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Two-photon absorptiofiTPA) at A =532 nm versus applied hydrostatic press(pke(up to 20 GPaand
temperaturdT) (in the 77—300 K rangewas used to study intermolecular dynamics in powderlike fullerene-
1,3-dithiolic adduct and £ systems. For g-1,3-dithiole adduct, we observed a sharplike maxim of the TPA
versusp-T below 230 K. Comparing the obtained results with those gf @e have unambiguously shown
that the observed behaviors are connected with the adding of the 1,3-dithiole core. To explain the experimental
results, we performedb initio molecular-dynamics geometry optimization, taking into account the superpo-
sition of all possible molecular conformations with appropriate weighting factors and higher-order intermo-
lecular multipole interactions. We have shown an increase of the absolute value of the TPA coefficient in the
Ceo cycloadduct by more than 30%. This fact is mainly caused by the asymmetry of intramolecular electronic
charge-density asymmetry. The modulatedlike dependence of the TPA paasd3 have been observed. The
latter one reflects the vibration and rotational contributions to the TPA vdl86463-182809)07713-9

[. INTRODUCTION lar charge transfer, were external hydrostatic pressure and
temperature. During our consideration besides the pure elec-
Chemical modifications of fullerenes have become ventronic contribution to the nonlinear optical susceptibility we
interesting from the viewpoint of improving their utility, sta- took into account also the vibration and rotational contribu-
bility, processibility, and optical nonlinearity> However, tions. The high mobility of the investigated molecules af-
producing modified g, is a big problem due to difficulties in forded some ambiguity in describing the molecular dynamics
manufacturing an electron transfer added for enhancing theii.e., dynamics boundary conditions vary so fast in time that
intermolecular interactior’s> Still in view of achieving the differential equations became very difficult to solVEo
larger nonlinear optical susceptibilities many works were de-overcome this complication, we used the static approach
voted to the synthesis of fullerenes by the adding of alkalwhich is based on a superposition of separate molecular con-
metals® Another very important aspect of the modification formations for a given moment of time, which is renormal-
consists in the possibility of studying the contributions ofized by appropriate Boltzmann weighting factétsAt the
electronic, vibration, and rotational subsystems to the obsame time it was very important to consider intermolecular
served nonlinear optical susceptibilities. multiple interactions of higher ordet$.On the other hand,
Recently the fullerene derivatives have been widely studenly appropriate quantum chemical molecular-orb{tdlO)
ied for their third-order nonlinear optical properties and theycalculations with the inclusion of excited configuration inter-
effectively showed very large third-order nonlinear opticalaction(Cl) states gave complete information about quantita-
properties-® To achieve an increase of the nonlinear opticaltive nonlinear optical susceptibilities in the§l,3-dithiole
susceptibility coefficient one should enhance intermoleculaadduct. Therefore, we replaced time-dependent Hartree-Fock
interaction and intramolecular noncentrosymmetric chargeproceduré? by a time-averagedstatio molecular structure.
density distribution. It is well known that the fullerene mol- Recently this static approach has been successfully applied
ecules preserve a strong individuality. In Ref. 9 it was showrto study the third-order optical properties of some tetrathi-
how to bring an essential contribution of frozen-in orienta-afulvalene derivative$t The reason why this method works,
tion disorder of the g molecule to the measured dielectric can be easily understood if we think about the role played by
susceptibilities. Therefore, one can expect the same contrstatistic molecular interaction and the vibration-rotational in-
bution to the higher-order nonlinear optical susceptibilities.teractions in optical response of the investigated
The intermolecular overlap leads to an increase-efectron  compound:>1#The main aim of the present work consists in
delocalization, which favors an increase of the intramolecuthe investigation of the external-induced changes in modified
lar hyperpolarizability. To reach a high intermolecular inter-fullerenes in order to detect the changes of intermolecular
action and high nonlinear optical hyperpolarizability of the electronic kinetics using optical methods.
Ceo molecule, we have grafted the 2-thioxo-1,3-dithiole moi- The paper is organized as follows: the experimental meth-
ety. This should lead to additional intermolecular overlaps. ods are described in Sec. Il. In Sec. Ill we present the ob-
The effective tools for continuously changing the inter-servedp-T dependences of the TPA. Molecular dynamics
molecular interaction, molecular mobility, and intramolecu-and geometry optimization procedures are presented in Sec.
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carried out in the single-pulse regime, with a pulse frequency
repetition of 12 Hz and the tunable pulse duration within the
0.6-50 ps. Such short-time kinetics allow us to avoid the
specimen heating. The pumping laser beams have been
scanned through the specimen surface in order to avoid the
specimen nonhomogeneity contributions. The measurements
have been carried out both for the transmitted beam as well
as for the scattered light beams. Therefore for every thick-
ness we have obtained more than 120 measured points for
the penetrated, reflected and scattereRl light intensities.
Laser power beams have been diagramed to obtain the light
FIG. 1. Scheme of the modified fullerenceg,@nd 2-thioxo-  profile inhomogeneityusually of the gaussian fornmot less
1,3-dithiolie cycloadduct 1. than 95% of the maximum light intensity for the energy
powers within the 0.7% —1.1 GWt/cnt range. Measure-
IV. Section V is devoted to electronic charge-density distri-ments devices both for the transparent and reflected channel
bution calculations. The influence of the electron-vibration-have been synchronized. Developing the expresSieril
rotational(EVR) interactions on the TPA parameters is pre-— gl ,, whereg is the two-photon absorption coefficieit,

sented in Sec. VI. is the thickness of investigated samfle5 mm), andT is the
intensity-dependent transparency for the case of the
Il. EXPERIMENTAL TECHNIQUE intensity-dependent scattered and reflected light with total

coefficientR, we have calculated the absorption coefficient

The chemical formula of the &2-thioxo-1,3-dithiole cy- according to the formula:K(l1)=1/dIn{(1—R(l1))/2T(l)
cloadduct is presented in Fig. 1. The technology of produc—+[(1—R(1))%4R(1)?]}. Evaluating the dependence of the
ing this compound is described in Ref. 15. We shall onlyK versus thd, we have extracted the two-photon absorption
briefly describe the synthesis of this mentioned compound imoefficient 8. Statistical treatment using the® Student ap-
this paragraph. The cycloadduct 2-thioxo-1,3-dithiole wasproach gives us a reliability with an error margin not larger
synthesized using the Diels-Alder reactioit® between the than 0.03. Due to the close values of refractive indices for
2-0x0-4,5bis (methyleng-1,3-dithiole and G, This diene the oligoetheracrylate matrices and the fullerenelike speci-
was generated by the thermal rearrangement of thenens, the light background scattering did not exceed 7%.
Spropargyl xanthate. This last compouri@92 mg, 1.04 To calibrate absolute values of the output intensity, the
mml) was heated fo2 h in dry chlorobenzen¢400 mb) in  LiB30s; nanoparticles embedded in the oligoetheracrylate
the presence of 1.035 @.44 mo) of Cg under a nitrogen matrices were used. Independently, we performed measure-
atmosphere. After silica gel column chromatograg®s, ments for the samples ofgg;and for the proper oligoether
then toluene as eluentghe mono, bis, and trisadducts were matrices. The last one was necessary in order to eliminate an
separated, respectively, in 60, 5-10 %, and below 5% yieldsnfluence of photopolymer matrix background. The TPA sig-
The basic cleavage of this 2-oxo-1,3-dithiole adduct wasal was extracted from the intensity-dependent transparency
achieved by treatment with a sodium methoxide solutionmeasurements. Simultaneously we have extracted the influ-
Then the disodium dithiolate was trapped by thiophogenence of linear absorptiof220 cm'l, A=530nm and the
leading to the gy -2-thioxo-1,3-dithiolie compound in a 65% influence of Fresnel reflection 0.048. The choice of the oli-
yield. goetheracrylate matrices is caused by the low value of their

The synthesized samples had a powderlike form with di-TPA coefficient(below 0.002 cm/GW and close values of
ameter sizes lying within the 10—20m range. The powder- the corresponding refractive indices. The averaging statistics
like specimens were dissolved in liquid oligoetheracrylateover the sample surface was performed to avoid a space non-
photopolymer matrices. The solidification process and elecuniformity in the sample distribution within the photopoly-
tropoling homogenization have been carried out using amer oligoetheracrylate matrices.
method described in the Ref. 19. A nitrogen laser ( To exclude an influence of the hyper-Raman scattering,
=337nm) with the photon energy power about 45 W/cm we have performed additional investigations of the scattered
was used for the solidification. This equipment allows uslight from the wavelength =530 nm up to 3000 cit. We
continuously to vary specimen thickness within the 0.5—-1.Zhave detected three hyper-Raman maxima between 1200 and
cm range with a step of 0.1 mm. Homogenization procedure$800 cm . Their intensities were at least 13 times weaker
have been carried out using ultrasound mixing and crushinghan the transmitted light intensity. In the case of the Raman
and control of the specimen homogeneity has been carrieand hyper-Raman measurements, we have used an argon
out using the optical polarized method. We have revealedAr™) laser at the 522 nm line and a Spex Triplemate spec-
that the deviation from the homogeneity was less than 3.2%rometer. A position-sensitive photomultiplier calibrated us-
through the specimen surface and higher homogeneity waag a helium-neon gaseous mixture discharge was used to
obtained for the cycloadduct concentration about 2.3 at. wt%detect the integrated scattering background.

The excitation was provided by picosecond pulses\ of For optical measurements under applied hydrostatic pres-
=1.06pm and A =530nm generated by a YAG:Nd laser. sures, we have constructed a special thermo-baro chamber
The laser light was polarized using a rotating Fresnel polarwith sapphire windows which allowed us to perform the cor-
izer and the output light intensities was detected using aesponding measurements in high-pressure atmosphere
FEU-79(FEU-39 photomultipliers. The measurements werewithin the temperature range 77—-450 K. A Mao-Bell-type
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diamond-anvil cell supplied with diamond optical windows  TABLE I. Comparison of the two-photon absorption coefficient
was used for measurements. The pressure and the tempefaobtained using different theoretical approaches and experimental
ture were changed within the 0.1-20 GPa and 77-450 Knethods.3 is the theoretical value for & and Gg-cycloadduct
regions, respectively. The precision of the pressure and ten){\_/ithout inclusion of the electron-vibration-rotation interactions,

L - . . (1) . . _ .
perature stabilization were equal #0.2 GPa and ta=1 K, A IS the theoretical value for & and G Cyc'.oaddzl;c.t with the

. . inclusion of electron-vibration-rotation |nteract|orﬁ(, is the ex-
respectively. All the measured optical parameters were aver-

perimental value for g and Gg-cycloadduct embedded in the oli-
aged over a great number of pulsabout 120—150for each goetheracrylat matriceg® is the experimental value forggand

p-T point. Afterwards, we have performed a fitting proce- ¢, _cycloadduct in benzene alcohol solution, g8f@ is the experi-
dure using a spline smoothing agd statistics with a param- mental value for G and G-cycloadduct in benzene-toluene solu-
eter not more than 0.02. tion.

We have used a mixture of 15:5:2 methanol:ethanol:liquid
nitrogen or liquid argon as the pressure medium. Ruby fluo- B el 8@ B® el
rescence was used for hydrostatic-pressure determination 8ample  (cm/GW) (cm/GW) (cm/GW) (cm/GW) (cm/GW)
pressure gradients. Our apparatus allows us to perform thg
TPA registration in the transparent geomet(garallel 60
spreading of the pumping and probing bearT$e intensity Ceo
of the laser beams was varied using neutral density filters. [ycloadduct
time-delay between the pump and tunable probe pulse was
obtained using the LB,O; single crystal. The reliability of
the obtained results lies within 35%.

12.7 15.6 18.6 18.5 18.75
14.8 235 26.7 26.45 27.35

IV. MOLECULAR DYNAMICS

To optimize the molecular geometry, we started from the
isolated molecule using thMM* method and derivative
Ill. EXPERIMENTAL RESULTS procedure of Broyden-Fletcher-Goldfarb-Shaffoé* with
) variable effective clusters cutoffs. Their radius was varied
In Fig. 2 we present the measured pressure-temperatufg, 14 1o 29 nm with increments of 0.5 nm. The conver-
(p-T) d_ep_endences of the TPA for the GOC_ and ence was achieved when the difference between the two
Ceq-1,3-dithiole compounds. One can see a modulation of thgccessive values of the optimized total energy is less than
TPA versusp and T at temperature below 235 K for the o> Ry Then we introduced the effective intermolecular
modified Gy We should notice that for temperatures belowmultipole interactions of higher ordefand quadrupole-

190 K thep-T TPA dependences are sharper compared withy 3 4rypole interactionsThese higher interactions are espe-
the higher temperatures. In the case @f,@nly one wide  cjgly important for the disordered materidfsWe built up

maximum for temperatures higher than 250 K is observedye siryctural clusters taking into account different values of
which is probably connected with the temperature-

orientation disordering. We performed also measurements
for benzene alcohol and benzene toluene solutions at room
temperature in order to estimate an influence of solvent on
the final TPA coefficients. We revealed that solvents did not

influence significantly the estimations of the nonlinear opti- : ! W 0
cal susceptibilities. The only problems consists in their %‘;‘1"’;‘{ L 22 15
higher scattering coefficients. B | AT TS o ~

The observed data did not show any pressure-temperature 150 &
hysteresis. The relative modulation of the TPA verpu$ 2 <
did not exceed 35%. The estimated values of the TPA coef- “ 300

ficient B for Cgy and Gg-2-thioxo-1,3-dithiole adduct are
presented in Table I. We observe that the grafting of the
1,3-dithiole core induces an increase of TPA. We notice also
that the 8 values are slightly dependent upon the environ-
ment of the investigated samples.

Moreover, in the case of the modifie¢gompound, we
observed a slight increase of the TPA with increasing pres-
sure contrary to the case of;{C(Fig. 2). At lowering tem-
perature @, showed a smooth decrease of the TPA. In the
case of modified g, we observed a sharp maxima with Pt
half-widths of 45 K and 0.8 GPa. The observed phenomena Tixy
are clearly caused by the linking of the 1,3-dithiole core. The
curve of the TPA versup-T indicates the important role
played by the 2-thioxo-1,3dithiole fragment in the illustrated
experimental results. In the case of;Gve have only one
maximum increasing with the pressure. The observed FIG. 2. Pressure-temperature dependence of the TRA i@,
maxima for Gg and Gsg-1,3-dithiole demonstrated a sensitiv- (b) Cqy1,3-dithiole. All the measurements are carried out for the
ity to intermolecular interactions of the TPA method. 0.53 um wavelength.

(@

300

()



9232 SAHRAOUI, KITYK, PHU, HUDHOMME, AND GORGUES PRB 59

the optimized total potential energy. We performed a self-
consistent iteration procedure with continuousgbtep-by-
step increasing values of the total energies for a given mol-
ecule. To introduce values of the partial contributions of the
given conformation and applied pressure, we renormalized
this procedure using appropriate weighting factors propor-
tionalllly to their probabilityp; for a given phasé®

pi=exp(—U; /kgT)/S exp(—U; /kgT)) @

where U; represents total energy minimized at temperature
T; andkg is the Boltzmann constant.

We began the optimization using a self-consistent itera-
tion procedure from low temperatures, i.e., 0.5 up to 210 K.
Then we applied the hybrid Becke’s meth&timvolving a
semiempirical contribution of the “exact” exchandge™
(i.e., Hartree-Fock type, but based on Kohn-Sham orbitals
and the exchange enerds;>™ (LSDA means the local-
spin-density approximationn the density-functional theory
(DFT), together with a gradient-corrected correlation func-
tional EX°*. The total DFT calculations have been per-
formed using aGAUSSIAN-94 prograni’ using the polarized
correlation consistent doublgbasis setgcc-pVD2).28 The
main advantage of the mentioned method consists of very
fast convergence with respect to the size of the basis sets.
But more important was the possibility of introducing an
external scalar perturbation such as pressure in order to pre-
dict the pressure-dependent geometry optimization because
we are able to vary the inter- and intramolecular distances >
proportionally to the second space derivative of the electro- i
static potential. The improved integral gfid (option
FINEGRID) and tight criteria were used in the self-consistent
functional calculations.

The optimized modified g compound under applied ®
pressure and without th_e applie_‘d pressure are giveninFig. 3. g 3, Perspective view of thegg1,3dithiole molecule with-

It seems that the more interesting observations are the bengg (5 and under(b) applied pressure. By arrows we indicate main

of the 1,3-dithiole plane under the applied pressure. It givegjrection of G-1,3dithiole rotation direction and their orientation
a rise to additional rotating axes shifted towards the fullerengg|ative fullerene axis.

rotation axes. This fact can play an important role in inter-
molecular interactions. is usually written as a linear combination of the above basis
guasiwave functions within a momentum representation:

V. MOLECULAR ORBITAL QUANTUM CHEMICAL
CALCULATIONS [)=2 CalkiM(Xiql = E(K)|xiq) 2 exp(—ikrg)*,

We performed the molecular orbital calculations using " a &)
tight-binding method and linear combinations of atomic or-
bital (LCAO) centered at neighboring atorifsTo avoid an ~ Which is often called the Bloch suny; 4 are weighting fac-
influence of boundary conditions, the effective macroscopidors of the corresponding quasiwave vectdegk) is the
dielectric susceptibility was introduced to renormalize theeigenvalue at thé&th quasiwave vector. Summation limits
intramolecular energy levels. We introduced an effectivedre very important since they determine the cluster sizes and
quasiwave vectork, corresponding to the sizes of the the number of the coordination spheres around the consid-
molecular-dynamics geometry optimized molecules. ered molecule.

The tight-binding quasiwave functions can be expressed It seems interesting to use the self-consistent method of

using the quasi-Bloch theorem in the case of a real-spacdénear tetrahedra for the calculation based on the so-called
representation: restricted modet! Thus the traditional overlapping-atomic-

potential approach for the one-electron Hamiltonian was cal-
T . culated as a superposition of individual free-atom potentials
Xin(r)=N ET exp(ik7y)|1r—7y) (2 (with the Slater-type approximation for exchange integrals
at appropriate positions. All the Hamiltonian matrix elements
wherel|l) is the orbital ofl-orbital angular momentum sym- were computed using the Gaussian technique for Bloch sums
metry (i.e., s, p, d etc) and 7, is the position vector ohth  of the atomic orbitals as basis functions. At this step we have
atom. The one-electron quasiwave function of the moleculéncluded the unoccupied molecular orbital states of the
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norm-conserving pseudopotential functions obtained fromhigher precision than a desired accuracy of the eigenvalues
pseudopotentialPP methods2 which were corrected by the due to the large size of the obtained set from secular equation
LCAO procedure(by the orthogonalization of the intramo- (6). The summations were performed up to eight neighbors.
lecular termgin order to obtain the best agreement with theWe performed the numerical integration in a real space ap-
experimental energy gap. Therefore in each step we corproximation to take into account a contribution of electron-
struct the superpositions of the starting basis coming ouglectron interactiongthe so-called Hartree functionalAn

from the appropriate superposition of the PP and LCAOexample of the overlap integrals farwave andp-wave
guasiwave functions with the corresponding weighting fac-states were determined by the following formula:

tors. In such a way we combined the advantages of the two

methods. 1 N X
The core states were removed from the basis set to restrict ~ (SalSh) = E;l 121 cicil /(i + ;)1
the maximum size of the secular equation set. The remaining
occupied orbitals were simultaneously orthogonalized with Xexp{[—aiﬂj/(ai+,6’j)](B—A)2}, @)
respect to the core states. Such a scheme of the orthogonal-
ization allowed us to restrict the Hamiltonian diagonalization V3

to a matrix size of 866. The basis set size has been after- (SalPxo)= 4 Z 2 cicf{lml(ai+ B)1(B=A)?
wards increased up to 1685 with the energy cutoff up to 236 :
Ry. A main iteration criterion to ensure an eigenstate stabi- xexp[ — a;B; /(ai+ﬁj)](B—A)2}DBX.
lization consists of a coincidence of two neighboring energy )
eigenvalues within a range of 0.01 Ry.

True orbitals of free atoms were replaced by local func-The matrix elements of the Hartree-Fock operator are
tions of the Slater type which are very similar to the true
first-principles atomic quasiwave functions, although theFij=cic;[m/(a;+Bj)1¥?exp([ — aiB;/(a;+ B;))1(B—A)2}.
former take part in a distortion of the electron distribution. A 9)
set of _the optim'ized orbitals obtaingd in such a way can bgpe positionD of the mass center of the andB atoms can
numerl_cally estlmated_ by a technique of th_e constructeq,e \ritten in the following way:
Gaussians described in Ref. 33. We have built the orthogo-
nalized Bloch sums in the following form: D=(a;A+B;B)/(a;+ ), (10)

w

N N with DB,=D,—B, and DA,=D,—A,. The other overlap
By a(K,)=Bga(k,1)+ X > aga1,B1,(kr), (4  expressions used in our calculations have been presented
y=11=0 before®! Electron screening effects were calculated using pa-
where theBy,(k,r) expression is restricted to the unoccu- rametrized Perdew-Zgnggér and  Ceperley-Alder
pied MO obtained from PP quasiwaves. A}, 1, andB,, expression of the following form:
coefficients are calculated with regard to the orthogonality 2
conditions of the previously calculated norm-conserving PR4xc= —0.6193f5—0.14392(1+1.0529 5"+ 0.3334 5)
quasiwave functions. I X{1+[(0.5264 s"/*+0.33345)/(3(1+1.0529 52
A potential of the one-electron Hamiltonian was con-
structed as a superposition of the atomiclike potentials +0.33345))]} for rg>1 1y
V,.(r). The atomic potentials were approximated by the fol-
lowing expression: Mxe=—0.6193f5+0.0311I(rg) —0.0583 forrg<l, (113

n' where rg=[3/(4mp)]1*"® with p being the electron density

V(N =(—Z,elr)>, [c;exp—aird)+Ar2exp — Bir?)], and the first terms of Eq11) and Eq.(11a correspond to
i=1 the standard Gaspar-Kohn-Sham exchange potential.

) A special point method of Chadhi-Coh#mwas used for
the intramolecular summation of the electron charge-density
distribution. This last was used to construct a charge-density
éunctional for electrons. The diagonalization procedure was
performed at special symmetrical weighting points of the

where all the fitting coefficients;, «;, A;, and B; were
calculated using a nonlinear interpolation schéfrehe set
of 8—12 Gaussians was used to provide a good fit of th
radial functions in our calculations. All the Hamiltonian ma-
trix elements were decomposed into a series of three-cent@?OIeCUIe' . . . .
integrals containing two Gaussians centered at the local The needed self-consistency was achieved by a direct it-

atomic position®A andB and the atomic potential around the eration Process. Agc_eleration of th_e iteration. convergence
point Cp P was achieved by mixing ther(— 1)th iteration with 80% of

The matrix elements were expanded by using a speci e outputp before their substitution into the next equation.

point summation method of multicenter integrals. All the he initial sc_reened _pote_nual h_as bee_n built using the
Thomas-Fermi approximation which avoids possible errors

summations were carried out by solving the set of equations. '™ : . o
during the electron density calculation. A criterion of the
{Hi;(k)—E(k)S;}=0, (6)  self-consistency in the charge-density formalism requires
that
for various points within the effective molecule. It was nec-

essary to calculate the matrix element values with much |Poutm™ Pinml <& (12
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FIG. 4. Charge-density distribution in the modifiedy@nol- FIG. 5. Change of the Raman spectra fragment under the ap-
ecule. plied pressure.

after themth iteration step, we assumed an accuracy better In our previous work§~*'we have shown the possibility

thane=0.10% between the input and output iterations as af detecting the electron-vibration anharmonicity in high-
main criterion of the self-consistency. The energy eigenvaliemperature superconducting single crystals by nonlinear op-
ues were stable within a range of 0.005 energy atomic unitgics methods. The corresponding behaviors seem to be very
The procedure of Hermitian diagonalization was performedclose to the low-temperature detection of the electron-
using the Querry limited methdd. vibration rearrangement of the system, but in the case of
The Hamiltonian has been diagonalized at 124 equalljullerenelike compounds we preferred to classify the behav-
spaced points in the 1/64th part of the molecule in order tgor as a low-temperature structural rearrangement that leads
enhance a description precision of the electronic density ofo partial long-range ordering. In the case of fullerenes such
states. The numerical evaluations were performed using sethods can be useful for the interpretation of the
tetrahedral method. The more detailed expressions for ovetemperature-orientational reordering.
lap integrals can be found in Ref. 31. This method was successfully applied by us to investigate
In Fig. 4 we present the results of MO electronic chargethe electron-vibration contribution to the nonlinear optical
density distribution calculations for the isolated modifigg C susceptibility of tetrathiafulvalen&s and chalcogenide
molecule using the described above method. From the Fig. glasses®
one can clearly see an essential redistribution of the charge- The obtained data in this work suggest that the above
density distribution near the 1,3-dithiole core. Moreover, di-theoretical approach can help to clarify the origin of molecu-
rectly on the border betweenggand the dithiolic moiety, lar orientations and problems of the critical temperature in-
one can see essential intramolecular charge-density redistigrease. Simultaneously it was necessary to stress that the
bution and several asymmetries. The last fact supports owbserved phenomena can be explained by low mobility of
previous prediction about the essential role of the chargefree carriers due to their self-localization in disordered traps
transfer noncentrosymmetry in the molecule. It is necessargublevels. The quantum chemical calculations were per-
to add that the contributions to the total charge-density disformed self-consistently after separation of the electronic,
tributions give both the intra- and intermolecular interac-vibration, and rotational degrees of freedom. Therefore, in
tions. As a consequence, we noted an accentricity both in therder to decrease a number of active Raman modes and to
fullerene sphere as well in the edges of the 1,3-dithiole corenclude in the quantum chemical considerations only the
So we can speak about the combined effect of the intramonodes sensitive to the intermolecular interactions changing
lecular and intermolecular charge-density asymmetry. Theinder the applied pressure, we performed measurements of
presented charge-density distribution helps also in clarifyinghe Raman spectra. Here we should distinguish two types of
the contributions to the Hessian matrices determining theéensitive modes. The first one corresponds to the intraplain
guasiphonon harmonics contributions. Our calculations indicycloadduct vibrations and are sensitive to the bending of the
cate the essential role of the intermolecular interacting complains. The second one is responsible for the changes of the
ponent in the prediction of the nonlinear optical susceptibil-intracycloadduct bond lengths. As a consequence the first
ity. Moreover, the mentioned charge-density redistributiontype of mode should vanish with increasing hydrostatic pres-
shows the necessity of considering also the correspondingure and the second one should change the frequency. In Fig.
electron-vibration and electron-rotational contributions to theb are presented the modes corresponding to the first type of
output susceptibilities. The quantitative results are presentedbration. One can clearly see their sensitivity to the disap-

in Table I. pearance of the cycloadduct plains. Moreover, one can see an
essential damping of the modes due to their widening. On the

VI. ELECTRON-VIBRATIONAL AND ROTATIONAL other hand, in Fig. 6_ are presented modes th_at are sensitive to
CONTRIBUTIONS the changes of the intracycloadduct bond distances. The lat-

ter ones reflect only a shift of the distances within the cy-

In order to get a good agreement between the observetloadduct group. From Fig. 6 one can clearly see that the
behavior of the TPA versup-T and the quantum chemical modes sensitive to the bond distances under the applied fea-
model we included the contributions of vibration and rota-tures possess higher frequencies in accordance with our es-
tional subsystems into dipole moments. timations and for both types of modes an abrupt change is
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120000 approximatiorf’® The Green functions were calculated by
summations over 864 points within the effective molecule.
The influence of neighboring molecules was taking into ac-
count by consideration of the effective local Lorentz field
1000.00 renormalized by the appropriate eigenvalues and eigenvec-
tors. The quantum chemical calculations were performed
self-consistently after separation of the electron and vibration
degrees of freedom. Schrodinger equation for a purely vibra-
tion motion may be expressed in a harmonic

800.00 . .
approximatiorf!

Frequency (cm™)

] d®¥, /dQ2+[8m2uh2Q— 47 uh 20, 21¥, =0, (13

60000 | where ¥ is a quasiwave function corresponding to #th

normal coordinateQ,; wuy denotes a reduced mass of the

SHRINNNNI-00000000000000—0—0—0—0—0—0— nuclei contributing to thekth vibration mode. It is obvious

that the above equation solutions are basically determined by

a model which is responsible for force-constant calculations,
i.e., the second derivatives of a cluster potential with respect

000 % 3'°°p(Gpa)12'°° 1600 2000 to given normal coordinates. An eigenenergy of Kile vi-

bration mode is obtained as

FIG. 6. Pressure dependence of the three Raman modes which

400.00 T I I T T T T T ‘

are more sensitive to the intermolecular interaction. O (v ) =2Q (v +1/2), (19
whereQ o= (h/27) (f/ w) ~ Y42 is a zero-point motion en-

observed for pressures about 7.8 GPa. We present only tRegy andv,=0,1,2 ... is avibration quantum number as-

modes more sensitive to the applied pressure. sociated with the following quasiwave function:

The more important observation is the independence of

the observed Raman spectra of the external solvents, particu- P (Qu) =(2Q0/m) Y4 2" 1, 1)~ 12

larly from benzene-alcohol and toluene-benzene solution 2 T

compared with the data obtained for the powder embedded xexp(— QpQi®)H (200" Q0. (15)

within the oligoetheracrylate matrices. As a consequence, WhereH ,(x) is a Hermit polynomial. The application of Eq.

note the possibility of using the solidified photopolymer oli- (15) is physically justified by an essential localization of the

goetheracrylate matrices for the mentioned sample. considered molecular fragment. Therefore, any change in the
Contributions of a particular vibration mode to the outputc, . derivative clusters may be described as a local perturba-

nonlinear susceptibility takes place through an electrontjon.

vibration interaction, particularly with the excited configura- At the first stage, an electron-vibration interaction poten-

tion interaction (CI) states. An example of such a Cl- tja| was calculated in a nonlinear approximation:
vibration mode(at 1027 cm?) is shown in Fig. 7. These

kinds of electron-vibration functions modulated by a rota-Ve_,(r;)=e= M ms Y4 ZmdFs— Ume|Fs— Umnd 3
tional wave function give an essential additional contribution 3
to the total TPA coefficients. Particularly, the mentioned “Zs Zms (e ~Unys) |y —Umsr| 7], (16)

mode gives the contribution within 15-22 %. where M s and eZ,s are the effective atomic mass and
To consider the contribution of the vibration subsystemcharge for corresponding atoms numberednbynd s, re-

we use the method of the Green function in a standardpectively. Theuys s Vector is a relative displacement of

two atoms from their equilibrium positionsg andr, . The
_ probability of optical transition induced by the vibration of a
frequencyQ, is equal t6°

W™ (Q)=4(h/2m) "2c™3H g~ (1) (we— Q) *B™(€2y),

17
whereH is a sum of then and ¢ levels widths,E is an
electron transition energy), denotes a vibration energy,
andg(r;) is a degeneration degree of the corresponding elec-
tron energy levels. The parame®r (Q,) is equal t8°
B‘(Qk)=22<”)23(§)|{2¢< 7,m0|Ve-o(r)| @, ma+1){ @|d| £)

X(@g=w,+ Q)" 2 (g]d @)

X(QD! 770|Vefv(ri)|§= 770.71>

FIG. 7. The typical electron-vibrational fragments contributing _
effectively to the final nonlinear optical susceptibility. X (wg—w,— Q) %0, (18)
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where 7 and the¢ are the lower and upper electron energyary electronic charge-density distributidne., anharmonic
levels, respectivelye denotes a virtual electron statbjs an  electron-vibration interactionand also an asymmetry of the
electric dipole moment for a given spectral transition. TheCl vibration states. Such an asymmetry could essentially in-
sums are performed over all degenerate initial and finafluence the optical properties of they£l,3dithiole adduct
states.d is the average of the occupation numbers of theand can cause a redistribution of averaging lifetimes between
vibration states with frequenc§,. the levels determining these optical properties.

On the other hand, the symmetric vibrations included in  The calculated contribution of the vibration part is taken
the electron-vibration interactidiEq. (18)] can be expressed iNto account by a method previously descrifédThe

in normal coordinates as linear environmental fieldof the oligeotheracrylate matrices
or of the benzene solutionss presented as a linear frozen-
B‘(Qk)zC,,,fy(r)\A)C,?g’(rwA’)lm Gaa 7 (12, 032), core electrostatic potential system. Rotational functions of
(199  that state can be presented in the following fdfm:
whereGZX’,(rﬁ) is a Green functiorfy andy’ are numbers ROy 0(a,B,y)=exp(iM a)[(23+1)Y2DD), o (B)
of the coordination spheralefined as ]
Xexp(iQdy)], (29
YY(r. A= .
Gaa " (NP =2 l{nlVe-o(r)]@){eld[€) +(nldl¢) where angles andy involve only phase factors representing
X(@|Ve_ o (r)|&)}(w;—w,)"%.  (20)  azimuthal rotations about the light polarization vector and

) ) the internuclear axis. In the case of unoriented molecules, the
We have performed the Green-function calculations for theyround state is isotropic and all values of the anglare

Ceo cycloadduct by performing the summations over 435gqya|ly available. The corresponding average using an inte-
points in thg |rrfedu0|ble part of the molecule. The resultlnggra| procedure is performed using the standard methods of
expression is given below: ground-excited-state interactions in the case of the EVR

yyrie A (2 modes.
Gaa (N7 The appearance of the anisotropy in the longitudinal over-
= oK Y (MMKL(RM(Q2-0%2—i6) 71, (21)  lap integrals and transverse hopping integral is due to the

) A i , _laser pulse duratiofseveral picosecondvhich was shorter
where the coordinate {(ry) are obtained for a given Vi- {han the rotational relaxation time of the modifieg,@ol-
bration type from the electron states average. To include thgeyle and to the applied external pressure, which decreased
molecular deformations into the Green function, we considthe distance between the considered atom and environmental
ered in our calculation the deformation localization that al-atoms. To calculate the intermolecular interaction param-
lows us to use the Dyson relations. The deformation poténaters, we introduceg-dependent orientational overlapping
tial and the corresponding charge defect determine thgyegrals:
potential operator U and the corresponding Green
functions*?
|M:J RYvo(a,B,y) ¥ enfr—r")dp'd% . (25
Gaa " (1)=Gxa " (0) +Gpa " (0)UGx "' (D),

(22 A relation between the real and imaginary parts of the
Green function may be obtained within the Kramers-Kronig

whereG,,,?” (0) andG,,.?” (1) are the Green functions = . .
aa 77 (0) a7 (1) dispersion relations.

for the ideal and defectetby the vibrati tems, - : . .
or the ideal and defectaby the vibrationssystems, respec ¢ The calculated dependences of the TPA with the inclusion

tively. We should point out that due to the complex aspect o f the vibrati d rotational ; ted in Fig. 8
the Green functions a relation between the real and imagi?' "€ Vibration and rotational parts are presented in Fig. ©.

nary parts may be obtained using Kramers-Kronig dispersioﬁnlcompar'son W;t.h the calculated valug(sj andtrt]he experimen-
relations. These relations allowed us to extract the energ ones (see Fig. 2 we can consider the pressure-

density of the electron-vibration states and to estimate theL[hmp(.agatltj.re rrllodultatl?rlhTe_lr_anfrahture |anuetﬂceﬁ f('jrSt ?ft_all
average lifetime 14, the densityl (E) of the electron vibra- € vibrational part of the » however, the hydrostaic
tion states is given as pressure affects first of all the rotational part of the suscep-

tibility. A consequence of the observed pressure depen-

dences are contributions of the superposition of the vibra-
|(E)=f (HRTW™ (Q)[(@— wet Qy)? tional and rotational parts to the measured nonlinear optical
susceptibilities.
+(5/2)%]"1dQ,. (23 From Table |, we should note that inclusion of the

electron-vibration interactions is important for the 2-thioxo-

The consideration of the electron-vibration perturbation in 3.dithiole modified fullerenes. Simultaneously the experi-
calculations have essentially improved the agreement benental values of are a little larger than the values predicted
tween the calculated results and the experimental data. Thg, the theoretical approach. This small difference can be
approximate molecular structure of the molecule togethegaysed by the solvent contribution.
with the corresponding direction of the vibrations and elec-
trostatic potential distribution optimized by means of the VIl. CONCLUSIONS
above method are presented in Fig. 7. We notice an asym-
metry of the charge-density distribution due to the consider- We have performed measurements of the TPA in a
ation of the intercluster fluctuation disturbance of the stationCgg-1,3dithiole cycloadduct as a function of temperature and
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of the Cl-electron-vibration states. Such an asymmetry es-
sentially influences the optical properties of thg, Geriva-

tive and caused a charge-density redistribution both on the
intramolecular as well as on the intermolecular level. Raman
data allowed us to simplify taking into account the vibration
states, restricting the choice of the pressure-dependent Ra-
man modes. Directly on the border betweey &nd the 1,3-
dithiole moiety, we revealed an essential electronic charge-
density redistribution and several asymmetries. Two types of
® Raman modes effectively contributing to the output TPA co-
efficients are revealed. The first type corresponds to the
modes responsible for the intraplain vibrations and the sec-
ond ones for the cycloadduct bond length.

We demonstrated an essential contribution of both the vi-
bration and rotational subsystems to the observed pressure-
temperature maxima of the TPA in the case of the cycload-
duct of Go. We estimate essential additional contributions of
the dithiole core to the final nonlinear optical susceptibilities.

The observed sharp structure is a result of the competition
between the temperature, which induces reorientation, and
pressure, which stimulates the ordering of the investigated
molecule. The Raman experiment can serve as confirmation
of the essential role played by the vibration subsystem; it
shows essential sensitivity to the external pressure and to the
fact that the inclusion of the electron-vibration interactions is
important for modified fullerenes. The Raman spectra show
also that the influence of the solvents on nonlinear optical

FIG. 8. Calculated final TPA pressure-temperature dependencd€haviors of the mentioned systems can be neglected. The
with the inclusion of rotational and vibrational contributions for theoretically calculated values of th@are slightly smaller
studied molecules@) Cq, (b) Cq1,3-dithiole. then the measured values.

TeA{a.v-)
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