a l  
N . M . R .  al lows cor re la t ion  of l ines ar is ing f rom the same i s o t o p o m e r  and m u l t i p l e  
q u a n t u m  N . M . R .  a l lows a classif icat ion of  these i s o t o p o m e r s  accord ing  to the i r  
n u m b e r  of  spins  and topo logy .  T h e  m e t h o d  is syn the t i ca l ly  less d e m a n d i n g  than 
specific labe l l ing  and the N . M . R .  is easy if the  level of  p ro tona t i on  is such tha t  n 
is no t  too high.  As  an example ,  r a n d o m l y  de u t e r a t e d  benzene  is used,  s ince its 
N . M . R .  spec t ra  in l iquid  crys ta ls  are well u n d e r s t o o d  and it serves  as an exce l len t  
p r o t o t y p e  for  this  s tudy .  

2. EXPERIMENTAL 

R a n d o m l y  deu t e r a t ed  benzene  was p r e p a r e d  by  room t e m p e r a t u r e  exchange  of  
benzene  wi th  85 pe r  cent  su lphur i c  acid in D 2 0 .  A 33 pe r  cent  deu t e r a t ed  sample  
was se lec ted  f rom the reac t ion  of  C6H 6 wi th  D 2 S O , ,  and  an 80 per  cent  de u t e r -  
a ted  sample  was m a d e  f rom C6D 6 wi th  H 2 S O  , . T h e  reac t ion  t ime  was a p p r o x -  
ima te ly  40 hours .  F i g u r e  1 shows the mass  spec t ra l  analys is  of  each sample ,  
t oge the r  wi th  the ca lcu la ted  curves  for r a n d o m  deu te ra t ion  based  on the  s ta t is t ical  
equa t ion  

P ( m )  = a m " ( 1  - d )  m n c m ,  
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N.M.R .  of isotopic mixtures 
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Figure 2. Proton magnetic resonance spectra of (a) benzene, (b) 78.7 per cent randomly 
deuterated benzene and (c) n-hexane in the nematic liquid crystal EK 11650. 

where  P(m) is the p r o b a b i l i t y  of  f inding  m pro tons ,  d is the  f rac t ion  of  deu te ra t i on  
and n is the  total  n u m b e r  of  p ro tons  and  deu t e rons  in the molecule .  

Al l  s amples  were  p r e p a r e d  by  d i sso lv ing  a p p r o x i m a t e l y  15 mole  pe r  cent  of  
the  a p p r o p r i a t e  deu t e r a t ed  benzene  in the  nema t i c  l iqu id  crys ta l  E K  11650 (p-  
p e n t y l p h e n y l - 2 - c h l o r o - 4 - ( p e n t y l b e n z y l o x y ) - b e n z o a t e )  and  were  sealed in 5 m m  
N . M . R .  tubes .  T h e  e x p e r i m e n t s  were  p e r f o r m e d  on a h o m e - b u i l t  s p e c t r o m e t e r  
ope ra t ing  at 362 M H z  for p ro tons  and in te r faced  to a V A X  11/730 m i n i c o m p u t e r  
b y  a para l le l  M D B - D C H I B / D R l l W  data  channe l  interface.  T w o  d imens iona l  
da ta  sets, up  to 1 K x 4 K in size were  r e c o r d e d  d i rec t ly  on the V A X  for p ro -  
cessing.  

3. DIPOLE COUPLING CONSTANTS 

F i g u r e  2 shows the s p e c t r u m  of  (a) benzene  and (b) 80 per  cent  r a n d o m l y  
deu t e r a t ed  benzene .  (b) is a supe rpos i t i on  of spec t ra  f rom i so topomer s  wi th ,  in 
this  case, 1-3 p ro tons .  (a) is a s ingle i so topomer ,  the  mos t  h igh ly  p r o t o n a t e d  one. 
I t  is the  h igh  s y m m e t r y  of  benzene  tha t  reduces  this  s p e c t r u m  to a s imple  one. In  
genera l ,  however ,  a molecu le  wi th  6 or  m o r e  p ro tons  will  have a c o m p l i c a t e d  
single q u a n t u m  spec t rum,  i l lus t ra ted  b y  hexane  (c). S p e c t r u m  (b) is s imple  and 
easy to i n t e rp re t  p r o v i d e d  the subspec t r a  of  d i f ferent  i s o t o p o m e r s  can be d i sen-  

tangled .  
T h e  spec t ra  of  d i p r o t o n a t e d  species  p rov ide  the  d ipo le  coup l ing  cons tan t s  

d i rec t ly .  Peaks  ar i s ing  f rom the same molecu le  can be co r re l a t ed  on a 2- 
d imens iona l  C O S Y  m a p  [5].  T h e s e  will  be A2 or, in the  case of  n o n - z e r o  chemi -  
cal shift ,  A B  spectra .  T w o - d i m e n s i o n a l  d ipo la r  A 2 type  spec t ra  consis t  of  a pa i r  
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208 M. G o c h i n  et al. 

A 2 A B  

J+D+C 

~ q~ J 312 D --i 

�9 . . . . . . . . . . . . .  �9 �9 . . . .  . e . . ?  . . . .  . e  

�9 . . . .  ; . . . . . . .  

�9 . . . .  e. �9 �9 . . . .  �9 
: : : 

�9 . . . . . . . . . . . .  �9 e . . . .  o . .~  . . . .  �9 

Figure 3. Schematic drawing of 2-dimensional patterns expected for (a) A 2 spin system 
and (b) A B  spin system where DaB ~> 6AB. The sides of the largest squares indicate 
the coupling constants, as shown. Here D = DAn + p,~so, where DAn is the dipole 
coupling between nuclei A and B, and Pa"~ *~ is the anisotropic or pseudo-dipolar 
coupling. JaB is the scalar coupling, 3aB the difference in chemical shift and C = 
x/[62aA + (JAB - -  DAB/2)2] �9 

of l ines in each f requency  d imens ion ,  while A B  type spectra give four  l ines in 
each d imens ion .  T h e  square pa t te rns  of diagonal  and cross peaks for •2 and a 
representa t ive  A B  type, where D u >~ ( 3 1 -  6j) the chemical  shift difference, are 
i l lustrated schematical ly  in figure 3. T h e  dipole coupl ing  cons tants  are s imply  
extracted f rom the spli t t ings.  

Signals f rom m o n o p r o t o n a t e d  molecules  can easily be e l imina ted  us ing  a two- 
q u a n t u m  filter. T h e  2 -quan tum- f i l t e r ed  C O S Y  [6, 7] map  for 80 per cent  deuter -  
ated benzene  is shown in figure 4. It  was taken us ing  the pulse sequence :  

- - -- z I . . . .  n x - - -  -- sample,  
, 2 •* 2- , x 2 2 

where q~ is i nc remen ted  by 90 ~ while the receiver oscillates be tween  0 and  180 ~ 
T h e  sample has 25 per cent  d ipro tona ted ,  10 per  cent  t r ip ro tona ted  and ~ 2  per 
cent  four -p ro ton  spin systems. No systems more  complex than four spins are in 
effect p resen t  due to their  low statistical probabi l i ty .  T h i s  impor t an t  effect of 
r a n d o m  deutera t ion  enables the clean use of n - q u a n t u m  filters which usual ly  work 
only as high pass filters, a l lowing n and  higher  spin systems to pass (al though 
n + 1, n + 3, n + 5 . . .  spin systems can be inh ib i ted  by taking advantage of the 
oscil latory na ture  of their  coherences),  and clearly establishes a b a n d w i d t h  of 
n u m b e r  of spins wi th in  which molecules  mus t  lie to be detected.  

For  benzene ,  there are three u n i q u e  A z spectra, co r re spond ing  to the three 
dipole coupl ing  constants .  These  are singled out  in the C O S Y  spec t rum by  their  
in tens i ty  and also because they each consist  of only  a pair  of l ines in one d i m e n -  
sion. T h e  three ]Dij I values 1529, 307 and  193 Hz were obta ined.  

4. ASSIGNMENT 

T h e  list of dipole coupl ing  cons tan ts  ob ta ined  from the d ipro tona ted  species 
can be assigned by  examina t ion  and s imula t ion  of the spectra f rom the tri- 
p ro tona ted  species. T h e  a r g u m e n t  used is that  the three coupl ing  constants  in a 
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N.M.R.  of isotopic mixtures 209 

V 1 

500Hz 

0 

r -  

| .  

- . \  5. 
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Figure 4. Two quantum filtered correlated spectrum of 78"7 per cent randomly deuter- 
ated benzene dissolved at 20 mole per cent in EK 11650. 1024t 1 x 1024t 2 points 
were recorded with deuterium decoupling and spectral widths of 10kHz in t I and 
t2, using the pulse sequence given in the text. 12 FIDs were collected for each tl 
point with a recycle delay of 5 s. The quadrant shown has been symmetrized along 
the diagonals. The slices indicate the six species present: 3 diprotonated (2), (3), (4) 
and 3 triprotonated (1), (5), (6). 

t r ip ro tona ted  molecule  m u s t  ' c l o s e '  to form a t r iangle [8] and,  since several 
cross-checks are possible,  only  the correct  a s s ignments  will accurately s imula te  all 
possible t r ip ro tona ted  spectra. T h i s  process is i l lustrated schematical ly in figure 5 
for a hypothet ica l  4 spin system�9 T h e r e  are 6 u n i q u e  dipole coupl ing  constants ,  
figure 5 (a), and  only  4 possible t r ip ro tona ted  species, figure 5 (b). T h u s  it is 
imposs ib le  to have a tr iple with,  for example,  coup l ing  cons tan ts  2 and  4, or 3 and 

I 2 3 4 

5 6 

�9 - 'a  
~ 

Figure 5. Illustration of procedure for the assignment of dipole couplings for a hypo- 
thetical 4 spin system. (a) Six unique coupled pairs, numbered 1 to 6; (b) the unique 
combinations of three couplings which connect three spins; (c) any other com- 
binations of three couplings involve four spins and do not close. 
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210 M. Goch in  et al. 

A. H B. H C. H 
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5. 

2265 ~  0 2265 
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Figure 6. Simulations of spectra of triprotonated species. The experimental spectra can 
be simulated only by the correct assignments of Dq. The dipole coupling constants 
used for the various simulations are listed in the table. 

6, figure 5 (c). T h e  final ass ignments  are u n a m b i g u o u s ,  and the relative signs of 
the dipole coupl ing  constants  are ob ta ined  by this method.  T h e  absolute  signs of 
the dipole coupl ing  constants  can be de te rmined  if the signs of Jo ,  the indi rec t  
coupl ing  constants ,  are known.  These  can be de t e rmined  f rom studies in isotropic 
solut ion.  F igure  6 i l lustrates the resul t  for 80 per  cent  deutera ted  benzene ,  where 

the ass ignments  are I Dorth o [ = 1529, I Ometa ] = 307, I Dpara I = 193 Hz. It  is known,  
f rom isotropic solut ion [91, that all Jo are posit ive and for benzene  opposite in 
sign to Do, therefore the dipole coup l ing  cons tants  are negative.  

5. MULTIPLE QUANTUM N . M . R .  

Mul t ip l e  q u a n t u m  N . M . R .  [10] can be used to ascertain the correct  assign- 
men t s  of the dipole coupl ing  constants .  H ighe r  mul t ip le  q u a n t u m  orders have 
fewer t ransi t ions ,  with line spl i t t ings  given by combina t ions  of the dipole coup-  

Dipole coupling constants used for the simulated spectra of triprotonated benzenes shown 
in figure 6. Ortho, meta and para coupling constants are indicated by subscripts o, m 
and p respectively. All values are in Hz. 

(A) (B) (C) 

1,3,5 triprotonated 1,2,3 triprotonated 
benzene benzene 

(1) experimental (1) experimental 
(2) D m = --193 (2) D o = --1529, D m = --307 
(3) O m = +193 (3) D o = +1529, Dm-- +307 
( 4 )  O m = --307 (4) D o = --1529, Dm = +307 
(5) O m = +307 (5) D o = +1529, D m = --307 
(6) D ~ = - - 1 5 2 9  (6) D o= +193, D m = - 3 0 7  
(7) Dr ,=  +1529 (7) D o = - 1 9 3 ,  D m= +307 

(8) D O = -193 ,  D m = --307 
(9) Do= +193, D i n =  +307 

1,2,4 triprotonated 
benzene 

(1) experimental 
(2) D O = --1529, D m = - - 3 0 7 ,  Dp = - - 1 9 3  
(3) D o = +1529, D m = +307, Dp-- +193 
(4) Do= --1529, Din= --307, Dp=  +193 
(5) D O -- +1529, D m = +307, Dp-- --193 
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N.M.R .  of isotopic mixtures 211 

l i ng  c o n s t a n t s .  T w o - d i m e n s i o n a l  N . M . R .  c a n  b e  u s e d  to  c o r r e l a t e  c o h e r e n c e s  

a r i s i n g  f r o m  t h e  s a m e  s p i n  s y s t e m ,  a n d  s i m u l a t i o n  o f  t h e  e x p e r i m e n t a l  s p e c t r u m  

wi l l  c o n f i r m  t h e  a s s i g n m e n t s .  F i g u r e  7 (a)  s h o w s  a n  e x p e r i m e n t a l  5 q u a n t u m  (o91) 

vs.  1 q u a n t u m  (o92) c o r r e l a t i o n  s p e c t r u m  of  a s a m p l e  o f  33 p e r  c e n t  r a n d o m l y  

d e u t e r a t e d  b e n z e n e  in  n e m a t i c  p h a s e .  O n l y  b e n z e n e  a n d  d 1 b e n z e n e  h a v e  su f f i -  

V I 

1 k H z  

I I 

"t  l" ' 

o l o ,  �9 I I t . �9 OlB 

i "i § I- i ' 

//2 

lkHz 
I I 

. ~ ..o * -  I . 

~2 
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H H H 

D 
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H H 

H 
H H 
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H H 

x x \  ' H 

(a) 

H H 

H g 
~ H 

/ 

N H 

H H 
H 

H H 

" x  H H 
H 

(6) 

Figure  7. (a) 5 q u a n t u m  (vl) vs. 1 q u a n t u m  (v2) 2 d imens iona l  corre la ted spec t rum of 
33.9 per  cent  r andomly  deu te ra ted  benzene  dissolved at 15 mole  per  cent  in E K  
11650. T h e  pulse sequence used selected for odd  mul t ip le  q u a n t u m  orders  which  
were separated us ing  t ime propor t iona l  phase  inc remen ta t ion  [12, 13]. T h e  phase  q5 
was i nc r emen t ed  in 26"7 ~ steps. 3000t 1 • 1024t 2 points  were recorded wi th  deute-  
r i um decoupl ing  and  spectral  wid ths  of 125 kHz  in v I and  8 kHz  in v 2 . 4 F I D s  were 
collected per  t 1 po in t  wi th  a recycle delay of 4 seconds.  T h e  data  were zero filled to 
4096t  1 poin ts  pr ior  to Four ie r  t r ans format ion .  T h e  plot  shown is the  5 q u a n t u m  
sect ion of vl, and  has been  symmet r i zed  abou t  v 2 = 0. T h e  th ree  pro jec t ions  along 
v 2 clearly show benzene  and  d 1 benzene .  S imula t ion  of spec t rum shown in figure 
3 (a) us ing  Dij values de t e rmined  f rom the 2 q u a n t u m  filtered correla ted spec t rum.  
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212 M. Gochin et al. 

cient protons to generate five quantum coherence, a singlet at to I = 0 for dx 
benzene and a doublet centred around ml = 0 for benzene. The simulated spec- 
trum, resulting from the correct assignment of the dipole coupling constants, is 
shown in figure 7 (b). The dipole coupling constants can themselves be extracted 
from the n - 1 and n -- 2 quantum spectra of an n-spin system [11]. The dipole 
coupling constants were determined with this method to be within experimental 
error of the values obtained from the COSY experiment. 

6. CONCLUSION 

We have shown that random deuteration can be usefully combined with 
multiple quantum N.M.R. to extract dipole coupling constants and spectro- 
scopically separate mixtures. A high deuteration level was used to select for 2 and 
3 proton containing isomers. Dipole couplings were extracted from the 2 proton 
isomers and the assignments and connectivities were determined using the 3 
proton isomers. The assignments were verified using multiple quantum spectros- 
copy on a more highly protonated mixture. Work is in progress to apply these 
ideas to more complex systems. 
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