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DYNAMICAL COOPERATIVITY IN ELECTRON DELOCALIZATION OF 
MIXED-VALENCE BIFXRWXNIUM ccMpI+E)Ips 

TAKEBHI KAMBAFU* AND NAOYlJKI SASAUI** 
*University of Electro-Communications, Chofu, Tokyo 182, 

*SNippon Dental University, Fujimi, Chiycda-ku, Tokyo 

(Received April 18,1988) 

Abstract Intramolecular electron transfer in the mixed- 
valence biferrocenium complexes in crystals shows quali- 
tatively different behavior from that in the complexes in 
solutions. The "extra" electron in a mixed-valence complex 
in the crystal may be localized at low temperature and 
delocalized at higher temperature. The electron localization- 
delocalization transition induced thermally corresponds to a 
kind of order-disorder phase transition. In order to clarify 
the mechanism of the transition, a statistical mechanical 
model has been proposed ( T. Kmnbara, D.N. Hendrickson, T.-Y, 
D o n g ,  and M. J. Cohn, J. Chem. Phys., 86, 2362 (1987)). The 
temperature dependences of the physical quantities relevant 
to the cooperative electron localization-delocalization tran- 
sition are calculated b e  on the model. In the calculation 
a more elaborate treatment is adopted for the intermolecular 
interactions. Those calculated values are compared with the 
observed ones for various kinds of mixed-valence biferro- 
cenium t,rihalide crystals and reasonable agreements are 
obtained. 
Keywords: Mixed-valence biferrocenium complexes, electron delocalization 

J a m  

102, Japan 

-- I?4TRODUCTION 

The electron transfer process between metal ions in binuclear 
rniued-valence complexes has been studied mainly in dilute solu- 
tions'. However, recently it has been found from the study of the 
process in the solid ~ t a t e ~ - ~  that a new type of intramolecular 
electron transfer occurs due to the cooperative interaction between 
the mixed-valence complexes. At very low temperature the "extra" 
electron When 
the temperature increases, the electron transfers to the other 

in each complex locates on one specified metal ion. 
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130 T. KAMBARA AND N. SASAKI 

metal ion in some complexes. At a definite temperature the 
electron in all of the complexes begins transfering between the 
two metal ions. This electron localization-delocalization 
transition corresponds to a kind of order-disorder phase 
transition . 

We have proposed a statistical mechanical model5 for 
binuclear mixed-valence trihalides, which may clarify the 
mechanism of various types of electron localization-delocalization 
phase transitions. The basic idea of the model is as follows : A 

binuclear mixed-valence biferrocenium cation has the two vibronic 

586 

I1 I11 I11 I1 states LFeA FeB 3 and CFeA FeB 1 ,  corresponding t o  the 
electronic states in which the "extra" electron locates on Fe and 
FeB ions, respectively. The electrons in the states are coupled 
to an out-of-phase combination of symmetric: ligand-metal 
stretrhing modes. Each trihalide counteranion XAYXB also has the 

two vibronic states, [XA ---Y-%] and [X -Y--- % - I .  The intra- 
molecular vibronic interaction induces the electron transfer 
between the two states in these ions. The cation-cation and 
cation-anion intermo'lecular interactions may induce cooperatively 
the electronic localization in the mixed-valence cation, that is, 
only one statc(sap [FeA Feg1I11) is occupied. The localized 
state ( [Fe, FeBIIr] ) becomes more unstable with increasing 
temperature, that is, the "extra" electron transfers more and more 
rapidly between the two iron ions, Fe and FeB, and the mixed- 
valence cation becomes delocalizd at temperatures above a 
critical temperature Tc. The model has consistently explained 
the various observed data from M6ssbauer spectra, heat capcity 
measurements, X-ray crystallography, and infrared spectroscopy . 

A 

- 
A 

I1 
I1 

A 

5 

5 In the model the intermolecular interactions were treated by 
the molecular field approxjmation. SpeciPically, the molecular 
field was assumed to keep one crystallographic direction of the 
compounds. What this assumption suggests a degeneration of the 
t w  vibronic s1,ates in the cation for T>T C'  
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ELECTRON DELOCALIZATION OF MIXED-VALENCE BIFERROCENIUM 13 1 

However, recently Sorai et a16 indicated based on the results of 
heat capcity measurements that the ground state of the cation is 
not degenerate even at temperatures above T Therefore, in the 
present we reconsider the problem by taking into account, a 
variation of the direction of the molecular field. We calculate 
the temperature dependences of the localization rate, the heat 

C' 
paper 

capity, and the energy separation between the two vibronic 
states in the cation for various kinds of biferrocenium trihalide 
crystals. These calculated results are in a reasonable agreement 
with the observed ones 2-4 , 6 

MODEL 

Since a detailed explanation of the model has been given in 
reference , we describe here only an essential part of the model 
for later convenience. The two vibronic states in the cation and 
in the anion are denoted by the Pauli spin operators, acz and nAz, 

[XA----Y-%l and IX -Y---X -1 are 1 and -1, respectively. 
assigned to ah= 1 and -1, respectively. The two states in each 
ion couple with each other through the intramolecular interaction 
which is denoted by 0: for the cation and for the anion; u and e 
are both positive. We consider the two types of arrangements of 

mixed-valence cations and trihalide anions in the solid state, 
where one arrangement shown in Figure 5 of reference 5 corresponds 
to biferrocenium trihalide and dialkylbiferrocenium trihalide 
crystals, and the other shown in Figure 6 of reference 5 corre- 
sponds to dihalobiferroceniun trihalide crystals. 

5 

respectively: [FeA1'Feg1''] and [FeA I11 FeBI1] are assigned to a,,= 

A B 

The various states of the mixed-valence cations and the 
trihaljde anions in a crystal are determined by the Hamiltonian H, 

N N 

- i,k JA,ik&z,i%,k 
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132 T. KAMBARA AND N. SASAKI 

where the first and second terms are the Hamiltonians for the N 
free cations and the N free anions, respectively, the third and 
fourth terms are the cation-cation and cation-anion interactions, 
and the double sunnnation of these terms is made only over nearest 
neighbor pairs. Here, 2Jc is the energy difference between the 
parallel localized state(acz,i= acz,j) and the antiparallel(acz = 
-acz,j) and is positive; 2JA,ik corresponds to the energy 
difference between the cation-anion pair with acz,i= ah,k and the 
pair with acz,i= The interaction strength JA,ik is common 
for any anion and positive for dialkylbiferrmenium trihalides, 
but JA,ik depends on the relative position of cation i and anion k 
in dihalobiferrocenium trihalides. 

In order to calculate analytically the thermal average of 
relevant quantities of the system, we transform %z,i and %x,i 
(B = c, A) into the new spin operators, 

, i  

such as 'Bz , i and 'Bx,i 

%z,i = %z,icos% - %x,isi"c3s 9 

%,i = %=,is% + %x,ico% 

( 2 )  

( 3 )  

We introduce a model Hamiltonian H which approximates reasonably 
the real Hamiltonian H: 

0 

N N 

The yB and the direction % of the molecular fields for 
the cation(B=c) and anion(B=A) are determined so as to minimize 
the free energy F of the system. F is given as 

strength 

F = -kBT .m % + <H - %>, 
where the partition function Zo of the model system is 

and the thermal average of a quantity Q is given by 
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ELECTRON DELOCALIZATION OF MIXED-VALENCE BIFERROCENIUM 133 

The equations for yc, yA, eC, and eA are obtained as 

sinec= -a/yc, sinHA= - W ~ A  , 

y cosec - j Y cosec - j Y coseA = 0, 

yAcoseA - jAYccosec= 0 ,  

C c c  A A  

where jc = 2Jc and j, = 4JA for dialkylbiferrocenim 
crystals, jc = 0 and j, = -2JA1 + 4JA2 for dihalobiferrocenium 
trihalide crystals, JAland JAz are the strengths of the intrastack 
and interstack cation-anion interactions, respectively, 
yC = M(yC/lsT) and YA= M ( y A / k g T ) *  

COOPERATIVE ELECTRON LDCALiIZATION-DELOCALIZATION TRANSITION 

Relevant @an tities 
Although there exist various physical quantities relevant to the 
cooperative electron localization-delocalization transition, the 
quantities which have been measured experimentally are the 
electron localization rate of the mixed-valence cations, heat 
capacity, and the effective energy difference between the two 
vibronic states in the cation. These quantities also can be 
calculated bsed on the present model. 

The localization rate nc for the cation in the crystals is 
given by 

are the thermally averaged population 
I11 where PcA and 'CB 

probabilities of the localized states, [ F e ~ l F ~ l l l l  and IFeA 
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134 T. KAMBARA AND N. SASAKI 

F%I1 1 ,  respectively. When the “extra” electron locates only on 
the FeA ion, nC becomes unity. When the electron transfers 
frequently between Fe, and FeB, the populations of the two states 
becomes equivalent and nc becomes zero. Therefore, the state of 
nc= 1 corresponds to the completely localized state, while that of 
%= 0 corresponds to the completely delccalized state. In the 
case where the intermolecular interactions, jc and j,, are much 
larger than the intramolecular couplings, OL and a, % becomes 
unity. However, in the case where OL and 13 are much larger than jc 
and j,, nC becomes zero. 

The effective energy separation aEc in the cation is given by 

AEc - - Iy,I (12) 

The 
while AEc becomes 2a in the case of a, 8 > >  & , A . 
dynamic equation, 

value of ac becomes 2(j,+ jA) in the case of jc, jA >> a, a,  

The heat capacity C is generally obtained from the thermo- 
P 

The expression of C in the present system is obtained by using 
the If the transition between the 
electronically localized(%>O) and delocalized(%=O) states in 
cations is induced cooperatively by the intermolecular inter- 
actions, that is, the transition is a kind of phase transition, C 

P 
should show an irregular temperature dependence around the 
transition temperature T . 

P 
free energy F given in Eq.(5). 

C 

Effect of Crystal Environments to Electron Localization- 
Delocalization Transition 
The electron localization-delocalization transition in the mixed- 
valence ccnnplexes is affected in various ways by crystal environ- 
ments. The effects of environments are represented in the present 
model through the cation-cation interaction jcJ the cation-anion 
interaction j, and the coupling strength 13 in the anion. In order 
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ELECTRON DELOCALIZATION OF MIXED-VALENCE BIFERROCENIUM 135 

to see how these factors affect the localisation-delocalization 
transition, we have calculated the temperature dependences of nci 
ac* and C P 

We show the calculated temperature dependences of the electron 
delocalization rate nC in Figure 1 for the three cases, (a), (b), 
and (c) , where the values of CY, 13, jc , and jA are chosen so that a 
may reproduce the observed values for (a) biferrocenim I3 , (b) 
biferrocenium IBr2 , and (c) di-n-butylbiferrocenium I3 . 

for various values of a, g, ,& and jA . 

- 
- - 

1.0 

0.8 

0.6 

0.4 

0.2 

O 0 100 200 300 4 0 0  
T ( K )  

FIGURE 1 Temperature dependences of the localization rate 
for the cases of (a], -(b 

h e  explained in the text. 
are also plotted. 

The adjusted values(in cm-l unit 
150, 180 for (a), 50, 350, 150, 

, and (c) whose meanings 
The observed relevant values' 9 3 

of C Y ,  13,  j,, and jA are 50, 300, 
50 for (b), and 50, 300, 115, i80 

for (c), respectively. The agreement of the calculated T- 
dependence of bc with the observed one is quite reasonable. It is 
suggested from these calculations that the change of counteranion 
from I3 to IBrz induces a drastic change in the cation-anion 
interaction strength j, whereas the transition temperature Tc is 
rather insensitive to a change of 13. The substitution of butyl 
into the cation induces a noticeable change in the cation-cation 
interaction j . 

C 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



136 T. KAMBARA AND N. SASAKI 

The calculated temperature dependences of AEc and C are 
p 6  shown in Figures 2 and 3, respectively, where the observed values 

100 & 

- 

0 1  
0 100 200 3 00 4 

T ( K )  
0 

FIOURe 2 
AE for the cases of (a), (b), and (c). The observed values 
fog (a) are also plotted by a broken line. 

Thermal variations of the energy separation 

CP 
20 c 

T ( K )  

FIGURE 3 
for the cases of (a), (b) , and (c) . 
for (a) are also plotted by a broken line. 

"henna1 variations of the heat capacity C 
The observed va18es6 

for biferrocenium trihalide, (a), are also plotted. The energy 
separation AEc in the very low temperature region is induced by 
the intermolecular interactions, jc and j,, where the ground and 

I1 excited states correspond to the two localized states, [FeA 
'"1 and [FeA1I1FeB1I1, respectively. On the other hand, in 

the higher temperature region (T>Tc) A E C ~  is induced by the 
intramolecular coupling cz and is independent of T, where bth the 
ground and excited states correspond to the delocalized electron- 

FeB 
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ELECTRON DELOCALIZATION OF MIXED-VALENCE BIFERROCENIUM 137 

tunneling states, that is, is the tunneling splitting. It 
is seen from Figures 1, 2, and 3 that the present model may 
reproduce the essential features of the observed temperature 
dependences. Therefore it is highly possible that the energy 
splitting for T>Tc is due to the tunneling of "extra" electron. 

show the calculated temperature dependence of nc with the 
observed values in Figure 4 for the three cases, (d), (e), and (f) 

We 

1 .o 

0.6 

0 4  

0.2 

0 
0 100 200 300 400 

T' (K) 
FIGURE 4 Temperature dependences of n for the cases of 
(d) , (e) , and ( f) corresponding to dihalgbiferrocgnim 
trihalides. The observed values are also plotted . 

with the dihalobiferrocenium(Xg-BiFc) trihalide crystal structure, 
where (d),(e), and (f) correspond to C12-BiFc-IBr2, Br2-BiFc.IBr2, 
and 12-BiFc-13, respectively. The values of a, Rj 4, and jA in 
cm unit are 50, 350, 0, 200, respectively for (d), .50, 350, 0, 
290, respectively for (e), and 50, 300, 0, <120, respectively for 
(f). The calculated curves reproduce well the observed tempera- 
ture dependences. 

-1 

The calculated temperature dependences of AEc and C are 
shown for the cases of (d), (e), and (f) in Figures 5 and 6 .  

Unfortunately, at the present time we have no experimental datum 
of AEc and C 

It is clear from these considerations that the present model 
may reproduce well the essential features of observed electron 
localization-delocalization transitions in the crystals. 

P 

for dihalobiferrocenium trihalide crystals, 
P 
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0 100 2 00 3 00 4 00 
0 

T ( K )  

FIGURE 5 Thermal variations of AEc for the cases of (d), 
(el, and (f). 

T ( K )  

FIGURE 6 Thermal variations of C for the cases of ( d ) ,  
P (el, (f). 

Therefore, it is reasonably concluded that the electron delocali- 
zation process observed in the various kinds of mixed-valence 
biferrocenium complexes is due to the cooperative intermolecular 
hteractions which do not exist in solutions. 
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