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Observed in crystalline solutions of fullerenes in toluene and carbon tetrachloride, two new nonlinear optic
effects are reported. Both are provided by a self-clustering of the solute molecules and are referred to fullerene
enhanced Raman scattering (FERS) and solvent enhanced luminescence (SEL). The effects are induced by the
excitation of charge transfer states of the fullerene nanoclusters that makes the latter to act as amplifiers of

local electric fields.
PACS: 33.20.—t, 61.46.+w, 78.30.Na, 78.45.+h

Since the first experiments on molecular SERS it
has become clear that the resonant excitation of both
localised and propagating surface plasmons of metal
has stimulated the enhancement of local electric field of
both incident and outgoing light that, in its turn, gives
rise to nonlinear optical effects for adsorbed molecules
(see comprehend reviews in [1]; main concepts have not
changed much since). The metal plays the role of an
electron-hole (collective electrons around positive atom
nuclea) reservoir and/or amplifier subordinated to par-
ticular requirements concerning its electron-hole bound
state and submicrostructuring which together provide
the best conditions for the plasmons excitation. As for
the first requirement, it concerns the real part of the
metal dielectric function €1 (w) which should be negative
and small by absolute value at resonance frequency w.
The requirement to submicrostructuring occurrs to be
rather complicated and dependent on geometrical con-
figuration of the substrate in use with a noticeable prefer-
ence to nanostructures. Both requirements are well met
by such metals as silver and gold and provide a dras-
tic enhancement of both local fields leading to strong
nonlinear optical effects for both plasmons themselves
and outer molecules adsorbed on the metal substrate.
However, if the nonlinear optics of molecules has been
well known for a long time as molecular SERS, enhanced
generation of the second harmonic [2] and enhanced lu-
minescence [3], a direct evidence of plasmons nonlinear
optics has become possible only as sensing to waveguid-
ing [4] while their spectral manifestation has not been
obtained since both fluorescence and inelastic scatter-
ing of lihgt turned out to be blocked [5]. On the other
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hand, no particular limitations, connected with metal-
licity of the plasmon amplifier, seem to be put on, so
that one may expect a similar amplifier existence out-
side convenient and well known metal nano and submi-
crom structures. Actually, it occurred to be true and
we have succeded in finding such an amplifier formed
by nanoclusters of fullerene (hereinafter the word im-
plies both pristine fullerene Cgo and its derivatives) in
frozen molecular solutions in the absence of any metallic
additives.

Methods. Samples were prepared by freezing sat-
urated solutions of three fullerenes, namely, 1-methyl-
2(4-pyridine)-3,4-Cgofulleropyrrolidine (I), fullerene Cgg
(IT), and Cgofulleroamid (IIT) (equilibrium structures
of the species are shown in Fig.1l) in toluene (tol)
and carbon tetrachloride (ctel). The relevant solu-
tions of the fullerenes will be also marked by I, II,
and III pointing to the kind of the solute molecules.
The corresponding concentrations are of ~ 2—3mmol/l.
Spectroscopic studies were carried out at 80 K on the
double grating spectrometer DFS-12 with inverse dis-
persion of 0.5nm/mm. Spectra were registered us-
ing photo-multiplier-photon-counting system. Different
pump lasers providing light emission at 337.1, 476.5,
488.0, 496.5, 514.5, and 632.8 nm were used to excite
the solution emission.

Results. Emission spectra of the studied fullerenes
in tol are shown in Fig.1. Arrows mark A, positions
of the excited light. In spite of a considerable differ-
ence in the spectra, all spectra evidently consist of two
parts, namely, the red and blue ones below and above
16000cm !, respectively. All red spectra are well simi-
lar, particularly by total intensity. They involve both the
fluorescence and phosphorescence spectra of fullerene
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Fig.1. Emission spectra of fullerene solutions in toluene
at 80 K. Spectra from bottom to top correspond to Aex
476.5, 488.0, 496.5, and 514.5 nm, respectively, marked by
arrows from right to left. Dotted curve plots the density
of CT states of Cgo crystal courtesy by Dr.A.Eilmes and
Dr.B.Pack, Jagiellonian University, Cracow

molecules and for species I and II are described else-
where [6] in details. In the current study, they are re-
garded as internal standards for normalizing the inten-
sity of blue spectra in all series of experiments.

As for blue spectra, there is an evident difference in
the spectra intensity and appearance depending on the
solute molecules. The spectrum of solution I presents
normal Raman scattering (NRS) of tol and is fully sim-
ilar to that of pure tol. The emission spectrum of the
solution as a whole presents a trivial superposition of
those of the solute and solvent molecules that is typi-

cal for the case of weak interaction between both solute
molecules themselves and solute and solvent molecules.

In the case of fullerene IT, the blue spectrum still re-
tains a pattern characteristic for NRS of tol, but its rel-
ative intensity is clearly much higher in the comparison
with the previous case and the intensity increases when
the excitation wavelength becomes shorter. Therefore,
the observed Raman spectrum attains feature character-
istic for resonance and/or enhanced Raman scattering
(R/ERS).

The most impressive behavior is observed for the
blue spectrum of solution III. As seen in Fig.1, Raman
scattering spectrum of tol is hidden under the new one.
The latter retains the features characteristic to inelas-
tic scattering (IS) since its position is gradually shifted
when the excitation wavelength is changed. But instead
of fine-structured NRS and R/ERS spectra of toluene we
observe three-broad-band IS spectrum with extremely
high intensity (look at different scales of the red and
blue spectra in Fig.1). The latter continues to grow
when the excitation wavelength decreases. The spec-
trum is observed when the excitation wavelength fills
the region from 514.5 to 476.5nm. When A¢y is either
632.8 or 337.1nm, it disappears. Both wavelengths ex-
cite red spectrum of the solute fullerene that is a sole
spectrum of the solution emission when A¢y = 632.8 nm
but is followed by the luminescence spectrum of tol when
Aex = 337.1 nm.

The observed peculiarities of the blue spectra of the
studied solutions are practically fully reproduced when
tol is substituted by ctel with the only difference of
lower intensity of the spectra in the latter case. Fig.2
demonstrates the observation for the emission spectra
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Fig.2. Emission spectra of fullerene III solutions in toluene

(solid curve) and carbon tetrachloride (dotted curve) at
80K, Aex = 476.5 nm
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of fullerene III in both solutions. As previously, the
spectra are normalized by equal total intensity of the
respective red spectra.

Discussion. The obtained results have hilighted a
new optical phenomenon in fullerene solutions. That
consists in the intense inelastic scattering of the excited
light that accompanies the luminescence of the solute
molecules and changes its appearance when changing
the solute molecule. The scattering intensity increases
when the excitation wavelength shortens from 514.5 to
476.5nm and goes to zero when Mgy is either 337.1 or
632.8nm. Obviously, the explanation of this emission
should be looked for in peculiarities of the studied solu-
tions.

Fullerene solutions differ from convenient molecular
ones by a considerable contribution of donor-acceptor
(DA) interaction into intermolecular interaction (IMI)
between the molecules. This is caused by an exclusively
high both donor (low ionization potential, I) and ac-
ceptor (high electron affinity, £) abilities of the mole-
cule. Even two fullerene molecules are enough for the
IMI potential to be transformed into a two-well one
[7] providing the formation of either a weakly bound
charge-transfer complex (CTC) at equilibrium distances
> 3.2A or tightly bound dimer at distances < 1.55A
[8]. The feature affects the spectrum of excited states
of the molecule pair. Thus, the dimer spectrum is evi-
dently molecular, or nonpolar, by origin while the CTC
spectrum consists of two branches, one of which is non-
polar and is attributed to an individual molecule while
the other is polar one (these polar and nonpolar com-
ponents introduced in [9] are forerunners of Frenkel and
charge transfer excitons of bulk crystal). Usually, when
speaking about molecular solutions of fullerenes, it is im-
plied that no tightly bound dimers or higher oligomers
are formed and solute molecules are randomly distrib-
uted over the solvent. Actually, only the first suggestion
is true while the second is violated due to a strong ten-
dency of the solute molecules to form CTCs. Addition-
ally, since some solvents exhibit rather high donor activ-
ity (tol etc.), new DA pairs full+Mgqy should be added
to the original full4+full pairs. As a consequence, a new
polar branch appears in the energy spectrum. The said
above can be applied to the majority of the Cgo deriva-
tives (including studied in the paper) that preserve high
DA efficacy.

Multi-branch character of the solution both ground
and excited states spectrum originates a peculiar pho-
tonics. Thus, nonpolar component of the absorption
spectrum covers vibronic series related to series of
singlet-singlet transitions in the fullerene molecules that
provides fine structure of the spectrum that is largely
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discussed in [10]. Oppositely, broad-band structureless
polar absorption forms the pedestal, or background, for
the previous one. The analysis of the absorption spec-
trum structure from this viewpoint for the fullerene solu-
tions in tol has been firstly performed in [6]. Similarly, a
specularly symmetric nonpolar component in the emis-
sion spectra involves fluorescence and phosphorescence
spectra of the solute molecules [6]. These spectra are
positioned over a broad-band spectrum of polar compo-
nent related to transitions from the lowest CT states to
the ground state of the solution and form all together the
red spectra discussed above. Within the framework of
this viewpoint, solutions of all studied fullerenes are to
behave in a common way that has been observed indeed.

As turned out, the peculiarities of the blue spectra
are also connected with CT states of the solutions. Thus,
the observed dependence of the R/ERS and IS spectra
intensity on the excitation wavelength clearly witnesses
the presence of a particular zone in the excited-state en-
ergy spectrum of the solutions in the region of 2.40-
2.60eV. Obviously, the spectrum is additional to the
molecular excitation spectrum of solute molecules since
the direct excitation of molecular excited states by ei-
ther Aex 337.1 or 632.8nm does not cause any inelastic
scattering of the excitation light. As known for pristine
Ceo crystals [11], the energy spectrum of CT states cov-
ers the above region and extends towards higher energy.
Dotted curve in Fig.1c plots the density of states of the
spectrum over the whole Brillouin zone of the crystal
[12], thus tagging the position of CT states in the energy
spectrum. According to performed quantum-chemical
(QCh) calculations (for calculation details see [6]), the
ionization potentials and electron affinities of fullerenes
I and ITT are similar to those of Cgg, so that the plotted
curve positions the CT energy spectrum for all studied
solutions with acceptable accuracy.

Therefore, there is a strong point to connect the pe-
culiarities in the R/ERS and IS spectra with the ex-
citation of CT states of the solutions. But why does
the spectra behavior depend on the molecular moiety?
Since DA interaction between the fullerenes is expected
in all three cases, the matter may be connected with
its contribution into IMI. Performed QCh calculations
have proven the suggestion. The obtained results, listed
in Table, are related to the IMI minimum related to the
formation of charge transfer complexes. Equilibrated
structures of clusters ITT and partially IT are showm in
Fig.3. Photoexcitation of any complex is accompanied
by the electron transfer from one molecule to another.

As seen from the table, the IMI, which provides the
CTCs formation, does not result in coupling molecules I
in stable cluster at any mutual disposition of the latter.
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Ionization potentials and electron affinities of fullerenes and coupling energy of fullerene clusters*

Fullerenes | I,eV | g, eV E pi{(X)n}, kecal/mol
2% 3 4 5 6
I 9.68 2.48 2.21; 1.16;5 1.06 - - - -
II 9.87 2.66 —-0.52 - - - -2.74
II1 9.79 2.57 -0.09; -1.26 -2.73 | -4.32 | -7.94 | -8.42

*QCh calculations have been performed in semiempirical approach by using AM1 version of the CLUSTER-Z1 software
(see details in [6]). The data for ionization potentials are traditionally somewhat overestimated while electron affinities
well suit experimental data. The coupling energy E.p{(X)n} of (X). cluster was determined following the relationship

Eep{(X)n} = AH{(X
X (X =1,1I1,III), respectively.

)n} —nAH{X} where AH{(X),} and AH{X} are heats of formation of (X), cluster and fullerene

**Data present the largest and smallest energy coupling values that depend on mutual disposition of molecules in a pair.

Fig.3. (a)—(e). Equilibrium structures of (III), (n =2, 3,
4, 5, 6) clusters obtained in due course of total optimiza-
tion of the cluster configurations when seeking the energy
minimum. (f) The same but for (II)g cluster

The coupling energy is positive that points to a dom-
inant repulsive interaction between the units. As for

fullerene Cgg, the coupling energy of the pair molecule
is negative and thus attractive. Enlarging the cluster re-
sults in an approximate multiplication of the energy with
respect to the number of the molecules involved. There-
fore, Cgp molecules form clusters in solutions, albeit not
very tightly coupled. As for fullerene III, the interaction
between the molecules is the strongest among the stud-
ied. That depends on mutual orientation of NH units
and is the largest for the compositions whose equilib-
rium structures are shown in Fig.3. The cluster growing
is followed by increasing the total coupling energy. The
latter is quite considerable indicating the formation of
stable configurations. Therefore, the calculations have
shown that effects connected with DA interaction are
strengthening when going from fullerene I to fullerene
II1.

Coming back to experimental data, we see a strong
correlation between the computation predictions and op-
tical spectra behavior. Thus, the IMI between fullerene
molecule in solution I has no coupling effects both for
fullerenes themselves and for them and solvent mole-
cules in both solutions (QCh calculations show a repul-
sive interaction in the latter cases as well) that is why
the emission spectra of fullerene I in tol (Fig.1a) and
ctel present a trivial superposition of the red lumines-
cence spectra of solute and NRS spectra of the solvents.
The total intensity of the latter constitutes about 5% of
the red spectrum intensity.

Contrary to the case, fullerene Cgo (II) willingly
forms clusters that possess properties of CTCs so that
their photoexcitation is followed by the creation of
electron-hole pairs. The Coulomb interaction within the
pairs leads to the creation of CT excitons in a bulk
crystal and localized CT excitons in space-limited clus-
ters. Similarly to plasmons, the CT excitons cause con-
siderable polarization effects that must lead to the en-
hancement of the local field of incident and outgoing
electro-magnetic waves. Therefore, the solutions con-
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taining clusters of Cgo might be expected to act as so-
lutions with colloidal metallic particles.

The theory of light-scattering efficiency of small
metal particles [13] shows that the enhancement of the
local electric field E; due to the polarization of the metal
with respect to the electric field of the incident light Ej
is described by the relation

Eq

B = i)+ 2e0)

(1)
where €1 (w) is the real part of the dielectric function of
the metal at the frequency of incident light w and e,
is the dielectric constant of the embedding medium. As
follows from the equation, the dielectric function &1 (w)
of ~ —2¢,, by value provides a strong nonlinear optical
effect both within and outside the particle. Similar effect
can be expected for CTC clusters as well. Unlike to the
majority of molecular species for which function &1 (w)
is positive and large, in case of fullerene Cgq crystal the
function changes from +3 to —5 in the energy interval
of 2.6-2.8eV [14] which corresponds to frequencies of
the used pump lasers. This means that one can expect
considerable nonlinear optical effects caused by the po-
larization of Cgg clusters at incident light filling by fre-
quency the mentioned interval. Coming back to Fig.1b,
we evidently see such effect as enhanced Raman scatter-
ing of toluene molecules surrounding the Cgo clusters.
The enhancement coefficient cannot be obtained accu-
rately since the evaluation of the SERS total intensity by
its relation to that of the fullerene red luminescence can-
not exclude the luminescence enhancement due to high
local field of the fullerene clusters. But even under this
complication, the relative intensity of SERS spectrum
(at Aex = 476.5nm) constitutes ~ 13% in solution IT
and shows ~ 3 times increasing with respect to NRS
of toluene in solution I. Similarly to tol solution, SERS
of the solvent is observed in the ctcl solution as well,
albeit of much less intensity (~ 4%). The difference
in the relative intensities of SERS in the two solutions
clearly evidences the role of the DA interaction between
the solute and solvent molecules that is characterized by
the coupling energy of —0.014 kcal/mol in tol and repul-
sive interaction in ctcl.

As shown [15], the electronic structure of fullerene
ITT does not differ much from that of II. This suggests,
in particular, that the dielectric functions of fullerene II
and III media should be very close as well and, conse-
quently, the resonance condition (1) for achieving the en-
hancement of the local field in clusters of both fullerenes
is fulfilled for the same pump laser frequencies. Obvi-
ously, clusters of fullerene ITT provide suitable condi-
tions, if not better, as in the previous case, for the ob-

IIucema B MITP® Tom 87 BHIM.3-4 2008

servation of SERS spectrum of solvents. Nevertheless,
the spectrum is absolutely hidden under new IS one and
only small fine structure features (see Fig.1) reveal its
presence. Since only two vibrating systems in the stud-
ied solution may cause inelastic scattering we must as-
sign the observed IS spectrum to the Raman scattering
of fullerenes III configured in CTC clusters.

The observed IS spectrum is shown in Fig.4 in a scale
of Raman shift with respect to the excitation band. Its
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Fig.4. FERS spectrum of fullerene III solution in toluene
at 80K and Aex = 476.5 (1) and 488.0nm (2), respectively.
Bars mark positions of the main peaks in HREELS [18] (1)
and SERS [20] (2) spectra

total intensity at Aex = 476.5nm is ~ 70 times larger
that that of the reference red spectrum. At first glance
the suggested assignment seems doubtful since the spec-
trum differs from other known vibrational spectra of
fullerene Cgo too drastically. (Speaking about vibra-
tional spectrum of fullerene ITI we can refer to the spec-
tra of Cgp since those are quite similar as can be judged
from the close similarity of the vibronic series pattern
of their absorption and luminescence spectra [15]). As
well known, the appearance of the vibrational spectrum
of Cgo depends on the spectroscopic technique in use
due to a particular, both dense and quasi-regular, dis-
tribution of the vibrational states density (VDOS) g(w)
consisting of a large set of rather narrow fractions [16].
That is why IR absorption and Raman scattering spectra
[17] differ from each other and both of them differ from
HREELS [18], INS [19] and SERS [20] spectra quite con-
siderably. However, in spite of the difference, all these
spectra are rather fine structured due to well structured
g(w) of the objects under study (crystal, thin films and
adsorbed molecules) with the band width determined
mainly by the resolution function of the spectroscopic
apparatus in use. Oppositely to the case, we have ob-
served ill-structured spectrum consisting of three broad

2*
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bands of ~ 600cm~! in width, forming a shape typi-
cal to, say, the luminescence Frank-Condon series with
a totally symmetric vibration of ~ 1320cm™! as the
main repetition pattern. Nomne of previously observed
vibrational spectrum is similarly shaped. The other no-
ticeable difference is that the position of the series de-
termining by the position of the head band, depends on
the pump light A¢x and proceeds to lower Raman shift
when )¢y increases.

We believe that these peculiarities are connected
with the fact that the molecules emit the light being
configured in rather tightly coupled clusters. This can
explain: 1) the band breadth by both obvious statis-
tical inhomogeneity of clusters by size and a confining
effect to the vibrational spectrum caused by the clus-
ter nanodimensions [5,21] and 2) the series head band
shift when Ay increases. If the former is quite obvi-
ous, the latter may evidence changing the mechanism
of the vibration participation in the emitted light. The
vertical bars related to spectra 1 and 2 in Fig.4 mark
main features shown in HREELS spectrum of thin Cgg
film deposited on Si (100) surface [18] and SERS spec-
trum of thin Cgo film deposited on gold nanorods [20],
respectively. It should be noted that in both HREELS
and SERS spectra the low-frequency part is the most in-
tense similarly to the discussed IS spectrum. As seen in
Fig.4, the IS spectrum is moved just from the HREELS
to SERS position when Ay increases and the spectrum
intensity decreases. The intensity decreasing means that
Aex gradually goes out of the resonance zone that, in
its turn, causes lowering of the local field enhancement.
The shape of the vibrational assistance of the emitting
wave can be roughly described via amplitude-weighted
VDOS a(w)g(w) where a(w) is determined by the deriv-
atives of the third order nonlinear susceptibility x(®)(w)
over normal coordinates {@;}. The derivatives are ev-
idently w-dependent, where w is pump laser frequency,
showing that dipole active vibrations, similar to those
active in HREELS, are the most efficient in the close-to-
resonance region (Spectrum 1) while molecular polariz-
ability stimulated by the enhanced local field produced
inside the fullerene clusters is responsible for Spectrum
2 thus shifting it towards the SERS spectrum of thin Cgg
film. Peculiar is a role of a totally symmetric vibration
of 1320cm™?, which is active in the luminescence and
absorption spectra of solutions IT and III [6,15], in the
observed spectra. Obviously, these vibration repetitions
of the head band prevail in both spectra albeit the par-
ticipation of other vibrations from the extended VDOS
spectrum cannot be excluded as well. The observed fea-
tures clearly point to an urgent necessity in a theoretical
consideration of vibrationally-assisted nonlinear effects.

The observed enhanced inelastic scattering related to
fullerene clusters, which both provide a large enhance-
ment of the local field and emit light, is a particular new
nonlinear phenomenon and following to the tendency to
discriminate the effect from the convenient SERS, sim-
ilarly to TERS [22], can be called FERS outlining the
governing role of fullerene in the phenomenon.

As known, enhanced Raman scattering can be phe-
nomenologically described by a macroscopic polariza-
tion P(w) that combines a number of nonlinear optical
effects. The value is determined as [2]

P(w) = L'(w)xWL(w)E(w)+

+L'(w)x® L(w1) L(w2) E(w1) E(ws2) +

+ L' (w)x® L(w: ) L(ws) L(ws3) E (w1 ) E(ws) E(ws) + - ...

(2)
Local field factors L' and L are introduced to describe
the amplification of the incident and outgoing field E, re-
spectively, x(? determines the susceptibility of the i-th
order (see details in [2]). Important to note that if the
third-order effect is strong (SERS, TERS, FERS) one
may expect the enhancement of both linear (photolu-
minescence) and the second order (the second harmonic
generation) effects as well when the incident and outgo-
ing fields meet some requirements. When metal particles
are considered as amplifiers, the enhancement of the ad-
sorbed molecules fluorescence is expected to occur when
the emission wavelengths lie within the plasma particle
resonance [2]. As shown in Fig.5, this requirement is also
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Fig.5. Emission spectra of fullerene solutions I, II, and III
at 80 K. Aex = 337.1nm. Dotted curve plots the density of
CT states of Cgo crystal [10,11]

met when the solvent fluorescence wavelengths lie within
the CT resonances of the studied solutions. And again,
a strong dependence of the fluorescence enhancement
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on the strength of the DA interaction between fullerene
molecules is observed. Thus, the relative intensity of
the toluene spectrum with respect to the red-reference
one increases ~ 4.3 times when going from solution I to
solution ITI. Therefore, the figure presents another non-
linear phenomenon of the solvent enhanced luminescence
(SEL) provided by nanosize fullerene clusters. The en-
hancement effect is not too drastic. However, a simul-
taneous observation of both nonlinear effects, namely,
FERS and SEL, undoubtedly proves the amplifier behav-
ior of the fullerene clusters resulting in the amplification
of local fields both inside and outside of the clusters.
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