Pis’ma v ZhETF, vol. 87, iss. 3, pp. 159 { 165 © 2008 February 10

Enhanced Raman scattering provided by fullerene nanoclusters

B. S. Razbirin, E. F. Sheka^{+1)}, A. N. Starukhin, D. K. Nelson, P. A. Troshin^∗, R. N. Lyubovskay^∗

A.F. Ioffe Physical-Technical Institute, RAS, 194021 St.Petersburg, Russia

+Peoples’ Friendship University of the Russian Federation, 117198 Moscow, Russia

�Institute of Problems of Chemical Physics, RAS, 142432 Chernogolovka, Moscow reg., Russia

Submitted 10 December 2007

Observed in crystalline solutions of fullerenes in toluene and carbon tetrachloride, two new nonlinear optic e¸ects 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 e¸ects are induced by the excitation of charge transfer states of the fullerene nanoclusters that makes the latter to act as ampli˛ers of local electric ˛elds.

PACS: 33.20.−t, 61.46.+w, 78.30.Na, 78.45.+h

Since the ˛rst 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 ˛eld of both incident and outgoing light that, in its turn, gives rise to nonlinear optical e¸ects 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 ampli˛er subordinated to particular requirements concerning its electron-hole bound state and submicrostructuring which together provide the best conditions for the plasmons excitation. As for the ˛rst requirement, it concerns the real part of the metal dielectric function ε_1(ω) which should be negative and small by absolute value at resonance frequency ω. The requirement to submicrostructuring occurrs to be rather complicated and dependent on geometrical con- ˛guration of the substrate in use with a noticeable preference to nanostructures. Both requirements are well met by such metals as silver and gold and provide a drastic enhancement of both local ˛elds leading to strong nonlinear optical e¸ects 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 luminescence [3], a direct evidence of plasmons nonlinear optics has become possible only as sensing to waveguiding [4] while their spectral manifestation has not been obtained since both ‚uorescence and inelastic scattering of lihgt turned out to be blocked [5]. On the other

1)e-mail: sheka@icp.ac.ru

hand, no particular limitations, connected with metallicity of the plasmon ampli˛er, seem to be put on, so that one may expect a similar ampli˛er existence outside convenient and well known metal nano and submicrom structures. Actually, it occurred to be true and we have succeded in ˛nding such an ampli˛er formed by nanoclusters of fullerene (hereinafter the word implies both pristine fullerene C_{60} and its derivatives) in frozen molecular solutions in the absence of any metallic additives.

Methods. Samples were prepared by freezing saturated solutions of three fullerenes, namely, 1-methyl- 2(4-pyridine)-3,4-C_{60}fulleropyrrolidine (I), fullerene C_{60} (II), and C_{60}fulleroamid (III) (equilibrium structures of the species are shown in Fig.1) in toluene (tol) and carbon tetrachloride (ctcl). The relevant solutions 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 dispersion of 0.5 nm/mm. Spectra were registered using photo-multiplier-photon-counting system. Di¸erent 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 λ_{ex} positions of the excited light. In spite of a considerable di¸erence in the spectra, all spectra evidently consist of two parts, namely, the red and blue ones below and above 16000 cm^{−1}, respectively. All red spectra are well similar, particularly by total intensity. They involve both the ‚uorescence and phosphorescence spectra of fullerene

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008 159

Fig.1. Emission spectra of fullerene solutions in toluene at 80 K. Spectra from bottom to top correspond to λex 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 C60 crystal courtesy by Dr.A.Eilmes and Dr.B.Pack, Jagiellonian University, Cracow

molecules and for species I and II are described elsewhere [6] in details. In the current study, they are regarded as internal standards for normalizing the intensity of blue spectra in all series of experiments.

As for blue spectra, there is an evident di¸erence 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 similar 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 typical for the case of weak interaction between both solute molecules themselves and solute and solvent molecules.

In the case of fullerene II, the blue spectrum still retains a pattern characteristic for NRS of tol, but its relative 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 characteristic 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 inelastic scattering (IS) since its position is gradually shifted when the excitation wavelength is changed. But instead of ˛ne-structured NRS and R/ERS spectra of toluene we observe three-broad-band IS spectrum with extremely high intensity (look at di¸erent scales of the red and blue spectra in Fig.1). The latter continues to grow when the excitation wavelength decreases. The spectrum is observed when the excitation wavelength ˛lls the region from 514.5 to 476.5 nm. When λ_{ex} is either 632.8 or 337.1 nm, it disappears. Both wavelengths excite red spectrum of the solute fullerene that is a sole spectrum of the solution emission when λ_{ex} = 632.8 nm but is followed by the luminescence spectrum of tol when λ_{ex} = 337.1 nm.

The observed peculiarities of the blue spectra of the studied solutions are practically fully reproduced when tol is substituted by ctcl with the only di¸erence of lower intensity of the spectra in the latter case. Fig.2 demonstrates the observation for the emission spectra

Fig.2. Emission spectra of fullerene III solutions in toluene (solid curve) and carbon tetrachloride (dotted curve) at 80 K, λex = 476.5 nm

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008 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 476.5 nm and goes to zero when λ_{ex} is either 337.1 or 632.8 nm. Obviously, the explanation of this emission should be looked for in peculiarities of the studied solutions.

Fullerene solutions di¸er 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 acceptor (high electron a‹nity, ε) abilities of the molecule. 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 > 3.2 A or tightly bound dimer at distances < 1.55 A [8]. The feature a¸ects the spectrum of excited states of the molecule pair. Thus, the dimer spectrum is evidently molecular, or nonpolar, by origin while the CTC spectrum consists of two branches, one of which is nonpolar and is attributed to an individual molecule while the other is polar one (these polar and nonpolar components introduced in [9] are forerunners of Frenkel and charge transfer excitons of bulk crystal). Usually, when speaking about molecular solutions of fullerenes, it is implied that no tightly bound dimers or higher oligomers are formed and solute molecules are randomly distributed over the solvent. Actually, only the ˛rst suggestion is true while the second is violated due to a strong tendency of the solute molecules to form CTCs. Additionally, since some solvents exhibit rather high donor activity (tol etc.), new DA pairs full+Ň_{solv} should be added to the original full+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 Ś_{60} derivatives (including studied in the paper) that preserve high DA e‹cacy.

Multi-branch character of the solution both ground and excited states spectrum originates a peculiar photonics. Thus, nonpolar component of the absorption spectrum covers vibronic series related to series of singlet-singlet transitions in the fullerene molecules that provides ˛ne structure of the spectrum that is largely discussed in [10]. Oppositely, broad-band structureless polar absorption forms the pedestal, or background, for the previous one. The analysis of the absorption spectrum structure from this viewpoint for the fullerene solutions in tol has been ˛rstly performed in [6]. Similarly, a specularly symmetric nonpolar component in the emission spectra involves ‚uorescence and phosphorescence spectra of the solute molecules [6]. These spectra are positioned over a broad-band spectrum of polar component 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 energy spectrum of the solutions in the region of 2.40{ 2.60 eV. Obviously, the spectrum is additional to the molecular excitation spectrum of solute molecules since the direct excitation of molecular excited states by either λ_{ex} 337.1 or 632.8 nm does not cause any inelastic scattering of the excitation light. As known for pristine C_{60} crystals [11], the energy spectrum of CT states covers 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 a‹nities of fullerenes I and III are similar to those of C_{60}, 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 peculiarities in the R/ERS and IS spectra with the excitation 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 III and partially II 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.

2 Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008

Ionization potentials and electron affinities of fullerenes and coupling energy of fullerene clusters�

Fullerenes I, eV ε, eV E_{cpl}f(X)n g, kcal/mol 2� 3 4 5 6 I 9.68 2.48 2.21; 1.16; 1.06 { { { { II 9.87 2.66 {0.52 { { { {2.74 III 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 a‹nities well suit experimental data. The coupling energy Ecpl{(X)n} of (X)n cluster was determined following the relationship Ecpl{(X)n} = ´H{(X)n} − n´H{X} where ´H{(X)n} and ´H{X} are heats of formation of (X)n cluster and fullerene X (X = I, II, III), respectively.

�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 (n = 2, 3, 4, 5, 6) clusters obtained in due course of total optimization of the cluster con˛gurations when seeking the energy minimum. (f) The same but for (II)6 cluster

The coupling energy is positive that points to a dominant repulsive interaction between the units. As for fullerene C_{60}, the coupling energy of the pair molecule is negative and thus attractive. Enlarging the cluster results in an approximate multiplication of the energy with respect to the number of the molecules involved. Therefore, C_{60} molecules form clusters in solutions, albeit not very tightly coupled. As for fullerene III, the interaction between the molecules is the strongest among the studied. That depends on mutual orientation of NH units and is the largest for the compositions whose equilibrium 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 con˛gurations. Therefore, the calculations have shown that e¸ects connected with DA interaction are strengthening when going from fullerene I to fullerene III.

Coming back to experimental data, we see a strong correlation between the computation predictions and optical spectra behavior. Thus, the IMI between fullerene molecule in solution I has no coupling e¸ects both for fullerenes themselves and for them and solvent molecules in both solutions (QCh calculations show a repulsive interaction in the latter cases as well) that is why the emission spectra of fullerene I in tol (Fig.1a) and ctcl present a trivial superposition of the red luminescence 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 C_{60} (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 clusters. Similarly to plasmons, the CT excitons cause considerable polarization e¸ects that must lead to the enhancement of the local ˛eld of incident and outgoing electro-magnetic waves. Therefore, the solutions con-

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008 taining clusters of C_{60} might be expected to act as solutions with colloidal metallic particles.

The theory of light-scattering e‹ciency of small metal particles [13] shows that the enhancement of the local electric ˛eld E_1 due to the polarization of the metal with respect to the electric ˛eld of the incident light E_0 is described by the relation

E_1 =

E_0 (ε_1(ω) + 2εm)

, (1)

where ε_1(ω) is the real part of the dielectric function of the metal at the frequency of incident light ω and εm is the dielectric constant of the embedding medium. As follows from the equation, the dielectric function ε_1(ω) of ∼ −2εm by value provides a strong nonlinear optical e¸ect both within and outside the particle. Similar e¸ect can be expected for CTC clusters as well. Unlike to the majority of molecular species for which function ε_1(ω) is positive and large, in case of fullerene C_{60} crystal the function changes from +3 to −5 in the energy interval of 2.6{2.8 eV [14] which corresponds to frequencies of the used pump lasers. This means that one can expect considerable nonlinear optical e¸ects caused by the polarization of C_{60} clusters at incident light ˛lling by frequency the mentioned interval. Coming back to Fig.1b, we evidently see such e¸ect as enhanced Raman scattering of toluene molecules surrounding the C_{60} clusters. The enhancement coe‹cient cannot be obtained accurately since the evaluation of the SERS total intensity by its relation to that of the fullerene red luminescence cannot exclude the luminescence enhancement due to high local ˛eld of the fullerene clusters. But even under this complication, the relative intensity of SERS spectrum (at λ_{ex} = 476.5 nm) constitutes ∼ 13% in solution II 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 di¸erence 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 repulsive interaction in ctcl.

As shown [15], the electronic structure of fullerene III does not di¸er 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, consequently, the resonance condition (1) for achieving the enhancement of the local ˛eld in clusters of both fullerenes is ful˛lled for the same pump laser frequencies. Obviously, clusters of fullerene III provide suitable conditions, if not better, as in the previous case, for the observation of SERS spectrum of solvents. Nevertheless, the spectrum is absolutely hidden under new IS one and only small ˛ne structure features (see Fig.1) reveal its presence. Since only two vibrating systems in the studied solution may cause inelastic scattering we must assign the observed IS spectrum to the Raman scattering of fullerenes III con˛gured 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

Fig.4. FERS spectrum of fullerene III solution in toluene at 80 K and λex = 476.5 (1) and 488.0 nm (2), respectively. Bars mark positions of the main peaks in HREELS [18] (1) and SERS [20] (2) spectra

total intensity at λ_{ex} = 476.5 nm is ∼ 70 times larger that that of the reference red spectrum. At ˛rst glance the suggested assignment seems doubtful since the spectrum di¸ers from other known vibrational spectra of fullerene C_{60} too drastically. (Speaking about vibrational spectrum of fullerene III we can refer to the spectra of C_{60} 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 C_{60} depends on the spectroscopic technique in use due to a particular, both dense and quasi-regular, distribution of the vibrational states density (VDOS) g(ω) consisting of a large set of rather narrow fractions [16]. That is why IR absorption and Raman scattering spectra [17] di¸er from each other and both of them di¸er from HREELS [18], INS [19] and SERS [20] spectra quite considerably. However, in spite of the di¸erence, all these spectra are rather ˛ne structured due to well structured g(ω) of the objects under study (crystal, thin ˛lms 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 observed ill-structured spectrum consisting of three broad

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008 2^� bands of ∼ 600 cm^{−1} in width, forming a shape typical to, say, the luminescence Frank-Condon series with a totally symmetric vibration of ∼ 1320 cm^{−1} as the main repetition pattern. None of previously observed vibrational spectrum is similarly shaped. The other noticeable di¸erence is that the position of the series determining by the position of the head band, depends on the pump light λ_{ex} and proceeds to lower Raman shift when λ_{ex} increases.

We believe that these peculiarities are connected with the fact that the molecules emit the light being con˛gured in rather tightly coupled clusters. This can explain: 1) the band breadth by both obvious statistical inhomogeneity of clusters by size and a con˛ning e¸ect to the vibrational spectrum caused by the cluster nanodimensions [5, 21] and 2) the series head band shift when λ_{ex} increases. If the former is quite obvious, 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 C_{60} ˛lm deposited on Si (100) surface [18] and SERS spectrum of thin C_{60} ˛lm deposited on gold nanorods [20], respectively. It should be noted that in both HREELS and SERS spectra the low-frequency part is the most intense similarly to the discussed IS spectrum. As seen in Fig.4, the IS spectrum is moved just from the HREELS to SERS position when λ_{ex} increases and the spectrum intensity decreases. The intensity decreasing means that λ_{ex} gradually goes out of the resonance zone that, in its turn, causes lowering of the local ˛eld enhancement. The shape of the vibrational assistance of the emitting wave can be roughly described via amplitude-weighted VDOS a(ω)g(ω) where a(ω) is determined by the derivatives of the third order nonlinear susceptibility χ^{(3)}(ω) over normal coordinates {Qi}. The derivatives are evidently ω-dependent, where ω is pump laser frequency, showing that dipole active vibrations, similar to those active in HREELS, are the most e‹cient in the close-to-resonance region (Spectrum 1) while molecular polarizability stimulated by the enhanced local ˛eld produced inside the fullerene clusters is responsible for Spectrum 2 thus shifting it towards the SERS spectrum of thin C_{60} ˛lm. Peculiar is a role of a totally symmetric vibration of 1320 cm^{−1}, which is active in the luminescence and absorption spectra of solutions II and III [6, 15], in the observed spectra. Obviously, these vibration repetitions of the head band prevail in both spectra albeit the participation of other vibrations from the extended VDOS spectrum cannot be excluded as well. The observed features clearly point to an urgent necessity in a theoretical consideration of vibrationally-assisted nonlinear e¸ects.

The observed enhanced inelastic scattering related to fullerene clusters, which both provide a large enhancement of the local ˛eld and emit light, is a particular new nonlinear phenomenon and following to the tendency to discriminate the e¸ect from the convenient SERS, similarly to TERS [22], can be called FERS outlining the governing role of fullerene in the phenomenon.

As known, enhanced Raman scattering can be phenomenologically described by a macroscopic polarization P (ω) that combines a number of nonlinear optical e¸ects. The value is determined as [2]

P (ω) = L^′(ω)χ^{(1)}L(ω)E(ω)+

+L^′(ω)χ^{(2)}L(ω_1)L(ω_2)E(ω_1)E(ω_2)+

+L^′(ω)χ^{(3)}L(ω_1)L(ω_2)L(ω_3)E(ω_1)E(ω_2)E(ω_3) + . . . (2) Local ˛eld factors L^′ and L are introduced to describe the ampli˛cation of the incident and outgoing ˛eld E, respectively, χ^(i^) determines the susceptibility of the i-th order (see details in [2]). Important to note that if the third-order e¸ect is strong (SERS, TERS, FERS) one may expect the enhancement of both linear (photoluminescence) and the second order (the second harmonic generation) e¸ects as well when the incident and outgoing ˛elds meet some requirements. When metal particles are considered as ampli˛ers, the enhancement of the adsorbed molecules ‚uorescence is expected to occur when the emission wavelengths lie within the plasma particle resonance [2]. As shown in Fig.5, this requirement is also

Fig.5. Emission spectra of fullerene solutions I, II, and III at 80 K. λex = 337.1 nm. Dotted curve plots the density of CT states of C60 crystal [10, 11]

met when the solvent ‚uorescence wavelengths lie within the CT resonances of the studied solutions. And again, a strong dependence of the ‚uorescence enhancement

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008 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 III. Therefore, the ˛gure presents another nonlinear phenomenon of the solvent enhanced luminescence (SEL) provided by nanosize fullerene clusters. The enhancement e¸ect is not too drastic. However, a simultaneous observation of both nonlinear e¸ects, namely, FERS and SEL, undoubtedly proves the ampli˛er behavior of the fullerene clusters resulting in the ampli˛cation of local ˛elds both inside and outside of the clusters.

The work is ˛nancially supported by the RFBR (grant # 07-03-00755).

The authors greatly appreciate fruitful and stimulating discussions with V.A. Benderskii and thank B. Pack and A. Eilmes for permission to present their results on the CT spectrum calculations and M. Degunov for assistance in experiments.

1. Surface Enhanced Raman Scattering, Eds. R. K. Chang and T. E. Furtak, Plenum Press: NY and London, 1982.

2. J. P. Heritage, A. M. Glass, in Surface Enhanced Raman Scattering, Eds. R. K. Chang and T. E. Furtak, Plenum Press: NY and London. 1982, p. 391.

3. G. Ritchie and C. Y. Chen, in Surface Enhanced Raman Scattering, Eds. R. K. Chang and T. E. Furtak, Plenum Press: NY and London, 1982, p. 361.

4. S. Lal, S. Link, and N. J. Halas, Nature Photonics 1, 641 (2007).

5. E. Burstein, S. Lundqvist, and D. L. Mills, in Surface Enhanced Raman Scattering, Eds. R. K. Chang and

T. E. Furtak, Plenum Press: NY and London. 1982, p. 67.

6. B. S. Razbirin, A. N. Starukhin, D. K. Nelson et al., Int.

Journ. Quant. Chem. 107, 2787 (2007).

7. E. F. Sheka, Int. Journ. Quant. Chem. 100, 388 (2004). 8. E. F. Sheka, Chem. Phys. Lett. 438, 119 (2007). 9. V. A. Benderskii, Zhurn. Strukt. Khimii. 4, 415 (1963). 10. G. Orlandi and F. Negri, Photochem. Photobiol. Sci. 1, 289 (2002).

11. B. Pac, P. Petelenz, M. Slawik, and R. W. Munn, J.

Chem. Phys. 109, 7932 (1998).

12. A. Eilmes and B.Pack (2007), private communication. 13. N. Weibenbacher, R. Gobel, and R. Kellner, Vib. Spectrosc. 12, 189 (1996).

14. W. Y. Ching, M-Zh. Huang, Y-N. Xu et al., Phys. Rev.

Letts. 67, 2045 (1991).

15. B. S. Razbirin, E. F. Sheka, E. F. Nikitina et al., 8^{th} Biennial International Workshop “Fullerene and Atomic Clusters” { IWFAC2007, July 2-6, 2007. St.Petersburg.

16. X. Q. Wang, C. Z. Wang, and K. M. Ho, Phys. Rev.

B 48, 1884 (1993).

17. D. S. Bethune. G. Meiger, W. C. Tang et al., Chem.

Phys. Lett. 179, 181 (1991).

18. A. Lucas, G. Gensterblum, J. J. Pireaux et al., Phys.

Rev. B 45, 13694 (1992).

19. C. Coulombeau, H. Jobic, P. Bernier et al., J. Phys.

Chem. 96, 22 (1992).

20. G. Xu and Y. Fang, Spectrochim. Acta A 69 (2008). 21. V. A. Benderskii,7^{th} Voevodski Conference on Physics and Chemistry of Elementary Chemical Processes, June 24-27 2007, Chernogolovka, Moscow Region, Russia.

22. B. Pettinger, Top. Appl. Phys. 103, 217 (2006).

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 3 { 4 2008