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The photophysical properties of hexa-functionalizeg @erivatives(CgiClg, CsoPhCl, CsoPhsH,

and two GyPhOH isomer$ have been investigated by means of UV-visible absorption and
fluorescence spectroscopy in cyclohexane solution and quantum-chemical calculations derived from
semiempirical Hartree—Fock approaches. A very good agreement is obtained between the measured
absorption and fluorescence spectra and the calculated excitation energies, thus allowing for a
detailed assignment of the optical features. The effects of symmetry and chemical nature of the
functional groups on the ground-state and spectroscopic properties of gthde@vatives are
discussed. ©2000 American Institute of Physidss0021-960600)01617-3

I. INTRODUCTION foregoing problems; this is especially true for the nonlinear
absorptive properti€s® and efficient generation of
The physical properties of the fullerenego@nd Gy  O,(*A4)'%*°of some derivatives.
have been extensively studied in recent years and some have Functionalized fullerenes can be prepared under a vari-
proved to be of a particular interest, which may result inety of reaction condition’~*° The most frequently encoun-
applications in the fields of either material sciences or biotered and studied compounds are monofunctionalized cy-
medicine. The use of fullerenes as optical limiteocs 0,  cloadducts of &, such as methano- or pyrrolidinos{ The
photosensitize? has in particular attracted much attention. distinctive spectroscopic features of these monofunctional-
Such usage relies on the photophysical processes charactézr@d 4_7‘13['1\?;(')\55 have been thoroughly Charactgr-
istic of the fullerenes that have been recently reviewed b ed._ ’ ’ I_3y N ontrast, the spect_roscopy of multi-
Sun’ As a result of the low solubility of the fullerenes in functional G, derivatives has not been investigated to the

‘ d the difficult tered in i ing themS2Me extent®16:20.21.27-31Thjg information might prove,
water an € dificully encountered in incorporating emhowever, to be valuable in determining how the perturbation

into host materials it is expected that fullerene derivativesy; he electronic system influences the ground- and
will find most use in this area of research. Several functiongyited-state properties of the fullerene cages. Furthermore,
alized derivatives of gg and Go have already been shown to wjith the exception of the work on pseudodihydrg,@eriva-

have retained the majority of the useful photophysical chartives achieved by Udvardit al,?® all the studies addressing
acteristics of the parent molecules yet they avoid some of ththe photophysical properties of mono- and multifunctional-
ized Ggo derivatives rely entirely on experimental results, and
thus do not characterize the physical processes responsible
dElectronic mail: rcolin@ulb.ac.be for the observed spectral changes.
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This paper focuses on the properties of five multifunc-culated energies of the highest occupied molecular orbital
tional Gy derivatives(CgClg, CeoPhsCl, CePhsH and two  (HOMO) and lowest unoccupied molecular orbitalUMO)
isomers of @GPhOH) using steady-state absorption and levels, respectively.
fluorescence spectroscopy and quantum-chemical calcula- The LCAO (linear combination of atomic orbitalsoef-
tions. The main objective of the present analysis is to deterficients that we refer to were those calculated with the semi-
mine the effects of symmetry breaking, perturbation of theempirical Hartree—Fock intermediate neglect of differential
m-electronic system, and nature of the addended groups aoverlap method developed by Zerner and co-workers
the photophysical properties of fullerene compounds. ThéINDO/S),*? with the electron interaction terms expressed by
paper is organized as follows: first, we briefly describe thehe Mataga—Nishimoto potenti#l. These coefficients are
experimental and theoretical methods used in the presenised to quantify the localization of the molecular orbitals on
work. Then the optimized geometry, the related ground-statéhe G, cage according to the dimensionlegarticipation
properties, and the experimental and calculated spectroscopitimber(PN). This parameter was defined in 1970 by Bell,
properties are presented for each derivative. Finally, the inDean, and Hibbins-Buttl&t to quantify the degree of local-
fluence of symmetry and chemical nature of the addendstation of normal modes of vibration for atoms in a crystal

substituents on these properties is discussed. lattice and was used subsequently to analyze the localization
of molecular orbitals in polymer chaif3.The PN is calcu-
Il. EXPERIMENTAL AND THEORETICAL METHODS lated within the INDO/S methodology as
A. Synthesis
B [S\ci]? 1
PN= = 1)

The improved procedures followed to synthesizgQly
(Ref. 32 and GoPhCl (Ref. 33 as well as the preparation
and characterization of theggPh;OH regioisomers will be
the subject of a forthcoming manuscriftCePhH>® was
prepared as published.

7= 7
2\ Cix 2\ Ciy

wherec;, is the LCAO coefficient on th&th atom in theith
molecular orbital. Using the LCAO coefficients calculated at
the INDO/S level and the graphical interfacesiGHTII of
molecular simulation$ we have also plotted the HOMO
B. Spectroscopic measurements and LUMO wave functions in order to improve the visual-

A concentrated £ 10~ mol /1) and a dilute 1076 ization of their !oca}lization over the _molecule.
mol ./~ 1) solution in cyclohexane were used for each deriva- 1€ Geo derivatives studied in this work are closed-shell
tive. Absorption spectra were recorded with a HP gasoaSystems. Only th_e electnc_dlpolar tran5|t_|ons from the ground
spectrophotometer in the 190-820 nm range, with 2 nm inStateSp 1o the singlet excited states, will be considered.
crements. Concentrated and dilute solutions were used tbh€ €xcitation energies and oscillator strengths of these
record the absorption in the visible and in the UV region,5h—So transitions were calculated using the INDO/S method

respectively. Fluorescence spectra of the concentrated solPUPed to a SCisingle configuration interactiontechnique.

tions were recorded with a Shimadzu RFE-5001PC spectroThe configurations included in the SCI development were

fluorophotometer. The apparatus consists of two monochrgdenerated from the fundamental electronic configuration as-
mators placed at right angles, the first being equipped with gociated with the AM1-optimized geometry, by promoting

Xe lamp at the entrance slit and the other with a photomul@" €lectron from one of the HOMOs to one of they LU-
tiplier tube at the exit slit. MOs, (xtimesy)+ 1 thus defines the total size of the active

space. The CI calculations performed in this work, including
a maximal number of (7875)+1 configurations, are con-
siderably larger than most of the earlier quantum-chemical
The starting geometry of the fullerene compounds werecalculations reported on (g (Refs. 47-58 and Gy
initially derived from IR and nuclear magnetic resonancederivatives?®
spectra and then modeled at the molecular mechanics level, We have initially validated the INDO/SCI approach by
using the universal force fieltl parametrization; the geom- applying it to Gy and G, The corresponding results are
etry was subsequently optimized at the semiempiricavery similar to those reported by Bendale, Baker, and
Hartree—Fock Austin Model 1(AM1) level?® using a Zerner*’ Indeed, comparing our results to the largest Cl cal-
“quasi-Newton” second derivatives method implemented inculations of the latter authors reveals that the differences in
the GAUSSIAN 94 program®’ The ground-state properties of the excitation energy values never exceeds 0.11 eV, whereas
the hexa-functionalized g derivatives were derived from the oscillator strengths values for the allowed electronic tran-
the AML1 results obtained with theaussiAN 94andMOPAC  sitions agree to within a factor of 2. As discussed in the
93 packages® A special emphasis has been placed on theaper of Bendale, Baker, and Zerner, the INDO/SCI ap-
heats of formation, atomic charges, ionization potentials, angroach appears reliable only in the energy range of less than
electron affinities calculated for the various derivatives. Thes eV. The oscillator strengths calculated at higher energies
heats of formation were evaluated following Dewar’s are strongly underestimated with respect to the experimental
approximatiof®®® while the net atomic charges were ob- data. This upper limit is expected for this all-valence-
tained by a Mulliken population analysiS8jonization poten-  electron approacfl and accordingly, the present analysis
tials and electron affinities were estimated from Koopmanswill be restricted to excitation energies below 5 eV for each
approximatiofi and are therefore directly related to the cal- derivative.

C. Quantum-chemical calculations
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The excitation energies and oscillator strengths calcutween the adjacergp® carbon atoms (1) and Q9) bearing
lated for theS,—S; electronic transitions yield a “bar spec- a phenyl and the hydroxyl group, respectively; a third double
trum,” which can be used to analyze the absorption spectrébond in a pentagofbetween €10) and G11)] is observed in
However, since the number of optically allowed electronicthis compound. The bond lengths calculated for the sym-
transitions for the low symmetry & derivatives is expected metrical GyPhkOH isomer 1 are in good agreememaxi-
to be large, it is useful to compare the experimental data to anal deviation below 0.03 Awith respect to the experimental
“synthetic” spectrum, obtained by convoluting the “bar values provided by x-ray diffraction measurements.
spectrum” with Gaussian functions; the full width at half- The cage bond lengths are very similar among the
maximum(FWHM) is therefore chosen to represent a meant,2,4,11,15,30-hexafunctionalized,(erivatives. We note
broadening parameter. however that{(i) most of the single C—C bonds involving an
sp® carbon in GClg are smaller by some 0.006 A than those
Il RESULTS in the other derivatives; an@i) thei andj bonds involving

' the Q2) carbon atom are longer forggPhkOH (1.561 and
A. Geometry 1.548 A than for GoPhCl (1.551 and 1.539 Aand mark-

In their stable configuration, gCle, CegPhsCl, CagPhH edly larger than those of ggPhsH (1.540 and 1.527 A Al- .
and one of the GPhOH isomers have their functional though these variations are not larger than the mean devia-

tions between the theoretical and experimental data obtained
groups attached to the carbon atom4)CC(2), C(4), C(11), !
C(15), and @30)*2%according to the numbering system rec- for CegPhOH, the calculations clearly show that only the

ommended by IUPAE® The hydrogen(chlorine atom in bonds iqvolving @) (ie.,i gndj bonds.in Table )l signifi-
CogPhH (CoPhCl) as well as the hydroxyl group in one of cantly differ among the denvanygs. This suggests that thes_e
the GoPh;OH isomers(isomer 1 are attached to the cage two bonds are the most sensitive to addend a}nd/or steric
such that the three derivatives are at first sight characterize%ﬁec'[s’ as discussed in more detail in the following.
by a plane of symmetry, as is the case fgg@; (see Fig. L
However, for the pentaphenylated derivatives, it has bee
shown experimentalf§f that the phenyl groups rotate freely The AM1-calculated heats of formation of the various
at room temperatureC symmetry is thus only encountered compounds are given in Table Il. Taking into account the
in CgClg while the configurations of §&PhCl, CgoPhsH, fact that these values forggand G, are overestimated by
and GoPh,OH-isomer 1 can be referred to as “pseudg- about 300 kcal mol* with respect to the experimental d&fa,
symmetric.” By contrast, the second isomer ofgRitOH  the values reported in Table Il should be considered with
(isomer 2 where the hydroxyl group is believed to be at- caution. We also note that a detailed comparison between the
tached to carbon atom(® of the cage[Fig. 1(d)] has a values obtained for the derivatives may be affected by the
complete reduction in its symmetry. changes in the nature of the functional group. However, the
The functionalization of g, implies that the cage C—C difference between the calculated heats of formation of the
double bonds are modified and that the carbon atoms ttwo CgPh;OH isomers is expected to be reliable; this sug-
which the addends are attached undergo a transition fromests a higher stability for the pseudosymmetric isomer
sp? to sp® character. The hexa-functionalization studied herel (AH ;=981 kcal mol'!) with respect to its asymmetric ho-
significantly modulates the single versus double character aholog (AH;=1007 kcal moll), as expected from the ge-
the bonds over the cage. In the symmetric and pseudosynemetry considerations.
metric derivatives, the moiety of the cage surrounded by the  We have also analyzed by means of the Mulliken popu-
functional groups is significantly modified and consists of alation analysis the electron-donating or electron-withdrawing
cyclopentadienyl entity adjacent to five hexagons each corcharacter of the addended/substituted groups and the way
taining two 1:4 situatedp® carbon atomgsee for instance that the transferred charges are distributed among the carbon
Fig. 1(e) for CsPhsH]; the remaining part of the cage is atoms of the cage; the results are collected in Table Il. The
weakly effected upon functionalization. This situation con-functional groups in total possess a global donor character in
trasts with the properties of monofunctionalizegh @eriva-  the Gy, derivatives considered, the exception beingCQl; in
tives, where all of the double bonds remain external to thevhich the chlorine atoms remain almost neutral with respect
pentagons! It is worth noting that, in general, it is accepted to the cage(the overall contribution is—0.003 |e|). The
that the presence of double bonds within a pentagon destghenyl groups have a weak electron-donating character in all
bilizes fullerened$!-3 cases(+0.03+0.02 |e| typically donated to the cage per
The AMl-calculated bond lengths associated with thephenyl group. The chlorine atom in gPhCl and the hy-
functionalized part of the cage for each derivative are redroxyl group in both isomers of gPhOH have a weak ac-
ported in Table I. When compared with the paregg @ol-  ceptor character and reduce the dominant electron-donating
ecule(characterized by two bonds of 1.455 and 1.391 A forcharacter of the phenyl groups; the electron donation is in-
the double and single C—C bonds, respectilythe main  creased in gPhH, where the hydrogen atom operates as a
geometric changes upon functionalization are induced by thstronger donor 4 0.217|e|) than the phenyl groups.
formation of sp® carbon atoms; the C—C single bonds in- In all of the derivatives, the functional groups lead to a
volving thesesp® carbon atoms are longer than 1.50 A. For distribution of the donated charges toward that part of the
the proposed structure of the asymmetrigRIsOH isomer  cage opposite to the functionalized angeferred to as the
2, an exceptionally long bondl.645 A is calculated be- “unmodified part” in Table I). This effect is most pro-

ﬁ. Ground-state electronic properties
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(b)

39

(d)

39

FIG. 1. Schlegel diagrams ofa) Cs,Cls, (b) CsoPhCl, and GoPhH, (c) CgPhOH-isomer 1, andd) Cg,PhOH-isomer 2. The black balls represent the
chlorine atomgor the hydrogen atom ifb)], the gray balls refer to the phenyl groups, and the white balls to the hydroxyl group. The IUPAC numbering
system is adopteRef. 60. The functionalized part of ggPhH provided by the AM1 calculations is given {®); in this figure, the gray and white balls
correspond to carbon and hydrogen atoms, respectively, while the thick black lines represent double bonds.
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TABLE I. AM1-calculated bond lengthén angstrom in the functionalized  orbitals of the symmetrical and pseudosymmetrical hexa-
part of the G derivatives. The bond labeling refers to that given in Fig. functionalized derivatives. which are mostly localized on the
1(e). We also report in parentheses the experimental bond lengths in . . ! . . .
CeoPh:OH provided by x-ray diffraction experimentRef. 34. equatorial belt(in agreement W|6th earlier theoretlca_l results
reported for GoPh,K complexe&®) and are characterized by

CodPhOH  CooPhsOH a very similar participation number: 42t0.5. The LUMO
ColCle  CoPhCl  CooPH isomer 1 isomer 2 levels of these derivatives are also localized on the unmodi-
a 1.368 1.368 1.368 1.36@..369 1.367 fied part of the G, cage but present larger fluctuations in the
b 1530 1.536 1537 1.53@.550 1.539 PN (varying from 44.6 to 58,1 The reduction in symmetry
c 1.532 1.538 1.540 1.53@.542 1.535 in qoi . ; ;
going from the pseud&, symmetrical GyPh;OH (isomer
d 1.368 1.368 1.369 1.36@.358 1.366 S T .
e 1539 1546 1545 1.546..544) 1547 1) to the_a'_symmetnc isomer 2, significantly mo_dlfles the
f 1.527 1.534 1.536 1.531.543 1.532 characteristics of both the HOMO and LUMO orbitals. This
g 1.364 1.364 1.366 1.36@.364 1.368 is illustrated by the fact that the frontier orbitals of the asym-
h 1.529 1.535 1.532 1.53@.530 1.522 metric GyPhsOH gain significant weight on the carbon at-
[ 1.547 1.551 1.540 1.56(1.581) 1.572 forming the “functionalized part” of th h
J. 1539 1539 Lep7 1548556 L1558 oms forming the “functionalized part” of the cage, where
K 1.490 1.497 1496  1.50(L.517 1.498 the HOMO level is mostly localizedwith a PN of only
[ 1.367 1.368 1.370  1.36@.339 1.373 22.1).
m 1.472 1.476 1.472 1.478.479) 1.469 The ionization potential(l) and electron affinity(A)
h“, 1493 1.501 1499 1.500.523 1-222 evaluated with Koopmans’ approximation, correspond in ab-

solute value to the Hartree—Fock energy of the HOMO and
LUMO levels, respectively. The differend&A) represents
the HOMO-LUMO gap AE), which is a useful parameter
nounced for the asymmetricg§PhOH (isomer 3 and is  when analyzing the spectroscopic properties of the fullerence
very weak for G,Clg. The latter result confirms the small derivatives, as shown later. The values oA, andAE cal-
electron donation from the cage to the chlorine atoms. Botlt¢ulated at the semiempirical AM1 and INDO/S level for each
the functionalized and unmodified parts of the cage inderivative are collected in Table Il. The comparison between
CsoPhsCl and GPhH (where the global electron-donating the calculated values and the experimental data reported for
character of the functional groups is strongdsive an ex- Cgo in the gas phasel=7.61+0.02e\?’ and A=2.65
cess charge. In contrast, the functionalized part of the cage 0.05€eV?®) indicates that the INDO/S method yields a
also acts as an electron donor in the case of thIGOH  somewhat more accurate estimate of the first ionization po-
isomers. tential although it does not reproduce the value of the elec-
The graphical representations of the HOMO and LUMOtron affinity as well as the AM1 method. The shifts in the
orbitals of each derivative are shown in Fig. 2 together withHOMO and LUMO levels energies provided by the two ap-
the corresponding participation numb@N) calculated us- proaches are very similar when going from one functional-
ing Eq. (1). Figure 2 clearly illustrates that the functional ized derivative to the others; a detailed analysis reveals, how-
groups weakly contribute to the molecular orbital descriptionever, that the balance between thacceptor inductive vs
of the frontier levels provided that th@; or pseudocs sym-  a-donor mesomer characters is subject to variations between
metry is preserved. This is particularly true for the HOMO the INDO/S and AM1 parametrizations, despite the fact that

TABLE Il. Ground-state propertieéeat of formatiomAH; , charge distribution, ionization potentiglelectron affinityA, and HOMO-LUMO gapAE) of

the G derivatives, as calculated at the AM1 level. We provide the total Mulliken net charges supported by the functional groups as well as by the
“functionalized” (summed over 20 carbon atojrend “unmodified” (summed over 40 carbon atoyarts of the molecule. The INDO/S values calculated

for I, A, andAE are also given in parentheses.

CeoPhsOH CeoPhOH
Ceo CscClg CeoPhsCl CeoPhH isomer 1 isomer 2
AH;(kcalxmol™) 974 847 1016 1010 981 1007
Charge distribution |€|) —0.007/Cl on @1) +0.044/Ph on C) +0.019/Ph on C) —0.070/0OH on 1) +0.010/Ph on Q1)
+0.006/Cl on @2) —0.044/Cl on @2) +0.217/H on @2) +0.029/Ph on @) +0.028/Ph on @)
—0.001/Cl on @) +0.036/Ph on @) +0.028/Ph on @) +0.037/Ph on &) +0.031/Ph on @)
—0.001/Cl on @11) +0.040/Ph on Cl1) +0.030/Ph on Cl1) +0.031/Ph on C11) —0.064/OH on C9)
0.000/Cl on @15 +0.040/Ph on Cl5 +0.033/Ph on Cl5 +0.033/Ph on Cl5 +0.035/Ph on Cl5)
0.000/Cl on @30) +0.034/Ph on 30) +0.033/Ph on C30) +0.030/Ph on @30) +0.038/Ph on C30)
Functional groups —0.003 +0.150 +0.359 +0.089 +0.078
(total)
Functionalized part +0.016 —0.007 —-0.183 +0.051 +0.152
Unmodified part -0.013 -0.143 -0.176 —0.140 —0.230
I (eV) 9.64 (6.63 9.63(7.19 9.09 (6.63 9.01 (6.4 9.06 (6.51) 8.81 (6.20
A (eV) 2.98 (1.07 2.80(1.43 2.29 (0.89 2.22 (0.79 2.27 (0.81) 2.50 (1.09
AE (eV) 6.66 (5.56 6.83 (5.7 6.80 (5.78 6.79 (5.72 6.79 (5.70 6.31 (5.11)
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CeoClg CeoPhsCl CeoPhsH CesPhsOH CesoPhsOH
Isomer 1 Isomer 2

LUMO

59.2 51.0 44.6 58.1 51.0
HOMO

42.4 41.7 41.8 42.7 22.1

FIG. 2. Graphical representation of the HOMO and LUMO wave functions based on the INDO/S-calculated LCAO coefficients; the participation number PN
is given below each orbital.

the global effect ol and A is very similar. Both methods by a considerably lower ionization potential; the destabiliza-
may thus be used for our study whose primary goal is tdion of the HOMO level is much larger than that of the
compare the relative evolution of the calculated propertiet UMO for this derivative and thus leads to a weaker value
among the various derivatives. It must be stressed that thier the HOMO-LUMO gapAE (6.31 and 5.11 eV according
calculated evolution of andA going from Ggto any func- to the AM1 and INDO/S results, respectivehit must be
tionalized derivative under study is strongly dependent oremphasized that the destabilization of the HOMO level in the
the method used. We have chosen to discuss in the followingsymmetric isomer of EPhOH may be related to its strong
the results provided by the AM1 calculations that betterlocalization on the cagéassociated with a small value of
match the corresponding shifts calculated at #einitio  PN), as discussed in a forthcoming paper.

Hartree—Fock 6-31Glevel (stabilization by 0.25 eV of the
HOMO level and destabilization of 0.07 eV of the LUMO
level when going from G, to C5oClg).

The energetic diagram, Fig. 3, shows the AMI1- The absorption and fluorescence spectra of each of the
calculated energies of the HOMO and LUMO levels ig,C derivatives dissolved in cyclohexane are shown in Fig. 4.
and its derivatives and offers an improved illustration of theThe intensity of the absorption spectra is reflected by the
evolution of the frontier levels of the cage upon functional-extinction coefficients, which are, however, subject to large
ization. The AM1 results show that the hexa- errors due to the small quantities of samples available. In
functionalization of the g, cage systematically destabilizes accordance with Kasha's rule, the fluorescence spectrum
the HOMO and LUMO levels. For the symmetrical and does not change with the excitation wavelength, thus provid-
pseudosymmetrical derivatives, it appears that the destabiling good evidence that the observed bands correspond to the
zation of the frontier molecular orbitals correlates with theS;— S, electronic transition. The wavelengths associated
increasing strength of the global electron-donating charactewith the maximum of the main absorption features and fluo-
of the addended/substituted groujps., the largest destabi- rescence ban@ogether with other photophysical quantities
lization is obtained for gPhH in which the largest global discussed beloware collected in Table Il and these values
charge transfer takes place between the cage and the sudre compared with those obtained fog,@nder similar ex-
stituenty. The HOMO—-LUMO gapAE in C4Clg and the perimental conditions.
pseudosymmetrical derivatives are very simi(aalues of CsoPhCl, CgPhH, and the pseudosymmetric
6.81+0.02eV and 5.740.04 eV calculated at the AM1 and CgzPhsOH isomer 1 have similar spectroscopic properties.
INDO/S level, respectivelydue to the fact that the asymme- Their absorption spectra in the UV and visible range display
try in the destabilization of the HOMO and LUMO levels nine features, labeled to i in Fig. 4. The absorption spec-
with respect to G is almost identical in the various com- trum of GsClg is noteworthy as it is less resolved so that
pounds. In contrast, the asymmetric isomer gfREsOH is  bandsa, ¢, e andf cannot be distinguished. The UV absorp-
characterized, with respect to the other functionalized cages$ion featuregbandsh andi) of the C5 and pseudd:g sym-

C. Spectroscopic properties
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C. C,.Cl; C,,Ph.Cl C,PhH C,,Ph,OH C.,Ph,OH
224 Isomer1 Isomer2
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FIG. 3. Energy diagram illustrating the AM1-calculated energies of the HOMO and LUMO levelg ah@ hexa-functionalized derivatives under study. The
dashed lines represent the energy reference given by the frontier orbitals Ghe values of the HOMO-LUMO gap\E) and the shifts of the HOMO and
LUMO levels with respect to g are also reported.

metrical derivatives are very close in energy to those obrather small for the first vertical excitation energy values
served for G, They are however much broader and have a0.02 eV when going from 1600 to 5625 excited configura-
weaker absolute intensithypochromic effegtas a result of tions); it becomes more significant when considering higher
the loss of icosahedral symmetsee for instance the spec- energy transitions. It is also observed that the oscillator
trum of G;gPhH in Fig. 5(@)]. By contrast, the visible part of strengths values vary little with the size of the active space
the spectra of the functionalized derivatives differ markedly(less than 20% for transitions below 4 gVFor each deriva-
from that of G In particular, the absorption is more intense tive, the INDO/SCI simulations are in very good agreement
down to wavelengths of 500 nm and drops sharply to zero awith the experimental spectrum and allow for a detailed as-
longer wavelengths. The fluorescence spectra of the derivaignment of the absorption features. For clarity, the bar and
tives, which consist of a single broad band peaking at 624ynthetic spectra calculated forgfPhtH together with the
+5nm, are blueshifted, as is the onset of absorption, witltorresponding experimental spectrum are plotted in Fig.
respect to G, The fluorescence band is shifted by some 1506(b). The calculated spectrum has been normalized with re-
nm from the lowest resolved absorption bandnd does not spect to the intensity of the experimental bdndnd rigidly
show a mirror image of the absorption line shape. Accordredshifted by 1200 cmt to improve the fit between theory
ingly, the energy of thés; state is estimated as being equal and experiment; this shift can be attributed to intermolecular
to the energy at the intersection between the fluorescence apolarization effects neglected in our calculations. FWHM
absorption spectra. This procedure yields a value of 2.24alues of 0.3 eV are used to simulate the spectra in the vis-
+0.5eV for each symmetrical and pseudosymmetrical deible and UV regions. It should also be noted that the calcu-
rivative despite the inaccuracy of the meth@able Il1). lated oscillator strengths agree within a factor of 3 with those
The INDO/SCI-calculated “bar” and “synthetic” spec- measured, assuming a Gaussian profile for the observed
tra provide further insight into the spectroscopic propertiedbands, in the low energy part of the absorption spectrum
of the hexa-functionalized 4 derivatives under study. The (bandsa—d). At higher energies, this comparison becomes
spectra are discussed on the basis of the results obtained witlifficult due to the strong congestion of the spectrum in that
the largest Cl active spacgontaining up to 5625 singly region. From Fig. t), it is obvious that the calculated spec-
excited configurations|t is expected that the calculated val- tra match the experimental data very well over the whole
ues will converge by increasing the size of the active spacespectral range. This is particularly the case in the visible
and also come closer to the measured values. This effect imnge where the bands-d can be unambiguously assigned
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FIG. 4. Experimental UV—visible absorptidthin line) and fluorescencghick line) spectra of the g derivatives dissolved in cyclohexane. The inset window
displays for each derivative the fluorescence spectrum expressed in arbitrary units together with the lowest absorption features in the @dastonption s

to one or a set of electronic transitions; in turn, each transispectral similaritiegsee Table I}, the optical features ob-
tion can be associated with a one-electron excitation betweeserved in the absorption spectra of,Cls, Cs0oPhCl, and

a given occupied and unoccupied molecular orbital. Such a€sPhOH-isomer 1 are assigned in a similar way. The fore-
analysis is reported for gPhsH in Table IV. In view of their  going data therefore lead to the following conclusions re-
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TABLE llI. Photophysical properties collected fogand the hexa-functionalized derivatives; the band label-
ing refers to that given in Fig. 4.

CsoPOH  CsoPhsOH

CsCls  CePhCl  CgPhtH  isomer 1 Isomer 2 Go?
Absorption bandg\, nm)
i 213 209 214 214 214 214
230 (F)
h 255 259 259 258 256 25&]
g 274 272 270 274 294)
f 339 340 334 330C)
e 351 351 348 3788,)
392Ag)
d 388 394 394 392 388 404(Ag—A,)
[« 438 435 432 445 4200)
b 470 474 475 472
a 516 515 510
504-620
(y—e)
a, 666
Fluorescence ban@, nm) 624 624 622 629 |675 {688
742 718
Excitation energy§,— S, (eV)
Measured 2.25 2.25 2.29 2.19 1.85 P95
Calculated 2.45 2.45 2.46 2.45 1.96 2.32
S, lifetime (n9) 0.5 1.2 1.2 1.19

&The band notation for & is that proposed by Leactt al. (Ref. 75.
PFollowing Sassara, Zerza, and Cher@Ref. 72.
‘Following Kim for Cg, in toluene(Ref. 76.

garding the optical properties of ti& and pseudd@g sym-  this transition rationalizes the reason whereby the lowest ex-
metrical hexa-functionalized derivatives examined. cited state cannot be located in the absorption spectrum and
(1) The first dominant absorption baibdriginates from is detected only through its weak fluorescence signal. The
the superposition of three optical transitions betw8gand  calculatedS,—S; excitation energy is in very good agree-
the seventh, eighth, and ninth excited states; the weak shoulkent with the value of 2.240.5 eV estimated from the ab-
derais attributed to thes,— S, electronic transition. sorption and fluorescence spectra; the matching is further
(2) The electronic transition frorg, to the first excited improved when considering the systematic redshift of 1200
stateS; is calculated at 2.450.1 eV and displays a vanish- cm ! adopted to simulate the spectra of the derivatives. The
ingly small oscillator strength. The very weak intensity of calculations also indicate that the 1,2,4,11,15,30-

@ ®
16

14—

12

£(10° 1xmol xem ™)
(-
1

normalized intensities

T 0.0 T T M T T T M T
’ 200 250 300 350 400 450 500 550 600

. T : 7 7 :
200 300 400 500 600 700
wavelength (nm)

wavelength (nm)

FIG. 5. (a) Experimental UV—-visible absorption spectra ofgehsH in cyclohexangthick line) and of G in similar conditions, given as a referenghin
line); (b) measuredsolid line) and calculated “synthetic’{dotted ling absorption spectra of gPhH. The calculated “bar” spectrum is also shown in the
visible region, where the most intense electronic transitions are assigned to the corresponding excitgg. Stheesalculated spectrum is rigidly redshifted
by 1200 cm® and normalized to the intensity of the experimental band
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TABLE IV. Wavelengths associated with the maximum of the measured|\V/, DISCUSSION
and calculated “synthetic” absorption bands inpRhH (the theoretical . )
values refer to the synthetic spectrum rigidly redshifted by 1200'¢rThe The foregoing results demonstrate that the reduction of

bands observed in the experimental spectra are assigned to calculated oiymmetry upon hexa-functionalization of the icosahedggl C
;ﬂ{/g‘ﬂﬂiﬂ::g‘;ﬁgg:ﬁr:f]‘”s'“o'[*:'g' 5(b)] whose main Cl configuration 346 induces major changes in the optical properties with
: respect to the parent molecule. These changes are mainly

Experimental Calculated Electronic ~ Dominating electronic characterized by1) a broadening of the absorption bands in

A (nm) A (nm)  transitions excitations the UV and visible regions, with a marked hypochromic ef-

5§ [LUMO+2-HOMO] fect in the UV; anc{Z)_majo_r chapges of the low energy part

a 515 523 S-S  [LUMO—HOMO-1] of the spectrum, which gives rise to the absorption in the
S [LUMO+3—HOMO] VISIb|e. region and to the fIL_Jorescence_ S|gnql. The greater

b 475 473 {SBHQO [LUMO —HOMO—1] reduction of symmetry taking place in going from the
S-S [LUMO«HOMO-2] pseudo€g symmetric (isomer 1 to the asymmetric

c 435 437 S;p—S  [LUMO+2—HOMO-2] CsoPhOH isomer 2 leads to similar effects. Indeed, when the

d 304 401 [s,l#s0 [LUMO +4—HOMO—1] absorptign spectrum of the asymmet_ric_ derivative_ is_(_:om-
Sig—S  [LUMO+2—HOMO-3] pared with that of the pseudosymmetric isomer 1 significant

e 351 changes in the excitation energies and related intensities in

f 340 329 the visible region, in addition to broader optical features in

g ggg 258 both the UV and visible range, are observed. The larger ex-

i 214 tinction coefficient measured for the asymmetric molecule is

therefore unexpected.

These considerations suggest that the seemingly large
broadening of the optical features in the absorption spectrum
hexafunctionalization of the & cage induces a hypsochro- of C4,Clg may not reflect the intrinsic electronic properties of
mic shift of the lowest excited statéhe S;—S, transition is  the isolated molecule. This is supported by the INDO/SCI
calculated to be 2.32 eV i@g). calculations, which indicate that the number of optically al-

(3) The absorption bands in the visible part of the speclowed electronic transitions in §Clg (the only
trum can be assigned to specific electronic transitions whiclCs-symmetrical molecule studi¢ds lower than that of the
in most cases can be described by a one-electron excitatiggeeudosymmetrical phenylated derivatives. Aggregation
between an occupied and unoccupied orbitals localized omechanisms, which are known to significantly modify the
the unmodified part of the cage. The assignment of the optiabsorption properties of fullerene related matertafs’
cal bands in the UV region is much more complex due to thenight result in the broadening of the absorption bands ob-
high density of electronic transitions in this energy rangeserved in the spectrum ofggCle.

Some of the high-energy transitions give rise to a photoin-  The results presented clearly demonstrate that the under-
duced electron transfer from the cage to the substituent pheatanding of the photophysical properties of fullerene deriva-
nyl groups, as discussed in a previous publicaffon. tives necessitate a detailed analysis of their electronic prop-

The spectroscopic properties of the asymmetric isomer 2rties. Indeed, although it is generally accepted that a
of CgoPhsOH significantly differ from those of the pseudo- reduction in the degree of symmetry induced by a function-
symmetrical homolog and related 1,2,4,11,15,30-alization of the G, cage initiates a bathochromfoed) shift
hexafunctionalized derivatives. The asymmetric molecule iof the lowest absorption and fluorescence bahdsth the
characterized by broader absorption bands in the UV and thgresent experimental and theoretical data demonstrate that
visible regions, where the bands-b ande—g can hardly be the reduction from the icosahedral symmetry @f © theCq
distinguished(Fig. 4). The lowest wavelength absorption symmetry of 1,2,4,11,15,30-hexafunctionalizeg, deriva-
feature of the asymmetric moleculebeleda, in Fig. 4) is  tives induces a hypsochromiblue) shift. In contrast, the
centered around 666 nm and is strongly redshifted with reloss of the Cg; symmetry results, for the asymmetric
spect to the other derivatives. The fluorescence spectru@sPrsOH isomer, in a redshift of both the lowest absorption
consisting of a main signal at 675 nm and a shoulder at 742nd fluorescence signals. The rationalization of the spectral
nm, is also shifted to a longer wavelength and mirrors theproperties of fullerene derivatives should thus rely not only
absorption band at 666 nfh.The energy of theS; excited on symmetry considerations but also on more subtle effects
state is estimated to be 1.85 eV by averaging the energy associated, for instance, with the degree of conjugation
the maximum of the lowest absorption and fluorescencaround the cage and the localization of the molecular orbit-
bands; this is 0.4 eV lower than that of the symmetrical andals. Similarly, in the recent publication of Schiek al*° the
pseudosymmetrical derivatives and 0.1 eV lower than irphotophysical properties of hexapyrrolidinggQerivatives
Ceo- "> The experimental findings are supported by the INDO/with T4 and D3, symmetry were found to be characterized
SCI calculations performed on the asymmetric isomer 2oy a blueshifted absorption systdeompared with G, and
which yield a lowest transition energy at 1.96 eV; the latterby a strong luminescence in the visible region. The authors
is redshifted with respect to the other derivatives and bears suggest that these remarkable photophysical properties can
significant oscillator strength of 0.03. Ti®—S; transition  be explained, to some extent, by the degree of conjugation
is mainly described by the promotion of an electron from theon the G, cage. In a forthcoming paper detailing the spec-
HOMO to the LUMO levels. troscopic properties of multiply phenylated,{3erivatives,
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an analysis of the existing relationship between conjugatiom andj in Fig. 1(e)]. The changes are likely to be driven by
effects and photophysical properties in fullerene derivativeshe combination of an increase in the electron density around
will be presented® the Q2) carbon atom expected from the stronger electron-
Both the spectroscopic and quantum-chemical investigadonating character of the hydrogen atom and steric effects
tions performed on gClg, CsoPhsCl, CeoPhsH, and pseudo- due to the introduction of the hydrogen atom. The further
symmetric GoPh;OH isomer 1 indicate that the nature of the increase in the length of theandj bonds on going from
addends/substituents have a negligible influence on the ele€sPhCl to CsPEOH-isomer 1 can also be rationalized by
tronic transition energies; it is worth noting that these derivaboth charge distribution and steric effects.
tives are all characterized by a similar distortion of the cage  Preliminary results have also shown that the chemical
geometry upon functionalization. The weak variations in thenature of the addends/substituent modulates the fluorescence
measured absorption and fluorescence band positeess lifetime 2’ The value measured by using the “time correlated
Table Ill) do not appear to be systematic or explainable insingle photon counting” method is weaker fog{Clg (0.5
terms of the electron-withdrawing or electron-donating chars) than for GoPhCl and GoPhsH (1.2 ng. Assuming that
acter of the addended/substituted groups. These conclusiofe radiative lifetime of the compounds does not change, this
agree with those made by other grolifisbut contrast with ~ effect is most probably attributable to the fact that the heavy
the work of Luoet al,'! which shows evidence of hypsoch- chlorine atoms favor intersystem crossing between the first
romic and bathochromic effects in N-methyl-  excited singlet stat&, and the first excited triplet stafg, .
pyrrolidinofullerenes  depending upon the electron-
withdrawing or donating character of the addends. Despit&/. CONCLUSIONS
the fact that the spectroscopic properties of the derivatives

The equilibrium geometry of £ derivatives (CgClg,
under study are weakly effected by the nature of the addend .
substituents, the calculations do, however, reveal that onez60PsCl. CegPhH, and two isomers of 6ePMOH) and the

electron properties, such as the ionization poteritinand related ground-state properties such as heat of formation,

o R b ionization potential and electron affinity, and charge distri-

electron affinity(A), can be significantly modified when go- . ; . .
. . bution have been characterized. In addition the photophysi-
ing from one compound to the next. It is therefore of great : . .
: . ; cal properties of these compounds have been investigated by
interest to validate the calculated evolutions of these quanti- .
. . . means of spectroscopic measurements and quantum-
ties by means of experimental measurements, probing, for, ; . : S

. . chemical calculations. The theoretical results indicate that
example, the changes in the redox potential among tle C

derivatives’® The destabilization of the frontier levels in the the electron-withdrawing or electron-donating character of

svmmetrical and pseudosvmmetrical derivatives can be cor:[-he addended/substituted groups has a small influence on the
y b y .nuclear geometry, negligible effect on the spectroscopic

ri:ztendd t(/) tT)e tglo?ﬁl _egﬁftron;f?nt?t':? cfhzritr;]ic:evr ﬁ; t?e dsk; roperties, but leads to a significant change in the ionization
addends/substituents, this correfation 1S Turther validate otentials and electron affinities. The absorption and fluores-

;he_swtr_nlar evloluluc;n dOﬂtin?hAtsmzr,:/?ltheJﬂr&lcgg?ghlzedI cence spectra have been described in terms of optically al-
erivatives cajculated at bo € an EVE€IS1owed and forbidden electronic transitions and are shown to

(see Table_ b. The Iogghzatlon of the HOMO and LUMO be strongly affected by the functionalization of the cage. In
wave funct|on§(guant|f|ed here by the.F)N:an also plgy a particular, we have demonstrated that the breaking of the
r_oIe n determmmg the va_lues bfandA n fullerene deriva- icosahedral symmetry induces a broadening of the absorption
tives, as will be shown in a forthcoming paper. The PNSbands in both the UV and visible regions; this also leads to
calculated. for — GCls, C,Sop,h?'Cl’ CGQPrFH’ and major modifications in the fluorescence spectrum and in the
CeoPhsOH-isomer 1 show 3|_gn_|f|cant variations for the |, energy region of the absorption spectrum characteristic
LUMO levels and are very similar for the HOMO levels. ¢ o parent gy molecule. The fluorescence signals and the

This leads to the conclusion that the degree of localization Ofowest absorption bands are blueshifted with respectgp C

the molecular orbitals is not the key parameter governing the, the case ofC, or pseudoS, symmetrical derivatives
S S

evolution ofl andA among these derivatives; this behavior iS(CSOCIG, CePhCl, CooPhH and one of the GPhOH iso-
actually mostly driven by addend/substituent effects. The a"mers while a redshift prevails for the asymmetrigg2hOH

most parallel evolution of and A gives rise to an a_ImoS_t isomer. The symmetry considerations do not fully account
constant value for the HOMO—-LUMO gap, thus rationaliz- fo the observed bathochromic or hypsochromic shifts; addi-
ing the weak influence of the addend/substituent on the Spegiona| work is therefore required in order to improve the
troscopic properties of theqgderivatives under study. understanding of the nature of the molecular and electronic
_ The AM1 caIcuIa}t|ons also show that the Sl_Jbstltutlon Ofproperties governing the spectroscopy of functionalized
five chlorine atoms in €Cls by phenyl groups induces an fjierenes. This will be the focus of a forthcoming paper
elongation(by 0.006 A of all of the single C—C bonds on  4qqressing the ground-state and photophysical properties of

the functionalized part of theggcage(see Table)l It is not multiply phenylated derivatives of & (C,gPhy,, with n
possible to determine whether this effect is related to the_ 1 _g)

electron-donating character of the phenyl groups or steric
effects induced by their bulkiness. The subsequent replaC%ICKNOWLEDGMENTS
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