
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 19 February 2013, At: 14:14
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Calculation of the Formation
and Migration Energies for a
Vacancy in the Naphthalene
Crystal
Alain Dautant a & Louis Bonpunt a
a Laboratoire de Cristallographie, UA 144 au
CNRS, Université de Bordeaux I, 351, Cours de la
Libération, 33405, Talence, Cedex, France
Version of record first published: 13 Dec 2006.

To cite this article: Alain Dautant & Louis Bonpunt (1986): Calculation of the
Formation and Migration Energies for a Vacancy in the Naphthalene Crystal, Molecular
Crystals and Liquid Crystals, 137:1, 221-230

To link to this article:  http://dx.doi.org/10.1080/00268948608070925

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948608070925
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

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

4:
14

 1
9 

Fe
br

ua
ry

 2
01

3 



Mol. Crysr. Liq. Crysr., 1986, Vol. 137, pp. 221-230 

0 1986 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

0026-8941/86/1374-0221$15.00/0 

CALCULATION OF THE FORMATION AND MIGRATION ENERGIES 
FOR A VACANCY I N  THE NAPHTHALENE CRYSTAL. 

ALAIN DAUTANT and LOUIS BONPUNT 
Laboratoire  de C r i s t a l l o g r a p h i e ,  UA 144 au CNRS, 
Un ive r s i t6  de Bordeaux I,  351,  Cours de l a  L ib6ra t ion  
33405 Talence Cedex, France. 

Abstract  We have determined t h e  formation energy of t he  
molecular vacancy i n  t h e  c r y s t a l  of naphthalene using 
atom-atom po ten t i a l  method. This  energy i s  equal t o  t h e  
d i f f e r e n c e  between the  l a t t i c e  energy, 73.8 kJ.mole-l, 
and t h e  energy corresponding t o  t h e  r e l a x a t i o n  of t h e  
neighbouring molecules. This  la t ter  was found t o  be 
small ( l e s s  than 3 kJ.mole-l). 
The mig ra t ion  of t h e  naphthalene molecule from one 
s i t e  t o  another  vacant s i t e  were a l so  s tud ied  f o r  d i f -  
f e r e n t  c a s e s  corresponding t o  d i f f e r e n t j u m p d i r e c t i o n s .  
For example, the-calculated va lue  of t h e  mig ra t ion  
energy f o r  t h e  [$lo] jump i s  22-kJ.m0le-~, whereas w e  
obtained 30 kJ.mole-' f o r  t h e  I-OOl] jump. These r e s u l t s  
can be considered as a c o n t r i b u t i o n  t o  t h e  s tudy o f t h e  
anisotropy of d i f f u s i o n  i n  low symmetry c r y s t a l s .  

INTXODUCTION 

The i n t e r p r e t a t i o n  of experimental  r e s u l t s  of d i f f u s i o n  i n  

organic  c r y s t a l s  i s  l imi t ed  by t h e  d e f i c i e n c y  of t heo re t i ca l  

da t a .  The development of c a l c u l a t i ~ n s ~ - ~ - ~  of vacancy f o r -  

mation ene rg ie s  and a c t i v a t i o n  ene rg ie s  f o r  molecular m i -  

g r a t i o n s  would al low us  t o  t es t  t h e  v a l i d i t y  of assumptions 

made t o  exp la in  d i f f u s i o n  i n  these  c r y s t a l s .  Sucha fun-  

damental approach i s  p o s s i b l e  thanks t o  the  work of K i t a i -  

go rosk i i4  and Williamss using t h e  atom-atom p o t e n t i a l s  m e -  

thod. I n  t h i s  paper,  w e  s h a l l  p re sen t  r e s u l t s o f c a l c u l a t i o n s  

r e l a t e d  t o  t h e  molecular mob i l i t y  a t  l a r g e  d i s t a n c e s  i n  

naphthalene,  i n  o rde r  t o  i n t e r p r e t  our d i f f u s i o n  experimen- 
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222 A. DAUTANT AND L. BONPUNT 

t a l  d a t a  i n  t h i s  material6 . 

MODEL OF THE POTENTIAL FUNCTION 

Thefunct iondform chosen f o r  t h e  pairwise-additiveatom-atom 

p o t e n t i a l s  i s  t h e  (exp-6) func t ion  : 

-6 + B exp(-Cr. .> 
"i j  = Arij  1 3  
where V 

atoms s i t u a t e d  a t  t h e  d i s t a n c e  rij. The A,  B and C v a l u e s  

are a v a i l a b l e  in  t h e  l i t e r a t u r e .  The set of r v a l u e s  re- 

s u l t s  from t h e  X-ray c r y s t a l  s t r u c t u r e  of naphthalene.  

Naphthalene i s  monoclinic (space group P21/a,  a = 8.235 A,  

b = 6.003 i, c = 8.658 

(Z  = 2) i n  t h e  u n i t  c e l l  (A and B) r e l a t e d  through t h e  21 a x i s  

o r  through t h e  g l i d e  p l ane .  Ca lcu la t ions  have been performed 

on a c r y s t a l l i t e  c o n s i s t i n g  of 110 molecules.  The Fortran 

program used i s  the  v e r s i o n  number 13' o r  PCK6 t h a t  w e  have 

adapted t o  our computer (Mini 6-92 of CII-Honeywell-Bull). 

Choice and tes t  of t h e  p o t e n t i a l  func t ions  

I n  o rde r  t o  determine t h e  parameters of t h e  p o t e n t i a l s ,  it 

i s  necessary t o  c a l c u l a t e ,  using d i f f e r e n t  s e t s  of pa- 

rameters, some phys ica l  v a l u e s  measured previously.  The 

p o t e n t i a l s  ( I V )  of Williams' have been chosen because,as  we 

s h a l l  show,they g i v e  r e s u l t s  i n  good agreement with t h e  

experimen t a  1 data .  

i s  t h e  p o t e n t i a l  energy between two non-bonded i j  

0 

and $ = 122'55') with two molecules 

L a t t i c e  energy 

The experimental  va lues  of t h e  subl imat ion heat  a v a i l a b l e  

i n  t h e  l i t e r a t u r e  show a g r e a t  d i s p e r s i o n  (from 66.6 t o  
-1  81.9 k.T.mole ) ,  We have measured it  our se lves  i n  our labo- 

r a t o r y l D  by t h e  Knudsen e f f u s i o n  method. The r e s u l t ,  i s  

72.1 kJ.mole 

book of Chepistry and Physics ,  61s t  e d i t i o n .  I f  we neglect  t h e  

-1 , c lose  t o  the  publ ished v a l u e  in t h e  Hand- 
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CALCULATION OF MIGRATION ENERGIES IN NAPHTHALENE 223 

zero po in t  energy, t h e  l a t t i ce  energy i s  equal t o  t h e  heat  

of subl imat ion of t h e  c r y s t a l .  We have found : 

= 73.8 kJ.mole-' 
a t  

Ro ta t iona l  b a r r i e r  height  

N.M.R. experiments, using t h e  v a r i a t i o n  of Tlp r e l a x a t i o n  

t i m e  ve r sus  temperature,  have permitted u s  t o  determine t h e  

a c t i v a t i o n  enthalpy f o r  t h e  in-plane r o t a t i o n  of t h e  mole- 

c u l e  of naphthalene.  The va lues  obtained by Schutzl l  and by 

Mc Guigan12 are r e s p e c t i v e l y  105r8 kJ.mole 
-1 

and 91+7 kJ. 
-1 mole . This  r e o r i e n t a t i o n a l  energy has been c a l c u l a t e d  by 

t h e  atom-atom p o t e n t i a l s  method with the Williams IV para- 

meters by Ostertag13(125 kJ.mole-') and by BoydI4(78 kJ. 

mole ). -1 

The q u a n t i t a t i v e  agreement between these  ca l cu la t ed  and ob- 

served parameters i s  c l e a r l y  poorer than i n  t h e  case  of t h e  

l a t t i c e  energy, a l though t h e  q u a l i t a t i v e  trend is w e l l  re- 

produced. We can cons ide r  t h a t  t he  parameters of W i l l i a m s  

I V  permit a s a t i s f a c t o r y  e s t ima t ion  of such physical  va lues  

f o r  naphthalene. 

VACANCY FORMATION ENERGY 

A vacancy i s  c rea t ed  by removing one molecule from t h e  si-  

t e  ( O , O , O ) ,  t h e  c e n t r a l  p o s i t i o n  of the c r y s t a l l i t e .  I n  or-  

d e r  t o  maintain t h e  symmetry of t he  vacancy s i t e , t h e  t r ans -  

l a t i o n s  of two molecules, occupying symmetrical p o s i t i o n s  

with regard t o  t h i s  s i te ,  are equal i n  amplitude bu t  i n  op- 

p o s i t e  d i r e c t i o n s  whereas t h e  r o t a t i o n s  a r e  i d e n t i c a l .  The 

energy i s  minimized by displacements of t h e  mass c e n t e r s  o r  

by r o t a t i o n s  of t h e  twelve nea res t  neighbouring molecules. 

The process  s tar ts  with t h e  p o s i t i o n s  of t h e  molecules cor- 

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

4:
14

 1
9 

Fe
br

ua
ry

 2
01

3 



224 A. DAUTANT AND L. BONPUNT 

responding t o  t h e  "energy minimized t h e o r e t i c a l "  s t r u c t u r e .  

The f i n a l  coord ina te s  of neighbouring molecules around t h e  

vacancy are no t  very d i f f e r e n t  from t h e i r  i n i t i a l  ones : 

any displacement of mass c e n t e r s  i s  above 0,003 A and t h e  

r o t a t i o n s  about t he  i n e r t i a l  axes  are below 3'. The energy 

v a r i a t i o n  due t o  t h e  r e l a x a t i o n  of molecules round t h e  
-1 d e f e c t  i s  E = 3 kJ.mole . The vacancy formation energy 

i s  : 
-1 

0 

re1 

Ef = E l a t  - Erel= 71 kJ.mole 

ACTIVATION ENERGIES FOR MOLECULAR MIGRATIONS 

Due t o  t h e  an i so t ropy  of t h e  c r y s t a l l i n e  s t r u c t u r e ,  t h e r e  

are d i f f e r e n t  t ypes  of p o s s i b l e  jumps. I n  t h i s  work, w e  

s h a l l  p re sen t  t he  mig ra t ion  energy c a l c u l a t i o n s  i n  two 

d i f f e r e n t  c r y s t a l l o g r a p h i c  d i r e c t i o n s  : 

The s t r u c t u r e  i s  c o n s t i t u t e d  by t h e  packing of (001) mole- 

c u l a r  s h e e t s .  Wehave chosen t o  s tudy these  two p a r t i c u l a r  

jumps because t h e  f i r s t ,  1@10] , i s  

~ ~ O ~ y i s  in tersheet ,  

s t e p  by s t e p  from i t s  i n i t i a l  s i t e  t o  i t s  f i n a l  one which 

i s  t h e  i n i t i a l  p o s i t i o n  of  t h e  vacancy. A t  each s t e p ,  t h e  

energy minimum of t h e  c r y s t a l l i t e  i s  obtained by t h e  r e l a -  

x a t i o n  of t h e  environment, i.e., by t r a n s l a t i o n  and r o t a t i o n  

of t h e  jumping molecule and t h e  f o u r  n e a r e s t  neigh- 

bours of t h e  sadd le  point .  The s t e p s  a r e  about 0.05 times 

the  jump l e n g t h .  The o t h e r  molecules of t h e  c r y s t a l l i t e  

are cons t r a ined  t o  remain on t h e i r  s i t e .  

1101 03 and l@ol] . 

i n t r a s h e e t  and t h e  second, 

The study c o n s i s t s  i n  moving t h e  molecule - 

Jump 1101 O] 

Desc r ip t ion  (Fig. 1 )  : 

The d i f f u s i n g  molecule I, of type A ,  s i t u a t e d  a t  (O,O,O) 
should pass  between f o u r  molecules of type B : 
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CALCULATION OF MIGRATION ENERGIES IN NAPHTHALENE 225 

- two s i t u a t e d  i n  t h e  basa l  plane : I1 a t  (-1/2, 1 /2 ,  0) 

and 111 a t  (1/2,  1 / 2 ,  0) .  

- two s i t u a t e d  r e spec t ive ly  j u s t  below and j u s t  above t h e  

basa l  plane : I V  a t  (-1/2, 1 / 2 ,  -1) and V a t  (-1/2,1/2,1).  

FIGURE 1 .  The molecule (I) moves towards t h e  vacancy, 
along t h e  b a x i s ,  and passes  between i t s  f o u r  
nea res t  neigbouring molecules a t  t he  saddle  po in t  
(0,1/2,0).  

The vacancy, symbolized by a small pa ra l l e l ep iped ,  i s  

i n i t i a l l y  a t  ( O , l , O ) .  The jump l eng th  i s  equal t o  the b pa- 

rameter (6.003 A ) .  When the  jump i s  achieved, t h e  molecule 

is i n  t h e  same o r i e n t a t i o n  (A) a s  in  i t s  i n i t i a l  s t a t e ,  

0 

Resul ts :  

The pa th  i s  curved. I n  a f i r s t  s t e p ,  up t o  about 2 A,  the 

m l e c u l e  d e v i a t e s  from the b a x i s  (Ax max = 0 .1  A and Az max = 

0 . 2 A ) ,  towards molecule I11 t o  minimize t h e  r epu l s ive  in t e rac -  

0 

0 

0 
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226 A. DAUTANT AND L. BONPUNT 

t i o n s  with the  molecule 11. We observe a t  the  same time a 

l a r g e  r o t a t i o n  br inging t h e  molecular plane of I almost pa- 

r a l l e l  t o  t he  plane of t h e  B molecules. The p o t e n t i a l  

energy ( f ig .2 )  reaches a m a x i m u m  value E =22 kJ.mole . 
Beyond 2 A, t he  molecule i s  on t h e  way t o  the  c r y s t a l l o g r a -  

phic  inve r s ion  cen te r  s i t u a t e d  a t  (0, 1/2,  0) .  For t h i s  

p a r t i c u l a r  p o s i t i o n ,  t h i s  i nve r s ion  cen te r  i s  regenerated 

with,  a s  a mat ter  of f a c t ,  two "half-vacancies" a t  ( O , O , O )  

and ( O , l , O ) .  The neighboring molecules move i n  order  t o r e s -  

t o r e  t h e  inve r s ion  cen te r .  The energy decreases  by about 

4 kJ.mole w i t h r e s p e c t t o  t h e  maximum of 22 kJ.mole .Then, 

t h e  in-plane molecular axes of t h e  d i f f u s i n g  molecule make 

an angle  of 28' with those of t h e  neighboring molecules. 

-1 
0 mig 

-1  -1 

Thus 

t h e  C-C r epu l s ions  a r e  minimized. The second 

e x a c t l y  symmetrical t o  t h e  f i r s t  half-path.  

half-path i s  

nil, 

FIGURE 2. Var i a t ion  of t he  p o t e n t i a l  energy ve r sus  the  d i s -  
placement of t he  molecule ( I )  along t h e  b ax i s .  
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CALCULATION OF MIGRATION ENERGIES IN NAPHTHALENE 227 

I f  only the  jump t h a t  we have j u s t  s tudied was e f f i c i e n t ,  

t h e  d i f f u s i o n  observed i n  t h i s  same d i r e c t i o n  would have 

f o r  a c t i v a t i o n  energy : 

I-jOl0-j @lo] - 
Edif  Emig f - - + E = 93 kJ.mole-' 

Jump IIOol] : 

Desc r ip t ion  (Fig . 3 )  

FIGURE 3 .  The molecule (I) moves towards t h e  vacancy, along 
t h e  c a x i s  and passes  between i t s  fou r  n e a r e s t  
neighbouring molecules a t  t he  saddle  po in t  
(0, 0 ,  1/21, 

It i s  an i n t e r s h e e t  jump. Now, t h e  molecule I of type A si-  

tua t ed  a t  ( O , O , O )  should pass  between fou r  molecules of ty-  

pe B : 

- two s i t u a t e d  i n  t h e  i n i t i a l  sheet  : I1 a t  ( -1 /2 ,  -1/2,0) 

and 111 a t  (-1/2, .1/2, 0). 

- two s i t u a t e d  i n  the  f i n a l  shee t  : IV a t  (1/2, - l / 2 ,  I )  

and V a t  (1/2, 112, 1). 
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228 A. DAUTANT AND L. BONPUNT 

I n i t i a l l y ,  t h e  vacancy i s  a t  ( O , O , l ) ,  a t  a d i s t a n c e  equal 

t o  t h e  c parameter (8.658 A) of t h e  s t a r t i n g  s i t e .  

Resu l t s  : 

I n  t h i s  case t h e  path corresponding t o  t h e  minimum energy 

d e v i a t e s  from t h e  displacement a x i s .  The p o t e n t i a l  energy 

(Fig.4) i s  a l so  symmetrical with regard t o  t h e  c r y s t a l l o -  

g raph ic  inve r s ion  c e n t e r  s i t u a t e d  a t  (0,0,1/2). It passes  

through a maximum of E 

3.1 A f o r  t h e  z coord ina te .  

0 

= 30 kJ.mole-* f o r  a va lue  of m i g  

FIGURE 4 .  V a r i a t i o n  of t h e  p o t e n t i a l  energy v e r s u s  t h e  d i s -  
placement of t h e  molecule ( I )  along t h e  c a x i s .  

I f  only t h e  [ O O g  jump i s  taken i n t o  account,  t h e  observed 

d i f f u s i o n  i n  t h i s  d i r e c t i o n  would have an a c t i v a t i o n  energy 

of : 
30l] pol]  I_ 

- + E = 103 kJ.mole-I - 
Edi f  mig f 

CONCLUSION : 

We have c a l c u l a t e d  t h e  a c t i v a t i o n  ene rg ie s  corresponding t o  

two d i f f e r e n t  molecular jumps i n a  low symmetry c r y s t a l  s t ruc -  
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CALCULATION OF MIGRATION ENERGIES IN NAPHTHALENE 229 

t u r e .  It appears  t h a t  t hese  ene rg ie s  are d i f f e r e n t .  These 

f i r s t  r e s u l t s  confirm t h a t ,  f o r  naphthalene ( a s  f o r  a l l  crys- 

t a l s  of low symmetry), each type of jump should be s tud ied  

be fo re  e s t a b l i s h i n g  a t h e o r e t i c a l  model a l lowing t h e  i n t e r -  

p r e t a t i o n  of  t h e  experimental  r e s u l t s .  A t  t h i s  t i m e  t h e  only 

r e s u l t s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  concern t h e  c d i r e c -  

t i o n  (Hampton and Sherwood' by t r a c e r  d i f f u s i o n  and Corke 

and Sherwood16 by creep s t u d i e s  under low s t r e s s ) .  Work i s  

i n  progress  i n  our l abora to ry  t o  determine completely t h e  

s e l f - d i f f u s i o n  t enso r .  Then we s h a l l  be a b l e  t o  compare t h e  

t h e o r e t i c a l  model and experimental  da t a .  
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