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Abstract F,Gcentl;? discoverzd 2nd ex t?ns iv" ly  
s t u d i  3 d transformations,  qu asi-r ,eutrzl  i!li xed- 
stack of donor m d  acceptor  rnolecu1esb;r -uasi-  
i on ic  dimerizcd s tack i n  charge-transfer crys- 
t d s  has bsen t r 3 z t e d  as  a s o l i d  stzte chemical 
rnac t ions .  

1; TTEG ;XJCTIOH 

The architecture of the organic charge-transfer (CT) 
c r y s t a l s ,  two-cordipncnt ma te r i a l s ,  i s  de tamined  not 
only by tha c lose  packing p r inc ip l e  but a l s o  by mole- 
cu l a r  energctics-the d i f fe rence  between i o n i z a t i o n  
y t e n t i a l  o f  a. donor (11) and e l ec t ron  a f f i n i t y  o f  an 
acceptor  (A) molecule. The d i f f e rence ,  (14) , can 
be i d e n t i f i e d  as a hatldness of t h e  Dli p a i r  f o r  an 
e l ec t ron  dens i ty  transfer and i s  a measure of cherni- 
c z l  r e a c t i v i t y .  Here, it is the formation of the 
ionic dimer, 

For  l a g e  hardness,  e.g., when it i s  g r e a t e r  than 
s f f e c t i v e  Coulomb in t e rac t ion ,  J, between the p a i r  
o f  molecules, ( I - A ) >  J ,  equi l ibr ium in t he  p o -  
cess (1) will be s h i f t e d  t o  the  left and the ground 

-- 

( D + A ) = ( D'A-) (1) 
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140 T. LUTY AND H. CAILLEAU 

stats w i l l  be gr?dominantly n e u t r a l  and v i ce  versa.  
The condition, I-d = 2 3 ,  i s  known a,s a "neutral- to-  
ionic"  bound2rg.l Cue to a non-zero overlap integral 
bctiqeen iiOI,O or" I1 and 3 U X O  of I! molecules, every 
s t a t e  of eaui l ibr ium f o r  t h o  r e a c t i o n  (1) i s  a mix- 
t u r e  of n e u t r a l  a n d  i o n i c  conf igura t ions  and the  
degree, 9 , of t he  i o n i c  admixture i s  gene ra l ly  
i d c n t i f i e d  as an average degree of CT ( i o n i c i t y )  
f o r  thz organic ma,terizJ-s, 

I n  the  mixed-stack c r y s t a l s  with oredominant- 
ly neu t ra l  ground s t a t e s  the  D and A organic molecu- 
l e s  a m  arranged a l t e r n a t e l y  along a stacking ax i s ,  
It  has been discovered recentl:$-" , t h a t  t he  t r ans fo r -  
mation, regular*9dimerizcd s t a c k , i n  the  compound 
te t ra thiafulvalenc-chlorani l  (Tl'F-CA) i s  accompa- 
nied by a change i n  degree of i o n i c i t y .  The trans- 
f orniation, ca l l ed  Irneutral-to-ionic", cCm be px?ssure 
6-8,10 znd t e m p e ~ a t u r s * - ~ ~ ~ * ~ '  induced sad i s  a 
unique electron-induced s t r u c t u r a l  t r a n s i t i o n ,  
Theore t ica l ly ,  the  t ransformation has been t r e a t e d  
by models which were based on collective mecha- 
nisms (electron-phonon coupling) '*-I5 , ctnd were un- 
able t o  expla in  cons i s t en t ly  d 1  experimental f a c t s .  
k need f o r  a completely d i f f e r e n t  approach has been 
advocated. 

.<ere, we would l i k e  t o  e x p l o i t  conceptual si- 
u i l a r i t i e s  between tho e l ec t ron  induced t r a n s i t i o n s  
and chemical r eac t ions  i n  t h e  organic  s o l i d  s t a t e .  
To do this w e  shall treat  t h e  rtneutral-to-ionicrr 
t ransformation as a s o l i d  s t a t e  react ion.  

16 
-- 
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TRANSFORMATIONS IN MIXED STACK COMPOUNDS 141 

THE IIIODEL 

We t r e a t  t he  t ransformation as a non-collective 
process  i n  two s teps .  The first,  an i n i t i a t i o n ,  

...D A D A I) A * . .  -- ... D A DA-D A * . .  ( 2 )  
i s  a c rea t ion  o f  an i o n i c  dimer. The s t a t e  on t h e  
r i g h t  hand s i d e  of ( 2 )  i s  a f rozen  polar-exciton. I7 
The second s t e p  for t h e  r eac t ion ,  a g r o w i n g  process 
o f  t h e  dimerized i o n i c  phase a t  the expense o f  t h e  
Farent non-dimerized phase can be seen as a motion 
of neut ra l - ion ic  domain walls, . . &D A D +~-D+J-D+A' I D A D A . . . , 
a 

t h e  transformation.. 

The first s t e p  - a l o c a l  d i n e r i z a t i o n  
The e s s e n t i a l  condi t ion f o r  occurance of i n t e r -  
molecular so l id - s t a t e  toFo-chemical react ionsrequi-  
r e s  a minimum change i n  the f o r m  o f  the " r e a c t i o n  
cavi ty" .  Thus a l o c a l  d ine r i za t ion  has t o  be of 
a displacive Type. This means an i n s t a b i l i t y  o f  a 
DA p a i r  with respec t  t o  t h c s t r e t c h i n g  (intra-CT) 
mode. It has  been shownq6 t h a t  t h e  i n s t a b i l i t y  can 
be due t o  a competition between d i r e c t  intermolecu- 
lar i n t e r a c t i o n s  and i n d i r e c t  ones , for  which t rans-  
fered and intermolecular  bond e l ec t rons  are media- 
t o r s .  The diagonal coupling between th-? e l e c t r o n s  
and the  node has been considered16 and we shall make 
here a genera l iza t ion  f o r  non-diagonal couplings. 
Following r e f .  16, t h e  iiamiltonian f o r  a ditxer i s  
wr i t t en  as, 

concept a l r eady  introduced i n  the  theory  of 
12 

( 3 )  - 
HDimer - Ho + %ou_Dling ' D
ow
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142 T. LUTY AND H. CAlLLEAU 

and represents  t h e  EIamiltonian f o r  uncoupled e l ec t -  
rons  and v ibra t ions .  5: i s  half o f  an enorgy o f  CT 
exc i t a t ion ,  T i s  an e f f e c t i v e  overlap in t eg ra l .  The 
e l ec t ron ic  operators ,  &?I and iB, descr ibe changes 
i n  degree of charge t r a n s f e r , g ,  and bond charge, 
resnect ively.  
e l a s t i c  energy o f  the dimer, r e l evan t  f o r  the Frob- 
lem e.g., t h e  t h i r d  term stands f o r  the  energy of 
t o t a l l y  symmetric intramolecular  v ib ra t ions  and the 
last  term i s  the energy o f  the s t re tchingintra-CT 
mode, Tha coupling h n i l t o n i a n ,  

A 

r i  i h e  last two terms r epmsen t  the 

comes from l i n e a r  dependency o f  t hc  %erg)- of C!? 
excitons(P) on t h e  n o m a l  coordinates  o f  the vibra- 
t i o n s  ( the  last t e r n )  znd of  the t r a n s f e r  i n t c g r a l  
( 2 )  ( thz  first t e r n ) ,  where gA,i), p and f are couLp 
l i n g  cons tmts .  dq. (5)  i n d i c a t e s  t h a t  t h 3  i n t r a -  
molecular v ib ra t ions ,  as w e l l  as the  intra-dimer 
mode, a c t  as a pcrturbat ion r o r  the e l ec t ron ic  sub- 
system and induce changes i n  the  degree of i o n i c i t y  
and bond charge. : t i t h in  the line= ressonse theor::, 
as umiog ad iaba t i c  resgonse of t h s  el!?ctronic 

respec t ive ly)  , a r e  s t a t i c  e l e c t r o n i c  s u s c e p t i b i l i t i e s  
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TRANSFORMATIONS IN MIXED STACK COMPOUNDS 143 

16 of the DA pa i r ,  unperturbed by t h e  v ibra t ions .  
On s u b s t i t u t i n g  eq.(6) i n t o  (51 ,  the e f f e c t i v e  
f r e p s n c y ,  52 d ?  f o r  t he  intra-dimer node citn be cal- 
cu la ted  from the t o t a l  Ilamiltonian (3). The r e s u l t  

i n d i c a t e s  t h a t  t h e  freauency i s  renormalized due t o  
the i n d i r e c t  i n t e r a c t i o n s  mediated by the  charge 
t r ans fe red  from D t o  A molecule and t h e  bond charge, 
,;hen the s i t e  symmetry o f  the dimer allows for a 
counling of t he  t o t a l l y  symmetric intramolecular  
v ib ra t ions  t o  the CT exc i t a t ion ,  t h e  i n d i r e c t  in-  
t e r a c t i o n s  a re  f u r t h e r  renormalizcd by the  term i n  
sguare brackets  o f  ca. (7). I n  such a case t h e  sta- 
b i l i t y  l i m i t  ( ad -+ 3 )  can be reached e a s i e r  and 
this can happen f o r  a ilk pair a t  imaer fec t ions  of 
a crjrstcal. 

P i  immediate consequence of the  l o c d  dimer 
forna t ion  ( < a >  f0)  i s  an increase  i n  both degree 
of i o n i c i t y  and t h e  bond charge, according t o  eq.(6). 
Tho dimer wi th  increased  degree o f  i o n i c i t g ,  bond 
charge and shortened intermolecular  distance can be 

the i n i t i a t i o n  of the chemical r e a c t i o n  i s  a process  
i n t e r p r e t e d  as a condensed polar-exci ton.  l7 T h S ,  

... il'! A-lD+fA-qD+fA-f.. - . .D+fA-!eA-rD+fA-! (8) 
( P  = 9 +d ii>= 1) 

which l o c a l l y  ( i n  t h e  " r eac t ion  cavi ty")  decreases  
energy of  the mixed-stack, As follows from t h e  
microscopic mechanism, the dimer - a g ian t  molecule 

which forms a new ?has@ w i l l  be charac te r -  
zed by a predominantly covalent bond if e>> y'or 

( D+PA'I') 
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144 T. LUTY AND H. CAILLEAU 

t h a  dimer w i l l  be predominantly i o n i c  i f  (5<< 
L mixture of both k inds  o f  bonds forms a da t ive  
s t ruc tu re  o f  the dimer. 

The sccond s t e p  - a growth of t h e  d imer i zed  phase 
-1 growth of  t he  new phase, dimerized and i o n i c ,  has 

t o  be a h i g h l y  non-col lec t ive  process and t h e  easiest  
way t o  v i sua l i ze  it would be 
ion ic ,  undimerized-ainerized domain walls. The 
c r y s t a l s  which a r e  sens i t i ve  t o  the  discussed 
ncutral- ionic  t ransformation w i l l  be seen as homo- 
genzous o r  inhomogeneous 
ral  molecules ( i n  TTF-CA, the  ion ic  phase being 

d imer i zed )  and t h e  degree of i o n i c i t y  fo r  t h e  c rys-  

t a l  means t h e  t i m e  and space average i o n i c i t y  of 
t he  mixed-valence D and A molecules. Thus, t h z  
average degree o f  i o n i c i t y , $ ,  has t o  be under- 
stood as ft mean-field parameter of the  system. 
Thc: ground s ta te  o f  such a c r y s t a l  i s  therefore  a 
s t a t e  o f  dynzmical equilibrium f o r  the process, 

. 

motion o f  neut ra l -  

o f  i on ic  and neut- 

. . . D~A-~~A-D+A-. . . 
k.. ,D+AD+AB+L. . . (3) 7 ..OD A D k D h - 0 .  

The dynamics o f  the  neut ra l - ion ic  donain walls 
( in t e r f aces )  w i l l  be e s s e n t i a l  f o r  an average 
s t ruc tu re  of the system seen by d i f f r a c t i o n  methods, 
idloreover, t he  equilibrium (9)  can be shif ted by 
pressure or temperature. 
between n e u t r a l  and i o n i c  phases w i l l  determinethe 
dynamics of the domain walls. 
t h e  thermal f l u c t u a t i o n s  allow overcoming t h e  bar- 

r i e r  and the walls move fas t .  When t h e  t e m -  

._ 

The energy b a r r i e r ,  AH*, 

A t  high temperatures, 
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TRANSFORMATIONS IN MIXED STACK COMPOUNDS 145 

pera ture  decreases,  t he  energy barrier becomes 
smaller  but  t h e r e  a r e  smaller thermal. f l u c t u a t i o n s  
and the  domain walls a r e  move slower, *he neut ra l -  
i o n i c  t ldisorderll  becomes more and more static, how- 
e v e r , s t i l l  not  as s t a t i c  as t o  be c l e a r l y  de tec ted  
by d i f f r a c t i o n  methods. 

i n  t h e  concentrat ion of  the  i o n i c  phase w i t h  tem- 
perature  ( increase  with decreasing temperature) can 
be explainad by Le Chate l ie r ' s  2rincipl.e app l i sd  
t o  t h e  equilibrium (9) w i t h  ASe 0. However, 
t h i s  simple r u l e  cannot explain a discontinuous 
change i n  i o n i c i t y  observed i n  TTF-CA crystals at 
about 80 K. Even, i f  one would assume the  energy 
difference A H *  t o  be dependent on t h e  degree of 
i o n i c i t y  ( c o l l e c t i v e  i n t c r a c t i o n  between i o n i c  
domains), for a l i n e a r  func t ion ,  A€ie = a + bS , 
t he  Le Chate l ie r ' s  p r inc ip le  , 

f-l 

It i s  important t o  r e a l i z e  thzt the  change 

g ives  r e s u l t s  Ldenticn3. t o  those obtained by 
l h r i f i e l d  . The r e s u l t  was tha,t f o r  system re- 
presented by molecules D+ and A- and treatr-?d as 
a set  o f  I?$ holes d i s t r i b u t s d  iul?ong H donors,&nd 
N f  e lec t rons  among N acceptors ,  a t r a n s i t i o n  can 
occur from a s tack  of smzller  i o n i c i t y  below the 
t r a n s i t i o n  temperature t o  one of larger i o n i c i t y  
above, The temperature induced t ransformation i n  
TTF-CA crystals is just the opposite. 

Le Chatelier's principle is helpful when 

18 

one discusses the influence of pressure on the 
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146 T. LUTY AND H. CAILLEAU 

equilibrium (9) f o r  TTF-CA. The change i n  volume, 
A P ,  of t h e  Fure phases (pe r  complex molecule) i s  
negat ive due t o  dimerizat ion.  An i n c r e a s e  of 

pressure shifts t h e  equilibrium (9)  t o  the  r i g h t  
and the  degree o f  i o n i c i t y  increaaetz, as e x F r i -  
mental ly  observed$97 The monotonic increase  o f  t he  
degree of i o n i c i t y  UT) t o  11 kbars  can be reproduced 
very accura te ly  by t h e  funct ion,  

(1 1) 
A P  7 = {I + A exp (- IT)} -I 

with constants  A = 2.57 and AVe = - 5 g3, f i t t e d  
t o  t h e  no in t s  Q (:p=O) and 9 (p11 1tba.m). The 
volume difference is approximately 1% o f  t h e  volums 
of TTF-CA pa i r ,  t he  cont rac t ion  estimttted from 
X-ray measurements, due t o  dimerization.* This  
simnle ana lys i s  i n d i c a t e s  t h a t  T!j!r"-SA c r y s t a l  be- 
ha res  with pressure as a binary system ( n % t r a l  
and i o n i c  domains) where the  dynarnical equi l ibr ium 
i s  sh i f t ed  by t h e  Tressme,  

COWCLUSIONS 

I n  s p i t e  o f  the fact  t h a t  th-3 r e c e n t l y  discovered 
t r ans i t i on :  (nixed,  cpasi-neutral  s teck)  - (dirneri-  
z e d ,  q u a s i - i o n i c  s t a c k )  i n  t h e  TTF-CA system i s  of 
~ I I  unusud. kind and cannot be inteqrFjtl j .d by a y  
oin;Fle theory o f  rhasc t r a n s i t i o n s ,  we have mad: 
an attempt t o  t r e a t  t h e  t ransformation as a chumi- 
c a l  react ion.  A rnicroscoFic mechanism f o r  th'3 
i n i t i a t i o n  s t e p  as a l o c a l  dimerizat ion hes been 
elaborated.  2he TTF-CA c r y s t a l  i s  t r c z t e d  a s  n 
bilzary system, whore! conoentration of i o n i c  dirqars 
de te rmin3an  average degree of i on ic i ty .  Undor 
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TRANSFORMATIONS IN MIXED STACK COMPOUNDS 147 

e x t s r n a l  condi t ions (p,T) the re  i s  a dynaniical 
equilibrium between subs t r a t e s  ( Doand Ao molecules) 
and products (D'A- dimers) due t o  motion of  domain 
w a l l s  between the  two phases. A change i n  thg  deg- 
r e e  of i o n i c i t y  wi th  increas ing  pressure can be 
understood with 
c i p l e  and the discontinuous change at 11 k b a r s  
could be in t e rp re t ed  as due t o  c o l l e c t i v e  behaviour 
o f  the  system above some c r i t i c a l  concentration. 
The behaviour of t h e  system with temperature c a  
be i n t e r p r e t e d .  i n  t e r m s  of L e  C h a t e l e r ' s  p r i n c i p l e  
up t o  t h e  d i s c o n t i n u i t y  i n  i o n i c i t y ,  assuming t h e  

energy change f o r  t h e  r e a c t i o n  " n e u t r a l - i o n i c "  i s  
nega t ive .  The ab rup t  change i n  i o n i c i t y  a t  8 0  K 

observed i n  t h e  TFF-CA c r y s t a l  cannot  be exp la ined  

i n  terrr.s of a s imple,  l i n e a r  dependency of * ( s  ). 

I t  i s  concluded t h a t  a very s p e c i a l  collective in -  
t e r a c t i o n  i s  switched on i n  t h e  system a t  t h e  t e m -  
p e r a t u r e  induced t r a n s i t i o n .  
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