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ANISOTROPY OF MOLECULAR DIFFUSION I N  NAPHTHALENE 
SINGLE CRYSTALS: THE HETERODIFFUSION OF 8-NAPHTHOL 

LOUIS BONPUNT, ALAIN DAUTANT, ABDELLAH LOUMAID and 
YVETTE HAGET 
Laboratoire  de  C r i s t a l l o g r a p h i e  e t  de  Physique C r i s -  
t a l l i n e  - U.A. 144 CNRS - Unive r s i tg  d e  Bordeaux I, 
3 5 1 ,  Cours de  l a  L ibgra t ion  - 33405 Talence,France.  

Abs t r ac t  Lat t ice  d i f f u s i o n  a t  343 K of 6-naphthol-8 
1 4 C  i n t o  naphthalene s i n g l e  c r y s t a l s  has  been measured 
by means of t h e  microtome s e c t i o n i n g  technique. Four 
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  of d i f f u s i o n  have been 
s t u d i e d ,  w i t h  two t o  four  experiments f o r  each of them 
t o  a t t a i n  exac t  p rec i s ion .  From t h e s e  d a t a  t h e  d i f f u s i o n  
t enso r  has  been determined. It shows a pronounced aniso- 
t ropy of t h e  mob i l i t y  of t h e  tracer molecule i n t o  t h e  
naphthalene la t t i ce .  
A geometr ical  a n a l y s i s  of t h e  d i f f e r e n t  types of jumps 
i n t o  t h e  c r y s t a l l i n e  s t r u c t u r e  of naphthalene f u r n i s h e s  
f i r s t  elements f o r  t h e  understanding of t h i s  an i so t ropy .  

INTRODUCTION 

Most s t u d i e s  of t h e  d i f f u s i o n  process  i n  c r y s t a l s  d e a l  with 

i o n i c ,  m e t a l l i c  and organic  c r y s t a l s  of high symmetry 

(F.C.C., S.C., H.C.P.) whereas r a r e l y  are i n v e s t i g a t i o n s  

c a r r i e d  ou t  i n  c r y s t a l s  of lower symmetry. A complete de- 

t e rmina t ion  of t h e i r  d i f f u s i o n  t enso r  would involve passing 

such o b s t a c l e s  as o r i e n t a t i o n  and c u t t i n g  of c r y s t a l s  along 

with measuring t h e  d i f f u s i o n  c o e f f i c i e n t  along s e v e r a l  

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 organic  molecules whose symmetry i s  not s p h e r i c a l  

c r y s t a l l i z e  i n t o  low symmetry c r y s t a l  l a t t i ce .  It has  

been r e c e n t l y  discovered t h a t  sane of t h e s e  o rgan ic  c r y s t a l s  
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214 L. BONPUNT el al. 

presen t  such i n t e r e s t i n g  phys ica l  p r o p e r t i e s  a s  high e l ec -  

t r i c  conduc t iv i ty  o r  even superconduct ivi ty  toge the r  with 

unique spectrographic  p r o p e r t i e s .  An a c u t e  i n t e r p r e t a t i o n  of 

t hese  p r o p e r t i e s  u s u a l l y  r e q u i r e s  a p e r f e c t  knowledge of t h e  

s t r u c t u r e  and p r o p e r t i e s  of a l l  t h e  d e f e c t s  p re sen t  i n  each 

c r y s t a l .  Therefore s tudy ingd i f fus ion  would be agood means t o  sobe 

t h a t  type of problem. A s  a f i r s t  s t e p ,  w e  chose t o  put un- 

de r  i n v e s t i g a t i o n  naphthalene which can be considered as a 

model specimen f o r  molecular physics'.  

The d i f f u s i o n  t enso r  D - i s  def ined by F i c k ' s  f i r s t  l a w  : - 
- J = -E - -  grad c (1 1 

F l u x  and g r a d i e n t  are g e n e r a l l y  not co l inea r .  E i s  a 

second rank tensor .  The equat ion ( 1 )  can be w r i t t e n  i n  ten- 

s o r i a l  no ta t ion2  : 

J. = -D grad c ( 2 )  
i j  j 

Matter d i f f u s i o n  i s  a p rope r ty  descr ibed by thermody- 

namics of i r r e v e r s i b l e  processes .  Since Onsager ' s  p r i n c i p l e  

shows t h a t  crossed c o e f f i c i e n t s  of l i n e a r  phenomenologi- 

ca l equa t ions  equal  one another ,  l e t  us 

Therefore  t h e  d i f f u s i o n  t enso r  i s  

t o  determine a d i f f u s i o n  t enso r  wi th in  

say : 

( 3 )  

symmetrical. Usual ly  

a c r y s t a l  one has t o  

d e f i n e  s i x  parameters,  t h r e e  i n  o rde r  t o  s e t  t h e  main axes 

( X I ,  X 2 ,  X3) corresponding t o  t h e  t h r e e  axes of t h e  or tho-  

normal system of r e f e r e n c e  (x , x2,  x3),  and t h r e e  t o  f i n d  

i t s  t h r e e  main c o e f f i c i e n t s  (D, , D2 and D3). 

Thanks t o  symmetry-laws, a lower number of parameters 

i s  needed i n  our case.  According t o  C u r i e ' s  p r i n c i p l e ,  it i s  

known t h a t  t h e  e f f e c t ' s  symmetry ( a  phys i ca l  property)  i s  

e i t h e r  equal o r  supe r io r  t o  t h a t  of t h e  cause ( i . e .  c r y s t a l -  
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ANISOTROPY OF MOLECULAR DIFFUSION 215 

/ 

D l  3 

0 

0 Dl 1 

D22 0 

l i n e  s t r u c t u r e )  .For example,in such a monoclinic s t r u c t u r e  

a s  naphthalene (P2 / a ;  Z=2, a=8.319, b=5.997, c=8.269 A ,  

5=116.92" a t  T=343 K) , a x i s  b, a b ina ry  a x i s  of symmetry, i s  

n e c e s s a r i l y  one o f t h e  main tensorwhereas  t h e  two o the r  ones 

l i e  i n  t h e  ac plane of t h e  monoclinic l a t t i ce .  I f  one 

c a l l s  X 

t h e  t enso r  f o r  which i=2  o r  j = 2  a r e  of zero value.  Therefore  

0 

1 

t h e  a x i s  overlaying b, t h e  diagonal  c o e f f i c i e n t s  of 2 

i n  matr ix  n o t a t i o n :  

= D, D31 and D22  with D13 = 
L 

Since t h e  choice of axes x1 and x3 i s  a r b i t r a r y ,  l e t  

us p3ace them r e s p e c t i v e l y  end-on t o  a and c*, two d i r e c t i o n s  

which, i n  t h e  f i e l d  of t h e  experimental  study of d i f f u s i o n ,  

tend t o  s impl i fy  mathematical  t reatment  of da t a .  c* i s  t h e  

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  perpendicular  t o  plane ab. The 

measurement of d i f f u s i o n  c o e f f i c i e n t s  i n  d i r e c t i o n s  a ,  b ,  and 

c* w i l l  br ing us  s t r a i g h t  t o  t h e  determinat ion of D 

and D33. A 4 t h  s e r i e s  of measurements D , made i n  d i r e c t i o n  

x thanks t o  

equa t ions  deduced from Mohr's c o n s t r u c t i o n  . This  non-diagi 

c n a l  c o e f f i c i e n t  a l lows us t o  know t h e  r e l a t i v e  p o s i t i o n  of 

main axes X1 and X3 with r e s p e c t  t o  a and c*. 

1 1 '  D22 

0 
wi th in  t h e  ac p l ane ,  enab le s  u s  t o  c a l c u l a t e  D 1 3  2 

e 

EXPERIMENTAL 

The s i n g l e  c r y s t a l s  of naphthalene was received from Prof .  

Karl4 (from t h e  Physics  I n s t i t u t e  of S t u t t g a r t  Un ive r s i ty ) .  

The experimental  processes  and t h e  method of c a l c u l a t i n g  

t h e  vacancy d i f f u s i o n  c o e f f i c i e n t  have a l r eady  been d e s c r i -  
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216 L. BONPUNT et a[. 

5 bed , 

and c u t t i n g  c r y s t a l s  as  w e l l  a s  ou r  cho ice  f o r  t h e  x d i -  

r e c t i o n .  The a and b c r y s t a l l o g r a p h i c  axes  were found by 

o p t i c a l  methods of i n v e s t i g a t i o n  (obse rva t ion  under c ros sed  

p o l a r i z e r s ,  b i r e f r i g e n c y ) .  Then t h e  p o s i t i o n  of c a x i s  w a s  

determined by d i f f r a c t i o n  of a mono- o r  polychromatic X-ray 

beam. The x d i r e c t i o n  we s e l e c t e d  i s  conta ined  i n  t h e  

x1 x3 p lane  and makes an  a n g l e  of 5 2 "  w i th  x 

We now show t h e  p r e c i s e  method adopted f o r  o r i e n t i n g  

0 

0 

3' 
The c r y s t a l  w a s  s ec t ioned  i n  o rde r  t o  g e t  samples whose 

f a c e s  were p a r a l l e l  t o  t h e  fou r  c r y s t a l l o g r a p h i c  p l a n e s  des- 

c r i b e d  above. With t h e  t y p i c a l l y  c l a s s i c a l  method w e  ap- 

p l i e d ,  c a l l e d  sec t ion ing -coun t ing ,  we needed t o  pu t  a ve ry  

f i n e  d e p o s i t  of r a d i o a c t i v e  naphthol  t r a c e r  on t h e  f a c e  

pe rpend icu la r  t o  t h e  d i f f u s i o n  d i r e c t i o n  under c o n s i d e r a t i o n .  

Af t e r  the  d i f f u s i o n  p r o c e s s  t h e  c r y s t a l  is  s e c t i o n e d  p a r a l l e l  

t o  t h e  depos i t -p l ane  i n t o  fou r  pm slices. The a c t i v i t y ,  A ,  

of each  s l ice  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n ,  c ,  of  

d i f f u s i n g  molecules .  

I n  o r d e r  t o  reach  a s a t i s f a c t o r y  degree  of p r e c i s i o n  

f o r  t h e  f o u r  d i f f u s i o n  c o e f f i c i e n t s ,  s e v e r a l  exper iments  

(from two t o  f o u r )  had t o  b e  c a r r i e d  o u t  w i th  d i f f u s i o n  

times from 190 t o  4 7 3  hours .  

RESULTS 

When b u l k  d i f f u s i o n  a l o n e  i s  t o  be accounted f o r ,  a d i f -  
X 2  

f u s i o n  p l o t  Log c = f ( x 2 )  must be l i n e a r  s i n c e c = c  0 exp(- r) D t  

i s  t h e  s o l u t i o n  of F i c k ' s  law ( E q . ( l ) )  p r o j e c t e d  upon any 

d i r e c t i o n .  Concre t e ly ,  we r e p o r t  t h e  Log A = f (x2) p l o t s  

which, as w e  noted p rev ious ly  are equ iva len t  w i th  t h e  

excep t ion  of one c o n s t a n t .  

The t a i l i n g  i n s t a n c e s 5  on l i n e a r  exper imenta l  p r o f i l e s  
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ANISOTROPY OF MOLECULAR DIFFUSION 217 

i n  x (but not i n  x*), due t o  a f a s t e r  mob i l i t y  along d i s l o -  

c a t i o n  l i n e s ,  show t h e  n e c e s s i t y  of a mathematical c o r r e c t i o n  

s u b s t r a c t i n g  t h e i r  c o n t r i b u t i o n .  For t h a t  purpose w e  used 

L e  C l a i r e  and Rabinovi tch 's  m e t h ~ d ~ - ~ - ' .  

t h e  whole series of p l o t s  obtained f o r  varying p e r i o d s  of 

d i f f u s i o n  and previous a c t i v i t i e s ,  we r e s o r t e d  t o  normali- 

s a t i o n  and el iminated these  parameters.  F i n a l l y  from t h e  

four  average p l o t s  co r rec t ed  once f o r  d i s l o c a t i o n  i n f l u e n c e s ,  

and r e l a t e d  t o  t h e  four  d i r e c t i o n s  under i n v e s t i g a t i o n ,  w e  

deduced t h e  c o e f f i c i e n t  va lues  i n  t h e  fou r  d i r e c t i o n s  

In  order  t o  compare 

-1 

-1 

-1 

-1 

Dxl = (12.3 t 0.4) . m 2 , s  D i r e c t i o n  x 

D i r e c t i o n  x Dx2 = ( 8.8 f 0.3) . m2.s 
1 

D i r e c t i o n  x D X ~  = ( 4.3 * 0.3) . m2.s 

DX = ( 7.8 t 0.2) . 1 0 - l ~  m2.s e 8 D i r e c t i o n  x 

FIGURE 1 .  Geometrical r e p r e s e n t a t i o n  of the d i f f u s i o n  
tensor  : f l u x  e l l i p s o i d .  
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-1 
i n  m 2 . s  

D i f fus ion  t enso r  Tensor brought back 
wi th in  t h e  (a,b,c*) t o  i t s  main axes 
frame o f  r e fe rence  ( X I  9 x * ,  X 3 )  

DISCUSSION-CONCLUSION 

One of our r e s u l t s  i n  h e t e r o d i f f u s i o n  might be compared t o  

Barppton and Sherwood's ~ t u d y ~ c o n c e r n i n g  naphthalene s e l f -  

d i f f u s i o n  i n  c* d i r e c t i o n .  The numerical eva lua t ion  by these  

au tho r s  of 15.10-l7 m2s- '  c a l c u l a t e d  a t  343 K ,  has  a s i m i l i a r  

o rde r  of magnitude. Comparison should no t  be drawn f u r t h e r  

f o r  two reasons.  F i r s t  they d id  not  apply Le  C l a i r e  and 

Rab inov i td l ' s  method as we did f o r  c o r r e c t i n g  d i s l o c a t i o n  

in f luences ;  second it would be da r ing  i n  t h e  p re sen t  s t a t e  

of knowledge t o  compare h e t e r o  - and s e l f  - d i f f u s i o n  da ta .  

However, a s  a f i r s t  i n t e r p r e t a t i o n  w e  can a l r eady  t r y  

t o  analyze our r e s u l t s  i n  terms of t h e  s t r u c t u r a l  environment. 

Naphthalene s t r u c t u r e  i s  u s u a l l y  descr ibed as a heapof  com- 

pacted molecular s h e e t s  p a r a l l e l  t o  t h e  (001) plane.  The 

shee t - l i ke  a spec t  may be seen v e r y  e a s i l y  through a projec-  

t i o n  of t h e  s t r u c t u r e  upon t h e  (010) p l ane  (Fig.2).  When 

comparing t h e  above p r o j e c t i o n  t o  t h e  f l u x  e l l i p s o i d  s e c t i o n  

of t h i s  plane,  i t  appears  a l s o  q u i t e . c l e a r l y  t h a t  i n t ep -  

shee t  

shee t  (about t h r e e  times lower). A s  f o r  d i f f u s i o n  wi th in  

each shee t ,  it i s  broadly homogenous ( - c l o s e  t o  1 . 4 ) .  

m o b i l i t y  i s  much lower than  m o b i l i t y  wi th in  each 

D 1  
D2 
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ANISOTROPY OF MOLECULAR DIFFUSION 219 

a 

__ ~ ~ 

b 
FIGURE 2. a )  Naphthalene s t r u c t u r e  p r o j e c t i o n  along b axis 

(upon t h e  p l ane  (010)). 

b) Sec t ion  p a r a l l e l  t o  p l ane  (010) of t h e  f l u x  
e 1 1 i p so i d .  
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220 L. BONPUNT ef al. 

The f i r s t  complete determinat ion of an  h e t e r o d i f f u s i m  

t enso r  i n  a low-symmetry s t r u c t u r e  a l lows u s  t o  confirm t h e  

ex i s t ence  of a s t rong d i f f u s i o n  anisotropy.  Now we 

s h a l l  extend . our s t u d i e s  t o  f i n d  out  whether t h i s  aniso-  

t ropy process  e x i s t s i n  t h e  case of naphthalene s e l f d i f f u s i o n .  

Thus w e  s h a l l  be a b l e  t o  compare t h e  whole of our r e s u l t s  

with those  of  HamptBh and Sherwoud qand Shcrwood and WhiteLo. 

We w i l l  a l s o  be a b l e  t o  f i n d  ou t  t h e  r e s p e c t i v e  r o l e s  play- 

ed by t h e  d i f f u s i n g  molecule (naphthol o r  naphthalene) and 

t h e  p a r t  played by the h o s t  l a t t i c e  and i t s  own d e f e c t s .  

We wish t o  express  our thanks t o  P r o f .  N .  Karl  f o r  

p repa r ing  naphthalene c r y s t a l s  f o r  u s .  
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