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0 RI E N TAT1 0 N A L 0 R D E R I N G IN A N I S 0 T R 0 PIC F U L L E R I D E S 

A.A. GERASIMOV, U.V. TUGAI, D.V. FEDORCHENKO 
Ins t i t u t e  for Single Crystals,  Kharkov, Ukraine 

U s r a c t  A microscopic description of s t ruc tu ra l  and orientational 
ordering of t h e  high-symmetry anisotropic fullerides (AF) 
condensed s t a t e  is  presented. I t  is shown t h a t  t h e  formed 
t ranslat ional  ordering removes degeneracy in  the direction of 
preferred mole'cular orientation axis and leads t o  the  appearance 
of t h e  cross t e rms  in  pseudopotential  inducing orientational 
ordering. Numerical calculations of t h e  order parameters  were 
carried out  and phase transit ion t empera tu re  dependencies from 
molecular parameters  were obtained. Using model parameters  
corresponding t o  c 7 0  molecule t h e  estimation of t he  s t ruc tu re  
phase transit ion temperature  was obtained Tm-1 % 50K. 

INTRODUCTION 

One of t h e  most essential restrictions of t he  commonly-accepted 

approaches in  t h e  description of ordering in  molecular systems lies in  

t h e  fact  t h a t  instead of real  organic compounds with r a the r  i n t r i ca t e  

stereochemical configuration the ut ter ly  simplified model s t ruc tu res  

reflecting only t h e  basic symmetry features of molecular s t ruc tu re  a re  

considered. Naturally, such assumptions yield some ambiguity: firstly, 

no unique interpretat ion of s ta t is t ical  description can be  provided, 

and,  secondly, t h e  value of such theoretical  t reatment  predictions for 

t h e  synthesis of new compounds is r a the r  questionable. 

A new objects which exactly sa t i s fy  the  approximations of 

s ta t is t ical  theory of s t ruc tu re  ordering in molecular systems with 

universal Van-der-Waals' type of intermolecular interactions are  

recently synthesized fullerenes', '9 '. These molecules are  of particular 

interest  because of a combination of unique macroscopic properties 

and simple stereochemical and electronic s t ruc tu re  in comparison to  

those of usual organic molecules2I3. I t  is  necessary t o  make an accent 
[2791]/225 
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226/[2792] A.A. GERASIMOV,  U . V .  TUGAI,  D.V. FEDORCHENKO 

on t h e  s t r u c t u r a l  r igidi ty  of t h e  ful lerene molecules ,  so t h e  effects of 

conformational  mobil i ty  can be  neglected,  and also t o  n o t e  t h e  high 

symmet ry  of t h e  molecules  t h a t  confines t h e  physically essent ia l  s e t  of 

order  parameters .  

Recent ly  descr ip t ions  of t h e  s t r u c t u r e  and  proper t ies  of several  

types  of an isometr ic  ful lerenes such as C70,(&,), Car (&) and  some  

o the r  have appeared2,  4 8  5 ,  '. Pecul iar i ty  of t hese  molecules is t h e  lower 

symmet ry  in  comparison t o  t h a t  of c60 molecules ,  b u t  s t i l l  h igher  t h a n  

usual  organic  molecules  symmetry ,  a n d  also t h e  obvious an iso t ropy  of 

intermolecular  in te rac t ion .  

An analogy be tween molecular  mechanism of s t r u c t u r a l  o rder ing  

and  i n  a number  of cases  t h e  s imi la r i ty  of spa t i a l  and  or ien ta t iona l  

order ing of an iso t ropic  ful ler ides  (AF) a n d  SmA liquid c rys ta l s  (LCI7  

i s  obvious. B u t  at t h e  s a m e  time t h e r e  is a n  essent ia l  difference - in  

t h e  case of A F  t h e  i so t ropic  component  of intermolecular  in te rac t ion  

is dominat ing ,  t h u s  t h e  effects of i n t e rac t ion  anisotropy are  weak 

and  possible or ien ta t iona l  phase  t rans i t ion  occurs  under  t h e  condi t ion 

t h a t  t r ans l a t iona l  order  h a s  been  formed,  hence,  wi th  corresponding 

symmet ry  restr ic t ions.  

T h e  sub jec t  of t h e  present  work is t h e  s t a t i s t i ca l  descr ipt ion 

of spa t i a l  and  or ien ta t iona l  order ing i n  condensed s t a t e  formed 

by an isometr ic  van-der-Waals molecules for  which t h e  second- 

r ank  tensor  molecular  an iso t ropy  i s  assumed.  For a s implici ty ,  we 

ahall confine ourselves t o  t h e  considerat ion of t h e  s t a t e s  wi th  one- 

dimensional  t r ans l a t iona l  order .  Bu t  even such  essent ia l  confinement  

of molecular  s y m m e t r y  (for a number  of h igh-symmetry  fullerenes 

anisotropy can  be expressed only in  t e r m s  of higher r a n k  ( f  2 6)  

tensors)' and  condensed s t a t e  allows us  t o  s t u d y  some common fea tu res  

of widely sp read  s t a t e s  of organic  molecules such  as p las t ic  and  l iquid 

crystals .  

INTERMOLECULAR POTENTIAL 

T h e  mos t  genera l  0 ( 3 )  - invar ian t  expansion of an iso t ropic  in t e rmo-  
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ORIENTATIONAL ORDERING IN AF [2793]1227 

l ecu lar  po ten t i a l  can  b e  wr i t t en  i n  a form': 

(1)  
XI ,\a X 

@)12(r, 017 0 2 )  = c c c c c A;; ; "4 @,, ,2 O(0h 029 e r h  
A1 A2 x P1 P2 

where r = R2 - R1 is a n  intermolecular  vec tor ,  o = a,@,? a r e  t h e  

Eighler  angles  denot ing  molecular  or ien ta t ion  i n  l abora to ry  f r ame ,  

@ ~ : Z ~ ( o ~ ,  02, 0) is t h e  spher ica l  invar ian t .  Pecul iar i t ies  of different 

t ypes  of in te rmolecular  in te rac t ion  a r e  accounted in  t h e  expressions 

for  expansion coefficients Ri; ;2,'fr), t h e  l a t t e r  can be  ca lcu la ted  in 

c o r r es  p on ding ap p r oxim at  i o n s 11* 1 2 ~  13.  

Analysis of possible types  of in te rmolecular  in te rac t ions  and  the i r  

re la t ive  cont r ibu t ion  t o  intermolecular  po ten t i a l  for t h e  molecules  

of t h e  discussed t y p e  on t h e  typ ica l  d i s tances  in condensed s t a t e  

shows t h a t  only dispers ive and  s te r ic  in te rac t ions  a re  t o  be  taken  

i n t o  account .  Besides t h a t ,  in  order  t o  s implify fu r the r  considerat ion 

we a s sume  t h a t  molecules possess an ax ia l  symmet ry .  For mesogenic 

molecules such assumpt ion  bases  on t h e  fact t h a t  t h e r m a l  exc i ta t ion  

of t h e  ro t a t iona l  degrees  of f reedom leads t o  t h e  degeneracy of t h e  

molecular  b i a ~ i a l i t y ' ~ ,  and  for  A F  wi th  Dnh s y m m e t r y  t h i s  a s sumpt ion  

i s  fully correct  because of condi t ion n >  5. 

For t h e  purposes  of t h e  present  work a n  account  of dipole-dipole 

t e r m  of polar izabi l i ty  i s  sufficient. Expressions for  i so t ropic  a n d  

an iso t ropic  components  of intermolecular  po ten t i a l  in approximat ion  

of s t a t i c  polar izabi l i ty  a re  given by": 

where E is t h e  average dipole  polar izabi l i ty ,  acr is t h e  an iso t ropy  

of dipole  polar izabi l i ty ,  wo i s  t h e  typ ica l  f requency of t h e  molecular  

e lectron spec t rum.  

S ter ic  repuls ion is i n  fac t  a phenomenological  equivalent  of 

exchange and  Coulomb in te rac t ions  at s h o r t  d i s tances  and  can  be  

ca lcu la ted  in  one of t h e  known empir ic  approximat ions lO.  Anisotropic  

SO(3) - invar ian t  expansion of "soft"(- r-", n >_ 12) s t e r i c  component  
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228U7941 A.A. GERASIMOV, U.V. TUGAI ,  D.V.  FEDORCHENKO 

( r )  a r e  given 15. XI A2 X ster (n) and  calculat ions of t h e  coefficients R ,  
”Hard”  component  cor responds  t o  t h e  inf in i te  repulsive po ten t i a l  

CG, if particles 1,3 overlap, 

0, otherwise 
@dte?,h.e 

1 2  b, 01902) = (3) 

a n d  by means  of t h e  pa i r  correlat ions forms  a n  en t ropy  cont r ibu t ion  

t o  f ree  energy; t h i s  component  can  be  found af te r  calculat ion of t h e  

excluded volume (fl,,d.)16j 17. Corresponding  calculat ions a r e  presented 

below. 

ONE-PARTICLE DISTRIBUTION FUNCTION APPROACH 

For fu r the r  s t a t i s t i ca l  descr ipt ion we adop t  a s t r u c t u r e  wi th  

or ien ta t iona l  and  one-dimensional  t r ans l a t iona l  order  as a model  of 

condensed s t a t e  of an iso t ropic  fullerenes. T h i s  assumpt ion  is r a t h e r  

genera l  and  allows us t o  use t h e  formal i sm developed for  t h e  SmA 

l iquid c rys ta l s  for severa l  t y p e s  of weakly ordered  an iso t ropic  p las t ic  

c rys ta l s  such a s  AF.  I t  should  be  noted  t h a t  t h e  X-ray exper imenta l  

d a t a  for  A F  formed b y  C70 molecules demons t r a t e  weak t r ans l a t iona l  

order ing at room t empera tu res J8 .  

Account of t h e  f i r s t  t e r m  in pa i r  correlat ion func t ion  vir ia l  

expansion gives t h e  following expression for one-part ic le  d i s t r ibu t ion  

funct ion:  

Taking in to  considerat ion 

(4) 

shor t - range  s t e r i c  repuls ive 

in te rac t ions  and  long-range dispers ive in te rac t ions  we t r ans fo rm t h e  

expression for t h e  pseudopotent ia l  t o  t h e  form: 

U(1) = -kTJf;yl ,  2) W ( 2 )  d2+J [f;y 1 , 2 )  + I] +?;p( 1 ,2)  P ) ( 2 )  d2, (,5) 

where 

fiter(1,2) = exp[(-kT)-’ @$(1,2)] - 1 ( 6 )  

is t h e  Mayer func t ion  for  ”ha rd”  s te r ic  component .  Account  of t h e  

“soft”  component  in (5) l eads  only t o  renormalizat ion of an energy 

cont r ibu t ion  t o  f ree  energy a n d  will b e  omi t t ed  fu r the r ,  
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ORIENTATIONAL ORDERING IN AF [2795]/229 

In accordance wi th  t h e  above assumpt ions  we t ake  t h e  symmet ry  

of condensed s t a t e  t o  be  uniaxial  (R2 6 2' A n,h), so one-part ic le  

d i s t r ibu t ion  funct ion is given by F(')(l) = p & f ( r , @ )  , where  ,fl is t h e  

angle  denot ing  molecular  polar  axis  or ien ta t ion .  Dis t r ibu t ion  func t ion  

f ( z , P )  sat isf ies  t h e  condi t ion of t r ans l a t iona l  symmet ry  f ( z  + d,,3) = 
f ( z ,P ) ,  where d is t h e  layer per iod ,  p is t h e  molecular  density. 

Taking  in to  account  only axially symmet r i c  p a r t  of "hard" s t e r i c  

cor re la t ions  we t r ans fo rm t h e  second t e r m  in  (5) t o  t h e  form:  

where 

a r e  t h e  s t r u c t u r a l  order  pa rame te r s .  

Using (21, af te r  obvious calculat ions we obta in  i so t ropic  a.nd 

an iso t ropic  energy pa rame te r s  of t h e  dispers ive pseudopotent ia l  
\ JXl  dt*F 

00 ,"  (A,  = x z  = 0,2 ,  x = 0,2,  L'= 0 , l ) :  

1.722dssp - x 1 

60 T i ,  
-- hUo p(A&)* - , 0 0 , o  - 

where  ( = 2?rrlo/d,  r l o  is t h e  spa t i a l  pa rame te r  of s t e r i c  cor re la t ions  

in t h e  layer  plane. 

I t  i s  necessary t o  men t ion  t h a t  pa rame te r s  corresponding t o  t h e  

axially symmetr ica l  t rans la t iona l ly  disordered s t a t e  ( A  # 0, XI # A2, 

and 1.1 = 01, a re  absent  in  above expressions because we assume 

i so t ropic  d is t r ibu t ion  of t h e  molecular  mass  centers  when t h e r e  i s  no 

t r ans l a t iona l  order .  Besides t h a t  f o r  t h e  sake of s implici ty  we omi t t ed  

pa rame te r s  with = = 2 ,  = 2 , 4 ,  1.1 = 0-2, because account  of these  

t e r m s  leads  only t o  t h e  numera l  renormalizat ion of t h e  coefficients 

while t h e  s t ruc tu re  of expressions remains  unchanged.  
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Qui t e  a s imi la r  procedure  gives us a n  expression for s te r ic  

component  of t h e  pseudopotent ia l  i n  t h e  fo rm analogous t o  (7).  

Employment  of t h e  s t a n d a r d  procedure  for  t h e  ca lcu la t ions  of 

s te r ic  pseudopotent ia l  faces  some difficulties ar is ing f rom t h e  non-  

ana ly t ic i ty  of Mayer func t ion  (6) in  t h e  range  of in tegra t ion  (5 ) .  

Following a me thod  from'' we consider t h e  in tegra l  

I, ,(oI,  0 2 )  = 1 fhter (r, 01,02) exp(27~im/d) dr = - 1 exp(2xivz/d) dr. (10) 

Direct  calculat ions show t h a t  s te r ic  energy pa rame te r s  coincide up 

t o  a cons tan t  wi th  t h e  coefficients of I,,(C)I, 02) expansion in to  bipolar  

spher ic  harmonics .  Using uniax ia l  ellipsoids as a model  approximat ion  

of t h e  rea l  molecules sha re ,  a f te r  t h e  calculat ions of t h e  f i r s t  t e r m s  

in  t h e  expansion of I,,(ol,o?) (A, = = 0,2,  v = 0 , l )  under  fixed 

molecular  or ien ta t ions  we ob ta in  t h e  following expressions for  i so t ropic  

a n d  an iso t ropic  energy pa rame te r s :  

4 - pv* kT [2A u(47ra/d, 0) + (1  + A)' .((A + 1)27ra/d, O)] 
3 

L d  

V::, jfer 

1'2 0 ster = -4pv' k.T (1  + A)2 [u(4m/d, 0)  - u ( ( A  + 1)27ra/d, O)] 
3 

v;;, "d"' = - t p v * k T ( A  - 1j2 ) 
3 

= 

0 0 ,  1 

(11) 
4 
3 

Vii,;te' = -- pv* k T ( A  - 1)' u ( ~ T c I / ~ ,  0)  , 

where  in t roduced  are:  A = 5 is t h e  an isometry  of molecular  shape  

(a < c a re  t h e  molecular  ellipsoid semi-axis) ,  v* = $rn3 and  

3(sinz - r c o s z )  
U(5) 0) = 

z3 

So,  proceeding t o  t h e  

(12) 

r ea l  o rder  pa rame te r s  S A O , ~  = Re Q X ~ , ~ ~  

pseudopotent ia l  (5) can b e  presented  as: D
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ORIENTATIONAL ORDERING IN AF [2797]/23 1 

where  in t roduced  are:  

i s  t h e  reduced t empera tu re ,  kTb, = kT/Awo, 6t, = I;’:, / 172 oo,o,  2 6, = 
Vt,&/V$<o = Vt<l/V$<o and  

(9), (11). 

well known results17! 

= V~<l/V~<o a r e  t h e  pseudopotent ia l  
parameters, v y ;  = p 1  .la di*P + \A o o , u  .la stcr a re  defined in accordance  wi th  

0 0, u 

T h e  expression for  t h e  pseudopotent ia l  (13) differs f rom t h e  

2oi ” because of t h e  presence of cross  t e r m s  

t h a t  in  r anks  of phenomenological  theory  descr ibe t h e  in te rac t ion  

be tween or ien ta t iona l  and translationa.1 order  pa.rnmeters. T h i s  t e r m s  

appea r  in  microscopical descr ipt ion when a phase axial  s y m m e t r y  i s  

accounted ,  in our  model  t h i s  symmet ry  is caused by one-dimensional  

t r ans l a t iona l  mode  (see alsoz2). 

Minimizat ion of t h e  ordered  s t a t e  f ree  energy 

G 1 
NkT 2t 

g=-  = -(g 20,o + 26t7SiOJ + 4 E , s o o . l s z o , ~ + 2 ~ ~ , , ~ o , , ) -  

1 d 1  
-In (2 1 1 exp(-U(z, @)/kT) dr dcosp) 

on t h e  order  pa rame te r s  SAO,~ gives us a se t  of self-consistency 

equa t ions  

t h a t  def ines  t h e  equi l ibr ium values of order  para.meters. 

RESULTS AND DISCUSSIONS 

T h e  typ ica l  resu l t s  of t h e  numer ica l  so lu t ions  of t h e  self-consis tency 

equat ions  (16) a re  shown in  t h e  F i g . l , 2 .  In t h e  f i rs t  case (F ig .1 ,  a- 

c) t h e  obta ined  dependences descr ibe a var ie ty  of well known phase  

t r ans i t i ons  i n  liquid crystals .  T h e  second case (Fig.2,a-b) cor responds  

t o  t h e  order ing of p las t ic  crystals’  t ype .  Pecul iar i ty  of t h i s  resu l t  

is t h a t  degeneracy on t h e  p r imary  ax is  or ien ta t ion  is removed af te r  

t r ans l a t iona l  order  has  been  fo rmed ,  t h u s  non-zero or ien ta t iona l  order  
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FIGURE l a  Temperature dependences of and &J,O for LC 
p =0.108, d/c=1.4, A=5,  E/acu=0.05 

FIGURE lb Temperature dependences of &QI and &O,O for LC 
p -0.1, d/c=1.2,  A=7, &/a& r1.0 

0 L 
FIGURE l c  
p =0.28, d/c=1.4, a=7, z/ACY=0.05 

Temperature dependences of SOO,~ and Sm,o for LC 
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ORIENTATIONAL ORDERING IN AF [2799]1233 

FIGURE 2a 
p =O.?, d/c=l.08, A=1.18, E / m = l  

Temperature dependences of SW,I and SZO,O for AF 

FIGURE 2b 
p =O.?, d/c=l.08, A=2, Z/au=2 

Temperature dependences of SWJ and &,c, for  AF 

FIGURE 3a 
p=O. 28 , d/c= 1.4, A=? 

Phase diagram for meeogenic compounds 
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FIGURE 3b 
p=O.1, d/c=1.4, Z/ncu=0.05 

Phase  d i ag ram for  mesogenic compounds  

pa rame te r s  occur .  Th i s  i s  formal  consequence of t h e  presence of 

cross  t e r m s  i n  (13), which  in phenomenofcgical  models  a re  considered 

a8 order  pa rame te r  gene ra to r s  and can  cause  a number  of abnorma l  

effects in  t h e  sequence of phase  t r ans i t i ons  (e .g ,  r een t r an t  smect ic  

po lymorphism i n  LC23i24). I t  is necessary t o  ment ion  t h a t  while 

in  liquid crystals only first order  or ien ta t iona l  phase t r ans i t i ons  can 
occur ,  t h e  presence of t h e  one-dimensional  t rans la t iona l  order  changes 

s i t ua t ion .  

For model  pa rame te r s  corresponding t o  (270 and “ca lami t ic”  

ful lerenes t h e  t e m p e r a t u r e  dependences  of sm,o a re  r a t h e r  different. 

For some types  of ful ler ides  t h a t  difference could yields t o  ambigui t ies  

in  exper imenta l  invest igat ion of t h e  phase  t rans i t ion  charac te r i s t ics .  

T h e  more  de ta i led  ana lys i s  of t h e  r e su l t s  ob ta ined  p e r m i t s  u s  t o  

n o t e  a significant inf luence of i n t e rac t ion  anisotropy on t h e  phase  

d i ag ram (Fig.S,a,b). When  in te rmolecular  po ten t ia l  an iso t ropy  is 

s t rong  t h e  L C  t y p e  of order ing  occurs ,  and  t h e  a rea  of t rans la t iona l ly  

disordered s t a t e  exis tence depends  f rom t h e  r a t io  of i so t ropic  a n d  

an iso t ropic  energy pa rame te r s .  T h i s  r a t i o  is a fac tor  t h a t  de te rmines  

t h e  t y p e  of mesogenic s t a t e .  When t h e  in te rac t ion  an iso t ropy  is weak, 

t h e  order ing  of PC  t y p e  occurs  i n  molecular  sys tem.  

Phase d iag rams  a re  in  qua l i ta t ive  agreement  wi th  exper imenta l  

t endencies  found for SmA LCI7? 15* 2ov 21, and  allow us t o  in t roduce  
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ORIENTATIONAL ORDERING I N  AF [2801]/235 

molecular level factors which determine mesogenic characterist ics of 

van-der-Waals molecules. I t  is impor t an t  t o  note t h a t  employment 

of t h e  results obtained for  predictions of real compounds’ mesogenic 

properties is t o  be complemented with effects of conformational 

mobility t h a t  is usual f o r  mesogenic molecules and sometimes 

drastically change the  phase diagrams (see,  e .g , , i4 ,  25, 26),  

Using the expression (14) we obtain phase diagrams in  real 

t empera tu re  scale and t h e  results of phase transit ion t empera tu re  

calculations for various values of model  parameters 

In particular,  for model parameters  corresponding t o  C70 

/cTb,pc=-~ = 14,6 * lo-’. Assuming in accordance with”, 28 estimates 

f o r  ionization potential  hwo = 8 eV, polarizability tensor components 

(Y z 383a.u. and A a  ~ = l  27a.u., we obtained Tp,--, z 50K, t h a t  is 

much lower than the  experimental  result f o r  thermal  stabil i ty of  

condensed C,” s t a t e .  In t he  framework of the presented model for 

C ~ O  fullerene condensed s t a t e  this  result  can be interpreted as thermal  

instabil i ty of one-dimensional ordered s t ructure  under T 2 5 O K .  For 
real  3-dimensional crystals t h i s  result  means t h a t  “defective closely 

packed layers with high degree of stacking disorder” can appear  as i t  

was s t a t ed  i n  the experimental work”’. I t  is necessary t o  mention 

t h a t  quant i ta t ive estimations can be improved t o  t h e  considerable 

degree provided the additional information on the  C;; fullerene appea r .  

Also, molecular model employed can be improved, particblaiiy by the 

account of 3-dimensional s t ruc tu re  of  C 7 0  fullerene. 

- 

Authors are  grateful t o  T. Sluckin, 0.  Allender, and S.1’. Shiya- 

novskii f o r  useful discussions. 

REFERENCES 

1. W .  Kratschmer et  al.,  Yature .  347, 354, (1990).  
2. H.W. Kroto a t  a l . ,  Nature,  ii_LB, 162, (1985). 
3. A . F .  Hebard et  a l . ,  Nature,  350, 600, (1991). 
4. K. Reghavachari e t  a l . ,  J . P h y s . C h e m . , s ,  5768, (1991). 
5. D.S. Bethune e t  a l . ,  C h e m . P h y s . L e t t . , m ,  181, (1991). 
6. P.W. Fowler, J.Chem.Soc.Faraday Trans.,& 2073, (1990). 

“Here we shall not provide any analysis of physical reasons for such 
a n  unusual result ,  note  only a probable influence of t h e  impurit ies 
including those left after t he  process of synthesis (see, f o r  instan cezs ) .  

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

1:
45

 1
8 

Fe
br

ua
ry

 2
01

3 



236/[2802] A.A. GERASIMOV, U.V. TUGAI ,  D.V.  FEDORCHENKG 

7. 

8. 
9. 
10. 

11. 
12. 
13. 
14. 
15. 

16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 

P.G.  de  Gennes,  T h e  Phys ics  of Liquid Crys t a l s  (Clarendon 
Oxford 1 9 7 4 1 , ~ .  400. 
K.H.  Michel e t  al., Phys.  Rev.  Le t t . ,  68, 2929, (1992). 
L. Blum e t  a l . ,  J .  C h e m .  P h y s . , s ,  303, (1972). 
I.G. Kaplan ,  Inroduct ion  t o  t h e  theo ry  of in te rmolecular  

ac t ion  (Nauka,  MOICOW, in rues,1982) ,  p. 312. 
J.G. Gay, B.J. Berne,  J .  Chem.  Phys . ,  74, 3316, (1981). 
A.A. Gerasimov,  Sov.  Ukx . Fiz. Zhurn . ,  27, 1314, (1982). 
A.A. Gerasimov,  Sov. Zhurn.  F iz .  Khim. ,  66, 274, (1992). 
A.A. Gerasimov,  So v , Zhurn .  Khim. Fiz., 5, 1351, (1986). 
A.A. Gerasimov,  P.P. Sht i fanyuk,  S o v .  Zhurn. Khim. Fiz., 1 

(1988). 
W.M. Ge lba r t  e t  a l . ,  J .  Chem.  Phys. ,  &,207, (1977). 
M .  Nakaga.va e t  al., J .  Phys .  S O C .  Ja.p., u, 1951, (3984). 
D.R. McKenzie, e t . a l . ,  Na tu re ,  355, 622, (1992). 
W.L. McMillan, Phys .  Rev. B, 4, 1238, (1971). 
K .  Kobayashi ,  J .  Phys .  SOC.  Jap . ,  29, 101, (1970). 
L. Shen e t  al., Mol. C r y s t .  Liq. C r y s t . ,  39, 229, (1977). 
M. Kuzma ,  D.W. Allender ,  Phys .  Rev. A,  25, 2793, (1982). 
P.E. Gladis ,  Mol. Crys t .  Liq.  Crys t . ,  67, 177, (1981). 
R.Y. Dong, Mol.  Crys t .  Liq.  Crys t . ,  92, 251, (1984). 
A.A. Gerasimov,  Sov. Ukr. Fiz.  Zhurn . ,  a, 1039, (1989). 
A.A. Gerasimov,  Sov. Zhurn.  F iz .  Khim., 63, 1903, (1989). 
G.E. Scuceria ,  Chem.  Phys.  Le t t . ,  180, 451,(1991). 
J. Baker ,  Chem.  Phys.  Le t t . ,  184, 182, (1991). 
G. van Tendeloo,  e t  a l . ,  Phys .  Rev .  Le t t . ,  69, 1065, (1992). 
Y. Sa i to ,  et a l . ,  Jpn.  J .  Appl .  Phys . ,  30, 1068, (1991). 
J .K.  Fischer ,  et  al., Science, 252, 1288, (1991). 

Press ,  

i nt_er.z 

1, 1609, 

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

1:
45

 1
8 

Fe
br

ua
ry

 2
01

3 


