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THE EXACT CALCULATION OF THE NMR SPECTRUM 
O F  AN EIGHT SPIN 1 / 2  SYSTEM APPLIED TO NEMATIC 
PARA-AZOXY-ANISOLE 

J.B. FERREIRA and A.F. MARTINS 
C e n t r o  d e  Fisica d a  Mater ia  Condensada,  
INIC, 2, Av. Gama Pinto,  1699 Lisboa Codex,  Por tuga l  

D. GALLAND and F. VOLINO*§ 
C e n t r e  d'Etudes Nuclkaires  d e  Grenoble ,  DRF/SPh/PCM 
85X, 38041 Grenoble  Cedex ,  F r a n c e  

Abs t rac t  The f i r s t  e x a c t  ca lcu la t ion  of t h e  NMR spec t rum 
of a n  e i g h t  spin 112 sys tem wi th  dipolar  i n t e r a c t i o n s  i s  
presented.  The method is used to s i m u l a t e  t h e  pro ton  NMR 
spec t rum of methyl-deuterated para-azoxy-anisole (PAAd6) 
in  t h e  n e m a t i c  phase. Comparison wi th  e x p e r i m e n t  shows 
t h a t  reasonable  f i t s  are obtained only if ro ta t ions  of t h e  
t w o  phenyl rings around the i r  para-axes are noncorrelated.  
This s tudy  revea ls  t h e  l imi ta t ions  of t h e  one  o r d e r  p a r a m e t e r  
model of Dianoux et a15 to i n t e r p r e t  t h e  d a t a .  The  need 
f o r  a second order  p a r a m e t e r  is suggested.  Comparison 
with approximate  methods  applied previously to t h e  s a m e  
problem i s  a lso made. 

INTRODUCTION 

Although deuter ium magnet ic  resonance  (DMR) h a s  b e c o m e  a 
very  popular tool to  s tudy  molecular  proper t ies  of  liquid c rys ta l s ,  

proton magnet ic  resonance (PMR) is  s t i l l  unique to obta in  spec i f ic  

information,  in par t icu lar  on t h e  n a t u r e  of  r e l a t i v e  motions within 

t h e  molecules. The reason is t h a t ,  unlike DMR, PMR is governed 

* Member of C N R S  
8 To whom correspondence should b e  addressed  
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J B. FERREIRA et al. 284 

a lso  by long-range dipolar in te rac t ions ,  a n d  in te rac t ion  be tween 

proton spins of d i f fe ren t  rigid f r a g m e n t s  may cont r ibu te  signi- 

f icant ly  to t h e  PMR lineshapes. The main inconvenience of PMR 

compared  to DMR i s  t h a t  e x a c t  ca lcu la t ion  of PMR s p e c t r a  be- 

c o m e s  rapidly more complex  as t h e  number  of i n t e r a c t i n g  spins  

increases. This inconvenience is  nowadays overcome by t h e  use 

of numerical  computa t iona l  techniques.  

Nemat ic  para-azoxy-anisole (PAA) i s  one  of t h e  most  s tudied 

systems,  in par t icu lar  by NMR. A l l  PMR s p e c t r a  of normal  and 

par t ia l ly  d e u t e r a t e d  PAA are well known, but  n o  r igorous treat- 
m e n t  of t h e  PMR problem h a s  been  done  so far .  Only a p p r o x i m a t e  

methods  have  been  a ~ p l i e d l - ~ ,  in  order  t o  reduce  t h e  mathema-  

t i c a l  complexity. Although t h e s e  methods  c a n  give s o m e  informa- 

t ion about  in te rna l  motions (essent ia l ly  t h e  s a m e  informat ion  

as obtained by DMR), t h e  resu l t s  are a t  most  semi-quant i ta t ive 

because  t h e  approximations blur par t ia l ly  or comple te ly  t h e  

(weak) e f f e c t  under  study. 

In t h e  present  paper ,  w e  are i n t e r e s t e d  in t h e  n a t u r e  of 

t h e  re la t ive  ro ta t ions  of t h e  t w o  rings of  t h e  a r o m a t i c  core of 

P A A .  For th is  purpose, t h e  PMR s p e c t r u m  of PAA d e u t e r a t e d  

on t h e  t w o  methyl  groups (PAAd6) is the most  interest ing.  T h e  

reason is  t h a t  i t  contains  "only" e ight  r ing  protons,  t h e  inf luence 

of t h e  methyl  deuterons  being t h e  sp l i t t ing  of t h e  PMR l ines  

in a way which c a n  b e  eva lua ted  using DMR data .  E x a c t  calculat ion 

of a n  e ight  spin spec t rum requi res  t h e  knowledge of  t h e  28 

dipolar in te rac t ions  be tween t h e  8 spins. In PAA, t h e  a c t u a l  

values  of t h e s e  quant i t ies  depend on s t r u c t u r a l ,  conformat iona l  

and dynamical  p a r a m e t e r s  and  i t  i s  of  great impor tance  to  have  

t h e  maximum of independent  molecular  in format ion  in order  

to reduce t h e  number  of residual  ad jus tab le  parameters .  D
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THE EXACT CALCULATION OF THE NMR SPECTRUM 285 

In a previous paper5,  a large number  of  DMR d a t a  o n  fully 

and  par t ia l ly  d e u t e r a t e d  PAA w ere ana lyzed  in t e r m s  of a s imple  

model, and  molecular  in format ion  w a s  deduced  f r o m  t h e  analysis. 

This  information shal l  be  extensively used in  t h e  p r e s e n t  study. 

However  s ince  th i s  information i s  necessar i ly  somehow dependent  

on  t h e  model  adopted,  th i s  s tudy  will also provide a n  addi t ional  

test f o r  th i s  model. 

THE PMR SPECTRUM OF 8 SPINS a WITH DIPOLAR 

INTERACTIONS 

In high f ie ld  PMR, t h e  re levant  per tuba t ion  of t h e  Z e e m a n  hamil to-  

nian is  t h e  following dipolar  hamil tonian Hd6 

P (COSO'. . )  

with Bij = < 2 lJ -> 
r.. 

1J 

(2) 

In t h e s e  expressions, t h e  indices  i a n d  j run over  t h e  8 spins, 

r i j  i s  t h e  v e c t o r  joining spins i and  j and  Q'ij i s  t h e  a n g l e  b e t w e e n  

r i j  and t h e  s t a t i c  magnet ic  f ie ld  Ho d i r e c t e d  along t h e  Oz axis  

of t h e  labora tory  f rame.  The  b r a c k e t s  in  (2)  s t a n d  f o r  a v e r a g e s  

o v e r  ( fas t )  motions of t h e  nuclei possessing t h e  spins. For protons,  

3h y2/4n2 = 360.3 KHz.A3. For 8 spins 3, t h e  dimension of  t h e  

spin Hilbert s p a c e  i s  28 = 256. Calcu la t ion  of t h e  PMR s p e c t r u m  

requires  : 

(i) diagonalisation of a 256 x 256 m a t r i x  whose e l e m e n t s  are 

funct ions of t h e  28 Bij 

(ii) s e a r c h  of t h e  f requencies  of all 1 AM I = 1 al lowed t ransi t ions : 

t h e r e  are 5720 such  t ransi t ions symmetr ica l ly  d is t r ibu ted  around 

-f 

-+ -f 
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286 J. B. FERREIRA ef 08. 

t h e  unperturbed Larmor  frequency v0 

(iii) calculat ion of the i r  intensi t ies .  
I t  i s  ou t  of t h e  scope of th i s  paper  to give t h e  de ta i l s  of 

t h e  algori thm used f o r  t h e  computa t ion ,  but  i t  may b e  obtained 

on  request  f rom one of t h e  au thors  (J.B.F). I t  mus t  b e  said t h a t  

t h e  computer  must have  suf f ic ien t  memory  s p a c e  avai lable  to  
s t o r e  a considerable  a m o u n t  of  d a t a ,  including 22  mat r ices ,  t h e  

largest one being 70 x 70. The f ina l  resu l t  of th i s  computa t ion  

are t h e  5720 frequency d i f fe rences  vk- vo and  t h e  corresponding 

intensi t ies  Ik. The t h e o r e t i c a l  s p e c t r u m  G ( v )  is  composed by 

t h e  superposition of inf ini te ly  s h a r p  l ines  at f requency  vk and 

may be  expressed as 

In prac t ice ,  t h e  l ines  are not  inf ini te ly  s h a r p  (f ie ld  inhomo- 

genei ty ,  inhomogeneous broadening due  to  neighboring unlike 

spins ... ) and e a c h  6 funct ion must  be  rep laced  by s o m e  l ineshape 

funct ion which depends on  t h e  par t icu lar  sys tem under  study. 

it will be  discussed in  t h e  next  sec t ion  f o r  our  PMR exper iments  

on  n e m a t i c  PAAd6. 

T H E  PMR SPECTRUM OF PAAdG - 

4- experimental spectrum 
The PMR spec t rum of PAAdG is  shown in Fig.1 f o r  t w o  e x t r e m e  

t e m p e r a t u r e s  i n  t h e  n e m a t i c  phase. They  have  been  recorded 

using a CXP 90 Bruker s p e c t r o m e t e r  working a t  90 MHz. G r e a t  

care was  t a k e n  in t h e  exper imenta l  condi t ions s ince  t h e y  may 

a f f e c t  t h e  lineshapes. A s m a l l  sample  (< 50mg) was used in order 

to reduce t e m p e r a t u r e  and field inhomogenei t ies  over  t h e  sample  
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THE EXACT CALCULATION OF THE NMR SPECTRUM 287 

volume (samples  were  degassed and sea led  under  vacuum). The 

R F  pulse width w a s  reduced  to 1. lpsec, corresponding to a n  

, 5KHz , 

1 S K H t  I 

FIGURE 1. 90 MHz PMR s p e c t r a  of PAAd6 at t w o  e x t r e m e  tempe-  
r a t u r e s  in t h e  n e m a t i c  p h a s e :  (a)  : T - T, = 38OC (b) : T - T, 
= 1OC. The broad component  in t h e  c e n t e r  of  t h e  s p e c t r u m  c o m e s  
f rom molecules  which are also part ia l ly  d e u t e r a t e d  on  t h e  phenyl 
rings n e a r  t h e  azoxy group (cf. ref .  151). T h e  overal l  ins t rumenta l  
resolut ion is 1.400 Hz ful l  width at  half maximum. 
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288 I. 8. FERREIRA ef d. 

irradiation spectral width of % 1 MHz compared to overall extension 
of 2-20KHz of t h e  experimental spectra. I t  is observed that, 

within experimental accuracy, the spectra are symmetrical with 

respect to the central frequency, showing that t h e  spread of 
chemical shifts of the various phenyl protons ( ~ 1 . 3  ppm as mea- 

sured in the isotropic phase) can be neglected. They are composed 

of a main doublet whose components exhibit some structure 

varying slightly with temperature, namely t h e  external shoulders 

tend to smear out as temperature increases. This effect is repro- 

ducible, despite its relative weakness. 

b/- Theoretical spectrum 
As stated above, G(\J f can be exactly calculated once all Bij 

are known. The geometrical problem is sketched in Fig.Za,b, 

which shows the central core of PAAd6 wi th  the eight spins label- 

led 1 to 8 as indicated. A molecular frame is attached to the 

azoxy fragment, with Oz parallel to t h e  NC bonds (assumed to 

be parallel) and Ox in the plane of this group. The long molecular 

axis Ozo is defined, in this frame, by polar and azimuthal 

angles E and r . The polar and azimuthal angles of Ozo in  the 

A and B ring frames of the most probable conformation are 

E A ,  O A  and E B ,  @B,  these frames having Oz along the para- 

axis and Ox in the ring plane. To calculate the Bij, knowledge 

of the exact geometry and dynamics are required. For this purpose, 

we use the results of ref.15) : 

(i)  for t h e  geometry, we have FA = 15.10" and EB = 15.70", 

and I O ~ 1  % I  @ B I  1.70'. The distances between orthoprotons are 

not the same for the two rings, namely : 
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THE EXACT CALCULATION OF THE NMR SPECTRUM 

For t h e  present  calculat ion w e  wr i te ,  w i t h  ev ident  no ta t ions  : 

rA,B = 2.5115 (1 7 a )  

with a = 7.37  x 

b)  

B 
A 

5 t *  

1 2 

289 

(5)  

FIGURE 2. Ske tch  of t h e  c e n t r a l  a r o m a t i c  core of t h e  PAA mole- 
c u l e  
a )  s ide view in a planar  conformat ion  
b) t o p  view a long  t h e  para-axes of t h e  phenyl rings, assumed 
to be  parallel. 
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290 I. B. FERREIRA et nl. 

For other intra ring distances, we take 

where m is a (small) adjustable parameter allowing for (slight) 

distorsion of the rings perpendicular to t h e  para-axes ; the other 

intra-ring distances are deduced from simple geometrical consi- 

derations. 

The distances between spins of different rings depend on 

the geometry of the azoxy moiety and on the dihedral angles. 

Using data from the  solid phase?, namely C-N = 1.496 A, 
N = N  = 1.218 9 an average value of the angle N N C  of 113.25' 

(average between 111.8 and 114.7'1, CH = 1.08 8 all inter-ring 

distances can be calculated if dihedral angles are known. 

(ii) for the dynamics, the model of ref.151 assumes that 

the (rotational) motions are split into external and internal 

motions. The external motions correspond to uniform rotation 

around Ozo and fluctuations of this axis about the director. This 

implies that all splittings are proportional to the single order 

parameter S. In particular, the Bij  can be written 

Bi j  = S Tij (7)  

P (coso..) 2 1  

r.. 
1.l 

(8) with Tjj = << >> 

-f -f 

where r i j  and Ozo, and the double 

brackets stand for average over internal motions only. Assuming 

that S is given by the analysis of optical measurements of ref.181 

it was deduced in ref.151 that the main splitting A as defined 

in Fig.1 is related to S by 

O i j  is the angle between 

A/KHz = 19.93 x S 
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THE EXACT CALCULATION OF THE NMR SPECTRUM 29 1 

I t  follows from ( 7 )  that all experimental spectra can be plotted 

in a normalized frequency scale( v /S), w i t h  S given by (91, allowing 

for easier comparison with the theoretical spectra, which can 

then be simulated by taking S = 1 and Bij = Tij. 

The internal motions are essentially rotations of the rings 

and associated methoxy groups around the para-axes. These rota- 

tions can be described by assuming that they occur in a mean 

potential of CzV symmetry of the form 

where U is a constant parameter. 

This form implies that the rings perform 71 flips plus (large 

amplitude) librations around the most stable positions @ A 

and @B, and that these motions are equivalent for the two rings. 

The mean amplitudes of these librations are characterized by 

the ring order parameters <cos2 J, > = (cos2 $ A >  % <cos2 J, B> 

which were found to vary between % 0.94 a t  low temperature 

in the nematic phase to 2. 0.31 near the clearing point.5 The 

value of <cos2 $ >  may be used to determine the  value of U via 

the relation 

where Z is a normalization constant. 

The nature of the relative motions of the two rings depend 

$ A  and $B.  Two on the  interdependence of the current angles 

extreme cases can be considered : 

(a) the rotations of the two rings are uncoupled : in  this case, $ A  

and 

(b) the rotations are completely coupled, presumably in opposite 

$ B  must be considered as independent variables, D
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292 I. 8. FERREIRA er a[. 

senses  : in th i s  case, we have 

Whether or not $A and O B  are coupled var iables  is  i r re levant  

f o r  calculat ing t h e  Ti j  involving spins belonging to t h e  s a m e  

ring. This is n o  more  t h e  case for  Ti j  which c o n n e c t  t h e  t w o  

rings. The resul t  is in f a c t  s ignif icant ly  d i f f e r e n t  and th i s  a f f e c t s  

t h e  PMR spec t rum.  

= - Ji B. 

The p a r a m e t e r s  which could not  b e  d e t e r m i n e d  by  t h e  analy- 

s is  of  ref.151 are : 
(i) t h e  az imutha l  angle  r of t h e  long ax is  Ozo in t h e  azoxy f r a m e ,  

(ii) t h e  re la t ive  signs of @ A  and O B ,  ie. whether  t h e  dihedral  

angle  be tween t h e  t w o  rings i s  0 ( r ings are paral le l )  

or @ A -  0~ % 40°,  

(iii) t h e  degree  of coupling of t h e  ro ta t ions  of t h e  t w o  rings. 

We have considered f o u r  e x t r e m e  cases f o r  t h e  dihedral  

angles  by combining r = 0 or 90', and 0~ = = 70'  or 0 A = 

- O B  = 70' (cf. Pig.31, and ca lcu la ted  t h e  corresponding PMR 

s p e c t r a  when ro ta t ions  are assumed to b e  e i t h e r  comple te ly  

coupled or independant  ; t h a t  is, in all, 8 possible s i tuat ions.  

c/- Width func t ion  

The  width funct ion mentionned in s e c t i o n  2 must  be  e s t i m a t e d  

before  any comparison with exper iment  c a n  b e  made. In n e m a t i c  

PAAd6, t h e  main source  of intr insic  broadening of  t h e  PMR l ines  

c o m e s  from dipolar  in te rac t ion  with methyl  deuterons.  This inter-  

ac t ion  is  s t rong  f o r  o u t e r  protons 2, 3, 5 ,  8 and weaker  f o r  inner  

protons 1, 4, 6 ,  7. For  one  s ingle  proton, in te rac t ion  with t h r e e  

equivalent  deuterons  spl i ts  the Zeeman l ine in to  a s e p t e t  of equi- 

d i s tan t  l ines  with re la t ive  in tens i t ies  1 : 3 : 6 : 7 : 6 : 3 : 1. This 

d i s tance  was  measured by DMR in ref.151 and e s t i m a t e d  

t o  6,3ut 665 Hz for  o u t e r  protons. From t h e  s a m e  data, we 

e s t i m a t e  &in :140 Hz f o r  inner  protons. For a t w o  proton 
spin sys tem such as one  o u t e r  and one inner  proton,  it can  be 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
16

 1
9 

Fe
br

ua
ry

 2
01

3 



THE EXACT CALCULATION OF THE NMR SPECTRUM 293 

FIGURE 3. Top views of four extreme possible conformations 
of the P A A  molecule which are consistent wi th  t h e  results of 
ref. (51. 
a)  r = O  , 0 ~ = - @ ~ = 7 0 '  b ) I ' = 0  , @ A =  0 ~ ~ 7 0 '  
C) r = 900,  @ A  = - @ B  = 70' @A = @ B  = 70'. d) r = 90° ,  

shown that each line of the P M R  spectrum is split into the above 

mentionned septet wi th  a distance between lines 

of SaV = ( 6,,t+ 6in)/2. For a larger number of protons spins, 

this  result is no more rigorous. For our eight spin system, we 

estimated that the actual value of 6,, is about 15% smaller 

than the arithmetic average. We have taken 6 = 330 Hz. The 
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294 1. B .  FERREIRA et al. 

remaining origin of broadening comes from combination of spread 

of chemical shifts ;4 1 2 0  Hz and magnetic field inhomogeneity. 

In our experiment, we estimated this total residual broadening 

to 400 Hz. For the calculation, we assumed a gaussian shape 

R( w )  with full width a t  half height 2 A 400 Hz, the same for 

all spectral lines, 

To summarize, each of the 5720 lines of the PMR spectrum 

must be replaced by a septet of equidistant gaussian lines of 

width 2 A :400 H Z ,  with separation % 330 H~ and with 

relative intensities 1 : 3 : 6 : 7 : 6 : 3 : 1. In practice, w e  have 

only considered the 5720/2  = 2860 lines corresponding to the 

high field part of the spectrum, each line being replaced by the 

septet of gaussian lines. To plot the spectrum, it is not necessary 

to consider the 2 860 x 7 = 20 020  lines j i t  is sufficient to split 

the total frequency range into N intervals k'  whose width is smaller 

than 2 A .  W e  have chosen N = 200. For an overall half width 

of the spectrum of 20 KHz, this corresponds to a frequency interval 

of 100 Hz. The theoretical spectrum is finally expressed as, 

where Ikl is the sum of all intensities of those among the 20 020 

lines which belong to interval centered a t  v kl. 

The constant coefficient f <  is chosen in  such a way thot 

theoretical and experimental spectra have the same area. D
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THE EXACT CALCULATION OF THE NMR SPECTRUM 295 

RESULTS - 
The comparison has been systematically made w i t h  the low 

temperature spectrum where <cos2 4~ > $ 0.85 (ref.151). 

Fig.4a-d, shows the results for the situation r = 0 , @ A  = - @B = 7 0 °  

(Fig.3a). Fig.4a shows that assumption that t h e  rotations of the 

FIGURE 4. High field component of the PMR spectra of PAAd6.  
Dotted lines are experimental. Solid lines are calculated spectra 
using the exact method presented in this paper for the confor- 
mation of fig. 3a : (a) : coupled ring rotations, m = O  , low tempe- 
rature ; (b) : same as (a), but uncoupled ring rotations ; (c) : same 
as (b), bu t  m = + 6.5% ; (d) : same as (c), but high temperature. 
The histograms represent the lines of Eq. (13).  The positions 
of t h e  maximum of the  experimental spectrum, of the dipolar 
splitting between ortho-protons of ring B and of ring A are also 
indicated below the frequency axis (left to right). D
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296 1. B. FERREIRA et 4. 

two rings are completely correlated lead to a theoretical spectrum 

which is significantly different from experiment. Complete decor- 

relation (Fig.4b) greatly improves the situation, but  the theoretical 

spectrum is still too broad. Close examination of the results 

reveals that this extra broadening comes from the fact that 

the Tij such as  T14, T23 ... are too large. This can be overcome 

by assuming that the rings are slightly elongated perpendicular 

to  the para-axis. Fig.4~ shows that an extremely good f i t  is obtai-- 

ned for a value of m as defined by Eq(6), of + 6.5 x The 

same spectrum is calculated wi th  <cos2 Y >=0.31 and compared 

with the high temperature spectrum in Fig.4d. Again the agreement 

is very good. We have repeated this analysis for t h e  three other 

possible conformations pictured in Fig.Sb,c,d. In all cases, complete 

correlation must be excluded. For complete decorrelated rotations 

of the rings, cases r = 0, 0~ = QB = 70' (Fig.3b) and r 
90°, OA = - '$ = 7 0 °  (Fig.3~)  never give satisfactory results 

so that they can be excluded. Finally, the case r = 90° ,  Oil 

= OB = 70' (Fig.3d) gives results which are practically identical 

to those of the first case considered, Fig.3a, namely both the 

actual lineshape and temperature dependence are w e l l  reproduced 

assuming an elongation of the rings perpendicular to the para- 

axes of 6.5%. 

A t  this stage, it can thus be concluded that exact calculaticn 

of P M K  spectrum of PAAd6 combined with t h e  results of ref.(!i( 

shows that : 

(i) rotations of the two rings around their para-axes are highly 

uncorrelated, 

(ii) two among the four extreme conformations considered are 

possible. Among these two, only the conformation corresponding 

to T = O  and QA = - 0~ = 70' (Fig.3a) satisfies t h e  condition 

that Ozo is near t h e  main inertial axis of the molecule since 

it lies in one bisector plane of the two rings, and practically 
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THE EXACT CALCULATION OF THE NMR SPECTRUM 291 

inside t h e  p lane  of t h e  azoxy group. 

Although t h e  model  of ref.151 c a n  very wel l  explain t h e  

PMR l ineshape and  i t s  t e m p e r a t u r e  dependence ,  it s u f f e r s  a 
s e v e r e  drawback ,  namely t h e  necess i ty  of a n  e longat ion  of t h e  

r ings perpendicular  to  t h e  para-axes of  6.5%. This  s e e m s  to  b e  

a r a t h e r  large deformat ion  which i s  n o t  just i f ied by t h e  s t r u c t u r e  

i n  t h e  solid phase7,  and somewhat  in cont rad ic t ion  wi th  t h e  resu l t s  

of  Ref.151, namely  with t h e  f a c t  t h a t  the incl inat ion of t h e  C D  

bonds on  t h e  para-axes are all found to b e  s m a l l e r  t h a n  6 0 ° ,  

i n  which case w e  would h a v e  e x p e c t e d  a cont rac t ion  of t h e  r ings 

r a t h e r  t h a n  a n  elongation. Thus, at t h e  p r e s e n t  d e g r e e  of  a c c u r a c y  

in  t h e  analysis, t h e s e  resu l t s  correspond to a weak b u t  def in i te  

l imi ta t ion  in  t h e  model of ref.151 to  explain t h e  whole set of 

DMR and PMR d a t a  on PAA. 

The  only possibility to  overcome t h i s  diff icul ty  i s  to improve 

t h e  model  by introducing addi t iona l  parameters .  Since t h e  most  

probable  conformat ion  found h e r e  d e p a r t s  f r o m  cyl indrici ty ,  

t h e  most  n a t u r a l  assumption to release is  t h e  uniform ro ta t ion  

around Oz,. In o t h e r  words, a second n e m a t i c  o r d e r  p a r a m e t e r  

must  b e  introduced.  Prel iminary a t t e m p t s  to r e i n t e r p r e t  t h e  

whole set of NMR data show t h a t  t h e  main diff icul ty  mentionned 

c a n  b e  overcome,  namely s a t i s f a c t o r y  f i t s  c a n  b e  obtained 

assuming no deformat ions  of t h e  rings. The  most  probable  

conformat ion  is slightly d i f fe ren t ,  bu t  t h e  conclusion concerning 

t h e  independence of t h e  ring ro ta t ions  is  n o t  changed. 

COMPARISON WITH RESULTS OBTAINED BY APPROXIMATE 

METHODS 

The  previous s t u d i e d d 4  of t h e  PMR s p e c t r u m  of PAAd6 have  

essent ia l ly  used t runca ted  dipolar  hamil tonians Eq(1). In th i s  

sec t ion  t h e s e  approximations are t e s t e d  in  order  to show to what  

e x t e n t  t h e y  a f f e c t  essent ia l  f e a t u r e s  of  t h e  results. 
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298 I. B. FERRElRA et al. 

The pionneering work of Ghoshl, besides the fact that there 

is an error in the analysis, neglects all inter-ring interactions 

such as T17, ”64 ... The result of the calculation for the situation 

corresponding to Fig.Sa, assuming that all Tij connecting two 

rings are zero, is shown in Fig.5a. It can be seen that both t h e  

FIGURE 5. High field component of the low temperature PMR 
spectrum of PAAd6. Dotted lines are experimental. Solid lines 
are calculated using approximate methods for t h e  conformation 
of fig.3a j (a) : method of ref. 111 ; (b) : of ref. 141 ; (c) : of ref.  
12) ; (d) : of ref. 131. Other features are the same as for Fig. 4. 

shape and the width are not reproduced showing that this approxi- 

mation is rather poor in t h e  case of PAAd6. 

IIayamizu and Yamamoto4 have made the same approximation, 

but had to assume a large difference in ordering of the two rings. 
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THE EXACT CALCULATION OF THE NMR SPECTRUM 299 

This assumption was necessary in order to reproduce the 

experimental spectrum from the superposition of the two 

independent spectra produced by t h e  four proton system in each 

ring (each of them having the same shape as the one shown in  

Fig.5a). We have taken the same geometry for the two rings, 

assumed EA = 0 (ring A is not inclined) and tried to  reproduce 

t h e  experimental spectrum using the inclination of the second 

ring as a parameter. In no cases, a good fit is obtained, even 
if a different value for EA is chosen. Fig.5b shows the "best" 

f i t  which corresponds to E B  = 16'.  For smaller or larger values 

of €8, t he  f i t  worsens very rapidly. Besides t h e  bad quality 

of the f i t ,  the difference E B  - EA = 16 '  is too large i f  one 

considers both the structure in  t he  solid7 and t h e  DMR data 

of ref.151. One final criticism should be made about the simulation 

of the PMR spectrum of ref.141. The perfect fit obtained between 

experimental and simulated spectra, despite the fact that all 

inter-ring interactions are neglected, implies that some other 

inadequate assumption was necessarily made to compensate 

for such poor approximation. 

At this stage, it thus appears that neglecting the inter-ring inter- 

actions corresponds to a poor approximation. This could be inferred 
from the present study since the degree of coupling of rotations 

of the two rings affects significantly t h e  theoretical spectrum. 

Martins and Ayant2 realized first the importance of intei-ring 

interactions in nematic PAAd6. F ig .5~  shows the result of the 

calculation assuming that the eight spin system is replaced by 

the two independent four spin systems (1 ,2 ,7 ,8)  and (3 ,4 ,6 ,5) .  

It is seen that the general features of the observed spectra are 

now reproduced. However, the theoretical spectrum is too narrow, 

and the level of the external shoulder is too low. 

Finally, St. Limmer e t  a13 have made a different kind of approxi- 

mation. In order to  avoid diagonalisation of large matrices, 
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300 1. B. FERREIRA er al. 

they  neglect the scalar term $$ in t he  dipolar hamiltonian Eq(1). 

Fig.5d shows the result of such approximation for the situation 

of Fig.3a. The main effect is that the dissymetry is almost lost. 

However, although the shape is not well reproduced, t h e  overall 

width is almost correct because the scalar term does not contribute 

to the second moment of the spectrum . Another feature of this 

approximation is that the correlation of rotations of the two 

rings can be tested. Assumption that t h e  rotations are  coupled 

indeed yield spectra which are structureless and too broad, showing 

that independence of the rotations is the most likely situation. 

CONCLUSION 

In conclusion, we have shown that proton magnetic resonance 

is a very powerful tool to study molecular properties of liquid 

crystals, when t h e  N M R  problem is treated exactly. In some 

aspects, i t  is superior to deuterium magnetic resonance, in parti- 

cular for studying degree of coupling of internal rotations. One 

advantage is that normal samples (non deuterated) can be used 

for the experiments j the main inconvenience is that it requires 

large computers and a lot of computational work whenever the  

spin system does not have a special symmetry, as is often the 

case. For t h e  particular case of nematic PAAd6,  we have shown 

that the spectra can be very well reproduced only if certain 

conditions are fulfilled. I t  has permitted to show that rotation 

of the two rings around their para-axes are highly uncorrelated, 

that some possible conformations can be excluded, and that a 

second nematic order parameter is probably required to explain 

self-consistently the whole set of DMR and PMR results. The 

study has demonstrated the  paramount importance of structural 

quantities in particular of the exact geometry of t h e  rings. Very 

small uncertainties in  the geometrical parameters may 
significantly change the  conclusions concerning the dynamics and 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
16

 1
9 

Fe
br

ua
ry

 2
01

3 



THE EXACT CALCULATION OF THE NMR SPECTRUM 30 1 

t h e  conformation.  

We are cur ren t ly  reexamining t h e  whole set of  N M R  d a t a  

on  PAA in t h e  l igh t  of t h e  present resu l t s  and of t h e  s t r u c t u r a l  

results obtained in  t h e  solid phase.7 The  a i m  is  to s tudy  to  which 

e x t e n t  a s t r u c t u r e  and conformat ion  of t h e  molecules as close 
as possible to t h a t  in t h e  solid phase is  cons is ten t  with t h e  d a t a ,  

and  to know in more d e t a i l s  what  i s  t h e  inf luence of s l ight  

var ia t ions of g e o m e t r i c a l  p a r a m e t e r s  on t h e  va lues  of t h e  

dynarnical quant i t ies  such as t h e  o r d e r  p a r a m e t e r s  and  t h e  n a t u r e  

of t h e  in te rna l  motions. The resu l t s  of such  s tudy  will b e  r e p o r t e d  

e l ~ e w h e r e . ~  

This work was  par t ia l ly  suppor ted  by NATO Research  G r a n t  

RG (83/0475)  1275/85. 
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