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ELECTRON DONOR-ACCEPTOR ASPECT OF SUPERCONDUCTIVITY IN
METAL-Cgo COMPLEXES

REIKO NOTOYA
Catalysis Research Center ,Hokkaido University,Sapporo,Japan

Abstract The electron donor-acceptor aspect applies to the bonds
in metal-doped fullerene M3CB . The superconductivity in M3C60 may
be assumed to be related to tge electron accepting property & i of
alkali-metal ion M.The value of transition temperature Tc in M3C60
quoted from the literature showed a good linear relation with the
sum of ¢ for M3.

INTRODUCTION

The superconductivity in potassium-doped fullerene had been found by
Hebard et al at 19911 and that in the other metal-doped fullerene was
also published within one year by some groups. But,after that there was
no novelty concerning the superconductivity in the fullerene complex
and the highest transition temperature Tc still remained about 33 K for
RbCsgCgg which was quoted from a series of works done at 1991-1992,
except for 48 K for RbT12C60.

On the other hand, the electron accepting property & ; of a mono-
atomic cation i could be determined on the basis of an empirical rule
concerning the solvation energies in various solvents? It has been
known that this property was very useful for estimating quantitatively
the bond energies of various dative bonds in metal-organic complexes,
metal-halides in a gas phase. and the catalytic activities of metal-
cations in homogeneous and heterogeneous systems and so forth?

In this paper the electron donor-acceptor aspect applies to the
bonds in the complex M3Cgqq of alkali-metals and fullerene. The super-
conductivity may be assumed to be related to the electron accepting
property of the alkali-metal ions Mg. A good linear relationship is
shown between Tc in M3C60 and the sum of ¢ ; for M. with a few excep-
tions, The former values used in this work have been determined by
Tanigaki et al4 and Fleming et al§ The linear relationship will be
useful for obtaining some information on the further findings of new
superconductors of metal-fullerene complexes.

First, this paper describes the electron donor-acceptor concept
briefly and then the relation of the sum of ¢ ;. for M3 on the basis of
this concept with Tc in M3C60.

i
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ELECTRON DONOR ACCEPTOR CONCEPT

The absolute values of the donating and accepting properties of monoa-
tomic ions were determined by Notoya et all on the basis of an empiri-
cal rule concerning the solvation energy of a monoatomic ion and the
dissociation energy of halides.Then we found also that the electron
donor acceptor aspect could be applicable to the interactions between
solute-solvent,in concentrated solution3 and in fused salts§ and inter-
actions between cation-substrate in organometallic compounds3 and in
biologically important substances? and to various types of catalysis?
in the last decade.

The solvation of an ion is one of the most difficult problems
remained unsolved still now, because the electrostatic energy involved
in the real free energy of solvation of an ion can not be determined as
the concrete quantity even for some of the most popular solvents,which
Schwabe et al. mentioned§ Strictly speaking at a thermodynamic point of
view,we can not split the real free energy of solvation of an individu-
al ion into the chemical and the electrostatic terms,as pointed out by
Guggenheim at 1929. However, we found out that the difference in the
standard chemical or real free energy of solvation between two differ-
ent ions in the same solvent, with each divided by the valence,is a
quantity calculable by a thermodynamic cycle.

The standard real or chemical free energy of solvation of ion i
for solvent s may be defined by the free energy change for a transfer
to the gas phase g from solution,AG" i ges OF AG.i,g«—s ,  which
may be given by the difference in the electrochemical or
chemical potential of the ion between the two phases,

AT | gog =~ i, g~ H'; (1)

AG™; pes = 2 - ut (2)

where the superscript denotes the standard state.The sur-
face potential Xg of the solvent may be given by

AG ",

i,ges AG’

i,ges ~ ZziFxg (3)
where z; is the valence of ion i and F the Faraday.

The relative standard free energy of solvation of ion
i in solvent s.lAJ{AG'8«1 /z} can be defined as following,
at a given temperature as referred to a definite reference
ion j in the same solvent

TAT(AG j g /2}={AT " oo /2i}-(AT " o /25)
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={AG";

i{.ges /2i1-18G7; /z:} (4)

8-s %]
with each divided by the valence of the ion.

The standard real free energy of formation of ion i
and the electron in the gas phase from its pure substance
AG*"; can be expressed by use of AG"; . and the abso-
lute standard electromotive force ¢'i s of the ion/pure
substance of electrode in solvent s,

AC_'l = AG_' (5)

i,ges t 2iFO';

S

where ¢'i sis given by the difference 1in electrochemical

potential of the =electron in the gas phase and in the
electrode m as

FO*; ¢ = 1'e,g T ke.m (6)
Using Equations(5) and (6) for ions i and j,we obtain
ipid . = /7. )- . /z.] -
AV{AG g«—s/“ {AG " /2;}1-{AT ]/zl} FE ii.s (7)
. PN e : iald .
where FE';; (=0"; (-®°; . In this way "A {AG ge—s /z} can

be expressed in terms of the well-defined measurable ther-
modynamic quantities A(T'i,AG”j.and FE'ij's.The numerical
values for AG"; and AC"j can be calculated by use of the
free energy of atomization of the pure substance and the
ionization potential for the cations or the electron affin-
ity for the anions,and FE.ij,s obtained from the litera-
tures, for example, the thermodynamic tables compiled by
National Bureau of Standard? and Samsonov!® etc. and the
electrochemical data books compiled by Bard11 and Dobos12
etc,for a variety of ionic species and solvents.

On the basis of Equation(7), we found the very good
linear relations between iAj{AG'g,__w/z} in water and 1;/z;
for the cations of each group which is given by the regres-
sion line as shown in FIGURE 1

IAJ{AG.g,_w/Z}= pw(li/zi) - AJW

(8)

where p for each straight line is a constant characteris-
H “A. 1 ] . .
tic of water and -A;, equals "A°{AG",_, /z} for an ideal
ion whose ionization energy equals zero.
In this way for any solvent available the same type of
linear relation as Equation(8) is obtained for the <cations

of each group,which is given by the regression line
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TAT(AG g /2)= p(1;/25) - Ajg (9)
where p.sig a constant characteristic of solvent s and —Ajs
equals 'AJ{AG',_ /z} for an ideal ion of I; = 0. Equation
(9) will be called hereafter rule Il for the solvation of
mono-atomic cations, because another linear relation had
been found by us and called as rule I.

The cations of the three groups can be classified by
four criteria2, one of which is concerning the periodic

table of the elements represented in FIGURE 2.

o]

A {AGG-w/z 1,6V

I /z;, eV
lPecod. | 1A {04 lmlmlw\ [m[m] v [ 18 [na]ma]wa]vs]walm 0
'K to) 0] ] He
V> . 7
z’LiBe m Ezg acugoru.
+ Pha|mg m|si|p[s]c]ar

s IRbISr| Y | Zr|N6dMo] Te| RujRn|Pd | AglCd|In|Sn[Sb] Tey 1 | xe

¢ [Cs|Bo Ht ﬁw Re|Os|Ir PlgAu Hg Tlle'Bl Pod At | Rn
\ saiowokeeb e eodied o

T [Fr|Ra

P7. 2 NN Y AN (NSYNN\Y <«<««< «ﬁ
4 FK|ColSc|Ti VzitMnFeCoNICuZnGoGGAsSeBrKr

V747777 A7 777 77777 7.

7X77A77.
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FIGURE 1 Relation between iAj{AGé'_w/z} and I;/z; at 25°C

for (a,b or c)group cations with i=HT: O.,Aord.

FIGURE 2 Classification of monoatomic cations into (a),(b)
and (c)groups in the periodic table.
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In order to estimate the value of AG.i,g-—s for an
individual ion,we introduced an extrathermodynamic assump-
tion that the ideal ion of the rare gas type,(a) group, has
no chemical interaction with any solvent,i.e.

(AG*;

i, ges/%Zid1i=0 = 0 (10)

Then we obtain from Equation(8)

AG” /2y = e;p3§ (11)

i,g+s
for an individual ion in any group,where

Si = I?/Zi (123)

e i=(p /021 (1%/2)+1(A;3-A;2)/00))
= 0.936{(1%/2;)-0.94}, eV (12b)
£i=(p&/p B (1§/2)+{(A;5-A;) /p )]
=0.862{(1§/2;)-1.43}, eV (12¢)

for the ions of the respective group.

The density functional theory developed by Parr etalld
gives us the expression of the chemical potential of elec-
tron in a particle.By use of this theory,the extrathermody-
namic assumption that the ionization energy of an ideal ion
equals zero,was verified by Matsuda et al!4

H
(=]

[9
(=]
1

n
[=]
I

Tronsition Temperature

o
T

1 -l 1
10 I 12 I3 14
Electron Accepting Property (eV)

FIGURE 3 Relation between sum of & ;i for Mg and Tc in MgCgg
quoted from refs.4 and 5;0 and @.
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LINEAR RELATION BETWEEN ¢ ND T¢

i AND
FIGURE 3 shows a good linear relation between the totals of
e ; for Mg and Tc values in M3C60. which were reported by
Tanigaki et ald Excepting the three cases of Li2CsCSO,
Na2RbC60 and Na2KC60. the linear relation can be expressed
with the regression coeffisient 2 0.982 as follows,

Tc = 137 - 9.45 ¢ (13)

i
The above three compounds have only less than 2% of face-
centred cubic phases according to the result showned by Ta-
nigaki et al?The linearity was almost unchanged by exchang-
ing the Tc values for those determined by Fleming et al§ in
some compounds.It is remarkable that the line includes
eventhe point for N32C560 having only 8% f.c.c. structure.
Conclusively,e ; proved to be very useful parameter
for obtaining information on superconductivity in metal-Cgg
complexes.
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