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LACTRON INDUCED TRANSFORMATIONS IN ORGANIC
HIXED=STACK COMPOUNDS AS MODZLS FOR SOLID
YPATE CHEMICAL RZACTIONS

TADEUSZ LUTYa'b' and H4RVE CAILLEAU®

a. Groupe de Physicue Cristalline, U,A. au
CoNJReZa 040804, Universite de Remnes 1,

Campus de Beaulieu, 35042 Rennes Cedex, France,
b. Institute of Organic and Physical Chemistry,
Technical University, Wroczaw, FPoland.

Abstract Rucently discoversed and cxtensively
studied transformations, guasi-neutral mixed=
stack of donor and acceptor molecules <> ~uasi-
ionic dimerized sback in chargs-transfer crys-
tals has been tresated as a solid state chemical
raactions.

THTRODUCTION

The architecture of the organic charge-transfer (CT)
crystals, two=-componcent materials, is determined not
only by the close packing principle but also by mole-
cular energetics~the difference between ionization
notential of a donor (D) and electron affinity of an
acceptor (4) molecules., The difference, (I-4A), can
be identified as a hardness of the DA pair for an
glectron density transfer and is a2 measure of chemi-
cal reactivity., Here, it is the formation of the
ionic dimer,

(D+4a) = (D7) (1)
For large hardness, e€.g8,, when it is greater than
effective Coulomb interaction, J, between the pair
of molecules, (I-A)>J, equilibrium in the pro-
cess (1) will be shifted to the left and the ground
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state will be predominantly neutral and vice versa,
Ths condition, I-A = 2J, is known as a "neutral-to-
ionict boundary.1 Due to a non-zero overlap integral
betwsen HONO of D and TLUMO of A molecules, every
state of equilibrium for the reaction (1) is a mix-
tura of neutral and ionic configurations and the
degree, ¢ , of the ionic admixture is generally
identified as an average degree of CT (ionicity)
for the organic materials,

In the mixed-stack crystals with predominant-
ly neutral ground states the D and A organic molecu-

les arc arranged alternately along & stacking axis.
2=11

It has been discovered recently s that the transfor-

mation, regular e dinerized stack, in the compound
tetrathiafulvalens~chloranil (TTF=-CA) is accompa-
nied by a change in degree of ionicity. The trans-~
formation,called "neutral-to-ionic", can be pressure
6=8,10 ong temperaturez's’g'11 induced and is a
unique electron~induced structural transition,
Theoretically, the transformation has been treated
by models which were based on collective mecha-
nisms {elactron~-phonon coupling)12-15 and were un-
able to explain consistently all experimental facts.
A need for a completely different approach has been
advocated.16

Here, we would like to exploit conceptual si-
nilarities between the electron induced transitions
and chemical reactions in the organic¢ solid state,
To do this we shall treat the "neutral-to=ionic"
transformation as a solid state reaction.
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THE MODEL

We treat the trensformation as a non~collective
process in two steps. The first, an initiation,

eeeDADADA,es == D ADATD AL, (2)
is a creation of an ionic dimer, The state on the
right hand side of (2) is a frozen polar—exciton.17
The second step for the reaction, a growing process
of the dimerized ionic phase at the expense of the
parent non~dimerized phase can be seen as a motion
of neutral-ionic domain walls,

weiD A D Allf__k"lﬂ'm' DADA eau ,

a conceprt already introduced in the theory of
the transformation~12

The first step - a local dimerization

The essential condition for occurance of inter-
molecular sclid~state topo-chemical reactionsrequi-
res a minimum change in the form of the "reaction
cavity". Thus a local dimerization has to be of
a displacive type. This means an instability of a
DA pair with respect to the stretching (intra=CT)
mode. It has been shown16 that the instability can
be due to a competition between direct intermolecu-

lar interactions and indirect ones,for which trans-
fered and intermolecular bond electrons are media=-
tors. The diagonal coupling between the electrons
and the mode has heen conSidered16 and we shall make
here a generalization for non~diagonal couplings.,
Following ref. 16, the Hamiltonian for a dimer is
written as,

H

HDimer o * HCoupling ’ (3)
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where

- IA 4 1 A 2 2 2

and represents the Hamiltonian for uncoupled elect-
rons and vibrations, & is half of an energy of CI
excitation, Tis an effective overlap integral. The
electronic operators, $n and §B, describe changes
in degree of charge transfer,g s and bond charge,
respectively. The last two terms represent the
elastic energy of the dimer, relevant for the prob-
lem e.g8., the third term stands for the energy of
totally symmetrie intramolecular vibrations and the
last term is the energy of the stretching intra-CT
mode, The coupling Hamiltonian,

Hooupling = {”‘qs'EB +{%gD"?D '%AQA - X'q} §3, (5)
comes from linear dependency of the energy of CT
excitons(®) on the normal coordinates of the vibra-
tions (the last term) and of the transfer integral
() {the first term), whcre By, D and y are coup-
ling constants., =q. (5) 1ndlcates that ths intra-
molecular vibrations, ags well as the intra-dimer
mode, act as a recrburbation for the electronic sub=-
system and induce changes in the degree of ionicity
and bond charge, Within the linear response thsory,
as:uming an adiabatic response of the elsctronic
subsystem (static case), the changes are,

1
< “> X (%CT‘xb)? [gA,DQA,D b
('xc T b)z %b (5 el (6)

)Ccm and 96b (charge-transfer and bond-charge,

respectively), are static electronic susceptibilities
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of the DA pair, unperturbed by the vibrations.16

On substituting eq.(6) into (5), the effective
frequency,sz-d, for the intra-dimer mode can be cal~
culated from the total Hamiltonian (3)., The result
02 - -( v, X’%)“ D ‘3»2»]'1 N
cd =99 T Yer (55 [1‘ CTA‘D-EE;
indicates that the freguency is renormalized due to
the indirect interactions mediated by the charge
transfered from D to A molecule and the bond charge,
“hen the site symmetry of the dimer allows for a
coupling of the totally symmetric intramolecular
vibrations to the CT excitation, the indirect in=-
teractions are further renormalized by the term in
sguare brackets of eg. (7). In such a case the sta=
bility limit ('Ild."’ 0) can be reached easier and
this can happen for a DA pair at imperfections of
a crystal,
in immediate consequence of the local dimer
formation ( <¢d> #0) is an increase in both degree
of ionicity and the bond charge, according to eq.(6).
The dimer with increased degree of ionicity, bond
charge and shortened intermolecular distance can be
17 rhus,
the initiation of the chemical reaction is a process
A 'l §)30 Tt 50k 'k BRINS L 3/%d §) L0 18 N R €2
( § =0 (P=3+<Iﬁ>z1)
which locally (in the "reaction cavity") decreases
energy of the mixed=-stack, As follows from the
microscopic mechanism, the dimer - a giant molecule
(D+PA'P) which forms a new phase will be character-
zed by a predominantly covalent bond if (’5)} Y or

interpreted as a condensed polar-exciton.
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the dimer will be predominantly ionic if PKY .,
£ mixture of both kinds of bonds forms a dative
structure of the dimer,

The second step = a growth of the dimerized phase
A growth of the new phase, dimerized and ioniec, has
to be a highly non-collective process and the easiest

way to visualize it would be motion of neutral-
ionic, undimerized-dimerized domain walls, The
crystals which are sensitive to the discussed
neutral-ionic transformation will be seen as homo=
gensous or inhomogensous of ionic and neute
ral moleculeg (in TTF-CA, the ionic phase being
dimerized) and the degree of ionicity for the crys-
tal means the time and space average ionicity of
the mixed-valence D and A molecules, Thus, the
average degree of ioniecity, §, has to be under-
stood as a mean~field parameter of the system.
The ground state of such a crystal is therefore a
state of dynamical equilibrium for the process,
oo DATDTATDRAL L,
eeeDADADA .. (9
™S, ptamDtATTRA ..

The dynamics of the neutral-ionic domain walls
(interfaces) will be essential for an average
structure of the system seen by diffraction methods,
Moreover, the eguilibrium (2) can be shifted by
rressure or temperature. The energy barrier, AH®,
between neutral and ionic phases will determine the
dynamics of the domain walls, At high temperatures,
the thermal fluctuations allow overcoming the bar-
rier and the walls move fast. When the tem-
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perature decreases, the energy barrier becomes
smaller but there are smaller thermal fluctuations
and the domain walls are move slower, <The neutral-
ionic "disorder" becomes more and more gtatic, how-
ever,still not as static as to be clearly detected
by diffraction methods.

It is important to realize that the change
in the concentration of the ionic phase with ten-
perature (increase with decreasing temperature) can
be explained by Le Chatelier’s principle applisd
to the equilibrium (9) with AX® < 0, However,
this simple rule cannot explain a discontinuous
change in ionicity observed in TTF-CA crystals at
about 80 K., Even, if one would assume the energy
dgifference AHE® 4o be dependent on the degree of
ionicity (collective interaction between ionic
domains), for a linear function, AHE® = a + bg ,
the Le Chatelier s principle ,

 bm (;E—!) — A Ho(g)

0=z (10)
2T kT
gives results identical to those obtained by

Herrifield'®, The result was that for system re-

presented by molecules D' and A” and treatsd as
a set of N¢ holes distributed among N donors, and
¢ electrons among N acceptors, a transition can
occur from a stack of smaller ionicity below the
transition temperature to one of larger ionicity
above, The temperature induced transformation in
TTF-CA crystals is just the opposite.

Le Chatelier's principle is helpful when
one discusses the influence of pressure on the
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equilibrium (¢) for TTF=-CA, The change in volume,
AV®, of the pure phases {per complex molecule) is
negative due to dimerization. An increase of
pressure shifts the equilibrium (9) to the right
and the degree of ionicity increases, as experi-
mentally observed§’7 The monotonic increase of the
degree of ionicity up to 11 kbars can be reproduced
very accurately by the function,

g = {1 + A exp (= %VE':)} =1 (11)

with constants A = 2,57 and AV® = = 5 8, ritted
to the noints ¢ (p=0) and % (p=11 kbars)., The
volume difference is approximately 1% of the volume
of TTF=-CA pair, the contraction estimatsd from
X-ray measurements, due to dimeriza.tion;2 This
simple analysis indicates that TTF-CA crystal be-
haves with pressure as & binary system (nsutral

and ionic domaing) where the dynamical equilibrium
is shifted by the nressure,.

CONCLUSIONS

In spite of the fact that ths recently discoverad
transition: (mixed, quasi-neutral stack) €« (dimeri-
zed, guasi-ionic stack) in the TTF-CA system is of
an unusual kind and cannot be interprated by any
simple theory of rhase transitions, we have madg
an attemnpt to treat the transformation as a chanie
cal reaction., A microscopic mechanism for ths
initiation step as a local dimerization has been
elaborated, The TTF~CA crystal is treated as a
binary system, whers coneentration of ionic dimers
determinsg an average degree of ionicity. Under
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external conditions (p,T) there is a dynamical
equilibrium between substrates (D°and A® molecules)
and products (DYA™ dimers) due to motion of domain
walls between the two phases, A change in the dege
ree of ionicity with increasing pressure can be
understood with  the simple Le Chatelier’s prin-
ciple and the discontinuous change at 11 kbars
could be interpreted as due to collective behaviour
of the system above some critical concentration,
The behaviour of the systsm with temperature can

be interpreted in terms of Le Chateler's principle
up to the discontinuity in ioniqity, assuming the
energy change for the reaction "neutral-ionic" is
negative. The abrupt change in ionicity at 80 K
observed in the TFF-CA crystal cannot be explained
in terms of a simple, linear dependency of H* (% ).
It is concluded that a very special collective in-
teraction is switched on in the system at the tem-
perature induced transition.
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