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THE ESTIMATION OF THE ON-SITE COULOMB REPULSION ENERGY 
OF 2,2'-BI- 1H-IMIDAZOLE SYSTEM 

TOMOYUKI AKUTAGAWA# and GUNZI SAITO 
Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, 
Kyoto 606-01, Japan. 

Abstract The 2,2'-bi- 1H-imidazole (H2BIMo) can change to 2,2'-bi-lH- 
imidazolium (H4BIM2+) by the two-step proton-transfer, then, to 2,2'-bi(2,3- 
dihydroimidazolylidene) (H4BIMo) by the two-step electron-transfer. From the 
systematic investigations of half-wave redox potentials (E1/2) and acid 
dissociation constants (pKa), we estimated the repulsion energy of electrons 
(Ulcq and protons (Ufq for H4BIMo and H4BIM2+, respectively, and other 
systems, p-benzoquinones (BQs), diphenoquinones (DPQs), 7,7,8,8- 
tetracyanoquinodimethanes (TCNQs), tetrathiafulvalenes (TTFs), 
aromaticdiamines, hydroquinones (H2Qs), 1,4-benzenedimdononitrile 
(H2TCNQ), bis(4-hydroxyphenyl) sulfides (HPSs). The UlcT and UlPT values 
are deduced from the linear correlation between the first E 
the second E21/2 (pKd) one. The obtained UlCT of H4BIMo (4.68 eV) is 
comparable to that of I T F  (4.65 eV), and UlPTof H4BIM2+ (4.26 eV) is slightly 
larger than that of H2TCNQ (4.22 eV). The U,CT and UfT values are 
correlated to the structural parameter of x-electron density and molecular length. 

# Present address: Research Institute for Electronic Science, 

(PKal) value and 

Hokkaido University, Sapporo 060, Japan. 

INTRODUCTION 

The multiplex proton-transfer (PT) and electron (charge)-transfer (CT) system has been 
studying in the 2,2'-bi-lH-imidazole (H2BIM) system.112 The PT and CT nature of 
this system is very complicated one according to the ideal existence of twenty-five 
independent chemical species. Among these states, we are interested to the cation and 
dication species of H2BIM system and examined the crystal structures and the CT 
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308 T. AKUTAGAWA AND G. SAITO 

complex formations with some 7,7,8,8-tetracyanoquinodimethane (TCNQ) derivatives3 
By the occurrence of the protonation, the neutral 2,2'-bi-lH-imidazole (H2BIMo) with 
6x-6n electronic structure changes to the monocation 2-(2- 1 H-imidazolyl)-lH- 
imidazolium (H3BIM+), then the dication 2,2'-bi-lH-hidau>lium (H4BIM2+). The 
dication of H4BIM2+ varies the cation radical (H4BIM+'), then the neutral 2,2'-bi-2,3- 
dihydroimidazolylidene (H4BIMo) with 7x-7n electronic structure by two-step CT 
processes (Figure 1). 

Proton-Transfer (PT) 

11111111 

H Z B I d  H3BIM+ H4BIM2+ 

FIGURE 1 Proton - transfer (horizontal processes) and electron (charge) - 
transfer (vertical processes) scheme of 2,2'-bi-lH-imidazole system. The parts 
of species are omitted to simplify the figure. 

In the two-step CT process, the repulsion energy between two electrons on the 
same molecular site, that is the bare on-site Coulomb repulsion energy (UICT) which 
corresponds to the disproportional energy for 2A-' - A0 + A2- reaction in the gas phase, 
is one of the molecular parameters to influence the transport properties of mobile carrier 
in the solid state. The effective on-site Coulomb repulsion energy ( U e f q  is reduced in 
the solid state and simply approximated by the following equation, 

UefT = UlCT - ~ 2 " "  (11, 
where U2CT represents that between two electrons on neighbouring sites. The larger 
UefT value than the band-width localizes the electron on the molecule.4 The value of 
UefCTcan be estimated from the optical or magnetic measurements,5* 6 but there are no 
reports for the direct measurement of U/CTvalues of organic molecules. However, it 
haS been known that half-wave redox potentials (Ein) can be used to obtain information 
on the relative magnitude of UlCT for different molecules provided that the same 
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ON-SITE COULOMB REPULSION ENERGY OF HZBIM 309 

conditions are used for comparative measurements. Similarly, the electrostatic repulsion 
energy of two-step PT process (Uf’T) was also considered and this was estimated fiom 
the acid dissociation constants (pKa). The systematic researches for UlcT, UfT, and 
structural parameters (molecular length and distribution of the x-electron density) induce 
the design of new electron andor proton acceptors and donors having an arbitrary 
magnitude of U1cT and UlPT values. 

We measured the E l 0  and pKa values of a variety of electron andor proton 
acceptors and donors in the same condition. We tied to estimate the UlCT values of p- 
benzoquinones (BQs), diphenoquinones (DPQs), TCNQs, p-phenylenediamine (F‘PD), 
benzidine (Bz), 1 ,ddiaminopyrene (DAP), dimethylphenazine (MqPHz), 
tetrathiafulvalenes (TTF), 1 ,ddithiapyrene (DTPY), tetrathianaphthacene (TTT), and 
H4BIMo. The evaluations of UlPTvalue were done for H2BIMo (H4BII@+), 
hydroquinone (H2Q), 1,4-benzenedimalononitrile (H2TCNQ), and bis(4- 
hydroxyphenyl) sulfide (HPS) systems as shown in Figure 2. 

BQ DPQ TCNQ PPD Bz DAP 

MezPHz TTF DTPY TIT 

H2Q H2TCNQ HPS 
FIGURE 2 Represented molecular structures and abbreviations in this text. The 
substituted positions were shown as the numbers. 
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3 10 T. AKUTAGAWA AND G .  SAITO 

EXPERIMENT 

All of materials used in this study were obtained by the method of our preceding paper.2 
The measurements of redox potential were done under the following conditions: solvent, 
dimethylformamide (DMF); supporting electrolyte, 0.1 M of tetrabutylammonium 
tetrathoroborate (TBA*BF4); scan rate, 100 mVs-1; reference electrode, Ag / AgCl; 
working and counter electrodes, pt, temperature, 22 f lOC. The titration was done at 
the following condition: solvent, DMF - H20 (7 : 3), ion strength 0.1 My temperature, 22 
f lOC. The structural parameter (r) is the distance between the centers of gravities of x- 
electron density (Zpniri / Zpni ) for a half unit of molecule, which is calculated for 
neutral donor and dianion states of acceptor based on Pariser-Pam-Pople (PPP) self- 
consistent field molecular orbital (MO) calculation. 

RESULTS AND DISCUSSION 

From the experimentally observed E1 and E21n values of donors and acceptors, the 
estimation of the UlCTvalues was done as following procedure. The estimation of 
U#'T was also done by the similar procedure using the first acid dissociation constant 

.(pKal) and the second one (pKd) instead of El and E21n. The linear relationship 
between El 112 and Ezln values within a same molecular framework is observed2, thus 
the E21n is expressed as 

E21n = aE1 - f3 (2). 
Next, we consider the energy changes of two-step CT processes in the gas phase. The 
energy changes for the reaction A0 + e- 4 A-' and A-' + e- -+ A2- correspond to Etl - Eto 
and Et2 - Et 1 where Eto, Et 1 , and Et2 indicate the total energies of Ao, A-*, and A2- 
species, respectively. Here, the UlCT is defined as a disproportional energy ( UlcT = 

Eto + Et;! - 2Etl) in the reaction 2A-' + A0 + A2-. On the other hands, in solution we 
need to consider the term of solvation energy as shown in Equations (3) and (4), 

E'2 - Etl = -E21n - AFSOI + C (41, 
where AGs01 (AFs01) is the difference in solvation energies for A0 (A-') and A-' (A2-) 
molecules, and C is a constant which depends upon the reference electrode.79 8 From 
Equations (3) and (4), the relation of El in and Ezln is deduced as 
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ON-SITE COULOMB REPULSION ENERGY OF H2BIM 31 1 

-E21/2(2) = -Elln + (E5 + Eto - 2Etl) - AGSol+ AFSOI ( 5 ) .  
AFsol was roughly approximated as 3AGs01 by Hedges and Matsen? and the term in the 
parenthesis is equal to U1cT, so Equations (2) and ( 5 )  give 

UlCT= ( l - ~ ) E l l n  + p - 2AGso1 (6). 
The U~CTvalue is deduced from the liner relationship of E1 
term of AGsol. Using the same procedure, the UlPT based on the pKa values is 
expressed as, 

where R and T are the gas constant and temperature, respectively. 

estimated the AGsol values for various sizes and shapes of p-benzoquinone derivatives 
based on the measured electron affinities and half-wave redox potentials (-2.13 eV: p- 
chloranil, -2.36 eV: 9,10-anthraquinone, and -2.45 eV: 2,5-(CH3)2-BQ in DMF).' 
They derived these AGsol as a function of El 112 values. However, the E1 112 dependence 
in AGs0i and AFsol is already included in Equation (2) because the observed a may or 
may not coincide with unity according to the E 1 dependence. The constant term in 
AGsol (El112 = 0) is evaluated as -2.196 eV by using the AGsol values in Reference 7 and 
E1 112 values for the BQ system. Assuming that AGsol (El 1/2 = 0) is not much different 
among the systems, sizes, and shapes of molecules under examination, we can represent 
the relationship between the UlcT and the E1 10 values in Equation (6). For the 
estimation of UlPT, no precise values of AGIs01 for the systems under examination have 
been measured, unfortunately, so we roughly approximated it by the value for aromatic 
hydrocarbons (-2.0 eV).9 

and E21n and constant 

UIPT = -2.303RT(1-a)(pKa1) + 2.303RTp - 2AG',,i (7), 

We used the AGsol value as -2.2eV from the following reason. Kebarle et al. 

On-site Coulomb Repulsion Enerm of CT Processes (UiCq 

The UlCT values obtained by the above mentioned procedure are summarized in 
Table I. The results show that each molecular system (BQ, DPQ, and TCNQ) has the 
same extent of UICT values. The plots of El 1/2 and E211-2 values for two redox 
processes, A0 + e- i2 A-' and A-' + e- i2 AZ-, indicate the good linear correlation of 
these two redox processes for the BQ, TCNQ, and DPQ systems.2 From this linearity, 
we can obtain the U1cT as shown Equations (8), (9), and (10). 

U1cT (BQ) = 0.06E11/2 + 5.30 

U ~ ( T C N Q )  = O.06Elln + 4.95 

UlCT (DPQ) = 0.06E1 in + 4.79 

(8) 

(9) 

(10) 
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312 T. AKUTAGAWA AND G. SAITO 

TABLE I UiCr (eV) of  electron acceptors and dications. 
Entry Acceptor a) UlCTb) Entry Dication a) u p )  

B Q  System 
a 2,3-(CI)2-5,6-(CN)z-BQ 
b 2,3 -(CNh-BQ 
C 2,3,5,6-(C1)4-BQ 
d 2,3,5,6,(B&-BQ 
e 2,3,5,6-(Fh-BQ 
f 2,5-(C1)2-BQ 

f! BQ 
h 2,5-(CH3)2-BQ 
i 1,4-naphthoquinone 
j 2,3,5,6-(CH3)4-BQ 

k 
I 
m 
U 

0 

P 
9 
r 
S 

t 

U 

DPQ System 

3,3',5,5'-(Br)~-DPQ 
3,3',5,5'-(Cl)s-DPQ 

DPQ 
3,3', 5 ,  5'-(  C H3)4-DPQ 

TCNQ System 
2,3,5,6-(F)d-TCNQ 

2-F-TCNQ 

TCNQ 
2,5-(CH3CH2)2-TCNQ 

2,s -( C H3)z-TCNQ 
2,5-(CH30h-TCNQ 

BTDA-TCNQ C) 

5.33 
5.32 
5.3 1 
5.30 
5.30 
5.29 
5.27 
5.26 
5.26 
5.25 

4.81 
4.8 1 
4.78 
4.77 

4.99 
4.97 
4.97 
4.96 
4.96 
4.96 
4.95 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

K 
L 
M 
N 
0 
P 
Q 
R 
S 

T 
U 

TTF System 
bis(trimethy lene)-TTF 

(CH3)4-'ITF 
TTF 

(ethy1enedithio)-TTF 
bis(ethy1enedioxy)-TTF 

(CH3)2-nF 
bis(tetramethylene)4-TTF 
bis( ethy 1enedithio)-TTF 

6,7-(ethylenedithio)-2,3- 
bis(methoxycarbony1)-TTF 

Diamine System 

(CH3S)4-TTF 

3,3'-(CH30)2-B~ 
3,3', 5,5 ,I- (C H3)4-Bz 
N, N, N', N'-(CHJ)~-BZ 

3,3'-( C H ~ ) ~ - B Z  
Bz 

2,3,5,6-(CH3)4-PPD 
PPD 
DAP 

MqPHz 
Another System 

rn 
DTPY 

4.65 
4.65 
4.65 
4.54 
4.54 
4.65 
4.65 
4.54 
4.55 
4.55 

4.57 
4.54 
4.54 
4.58 
4.58 
4.73 
4.74 
4.64 
5.09 

4.64 
4.64 

V H4BIM 4.68 
a) Molecular structures and substituted positions were indicated in Figure 2. b) AGs0i = 
-2.2 (eV) was used for the UlCTestimations. d) BTDA-TCNQ is the 4,8- 
bis(dicyanomethylidene)-4,8-dihydrobenzo[ 1,2-c:4,5-c'] bis[ 1,2,5]thiadiazole. 

The 1-a value in Equation (6) is obtained as 0.94 within the experimental e m r  and is 
less than unity.10 The p value in Equation (2) of BQ, TCNQ, and DPQ systems 
decreases in the order of BQ (p = 5.30) > TCNQ (p = 4.95) > DPQ (p = 4.79). 

In the BQ system, the strongest acceptor, 2,3-(CNh-5,6-(C1)2-BQ, has the 
highest UlcTof  5.33 eV and the weakest one, (CH3)4-BQ, has the lowest UiCT of 5.25 
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ON-SITE COULOMB REPULSION ENERGY OF HZBIM 313 

eV within our experimental data. So all BQs in Table I are included within the change of 
UlCT of 0.08 eV. For the TCNQ system, the change of U1cT is much less amount; 
0.04 eV. The MO calculations on the UICT values have been done by several groups for 
TCNQ, and it is between 2.33 and 5.44 eV.11-13 The calculated UlcT of chloranil is 
reported as 3.3 and 6.1 eV.14 Our estimated UlCTvalues for TCNQ (4.97 eV) and 
chloranil(5.3 1 eV) are within these range. 

The same situation can be applied to the two-step electron accepting processes of 
the dication molecules. There are some molecular series described as the same equations 
having the slope of 0.94 just as the BQ, TCNQ, and DPQ systems do,2 so we classified 
these dications into four representative groups i - iv.  i) PPD system (P and Q). ii) 
TTF and alkyl substituted TTF (A, B, C, F, and G in addition to T, R, and U). iii) 
BEDT-TTF (bis(ethylenedithi0)-TIT) system so called alkylthio (akyloxy) substituted 
TTF (E, H, I, and J in addition to K and M). iv) Bz system (L, N, 0, and D). In 
addition to these classifications, Me2PHz2+ (S) has large UlcTvalue compared with 
above mentioned system. The H4BIM2+ is close to PPD system and its position is far 
from the usual TTF2+ system reflecting the low electron-accepting ability. Its UICT 
value (4.68eV) is close to that of TTF2+ (4.65eV). The molecules belong to series i - 
iv have the UICT values in the following order, line BQ (f3 = 0.90) > TCNQ (B = 0.55) 
>DPQ(f3=0.39)>PPD @=O.~~)>TTF@=O.~~)>BZ@=O.~~)>BEDT-TTF(~ 
= 0.09). 

For the case of diamine molecules, since DAP2+ (R) has UlCT of 4.64 eV and 
that of Me2PHz2+ (S) is 5.09 eV, the estimated UICTvalues decrease in the order of 
MQPHz~+ > PPD2+ > DAP2+ > Bz2+ . Th is order suggests the existence of a 
correlation between the values of UlCT and the distances of two nitrogen atoms of 
dication species. For the case of the TTF system, there is a slight difference between the 
TIT2+ (4.65 eV) and the BEDT-TTF (4.54 eV), the latter group has a smaller UlcT 
value than that of the former one. 

Electrostatic Repulsion Enerev of PT Processes (Uf? 

In the case of two-step PT processes, the charges of molecules vary from neutral, 
monovalent, to divalent states or vice versa by two-step PT processes; H2Do ---+ HD- -t 
H+ (H2A*+ + HA+ + H+) and HD- - P- + H+ (HA+ - A0 + H+). The individual 
values of UIPTat 295 K for the H2BIMo (H4BIM2+), H2TCNQ, H2Q, and HPS 
systems can be represented as the following equations, 

H2BIMo (H4BIM*+) system; UfT= -O.O0176(pL1 or pKa3) + 4.26 ( 1  l), 
( 1  219 H2TCNQ system; Uf'T= -0.001 76pKa1 + 4.2 1 
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314 T. AKUTAGAWA AND G.  SAITO 

H2Q system; UjpT= -0.00176p&l + 4.13 

HPS system; UIPT= -0.00176p& + 4.06 

(1319 
and 

(1 4). 
The estimated VIP values decrease in the order of H2BIMo (H4BI@+), HZTCNQ, 
H2Q, and HPS systems (Table 11). In each system, the differences of UfTvalue are 
less than 0.02 eV because of its insensitivity to the pKa1 or pKd value. 

TABLE 11. U#"' (eV) of H2BIM, H2Q, HZTCNQ, and HPS systems. 
Entry Compoundsa) U I p n )  Entry Compoundsa) Ujpn)  

a 

b 
C 

d 
e 

f 

g 
h 
i 

j 

k 
I 
rn 
11 

o 

H4BIM2+ System 
(CH3)4-H4BI@+ 

H4BI@+ 
(Cl)4-H4BI@+ 
(Br)4-H4BI@+ 

H2BIM System 

H2BIM 

(CN)4-H4BI@+ 

(CH3)4-H2BIM 

(C1)4-H2BIM 
(Br)4-H2TBIM 

H2Q System 
(CN)s-H2BIM 

2,5-(OH)2-3,6-(NO2)2-H2Qc) 
2,5-(Cl)2-3,6-(OHh-H2Qc). 

2 , 5 -( OH)2-H2Qc) 
2,3-(C1)2-5,6-( CNh-HZQ 

(C1)4-H2Q 

4.27 
4.26 
4.25 
4.25 
4.25 

4.29 
4.29 
4.28 
4.28 
4.27 

4.13 
4.14 
4.14 
4.14 
4.15 

9 
r 
S 

t 

U 

V 

W 

X 

Y 

A 
B 
C 

D 
E 
F 
G 

2,6-(Cl)2-H2QC) 
23-( C1)2-H2Qc) 

CLH2QC) 
H2Qc) 

(CH3 O)-H2@) 
(CH3)-H2Qc) 

2,5-(CH3)2-H2Qc) 
(CH3)3-H2Qc) 
(CH3)4-H2Qc) 

H 2  TCNQ System 

H2TCNQ 

HPS system 
HPSa 
HPSed) 

Fd-H2TCNQ 

(CH3)2-H2TCNQ 

H P D S ~  
H P T B ~  

4.15 
4.15 
4.15 
4.15 
4.2 5 
4.15 
4.15 
4.15 
4.15 

4.22 
4.22 
4.22 

4.08 
4.08 
4.08 
4.08 

P 2,3-(CN)2-H2Q 4.15 H HPTNd) 4.08 
a) Molecular structures and substituted positions were indicated in Figure 2. b) AG' 
-2.0 (eV) was used for the UlPT estimations. c) Cited from Reference 15. d) Cited 
from Reference 16. 

= 

Relation between On-site Coulomb Repulsion Enerev and Structural Parameter (r\ 

Table 111 summarizes the r-1 and the estimated UlcT(f'T) values. To make the 
relation between the U/CT(f'V and r values clear, we added data from the literature for the 
following molecules; N, N'-dicyano-p-benzoquinone diimine (DCNQI),I 7,7-dicyano-p- 
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ON-SITE COULOMB REPULSION ENERGY OF H2BIM 315 

benzoquinonemethide (CNQI),l* 9,9,10,1 O-tetracyan0-2,6-naphthoquinodhethane 
(TNAP),19 13,13,14,14-tetracyanodiphenoquinodimethane (TCNDQ),19 2,5- 
bis(dicyanomethylidene)-2,5-dihydrothiophene (TCNT),19 1 1 , 1 1 , 1 2,12-tetracyano-2,7- 
pyrenoquinodimethane (TCNP)>O and 2,5-bis(4-oxo-2,5-cyclohexadien- 1 -ylidene)-2,5- 
dihydrothiophene (BCDT).* 1 And, the data for dicarboxylic acid (HOOC(CH2)nCOOH; 
DCAR)>2 4,4'-biphenyldiol (BPH)>3 Bz?3 and terephthalic acid (PHTH)23 are 
compared with UIPTof H2BIM system. 

the examined molecules into two classes: I, electron acceptors (open circles) and 11, 
dications (closed circles). The roughly linear relationship is observed for these two 
classes, though there are some exceptions, for example, TCNDQ (b) is near class I1 and 
BCDT (a) and TCNE (1) are between classes I and 11. Two straight lines, I and I1 in 
Figure 3, the intercepts of which are fixed to 4.4 eV ( = -2AG,,i), are the guides to eyes 
to distinguish the two classes. It should be noted that a distinct difference exists in the 
correlation of UlCT and r between electron acceptors (line I) and donors (line 11). 

range, which is based on highly conducting TCNQ salts, but the DCNQI system is 
exception case due to the decrease of r-1 by the high coordinating character of cyan0 
groups. The value of UlCT in dication molecule is found to be insensitive to the 
molecular size. For the sulphur-containing dication molecule, the high conducting 
complexes were observed at about rl < 0.26 range, TTF is a boundary of this. 
However, the Bz system has the r1 value of 0.18 which is shorter than 0.25, and is not 
prefer to give the metallic character. The UefT value is reduced by the high 
polarizability of sulphur atoms,l3 thus the sulphur-containing system is advantageous to 
be the metallic character compared with nitrogen-containing system. 

The values of UlP* of DCAR system show a linear decrease against the value of 
r-I in the small r range and tend to saturate in the large r range (rc-l > 0.14). For this 
system, if two dissociation sites of diacidic base are perfectly independent of each other, 
for example n = 00 in HOOC(CH2)nCOOH molecules, the difference of pK,i and p K n  is 
equal to 0.6 (= log 4) from a statistical reason.22 In the short r region, the ratio of 
K,I/KQ becomes larger than 4 due to the electrostatic repulsion of the two sites. From 
Equation (7), the UlPT(r1 = 0) is estimated as 4.04 eV from the relation of p K n  = p&i 

The relation between the estimated UlCT and r 1 values (Figure 3) clearly divided 

In the acceptor system, the high conducting salts were obtained at about r-1 < 0.1 8 

+ 0.6. 
Approximately, the same feature of UfTvs. rl is seen among H2BIM, H2Q, 

HPDS, PHTH, BPH, and Bz systems, though the UfTvalue of H2TCNQ system is 
rather out of the expected point. In the course of our titration measurements of 
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316 T. AKUTAGAWA AND G. SAITO 

H2TCNQs in DMF-H20 (7:3), the colourless solution changes to a slightly-green one in 
the second acid dissociation process which may suggest instability of the TCNQ2- 
species. The general features of line 111 of Figure 3 are as follows. The value of UfT 
increases as the decreasing of r value with a weak correlation and the UlPT values emerge 
within 4.06 f 0.02 eV in the region r - l>  0.14, while in the r-l < 0.14 region the UIPT 
values are dominated by the distance r. . 

TABLE I11 r-1 (A-1) and estimated UlCTand UlPT (eV). 
Compounds r-1 UlcTa) Compounds r-1 U p  4 

b:TCNDQ 0.128 4.55 n: BEDT-"F 0.178 4.55 
c: TNM 0.133 4.77 o:Bz 0.179 4.57 
d: TCNP 0.145 4.74 p: N, N, N', N'- 0.179 4.54 
e: TCNT 0.180 5.00 (CH314-Bz 
f :  TCNQ 0.183 4.97 q:m 0.189 4.64 
g: DPQ 0.187 4.78 r : D M  0.190 4.64 
h: CNQI 0.219 4.91 s : n F  0.258 4.65 
i: HCBD 0.247 4.94 t:H4BIM 0.283 4.68 

a: BCDT 0.127 4.61 m:DTPY 0.177 4.64 

j: DCNQI 0.270 5.03 u:PPD 0.315 4.74 
k: BQ 0.327 5.29 v:MqPHz 0.482 5.09 
I: TCNE 0.476 5.20 
Compounds r-1 UiPT a) Compounds r-1 u p  a) 

A: H2Q 0.327 4.14 DCAR Systemb) 

B: H4BIM2+ 0.307 4.27 J: n =  1 0.286 4.16 
C: H2BIMo 0.271 4.27 K : n = 2  0.203 4.09 
D: H2TCNQ 0.183 4.22 L : n = 3  0.166 4.07 
E: HPS 0.141 4.08 M : n = 4  0.137 4.06 
F: HPSe 0.141 4.08 N : n = 5  0.1 17 4.06 
G: HPDS 0.126 4.08 0:PHTH 0.203 4.06 
H: HPTB 0.103 4.08 P:BPH 0.187 4.1 1 
I: HPTN 0.103 4.08 Q:Bz 0.179 4.08 

a) U/CT and UIPT were estimated from Equations (6) and (7) taking the a as 0.94 and 
0.97, respectively. b) DCAR is HOOC(CH2),COOH series and n is the number of 
methylenes. 
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B f  h 5.0 

4.8 

FIGURE 3 The relation between U/CT(PTJ (eV) and r-* (A-1) for electron 
acceptors (open circle), dications (closed circle), and proton donor and acceptor 
(open triangle). The alphabets correspond to these listed in Table 111. 

SUMMARY 

From the linear correlation of E i  in (pKal) and E*in @KQ), we evaluated the on-site 
Coulomb repulsion energy (Il lcr and U f q  of two-step CT and PT processes for 
various types of molecules, including H4BIMo and H4BIM2+, and examined the 
correlation for the molecular structures. The value of UICT in H4BIMo becomes on the 
same order of that in TTF and smaller than that of electron acceptors; BQs, TCNQs, and 
DPQs systems. The distance r between the centers of gravities of x-electron at a half 
unit of a molecule is correlated to our UlCT values. As a result, two types of 
classification can be made, I) electron acceptors and 11) dications. For electron 
acceptors, the degree of change in U,cragainst the r values is bigger than dications. I t  
is disadvantageous for the molecule having large r-I value for the formation of high 
conducting complex. The boundary of this is estimated as about 0.18 and 0.25 for the 
acceptor and donor molecules, respectively. The estimation of U / P T  was done for 
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318 T. AKUTAGAWA AND G. SAITO 

H2BIMo (H4BI*+), H2Q, H2TCNQ, and HPS systems. The UfT of H4BIM2+ 
(4.27 eV) is larger than other examined systems. The values of Uf'Tare also related 
with the distances r, and show saturation in the UlPT values in the big r region (r-1 > 
0.14). 
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