Ground state EDA complex formation between [60]fullerene and
a series of polynuclear aromatic hydrocarbons
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Formation constants of 1:1 adducts of [60]fullerene with naphthalene, phenanthrene, anthracene, pyrene and
chrysene have been determined in CCl, medium. Ionisation potentials of donor molecules and charge transfer
(CT) transition energies of the [60]fullerene adducts have been found to correlate in accordance with the Mulliken
equation. From such correlation the electron affinity of [60]fullerene has been calculated to be 2.32 eV in solution.
A good estimate for the sp?C—sp?C resonance integral 8 in benzenoid hydrocarbons has also been obtained from

the observed CT transition energies.

Introduction

A great deal of experimental work has been done with [60]fuller-
ene in the fields of material science,>! photophysical study ¢
and organic chemistry.'”* Recently it has been reported*® that
Cs, forms Diels—Alder adducts with anthracene and pentacene.
Reports on the formation of ground state electron donor—
acceptor (EDA) complexes involving Cg, are relatively few.!*?*
Theoretically it has been predicted >’ that the LUMO of Cq,
can accept at least six electrons. Electrochemical studies in
solution have yielded 3- to 5-electron reduction potentials.?*2%-3
With special solvent compositions Echegoyen et al.*! and sub-
sequently Diao et al.**> have been able to observe a six-electron
reduction potential corresponding to Cq,° . Thus Cy, is expected
to behave as an acceptor in forming EDA complexes in solu-
tion. The object of the present paper is to study the formation
of EDA complexes between Cg, and a series of polynuclear
aromatic hydrocarbons (PAH) and to obtain an estimate of the
electron affinity of Cg,.

Materials and methods

[60]Fullerene was obtained from Sigma. Naphthalene and
phenanthrene were purified by sublimation. Anthracene from
Sigma was used without further purification. Pyrene and
chrysene were purified by recrystallisation from purified
ethanol and benzene respectively in dark. The solvent, CCl,,
was purified by drying over fused CaCl, followed by distillation.
Spectral measurements were done in a Shimadzu UV-2101PC
model spectrophotometer fitted with TB-85 thermo-bath.

Results and discussion

Fig. 1 shows the electronic absorption spectrum of Cg, in CCl,
against the solvent as reference. The absorption spectra of two
mixtures, one containing pyrene and Cg, and the other contain-
ing naphthalene and Cg, in CCl,, are shown in the same figure.
In the latter two cases, solution of Cq, at the same concentration
as that in the mixture was taken as reference and it was found
that the broad, longest wavelength (540 nm) absorption band of
Cy» attributable to its n—n* HOMO-LUMO transition,** was
almost completely masked (because of the pristine [60]fullerene
reference) while a new band due to the charge-transfer (CT)
absorption of EDA complex appeared. A similar phenomenon
was observed with each of the donors studied in the present
work. In the case of naphthalene and phenanthrene, closely
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Fig. 1 Absorption spectra of Cq, and two of its EDA complexes in
CCl,: (a) Cq (3.585 x 107* mol dm?) in CCl, against solvent as refer-
ence; (b) Cq (1.883 X 107 mol dm™®) + pyrene (8.751 x 1072 mol
dm™3); (c) Cg (3.585 % 107* mol dm™®) + naphthalene (6.893 x 107!
mol dm~?) against the respective Cq, solutions as reference.

Table 1 CT absorption maxima and transition energies of Cgy—poly-
nuclear aromatic hydrocarbon complexes and HOMO energies (in
Hiickel § unit) and AM1 ionisation potentials of the donors

Donor Acp/nm* hverleV Enomo Ip/eV
Naphthalene 413 3.008 0.618 8.711
Phenanthrene 413 3.008 0.605 8.617
Anthracene 511 2.431 0.414 8.123
Chrysene 472 2.632 0.520 8.371
Pyrene 454 2.737 0.445 8.131

“ The longer wavelength in case of double peaks.

spaced double CT peaks were observed. Anthracene, pyrene
and chrysene complexes showed broad absorption bands and
Amax 10 these cases were determined by subjecting the spectral
data to a Gaussian curve fitting. The CT transition energies of
the C¢, complexes are given in Table 1 together with the Hiickel
energies of the highest occupied molecular orbitals (HOMO)
of the PAH donors (taken from ref. 33); the AMI1 ionisation
potentials* (I) of the donors are also given in the same table.
According to Mulliken’s theory * the CT transition energies are
related to the vertical ionisation potentials (/") of the donors
by relation (1), where C; is given by eqn. (2). Here E,’ is the
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Fig. 2 Plot of hvr against Eygyo In P units.
hver=In' — Cp + Gl(Ip" — Cy) )]
Ci=Ey+ G, + G, 2)

vertical electron affinity of the acceptor, G, is the sum of several
energy terms (like dipole-dipole, van der Waals interaction,
etc.) in the ‘no-bond’ state and G, is the sum of a number of
energy terms in the ‘dative’ state. In most cases, G, is small and
can be neglected while G is largely the electrostatic energy of
attraction between D" and A™. The term C, in eqn. (1) is related
to the resonance energy of interaction between the ‘no-bond’
and ‘dative’ forms in the ground and excited states and for a
given acceptor it may be supposed constant.’® A rearrangement
of eqn. (1) yields eqn. (3).

215" — hver = (1/C)) In'(Ip' — hver) + Cp + (GCy)  (3)

The ground state I, values calculated for the PAHs under
study by the AM1 method may be taken as their /," and with
the observed transition energies we have obtained the corre-
lation (4), with a correlation coefficient of 0.99. This confirms

2y — hver = (0.1551 + 0.00991) In¥ (I — hver) +
(6.6907 +0.4717)  (4)

the CT nature of the transitions observed and yields C; = 6.45
eV. Neglecting G, and taking the typical D-A distance in n-type
EDA complexes to be 3.5 A, the major part of G, is estimated
as e*/4meyr = 4.13 eV. Now using eqn. (2) the electron affinity of
Cs 1n solution is found to be 2.32 eV. This is in fair agreement
with the value 2.65 eV obtained in gas phase by Smalley et al.*¢
which was later confirmed by Boltalina et al.*” and Chen et al.*®
by mass spectrometric method and also by theoretical calcu-
lation (Apostol*®).

A plot of hver against Egono of the PAH donors (the Hiickel
energy of HOMO with a as the zero and B as the unit of energy)
is also found to be linear (Fig. 2); the slope of this line must be
equal to 8, the resonance integral between two sp>~C atoms,
in accordance with the empirical McConnell-Ham-Platt
equation,*® where E, is the electron affinity of the acceptor

Wer=In — E, + 4
= —Eyomo f + constant )

(Cgo) and 4 is an energy term coming from solvation etc. which
may be regarded as approximately constant for a given solvent
and a series of structurally similar donors. In fact eqn. (5) is
an approximate form of Mulliken’s eqn. (1). The value of f§
obtained from the linear plot shown in Fig. 2 is —2.98 eV, which
is in very good agreement with the value of —3.1 eV, obtained
from the first four singlet-singlet transitions in benzene. All
these observations definitely establish that Cg, acts as an
electron acceptor in forming EDA complexes with the poly-
nuclear aromatic hydrocarbons studied. Stoichiometry and
formation constants of the complexes were determined by
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Fig. 3 Benesi-Hildebrand plot for C¢naphthalene complex.

using Benesi-Hildebrand ** (B-H) and Rose-Drago ** equations
[eqns. (6) and (7)] respectively for cells with 1 cm optical length,

[Al[Blyd = [Bly/e' + 1/Ke’ (6)
[AL[Blyd = ([A], + [Bly)/e’ — dle™ + 1/Ke'  (7)

where [A], and [B], are the initial concentrations of the acceptor
and donor respectively, d is the absorbance at the 4,,, of the CT
absorption band measured against the acceptor solutions, at
the same molar concentration as that in the donor—acceptor
mixture taken as reference. &' = ¢, — ¢,, Where ¢, is the molar
absorptivity of the complex and ¢, is that of the acceptor, at the
wavelength of measurement. K is the formation constant of the
complex. Eqn. (6) is valid under the condition*! [B],> [A],
while eqn. (7) does not require such a condition; however, both
are valid 1:1 (donor—acceptor) complexes. Absorbances at the
maxima of the CT absorption bands at various concentrations
of the components are shown in Table 2. Fig. 3 shows a typ-
ical B-H plot. K and ¢’ values for each system except the
chrysene—fullerene complex were obtained by using eqn. (6).
In the latter case eqn. (7) was solved iteratively to get the values
of K and ¢’. Owing to low solubility of chrysene in CCl,, B-H
condition could not be maintained in this case. Results are
given in Table 2. Cg, is thus shown to form ground state EDA
complexes of 1:1 stoichiometry with each of the PAHs studied.
Except for chrysene, the K values are of the order of the
formation constants of typical n-type EDA complexes; for
example,*® K of the naphthalene—tetrachlorophthalic anhydride
complex in CCl, medium at 301 K is 2.8 mol dm*. The rel-
atively high K value for the chrysene—[60]fullerene complex may
be attributed to the fact that the arrangement of hexagonal
rings in chrysene molecules is similar to that in the belt region
of the C, surface, thereby leading to a good m-overlap. We also
obtained a reasonable value of Hiickel parameter f and the
electron affinity of [60]fullerene from the present study.
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Table 2 Data for determination of stoichiometry, formation constants and molar absorptivities of the Cq—polynuclear aromatic hydrocarbon

complexes
Donor 10* [A]y/mol dm ™3 [B]y¢/mol dm 3 Absorbance at Aoy K/dm?® mol™! e/ldm® mol ' cm™*
Naphthalene 3.5853 0.20781 0.111 0.67 £ 0.01 2778
0.29219 0.150
0.35104 0.172
0.38359 0.187
0.40373 0.198
0.51354 0.235
0.58307 0.258
0.68932 0.294
Phenanthrene 1.6129 0.06134 0.052 1.67 £0.19 3333
0.07593 0.059
0.13578 0.095
0.17468 0.124
0.19002 0.127
0.22368 0.148
Anthracene 1.6414 1.2764 x 1072 0.012 10.24 £ 4.66 465
1.6692 x 1072 0.010
2.8334 x 1072 0.014
3.8714 x 1072 0.024
5.9333 x 1072 0.030
Chrysene 1.7450 2.4822 %1073 0.003 65.5+15.19 139
5.5485x 1073 0.006
9.7829 x 1073 0.007
10.6005 x 1073 0.012
11.9730 x 1073 0.013
13.3289 x 103 0.010
Pyrene 1.8827 3.7575 x 1072 0.039 6.8 £1.03 980
4.7299 x 102 0.056
4.7368 x 1072 0.041
5.3397 x 1072 0.049
6.9053 x 1072 0.059
8.0919 x 1072 0.076
8.7511 x 1072 0.068
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