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‡ Corresponding author: mpapad�eie.gr20 September 15, 200821 1 Abstrat22 Using a wide variety of quantum�hemial methods we have analyzed in detail the linear23 and non�linear optial properties of [60℄fullerene�hromophore dyads of di�erent eletron�24 donor harater. The dyads are omposed of [60℄fullerene ovalently linked with 2,1,3�25 benzothiadiazole and arbazole derivatives. Linear saling alulations of moleular po-26 larizabilities were performed using wave funtion theory as well as density funtional the-27 ory (DFT). Within the former approah, we used both semiempirial (PM3) and ab initio28 (Hartree-Fok and seond�order Møller�Plesset perturbation theory) methods. Within the29 latter approah only the reently proposed long�range (LRC) shemes suessfully avoid30 a large overshoot in the value obtained for β. Calulations on model fullerene derivatives31 establish a onnetion between this overshoot and the eletron�donating apability of the32 substituent.3334 Substitution of 2,1,3�benzothiadiazole by the triphenylamine group signi�antly inreases35 the eletroni �rst and seond hyperpolarizabilities as well as the two�photon absorption36 ross setion. For [60℄fullerene�hromophore dyads we have, additionally, observed that the37 double harmoni vibrational ontribution to the stati β is muh larger than its eletroni38 ounterpart. Although the vibrational term is redued in magnitude, the same is true for39 the d�Pokels β as ompared to the stati eletroni value. A nulear relaxation treatment40 of vibrational anharmoniity for a model fulleropyrrolidine moleule yields a �rst�order on-41 tribution that is substantially more important than the double harmoni term.42



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 22 Introdution43 During reent years signi�ant progress has been made in the synthesis and harateriza-44 tion of photoative materials.1 In partiular, tremendous e�orts have been invested in the45 design of materials exhibiting high nonlinear optial response. A plethora of organi2,3 and46 organometalli4,5 systems have been studied in this ontext.4748 One of the most ommon strategies for design of new moleules with high values of the �rst49 hyperpolarizability (β) has its roots in the so alled two�state model proposed in the late50 seventies.6 Within this model, β is expressed in terms of the dipole moment di�erene, tran-51 sition dipole moment and energy di�erene between the key harge transfer exited state52 and the ground eletroni state. Numerous moleular systems of diverse donor�aeptor53 (DA) harater have been proposed aording to the two�level model in order to maximize54
β.5556 [60℄Fullerene is an espeially interesting aeptor moleule. When ombined with photo�57 and/or eletro�ative moieties an e�ient harge separation and slow harge reombination58 ours due to its small reorganization energy. Many [60℄fullerene�based hybrid materi-59 als with porphyrins,7 tetrathiafulvalenes8 and ferroenes9 have been prepared and studied60 in the past. Reently, several dyad systems wherein [60℄fullerene is ombined with the ar-61 bazole, benzothiazole and benzothiazole�triphenylamine moieties have been synthesized10,1162 (1�3 in Figure 1, respetively) with an eye towards their potential usefulness as photoni63 materials. The primary goal of the present ontribution is to alulate and analyze the64 nonlinear optial properties of these dyad systems.6566 Eah of the hromophores mentioned above is interesting in its own right. Carbazole is67 an organi ompound whih exhibits unusual photophysial properties, suh as the photo-68 ondutivity observed in poly�vinyl�arbazole.12 On the other hand, 4,7�diphenyl�2,1,3�69 benzothiazole-based ompounds are strongly �uoresent dyes,13,14 whih have absorption70 and emission pro�les that an be easily tuned by substitution at the aryl unit of the ben-71 zothiazole moiety. Finally, triphenylamine (TPhA) based materials are widely known as72 exellent hole�transporters and eletroluminesent omponents;10,11,15 �lms of TPhA have73 been used in organi�light�emitting�diodes (OLEDs).16 In all three dyad systems a pyrro-74 lidine unit is inorporated into the skeleton of the [60℄fullerene (using the well�established75 1,3-dipolar yloaddition reation of azomethine ylides17). Here we study how modi�ation76 of the hromophore in�uenes the non�resonant �rst and seond hyperpolarizability.7778 Apart from non�resonant properties, resonant two�photon absorption (TPA) is also of in-79 terest. Although TPA was predited by Maria Göppert�Mayer in the early 1930's,18 it has80 only reently attrated signi�ant attention.19�27 This is due to various optial appliations,81 inluding optial limiting28 and optial data storage.29 Based on numerous theoretial and82 experimental investigations, ertain struture�property relationships have been established83 for TPA in onjugated organi moleules.19,20,26 However, only a small number of studies84 have been devoted to funtionalized fullerenes.30 It has been observed experimentally that85 TPA ross setions of [60℄fullerene�hromophore dyads an be as large as 104 GM (1 GM86 = 1·10−50 m4·s·photon−1·moleule−1).31 However, the measurements were performed with87 pulses of nanoseond duration and the observed TPA inludes ontributions from seondary88 proesses.31 Hene, we also want to alulate and analyze the TPA of 1, 2, 3 as a funtion89 of wavelength.9091 The performane of various theoretial approahes for alulation of nonlinear optial prop-92 erties has been examined extensively.32 It is desirable to apply oupled luster methods93 wherever possible.33 However, this level of theory is not a pratial hoie for large systems.94



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 3Even the omputationally less intensive MP2 method is too demanding for the systems under95 onsideration here exept for benhmarking purposes. An alternative is density funtional96 theory, whih aounts for eletron orrelation muh more e�iently than wavefuntion97 treatments. It has been reognized, however, that the majority of exhange�orrelation98 funtionals fail to orretly predit polarizabilities and hyperpolarizabilities of hain�like99 moleules.34,35 Long�range orreted (LRC) funtionals have been proposed reently to al-100 leviate this de�ieny. In this artile, we shall refer to suh methods as LRC�DFT and,101 in partiular, we will examine the suitability of the LC�BLYP36�38 and CAM�B3LYP39102 variants for the systems/properties at hand. LRC-DFT has been used to alulate nonlinear103 optial properties for a number of systems37,38,40�42 but we are not aware of any studies on104 organofullerenes. More onventional funtionals are also used for omparison purposes.105106 In the present ontribution we ompute both eletroni (Se. 4.2) and vibrational (Se.107 4.4) ontributions to the non�resonant (hyper)polarizability of the [60℄fullerene derivatives108 mentioned above and study their one� and two�photon absorption as well. We also relate109 these linear and nonlinear optial properties to their eletroni struture (se. 4.3) in order110 to build a basis for the rational design of new [60℄fullerene derivatives suitable for photoni111 appliations.112 3 Computational Methods113 Geometry optimizations were performed using the semiempirial PM3 Hamiltonian43,44 and114 the B3LYP/6-31G(d) method. All stationary points were on�rmed to be minima by evalua-115 tion of the hessian. The alulation of the linear and nonlinear optial properties is desribed116 in the following sub�setions. In order to speed up omputations the fast multipole method117 (FMM)45�47, as implemented in Gaussian 03,48 has been used wherever appliable.118 3.1 De�nition of stati eletri dipole properties119 In the presene of moderate uniform stati eletri �elds, in one or more Cartesian diretions,120 the total moleular energy an be expressed as a Taylor series:121
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Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 4Within the lamped nuleus approximation, the (hyper)polarizabilities an be divided into130 two parts, namely eletroni and vibrational:50131
P = P e + P vib, (6)with51132

P vib = Pnr + P curv. (7)Here we ompute the nulear relaxation ontribution, Pnr, to αvib and βvib. This term133 an be identi�ed with lower�order vibrational perturbation theory ontributions based on a134 double harmoni (mehanial, eletrial) zeroth�order model. P (nr) is typially the larger135 of the two terms on the right hand side of Eq. (7). In the above partitioning sheme the136 zero�point vibrational averaging ontribution is part of the urvature term, P curv. It is137 usually quite small and is not omputed here.138 3.2 Stati eletroni ontributions139 Numerial di�erentiation of the total energy with respet to the stati eletri �eld(s), at140 the equilibrium geometry, allows for determination of the eletroni ontribution to the141 expansion oe�ients in (Eq. (1)). The diagonal tensor omponents, for example, an be142 determined as:52143
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i = −6E(0) + 4[E(Fi) + E(−Fi)] − [E(2Fi) + E(−2Fi)]. (11)Although numerial alulation of µ and α stritly requires only two �eld�dependent ener-147 gies, the use of four points as in Eq.(8) redues numerial error. It is also possible to use148 the expansion of the dipole moment for alulation of α, β and γ. Nevertheless, in the great149 majority of alulations presented herein, we used expansion (1). In a few ases, diagonal150 omponents of the hyperpolarizability were alulated as a derivative of the analytial α151 with respet to eletri �eld. The Romberg proedure was used to hek the validity of the152 �nite��eld results.53153154 Calulations of the eletroni ontribution to (hyper)polarizabilities using Hartree�Fok and155 seond�order Møller�Plesset perturbation theory (MP2) were performed using the Gaussian156 03 program48, while for the semiempirial alulations we used the MOPAC 2007 pak-157 age.54 Density funtional theory omputations were performed using Gaussian 03 (B3LYP,158 PW91, LDA),48 ADF (urrent DFT, LB94, RevPBEx, GRAC, KT1, KT2, KLI),55 Dal-159 ton (CAM�B3LYP)56, and GAMESS US (LC�BLYP).57 We used linear saling approahes160 for alulations of nonlinear optial properties as implemented in the ADF pakage.55 All161 properties are expressed in atomi units. Conversion fators an be found elsewhere.32162 3.3 Vibrational ontributions163 In order to ompute vibrational nulear relaxation (NR) ontributions, the �eld indued164 oordinates (FICs) approah has been employed.58,59 The FICs are linear ombinations of165 �eld-free normal oordinates assoiated with the hange in equilibrium geometry indued by166



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 5a stati eletri �eld. The value of the ith �eld�free normal oordinate at the �eld�relaxed167 geometry is given by:58168
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Qi. (16)Depending on the NLO property of interest, a small set of FICs, independent of the number of178 atoms in the moleule, may be employed to alulate the total NR ontribution whih would179 be obtained using all 3N -6 normal oordinates. For example, from the three �rst�order FICs180 (one for eah artesian diretion) one an ompute the nulear relaxation ontributions to181 the stati polarizability and �rst hyperpolarizability, as:182
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= [µα](0,0) + [µ3](1,0) + [µ3](0,1), (18)where ∑

Pab... indiates the sum over all permutations of the indies a, b, . . . The super-184 sripts in the last line of Eq. (18) denote the order (in perturbation theory) of eletri-185 al and mehanial anharmoniity, respetively.60 It is also possible, using only �rst�order186 FICs, to ompute the NR ontribution to the frequeny�dependent Pokels e�et (d�P)187
β(−ω; ω, 0) and eletri �eld indued seond�harmoni generation (EFISH) γ(−2ω; ω, ω, 0)188 in the in�nite optial frequeny (ω → ∞) approximation. In the latter approximation the189 �rst-order orretions vanish and we are left with a double harmoni term. The same is true190 of the intensity�dependent refrative index (IDRI) γ(−ω; ω,−ω, ω). More details about this191 method an be found elsewhere.58,59,61192193 The potential energy and eletrial properties in Eqs. (17) and (18) were omputed using194



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 6the Gaussian 03 program.48 Derivatives with respet to the FIC oordinate were obtained195 numerially, at the �eld�free optimum geometry, by applying a number of steps along the196 FIC vetor. This was done for moleule 8. In other ases, the nulear relaxation ontribu-197 tions were estimated based on the double�harmoni osillator approximation (whih is exat198 for α, d-P, and IDRI),32,62 i.e. for β only the [µα](0,0) term was evaluated, and, in that199 event, the GAMESS US pakage was employed.57 In alulating vibrational ontributions200 at a given level of theory we were areful to use the geometry optimized by the very same201 method.202 3.4 One� and Two�photon absorption (TPA)203 The quantity needed to desribe the simultaneous absorption of two photons whih, in204 general, have di�erent energies (h̄ω1 6= h̄ω2) and di�erent polarization (~ζ1 6= ~ζ2) is given by205 the following equation:63206
S0F

ij (~ζ1, ~ζ2) = h̄−1
∑

K

[

〈0|~ζ1 · µ̂i|K〉〈K|~ζ2 · µ̂j |F 〉

ωK − ω1
+

〈0|~ζ2 · µ̂i|K〉〈K|~ζ1 · µ̂j |F 〉

ωK − ω2

] (19)Here h̄ω1 + h̄ω2 should satisfy the resonane ondition ωF = ω1 + ω2 and 〈K|~ζ1 · µ̂|L〉207 is the transition moment between eletroni states K and L, respetively. Sine in most208 experiments one soure of photons is used, one an substitute 0.5 · ωF for the angular209 frequenies ω1 and ω2 . In the ase of isotropi media the averaged two�photon absorption210 ross setion is given by:211
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. (21)The omparison of the theoretially determined two�photon absorption ross setion with215 experimental spetra is based on the relation:216
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〈δ0F 〉, (22)where e is the magnitude of the eletroni harge, α is the �ne struture onstant (not to217 be onfused with the linear polarizability), h̄ω is the energy of absorbed photons (assuming218 single soure of photons), ΓF is the lifetime broadening of the �nal state and g(ω) is the219 spetral line pro�le, whih is assumed here to be a δ�funtion. The quantities on the right220 hand side of Eq.(19) were obtained from single exitation on�guration interation (CIS)221 alulations using the GRINDOL method79, whih is based on the INDO approximation,222 with 2000 singly exited on�gurations. The same GRINDOL alulation also yields the223 quantities needed to obtain the one�photon absorption spetrum. As shown previously, the224 GRINDOL/CIS level of theory orretly predits both one�photon spetra and nonlinear225 optial properties of donor�aeptor systems.64,65 Although a theoretial treatment of the226 vibrational ontribution to TPA has been developed66 we have not attempted to apply it227 here.228 4 Results and disussion229 This setion is organized as follows. Firstly, we shall disuss the struture of the investigated230 systems (Se. 4.1). Then the eletroni ontributions to linear polarizability, and �rst and231



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 7seond hyperpolarizability are presented in Se. 4.2. In the following setion we analyze232 one� and two�photon absorption spetra (Se. 4.3) and, �nally, the disussion of vibrational233 ontributions to the (hyper)polarizabilities is given in Se. 4.4.234 4.1 Struture of investigated moleules235 Ab initio alulation of optimized geometries for the systems investigated here is ompu-236 tationally demanding, espeially sine we want to evaluate the hessian to on�rm that the237 stationary point is a minimum. Thus, the semiempirial PM3 method was used for this238 purpose. In order to assess the reliability of the PM3 strutures, we optimized the geometry239 of 1 (Figure 2) at the B3LYP/6-31G(d) level of theory as well. The omparison of PM3 and240 B3LYP results reveals only minor hanges in the bond distanes of the fullerene moiety, i.e.241 the arbon�arbon (hexagon�pentagon) and (hexagon�hexagon) bond length di�erenes do242 not exeed 0.01 Å and 0.012 Å, respetively. The values of seleted geometrial parameters243 for 1 are listed in Table 1. They are in reasonable agreement. Perhaps the most signi�ant244 di�erene between PM3 and B3LYP/6-31G(d) ours for the N'�CH3 group of the arbazole245 moiety. Fortunately, this di�erene does not have a signi�ant e�et on the linear and non-246 linear optial properties as seen below. No experimental struture is available for 1.247248 In Table 2 we present values for the eletroni dipole moments and average (hyper)polariza-249 bilities of 1 alulated at the HF/6-31G(d) level of theory for the strutures obtained by the250 two methods disussed above. The di�erene in property values is not substantial as far as251 the purposes of this study are onerned. Thus, the strutures of all investigated moleules252 were optimized using the PM3 method, exept for evaluation of vibrational ontributions to253
α and β, in whih ase the struture and property derivatives must be obtained by the same254 method as previously noted. It should be mentioned that we onsistently use the so�alled255 standard orientation69 whih is presented for moleules 1�3 in Figure 2.256 4.2 Eletroni ontributions to (hyper)polarizabilities257 In this setion, we disuss the eletroni ontributions to α, β and γ. In partiular, two258 aspets will be onsidered in detail: (1) the reliability of DFT results obtained using various259 exhange�orrelation funtionals and (2) the relation between the struture and non�linear260 optial properties of the moleules studied here.261262 Our alulated results for the largest diagonal, i .e.x , omponent of the stati µ, α, and263
β of moleule 1 are presented in Table 3 for various DFT funtionals; HF and MP2 val-264 ues are also given for omparison. The DFT funtionals were tested using either a 3-21G265 or DZP basis. It is now well�reognized that onventional funtionals tend to strongly266 overshoot the magnitude of longitudinal eletrial property values in onjugated hain�like267 moleules.34,35,70�72 Hene, the very large values, ompared to Hartree�Fok or MP2 or the268 (non-onventional) CAM�B3LYP and LC�BLYP funtionals, as reported in Table 3, should269 probably not be surprising. The overshoot for β is espeially notieable. Although the DZP270 basis is not quite the same as 6-31G(d) they are similar enough to make valid omparisons.271272 As far as the non�onventional funtionals are onerned, KLI73 has been found to yield273 substantial improvement for α and γ of moleular hydrogen hains70 with bond length al-274 ternation, although de�ienies still remain in omparison to, say, the optimized e�etive275 potential (OEP).76 Sine OEP is, in priniple, equivalent to Hartree�Fok, we an ompare276 with the latter. In that event the overshoot we obtain for the KLI β is quite striking. The277 non�onventional urrent�DFT (DFT) approah74 has previously proved suessful for α278 of π�onjugated moleules,72. However, it has di�ulty in this ase with µ and, espeially,279 with β. On the other hand, the reently developed LRC funtionals CAM�B3LYP39 and280



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 8LC-BLYP36�38, whih use exat Hartree�Fok exhange at long�range together with more281 onventional funtionals at short range, suessfully ure the overshoot problem.282283 Judging by the omparison between Hartree�Fok and MP2 (as well as the two LRC fun-284 tionals) the e�et of eletron orrelation on β appears to be important. This is onsistent285 with what has been found for a number of harge transfer moleules. Extending the basis286 set from 3-21G to 6-31G(d) has a smaller, though still signi�ant, e�et on both the HF and287 MP2 values of β.288289 In order to investigate the onnetion between the overshoot for β obtained by onven-290 tional DFT and the donor�aeptor harater of the dyad, we performed alulations for291 several systems ontaining a simple donor group (or two) (see Table 4) attahed to the292 [60℄fullerene moiety. Although these systems may not adequately model moleules 1-3 the293 results turn out to be very suggestive. In these alulations BLYP was used as a repre-294 sentative onventional funtional and omparison was made to HF, whih does not su�er295 from the overshoot problem. The additive substituents were seleted aording to inreasing296 Hammett σp onstant whih may be used as a measure of their eletron donating apabilities.297298 Based on the data in Table 4, one fat learly emerges. For the sequene of moleules299 9, 10, 12 and 14, ordered aording to inreasing Hammett σp of the additive substituent,300 the ratio of the BLYP and HF values for β inreases monotonially and beomes quite large301 for the strongest donors. Furthermore, a very similar pattern is seen for the doubly substi-302 tuted [60℄fullerene derivatives.303304 The results of alulations for the stati eletri dipole properties of moleules 1, 2 and305 3 are presented in Table 5. Our aim here is to validate the PM3 proedure. For this pur-306 pose, we foused on the diagonal x�omponent. This omponent is the the largest for α, β,307 and γ, though not neessarily for µ. The overall agreement between PM3 and LC�BLYP/3-308 21G is satisfatory from our point of view and both proedures are reasonably onsistent309 with MP2/3-21G. As implied above this will not be altered by hoosing a larger basis set.310 Thus, we shall use values of α, β and γ alulated using PM3 as the basis for further analysis.311312 PM3 values for the averaged stati eletri properties of 1, 2 and 3 are shown in Table313 6 along with the orresponding isolated hromophores 5, 6 and 7, respetively. The hro-314 mophore dyad values are onsiderably larger although, as might be expeted, this e�et315 dereases as the length of the isolated hromophore inreases. Nonetheless the general316 trends for both sets of moleules parallel one another. In both ases the magnitude of β is317 similar for 1 (5) and 2 (6) while the value for 3 (7) is muh larger. For α and γ there is a318 systemati inrease along the sequene: 1 → 2 → 3 (5 → 6 → 7).319 4.3 One� and two�photon absorption spetra320 One� and two� photon absorption spetra were alulated using the GRINDOL79 CIS321 method as desribed in Se. 3.4. This tehnique has been proven to provide reliable predi-322 tion of one�photon spetra of organi ompounds.80 Theoretially determined one�photon323 spetra of isolated 1, 2, 3 and 4 are presented in Fig. ??. The spetrum of 4 measured in324 ylohexane by Maggini et al.81 is also presented in Fig. 3. Our semiempirial alulations325 (without solvent orretion) agree fairly well with the experimental data.326327 Comparison of spetra of 4 and 1 reveals the existene of a very intense peak (osilla-328 tor strength greater than 0.6) in the spetrum of 1,loated at 262 nm, whih is not present329 in the spetrum of 4. An analysis of the CI vetors reveals that this is a π → π∗ transition330 that ours in the pyrrolidine ring of the arbazole moiety.331



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 9332 In the ase of ompounds 2 and 3 one obtains very intense transitions at 412 and 309333 nm for 2 and 418 and 323 nm for 3. The alulated absorption band maxima for 3 are in334 good agreement with the experimental values of 436 nm and 310 nm for the hromophore335 in CH2Cl2.14 The authors attributed these to intramoleular π → π∗ transitions from the336 TPhA (donor) to the benzothiadiazole (aeptor) moiety.14 The results of our alulations337 fully support this assignment. No experimental data has been reported for ompound 2.338339 For moleule 3 we also alulated one�photon spetra with the aid of time�dependent density340 funtional theory using B3LYP funtional and 6-31G(d) basis set. The most intense tran-341 sition is predited at 2.186 eV (567 nm), whih is signi�antly shifted to higher wavelength342 from both the measured and GRINDOL values. The large disagreement with experiment is343 onsistent with the fat that harge transfer exitations are poorly desribed by B3LYP al-344 ulations.40 Finally, we note that the spetrum below 250 nm is onneted with exitations345 loalized mainly in the [60℄fullerene moiety as may be seen by omparing with our Fig. 3346 whih also ontains the experimental data reported by Maggini et al.81 The same is true for347 the other three moleules.348349 Figure 4 presents the dipole moment omponents of 1, 2 and 3 in their ground state as350 well as in seleted exited states. The dipole moments were alulated as expetation val-351 ues based on the CIS wavefuntion of a given singlet exited state determined using the352 GRINDOL method. The omputations were performed for moleules oriented as presented353 in Fig. 2 (see also Fig. 2). We inlude only states for whih |∆µ| = |µe − µg| > 2 D (0.787354 au) and f > 0.05, where f , µe and µg denote osillator strength, exited state and ground355 state dipole moment, respetively. In ases where a single harge�transfer state is dominant356 the quantities |∆µ| and f are the key parameters determining the �rst hyperpolarizability6357 as well as the two�photon absorption ross setion.84. From the �gure we see that it is358 the x omponent of |∆µ that ahieves partiularly large values. That omponent points359 in the same diretion (i.e. from the [60℄fullerene moiety towards the hromophore) for 1,360 2, and 3. We also present in Fig. 4 the ground state dipole moment omponents for the361 hromophores 5, 6 and 7 at the same orientation. By omparing the hromophore to the362 orresponding dyad it is lear that the [60℄fullerene serves as an eletron withdrawing moiety363 in the ground state of all three moleules. On the other hand, the [60℄fullerene moiety an364 at as an eletron�donating group in exited states.85 Indeed, it is seen from Fig. 4, that365 in some exited states of 1, 2 and 3, the x omponent of the dipole moment hanges sign366 and has a large inrease in magnitude. This is indiative of the fat that the [60℄fullerene367 moiety is donating eletrons to the arbazole�based and 2,1,3�benzothiadiazole�based units.368369 The two�photon absorption spetra of the investigated moleules is presented in Fig. ??�??.370 These plots were prepared assuming that the lifetime broadening of all states is 6000 m−1.371 This hoie satisfatorily reprodued the experimental spetrum of the 2,1,3�benzothiadiazole372 derivative.86 Values of the TPA ross-setions are on the order of 104 GM. The largest peaks373 in the TPA spetrum appear in the region 400�470 nm, orresponding to the strongest one�374 photon absorptions of the [60℄fullerene moiety whih our in the region 200�235 nm. From375 Figs. ??�?? we see that the largest TPA ross setion for 3 is almost an order of magnitude376 greater than that of the other systems. Likewise, the Reγ value for 3 (as opposed to Imγ,377 whih determines TPA) is muh larger than the orresponding value for 1 and 2 (see Table378 6).379 4.4 Vibrational ontributions to eletri (hyper)polarizabilities380 In this setion, we present our results for vibrational ontributions to the average (hy-381 per)polarizabilities alulated at the HF/6-31G level of theory for 1, 2, 3 and 8 as well as382



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 10for the hromophores 5, 6 and 7. As mentioned previously, the geometries used were opti-383 mized at the same level of theory, i.e. HF/6-31G. Due to omputational limitations these384 alulations were limited to the double harmoni approximation exept for 8. For all the385 properties onsidered here exept stati β the NR treatment is idential to the double har-386 moni approximation. For the stati β a �rst-order perturbation orretion due to eletrial387 and mehanial anharmoniity is inluded in NR as well. The NR alulations were arried388 out fully numerially.389390 In the ase of 8 we foused on the Cartesian x diretion to obtain a preliminary assess-391 ment of the magnitude of the NR ontribution. This diretion, whih is parallel to the N�H392 bond of the pyrrolidine ring, orresponds to the largest (in magnitude) diagonal omponent393 of the purely eletroni β at the Hartree�Fok level of theory. It was found that the stati394
αnr

xx = 11.78 a.u.is muh smaller than the eletroni ounterpart (501.28 a.u.). However,395 the opposite is true for the stati �rst hyperpolarizability sine the eletroni βe
xxx is -35.8396 a.u. whereas βnr

xxx = -608.7 a.u. The ontribution of the harmoni term [µα](0,0) is only397 128.7 a.u. and, thus, it is lear that the �rst�order anharmoni terms [µ3](0,1) and [µ3](1,0)398 are muh more important. Adopting the in�nite optial frequeny approximation,59, whih399 is known to be aurate at typial measurement frequenies, βnr
xxx(−ω; ω, 0)ω→∞ is 1/3 the400 stati double harmoni value or 42.9 a.u. Within the same in�nite optial frequeny approx-401 imation γnr

xxxx(−2ω; ω, ω, 0)ω→∞ = 1
4 [µβ](0,0) = -40 a.u. In this ase the value is quite small402 ompared to the eletroni γe

xxxx = 40201 a.u.403404 The vibrational ontributions for 1, 2, 3, 5 6, 7 and 8, alulated using the double�harmoni405 osillator approximation, are presented in Table 7. For β the double harmoni approximation406 is meaningful as far as the d�Pokels e�et is onerned, but is too rude an approximation407 to be useful for the stati β as we have seen. Thus the quantity [µα](0,0) is listed in the408 table solely for onveniene; it is exaly three times the d�Pokels β. The nulear relax-409 ation ontribution to γ for the intensity dependent refrative index proess are also given in410 Table 7 together with the eletroni ontributions to seond hyperpolarizability. The results411 reported in Table 7 were done seminumerially, i.e. seond derivatives of the energy (vibra-412 tional fore onstant matrix) were obtained by di�erentiation of analytial �rst derivatives.413 Thus, the omparison of these results with those disussed above may be additionally used414 as a referene to assess the magnitude of the numerial errors. The di�erene in the x om-415 ponent of the [µα](0,0) term was found to be 11% and muh smaller for [µ2](0,0).416417 From Table 7 the average stati vibrational polarizability of 1 and 2 are similar in mag-418 nitude whereas the value for 3 is several times larger. For the latter, the hromophore 7419 makes the dominant ontribution. In eah ase, however, the vibrational ontribution is420 small ompared to the eletroni term. The three moleules 1, 2, and 3) give similar values421 for the d�Pokels e�et and the overwhelmingly dominant ontribution in the ase of 1422 and 2 arises beause of the additional presene of the [60℄fullerene moiety. Furthermore, the423 averaged vibrational term is substantially larger than the orresponding stati eletroni424 �rst hyperpolarizability at the HF/6-31G level. In the ase of seond hyperpolarizability,425 however, the eletroni ontributions seem to be of either similar or larger magnitude than426 the γnr(−ω; ω,−ω, ω)ω→∞ term. Based on the preliminary alulations for moleule 8 the427 total vibrational ontribution may be even muh more important as ompared to the ele-428 troni term. Of ourse, it should be borne in mind that the e�et of eletron orrelation,429 whih has not been onsidered in the present study, ould signi�antly redue the alulated430 vibrational value.87,88431



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 115 Conlusions432 In this paper we have performed an extensive analysis of eletroni and vibrational on-433 tributions to moleular (hyper)polarizabilities for several reently synthesized [60℄fullerene434 derivatives. It has been found that the 60[fullerene℄ moiety, ating as an eletron aeptor in435 the ground eletroni state, signi�antly enhanes the average stati (hyper)polarizabilities.436 Modi�ation of the [60℄fullerene�benzothiazole system by adding a triphenylamine moiety437 (moleule 3) inreases the average stati eletroni �rst and seond hyperpolarizabilities by438 roughly a fator of 3 and 2 respetively. The same is true for the major diagonal omponent439 exept that the fators are even larger. Based on HF/6-31G alulations the vibrational440 nulear relaxation ontribution to the d�Pokels β is substantially larger than the stati441 eletroni value for all [60℄fullerene�hromophore dyads that were studied. At the double442 harmoni level of approximation the stati vibrational β is three times larger and there are443 indiations that anharmoniity ontributions may dwarf the double harmoni term. Clearly,444 the role of anharmoniity in the vibrational NLO properties of organofullerenes deserves445 further attention.446447 The espeially large seond hyperpolarizability of moleule 3 is re�eted in its large two�448 photon absorption in the 400�470 nm region, whih orresponds to the strongest one�photon449 absorption (200�235 nm region) of the [60℄fullerene moiety. Large absorption intensities are450 assoiated, at least in part, with the fat that the [60℄fullerene moiety swithes from being451 an eletron aeptor in the ground state to an eletron donor in ertain exited states.452453 Due to the size of the moleules studied here the omputational methods employed were454 neessarily restrited. In order to obtain reliable results extensive alibrations were arried455 out using a hierarhy of methods inluding HF, MP2 and DFT as well as semiempirial456 tehniques (PM3 and GRINDOL). Linear saling approahes were also utilized to lower the457 omputational ost. As part of the alibration we found that the e�et of eleton orrelation458 on β is important. However, DFT alulations using urrent�DFT, KLI, and a wide variety459 of onventional funtionals all substantially overestimate β. Only the reently developed460 long�range orreted funtionals were suessful. Further exploration using several model461 [60℄fullerenes revealed that the large overshoot is onneted with the eletron�donating a-462 pability of the substituent.463 6 Aknowledgment464 The support from the European Union (MTKD�CT�2006�042488) and the Barelona Su-465 peromputing Center (QCM�2008-1-0027) is gratefully aknowledged. The authors thank466 to Hans Ågren and Paweª Saªek for the development version of DALTON pakage.467 Referenes468 [1℄ (a) Cui, L.; Zhao Y. Chem. Mater. 2004, 16, 2076. (b) Haider, J. M.; Pikramenou,469 Z. Chem. So. Rev. 2005, 34, 120. () Sun, X.; Liu, Y.; Xu, X.; Yang, C.; Yu, G.;470 Chen, S.; Zhao, Z.; Qiu, W.; Li, Y.; Zhu, D. J. Phys. Chem. B 2005, 109, 10786. (d)471 Rahman, G. M. A.; Guldi, D. M.; Cagnoli, R.; Mui, A.; Shenetti, L.; Vaari, L.;472 Prato, M. J. Am. Chem. So. 2005, 127, 10051. (e) Guo, Z.; Du, F.; Ren, D.; Chen,473 Y.; Zheng, J.; Liu, Z.; Tian, J. J. Mater. Chem. 2006, 16, 3021. (f) Jiang, L.; Li, Y.474 J. Porphyrins and Phtaloyanines 2007, 11, 299.475 [2℄ Kanis, D.R.; Ratner, M. A.; Marks, T. J. Chem. Rev. 1994, 94, 195.476
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Table 1: Geometrial parameters of 1 alulated using the PM3 method and at the B3LYP/6-31G(d) level of theory. N' refers to the nitrogen atomloated in arbazole moiety. All other parameters refer to the pyrrolidine ring. Distanes are given in Å and angles in degrees.Method C�C (6�6) C�CH2 C�CHR N�CH2 N�CHR N�CH3 N'�CH3
6 CH2NCH3

6 CN'CH3
6 C1N'C2C3PM3 1.584 1.537 1.556 1.486 1.500 1.474 1.466 113.8 121.0 149.4B3LYP 1.611 1.556 1.558 1.452 1.463 1.457 1.447 112.7 125.6 177.8
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Table 2: Dipole moment µ and average polarizability α, �rst hyperpolarizability β, andseond hyperpolarizability γ of 1 alulated at the HF/6-31G(d) level of theory for thestrutures optimized using PM3 and B3LYP/6-31G(d). All values are given in atomi unitsPM3 geometry B3LYP/6-31G(d) geometry
µ 1.72 1.92
α 634.09 640.33
β 403.33 470.14
γ 71279 70414
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Table 3: Calulated diagonal x-omponent for eletroni dipole moment µx, linear polariz-ability (αxx) and �rst hyperpolarizability (βxxx) of 1. All values are given in atomi unitsMethod µx αxx βxxxHF/3-21G −1.79 681.87 −661.1HF/6-31G(d) −1.47 735.27 −558.1MP2/6-31G(d) −1.67 782.99 −1301.2MP2/3-21G −1.88 719.14 −1525.6CAM-B3LYP/3-21G −1.82 719.27 −1671.9LC-BLYP/3-21G −1.77 702.79 −1193.4B3LYP/3-21G −1.91 758.63 −4484.7CurDFT/DZP −2.09 672.05 −5378.5LB94/DZP −2.09 901.25 −10291.0RevPBEx/DZP −2.42 900.59 −15196.0GRAC/DZP −2.64 926.19 −19816.0PW91/3-21G −2.19 819.73 −20125.6KT2/DZP −2.79 939.00 −22050.0LDA/3-21G −2.32 830.09 −22487.0KT1/DZP −2.81 948.14 −22541.0KLI/DZP −3.65 975.11 −83807.0



Loboda et al. Linear and Nonlinear Optial Properties of [60℄Fullerene Derivatives Rev.#9 24Table 4: Values of the dipole moment (µ), average linear polarizability, (α), and average�rst hyperpolarizability (β) for several model systems. All values are given in atomi units.Label Moleule µ α β Method9 HH 1.00 449.23 -29.0 HF/6-31G(d)0.92 479.65 -58.2 BLYP/6-31G(d)
10 C H 3H 1.07 461.00 -18.6 HF/6-31G(d)0.98 493.24 -36.0 BLYP/6-31G(d)
11 H3C CH3 1.18 472.26 -3.4 HF/6-31G(d)1.10 506.32 12.45 BLYP/6-31G(d)
12 NH2

H 1.09 457.12 -29.3 HF/6-31G(d)1.01 490.18 81.9 BLYP/6-31G(d)
13 H 2 N N H 2 1.21 465.04 -7.5 HF/6-31G(d)1.19 501.79 277.2 BLYP/6-31G(d)
14 N( M e) 2

H 1.11 481.76 -64.3 HF/6-31G(d)1.00 520.46 1019.1 BLYP/6-31G(d)
15 N( M e) 2( M e) 2 N 1.33 512.28 -74.8 HF/6-31G(d)1.28 562.06 3046.5 BLYP/6-31G(d)
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Table 5: The values of dipole moment (µ), �rst� (α), seond� (β) and third�order polariz-ability (γ) for 1, 2 and 3. All values are given in atomi units.Property Method 1 2 3
µx HF/3-21G -1.79 1.09 -1.29MP2/3-21G -1.88 1.00 -1.25LC-BLYP/3-21G -1.77 0.94 -1.22PM3 -1.30 0.86 -1.02
αxx HF/3-21G 681.87 859.68 1051.74MP2/3-21G 719.14 867.34 1079.56LC-BLYP/3-21G 702.79 874.92 1091.88PM3 671.91 858.72 1061.88
βxxx HF/3-21G -674.0 664.1 -4552.2MP2/3-21G -1525.6 985.4 -8267.3LC-BLYP/3-21G -1193.3 874.9 -7457.4PM3 -1028.2 1373.7 -7400.9
γxxxx HF/3-21G 171729 596479 1542361MP2/3-21G 384606 988307 3103560LC�BLYP/3-21G 291518 826348 2655793PM3 261749 1073875 3051099
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Table 6: Comparison of average stati linear and nonlinear optial properties of 1, 2, 3 withthe isolated hromophores 5, 6 and 7. All values are given in atomi units.Method 1 5 2 6 3 7
α PM3 591.89 120.75 679.70 202.92 817.79 336.95
β PM3 546.6 156.8 521.5 84.9 1746.2 794.4
γ PM3 135377 26794 307890 138123 730346 454142
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Table 7: Eletroni and vibrational ontributions to moleular (hyper)polarizabilities alulated at the HF/6-31G level of theory for 1, 2, 3, 5, 6,7 and 8. All values are given in atomi units.1 5 2 6 3 7 8

αnr 29.2 4.0 42.2 4.3 119.0 86.6 11.8

αe 609.6 127.0 695.2 205.7 836.3 339.5 458.6

[µα]
(0,0) 3037.0 50.1 5660.1 74.9 4590.4 7329.1 160.8

β
nr

(−ω; ω, 0)ω→∞ 1012.0 16.7 1886.7 25.0 1530.1 2443.0 53.6

β
e 288.2 89.9 -51.8 -25.5 835.8 268.0 -4.0

γnr(−ω; ω,−ω, ω)ω→∞ 48637 5702 155719 25818 293915 133909 19437

γe 67158 12189 151985 56683 361605 175522 26880


