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ABSTRACT

Two new fullerene-fluorene dyads, N-methyl-2-(2-fluorenyl)-3,4-[60]fuller-pyrrolydine (1) and N-
methyl-2-(2-fluorenyl)-3,4-[70]fullerpyrrolydine (2), were synthesized and their structures were
confirmed by MALDI-MS, 'H NMR and FT-IR. Their electrochemical and optical properties were inves-
tigated by cyclic voltammetry and Z-scan technique, including, electronic potentials, two-photon
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absorption cross-sections (o), nonlinear refractive indexes (n,), microscopic second-order hyperpo-

(3) (3)

larizabilities (yr) and third-order nonlinear susceptibilities (x; and x;"’). Importantly, the xf) and o,
in 2 were increased above 35% due to [70]fullerene unit than that of 1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Functionalized fullerene derivatives have been studied
extensively over the last decade owing to many particular
features [1] and possible applications, ranging from medicine
[2] to artificial photosynthesis [3], to material science [4].
Furthermore, particular attention has been devoted to their
nonlinear optical (NLO) properties owing to their large -
conjugated surfaces and extensive charge delocalization [5].
A variety of donor-acceptor (D-A), donor-bridge-acceptor
(D-m-A), donor-bridge-donor (D-w-D), multi-branched
molecules, and organometallic molecules has been developed,
and their structure-property relationships were investigated
to develop organic materials with large third-order non-
linear absorption and refraction (TONA and TONF) [6]. The
results of these studies reveal the TONA increases with the
donor-acceptor strength, conjugation length and planarity of
molecules.

Over the past decade, many fullerene dyads containing por-
phyrins [7], carbazole [8], tetrathiafulvalene [9], chlorines [10],
amine [11] and ferrocenes [12] have been prepared and stud-
ied. However, there were still a very few publications about
their third-order nonlinear absorption and refraction, especially
fullerene derivatives at femtosecond timescale. Interestingly, with
9,9-dialkyl-diphenylaminofluorene (DPAF) as substitution [13], we
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obtained large two-photon absorptive cross-section, which was
corresponding with the third-order NOL absorption. Meanwhile,
it was also necessary to estimate the refractive index owing to
its contribution to NOL refraction. Importantly, to our best knowl-
edge, there was still no paper about refraction of fullerene dyads
at femtosecond timescale. Therefore, fullerene based molecules
are considered to be very promising candidates as photonic ele-
ments (e.g., optical switches and limiters) not only because of the
inherent properties of fullerenes but also because fullerenes have
been shown to enhance NOL performance, which also suggested
us the possibility of investigating other dyads, such as fluorene.
It was surprising that simple fullerene-fluorene dyads were not
synthesized and studied. It was very significant to investigate the
NOL properties between Cgp/C79 and fluorene, connecting them
via the widely used pyrrolidine ring [14]. Actually, fluorene was
extensively used as intermediate which may be acted as a spacer,
or as an electron acceptor, or, eventually, as an energy trans-
ductor in fullerene dyads [15]. Moreover, fluorene can also be
functionalized with a variety of substitutions and obtain excel-
lent chemical and physical performance for the third-order NOL
application.

We report here our results on two novel fluorene-fullerene
dyads, N-methyl-2-(2-fluorenyl)-3,4-[60]fuller-pyrrolidine (1)
and  N-methyl-2-(2-fluorenyl)-3,4-[70]fuller-pyrrolidine  (2),
whose structures are shown in Scheme 1. The aim was to
investigate how differently electronic acceptors influence
their NOL properties by measuring the linear absorption spec-
tra, open-aperture Z-scans, closed-aperture Z-scans and DFT
calculations.
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Scheme 1. Structure of investigated fullerene dyads.

2. Experimental
2.1. Materials

9H-Fluorene-2-carbaldehyde, N-methylglycine, [60]fullerene
and [70]fullerene were purchased from Tokyo Chemical Industry
Co. Ltd. (TCI). All solvents were obtained from Guangzhou chemi-
cal reagent company in the experiments. The solvents were dried
using standard procedures. All other reagents were used as received
from commercial sources, unless otherwise stated.

2.2. Characterization

FT-IR spectra were recorded on a Perkin-Elmer Fourier trans-
form infrared spectrometer and measured as KBr pellets. '"H NMR
spectra were determined in CDCl3 and CS, (3:1) with a Bruker DRX
400 MHz spectrometer. Chemical shifts (§) were given relative to
tetramethylsilane (TMS). The coupling constants (J) were reported
in Hz. Elemental analyses were recorded with a Perkin-Elmer 2400
analyzer. MALDI-TOF-MS spectra were acquired using a Voyager-
DE STR MALDI-TOF mass spectrometer (PerSeptive Biosystems)
in the linear positive mode with delayed extraction. Samples
were analyzed using a dichloromethane solution of the sample
(1L) mixed with 10L of dithranol matrix (10mgmL-! in 70:30
CH,Cl,/EtOH) before loading onto a metal sample plate. Experi-
ment course was monitored by TLC. Column chromatography was
carried out on silica gel (100-200 mesh).

2.3. Synthesis of 1

A mixture of Cgp (150mg, 0.23mmol), 9H-fluorene-2-
carbaldehyde (41 mg, 0.21 mmol), and N-methylglycine (82 mg,
0.92 mmol)was refluxed for 10 hin degassed anhydrous chloroben-
zene under nitrogen atmosphere. After solvent removal, the residue
was purified by chromatography with toluene and cyclohexane
as eluent to give a black solid. Yield: 85.5mg, 38.2%. FT-IR (KBr)
v (cm~1): 3011.32, 2991.34, 1591.94, 1500.13, 1410.16, 1311.92,
1210.85,1121.46,1010.24, 831.22, 736.59, 713.24, 521.16; MALDI-
TOF-MS (M*): 940.5; TH NMR (CDCl3 +CS;) 8: 7.98 (s, 1H), 7.80
(d, 2H, J=5.6Hz), 7.73 (d, 1H, J=7.6Hz), 7.50 (d, 1H, J=7.6Hz),
7.32 (t, 1H, J=7.6Hz), 7.27-7.25 (m, 1H), 4.99 (s, 1H), 4.94 (d,
1H, J=4.8Hz), 4.25 (d, 1H, J=8.2Hz), 3.83 (s, 2H), 2.82 (s, 3H);
elemental analysis: found: C 96.87, H 1.47, N 1.53, calculated for
C76H15N: €96.92, H 1.59, N 1.49.

2.4. Synthesis of 2

A mixture of C;p (201.1mg, 0.24mmol), N-methylglycine
(76.1 mg, 0.86 mmol) and 9H-fluorene-2-carbaldehyde (46.6 mg,
0.24 mmol) in dry chlorobenzene (230 mL) was heated at reflux
under nitrogen for 8 h. After cooling the solution to room temper-
ature, when the solvent was removed, the residue was purified
by chromatography with toluene and cyclohexane as eluent to

give a black solid. Yield: 48.1 mg, 18.9%. FT-IR (KBr) v (cm~1):
3017.19, 2987.28, 2911.37, 1601.21, 1498.46, 1407.55, 1319.09,
1116.64, 1008.73, 828.72, 793.86, 745.45, 671.12, 640.18, 471.94;
MALDI-TOF-MS (M*+1): 1060.8; "H NMR (CDCl3 +CS;) §: 8.05 (d,
1H, J=7.6Hz), 7.89 (d, 1H, J=8Hz), 7.79 (d, 1H, J=7.8 Hz), 7.46 (t,
2H, J=7.8Hz), 7.32-7.3 (m, 2H), 4.87 (s, 1H), 4.82 (d, 1H, J=4.8 Hz),
4.18(d, 1H,J=8.2Hz),3.78 (s, 2H), 2.48, 2.58 (major isomer), 2.61 (s,
3H); elemental analysis: found: C 97.29, H 1.31, N 1.36, calculated
for CggH15N: C97.27, H 1.41, N 1.32.

2.5. Z-scans measurements

The nonlinear absorption and refraction were measured by a Z-
scan technique. The laser pulses were produced by a mode-locked
Ti:Sapphire laser (Quantronix, IMRA), which seeded a Ti:Sapphire
regenerative amplifier and focused onto a 1-mm thick quartz
cuvette containing the solutions of these molecules with the mini-
mum beam waist of 21 + 1 wm. The incident and transmitted laser
pulse energy were monitored by moving the cuvette along the
propagation direction of the laser pulses. The Z-scans confirmed
that the samples had surprisingly good photo-stability, which was
verified by indifference between the linear absorption spectra mea-
sured before and after intense laser irradiation in the Z-scans. In
addition, the two-photon absorption coefficients, 8, were extracted
from best fitting the experimental data, and the cross-sections were
then calculated from the definition o, = Bhw/N, where hw is the
photon energy and N is the molecular concentration. The Z-scan
experimental system was calibrated using a piece of cadmium sul-
fide (CdS) bulk crystal as a reference because it possesses large 2PA
at the wavelength of 780 nm and has been well investigated in our
laboratory [16].

2.6. Pump-probe measurement

The time-resolved transient absorption measurement (or
degenerate pump-probe experiment) was carried out using 450 fs
laser pulses at 1kHz repetition rate with lower average power to
minimize accumulative thermal effects. The laser pulses were pro-
duced by the same laser used in the Z-scans described above. To
eliminate any coherent effects, the polarizations of the pump and
the probe pulses were perpendicular to each other. The pump and
probe beams were focused onto the solutions of these samples with
a minimum beam waist of 30 wm. The probe pulse energy was
a small fraction (less than a few percentage) of the pump pulse
energy.

2.7. Computational methods

All of the calculations of the four molecules in this work have
been performed on the Huge computer origin 2000 server cen-
ter using the Gaussian 03 program package [17]. Geometric and
electronic structures of ground and anion states were studied by
B3LYP/6-31G(d). The theoretical energy gaps of these molecules
have been estimated from the highest-occupied molecular orbital
(HOMO) and lowest-unoccupied molecular orbital (LUMO) gaps
and the lowest excited energies, respectively. The compositions of
molecular orbits were analyzed using the GaussView 3.0 program.

3. Results and discussions
3.1. Single-photon absorption
Single-photon absorption spectra (UV-vis) of 1 and 2 were

recorded in air-saturated toluene. Spectral feature of 1 arises from
two optical bands centered at 280 and 431 nm as shown in Fig. 1,
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Fig. 1. UV-spectra of 1 and 2 and the absorption of 1 from 400 to 800 nm.
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Fig. 2. The fluorescent spectra of 1 and 2.

corresponding to the absorption of fluorene and Cgg cage moi-
eties, respectively. As in Fig. 1 of 2, the absorption is markedly
stronger in visible region than that of 1, the broad absorptive bands
can be observed over a wide range in the visible region, with
the main peak at 475 nm and 400 nm, which is similar with that
of pristine C;¢ due to low absorption of fluorene moiety in this
region. The peak located at 280 nm is attributed to the absorp-
tion of fluorene moiety. Meanwhile, to differentiate the molecular
contribution vs the number-sum component contribution to the
measured UV-vis spectra, the absorption of two individual moieties
was independently confirmed by the equivalent model N-methyl-
[60]fulleropyrrolidine and fluorene, and optical bands appeared at
421 nm and 315 nm, respectively, which showed significant shift
of the maximal peaks by comparison of 1, it can be found that cer-
tain interactions exist between fluorene and Cgy/C7¢ moieties. Most
importantly, an additional weak but characteristic long wavelength
absorption band of the Cgg cage centered at roughly 705 nm was
detected in the profile of 1 as shown in the insert of Fig. 1, giving
the confirmation of 1 as Cgg-conjugated structures with a similar
ground to singlet excited-state energy gap.

3.2. Fluorescence properties of 1 and 2

The fluorescence spectra of 1 and 2 in toluene are shown in
Fig. 2 using 421 nm wavelength as excitation. The emissions of 1
and 2 were similar with that of fulleropyrrolidine [18], which was
in agreement with the other experiments, pointing out the absence
of any interaction between the two parts of the dyad in the ground
state. Their maximal emissions of 1 and 2 are located at 717 and
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Fig. 3. Cyclic voltammograms of Cg, 1 and 2 at room temperature.

707 nm, a little shift was found between the two samples, it may
be attributed to strength of the interaction in fullerene C;9 and
Cgo. Fluorescence measurements were also performed in benzoni-
trile, and benzene, giving analogous profile figures. That means that
these dyads did not show solvent effects by different polar solvents.

3.3. Electrochemistry properties

The electrochemical behaviors of 1, 2 and Cgg, using benzyl
cyanide as solvent at room temperature and BuyNBF, as the elec-
trolyte, were characterized by cyclic voltammetry (CV). Fig. 3
shows the cyclic voltammograms in comparison with pristine
fullerene (Cgg). Although there were possible electronic inter-
actions between the fullerene moieties, only three couples of
reversible redox waves were observed in the accessible potential
window of the solvent under the present conditions for 1 and 2. The
three well-defined redox waves (1, 2, and 3 in Fig. 3) observed for 1
and 2 shifted toward more negative potentials relative to pristine
fullerene. This may be because of the predominantly inductive elec-
tronic interactions from the fluorene moiety, and/or the decrease
of mm-delocalization on the fullerene cage due to the introduction
of two sp3 carbon atoms. For 1 and 2, the formal potentials of the
first, second and three redoxes wave shifted cathodically compar-
ing with the [60]fullerene, which strongly suggests the existence
of electronic interplays between [60]fullerenes and fluorene moi-
eties in the excited-states. Otherwise, comparing 1 with 2, the first
redox wave of 2 shifted cathodically, it can be seen that the inter-
plays between [70]fullerene and fluorene moieties were stronger
than that of 1.

3.4. Two-photon absorption (2PA) properties of 1 and 2

In the present study, the two-photon absorptive properties of 1
and 2 dissolved in CS, were investigated with femtosecond open-
aperture Z-scans methods at 780 nm. The open-aperture Z-scan
experimental system was calibrated using a piece of cadmium sul-
fide bulk crystal because this sample possesses large 2PA at the
wavelength of 780 nm and was well investigated in our labora-
tory. The nonlinear optical properties of 1 and 2 are summarized in
Table 1. Since the neat carbon disulfide showed large two-photon
absorption in 780 nm, we also measured nonlinear absorption coef-
ficient of carbon disulfide and give the value of 0.096 cm/GW, which
was a similar range as the paper published recently [19]. Their
open-aperture Z-scans results with concentration 0.001 M are plot-
ted in Fig. 4 with three different incident intensities.

AsshowninFig. 4,1 and 2 displayed positive signs for absorptive
nonlinearities. According to the Z-scan theory for 2PA, we plotted
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Table 1
Measured 2PA coefficients () and two-photon absorption cross-section values (o)
of compounds 1and 2 (ﬂsolution =ﬁsolute +ﬂsolvent )

Compound/ [CIM Bsolution Bsolute 02
solvent (cm/GW) (cm/GW) (x10% GM)
CS; 0.096
1 1.0x10°2 0.128 0.032 1.4
1.0x103 0.118 0.022 9.3
1.0x10% 0.102 0.006 254
2 1.0x10"2 0.138 0.042 1.8
1.0x103 0.126 0.03 12.7
1.0x10* 0.106 0.01 424
1.05 @
a
1.00

0.85
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50

1in 0.001IM

1 in concentration =109
0.001M with 780 nm

w180 GW/en®
® 1.=96GWem'
A 1 =111 GW/em®

Normalized Transmittance

1.05
1.00
0.95

®)

2in 0.001M
0.90
0.85
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omd2in i 115
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Fig. 4. Open-aperture Z-scans of 1 and 2 in CS2 with concentrations of 0.001 M.

the absorbance (1 — Tpa) (Where Tpp is the open-aperture transmit-
tance) as a function of the maximum laser intensity on the Z-axis.
The slopes of 1 and 2 were about one, which indicated the pres-
ence of 2PA in these dyads. The calculated values of 2PA coefficient
(B) were 0.022 and 0.03 cm/GW for 1 and 2, respectively, and the
2PA cross-sections (03) were then derived as 930 and 1270 GM
from o3 = hwf|N, where N is the dyads densities. The imaginary
part of the third-order nonlinear susceptibility of these dyads can
be calculated through the relation Im x®) = c¢Zn2 8 (m/W)/2407%w,
where ng is the linear refractive index, c is the velocity of light in
vacuum, and o is the angular frequency of the light field. We cal-
culate the values of X§3) for 1 and 2, which are 9.16 x 1015 and
1.25 x 10~ % esu, respectively. Then, we compared the 2PA cross-
sections of these dyads and found that the o, value and XE” of
2 were improved about 35% by using [70]fullerene structure with
the same substituent of 1. We can conclude the strong electron-
accepting group of C7¢ can enhance significantly 2PA cross-section
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Fig. 5. Concentration dependence of 2PA cross-section values of 1 and 2.
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Fig. 6. Irradiance independence of 2PA cross-section values profile of 2.

in the fullerene molecules system. Comparing the structure of 1
and 2, we can find that the nonlinear responses are attributed form
fullerene (Cgp, C70) unit. The determined roles of fluorene and the
electron-accepting abilities of fullerene are calculated by Gaussian
03 software with B3LYP methods.

Consistent with the previous report [16] the 2PA cross-sections
increase largely in a consistent trend, as the solution concentration
is decreased from 102 to 10~4 M as shown in Table 1 and Fig. 5.
Such concentration dependence has been attributed to molecule
aggregation. Interestingly, with the high concentration (10~2 M),
the values of o, are relatively close to each other in 1.4 x 102
and 1.8 x 102 GM, respectively, which indicate that the degree of
molecule aggregation in the compounds 1 and 2 is almost the same
due to the similar molecular structures. By decreasing the concen-
tration to 10~3 M, the 2PA cross-sections (o) increase to 9.3 x 102
and 12.7 x 102 GM, the values of 1 and 2 increase about seven times
by comparing values of these dyads in concentration of 0.01 M.
As the concentration decreases to 10~4 M, the degree of molec-
ular separation increases at the low concentration. An increasing
trend is observed form Fig. 5 and the 2PA cross-section increases
t0 25.4 x 102 and 42.4 x 102 GM for 1 and 2.

As the scattering effects and exited-states absorption caused by
high irradiance may influence the accuracy of overall 2PA cross-
sections measured, we undertook the Z-scans of 1 and 2 in CS,
with different irradiance. As an example, the results of 2 are shown
in Fig. 6, and 1 also exhibited similar behaviors. We found that
the measured o, values apparently remain nearly constant in a
straight line across the irradiance range from 64 to 122 GW cm~2
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Fig. 7. The closed-aperture Z-scans of 1, 2 and CS;.

within the experimental errors with three different concentra-
tions, confirming the independence of the laser intensity, which
can be interpreted as the scattering and excited-state absorption,
in particular singlet excited-state absorption, are negligible in our
experiments.

3.5. Nonlinear refractive indexes of 1 and 2

Closed-aperture Z-scan experiments of 1 and 2 confirm that they
exhibited positive nonlinearity (Fig. 7) and solvent showed the neg-
ative signal. In the experiment, we find that the measured n, values
of 1 and 2 were also independent of the irradiance by analyzing the
results of closed-aperture Z-scans, which rules out the occurrence
of higher-order refractive nonlinearities. Owing to the large non-
linear refractive index of CS,, in order to extract the n, values of
samples, we assumed a solution of noninteracting molecules. More-
over, the effective refractive nonlinearity in a pairwise additive
model is given by 1y solution = (1 = f)IN2 solvent +fM2,solute, Where f
is the dilute solution containing a mole fraction of solute, and
N3 solvent aNd 13 sojyte are the nonlinear refractive indices of solvent
and solute, respectively. In our experiments, the value of fis ~1.2%,
and the n, is —3.51 x 10~7 cm2/GW, in a similar range with the
reported ones. The intrinsic nonlinear refractive indices, ny soute.
obtained for 1 and 2 were 4.72 x 107> and 4.8 x 10~> cm2/GW,
respectively. The real part of the third-order nonlinear susceptibil-
ity of these dyads can be calculated by the relation of Re x(3) (esu) =
cn3ny soiute (M?/W)[12072, where ng is the linear refractive index,

and cis the velocity of light in vacuum. The measured values of XE?)

for 1 and 2 were 3.17 x 10-12 and 3.22 x 1012 esu, respectively. To
estimate the contribution of one molecule to the third-order opti-
cal nonlinearity, it was convenient to define molecular nonlinear
properties, which are termed molecular second-order hyperpolar-
izability yg. The yg value is given by yg = XE;3)/NL4, where L is the

0.00012
I—— Compound 2
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—— Compound 1
0.000084 Fit curve of 1
=]
é 0.00006 -
=}
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0.00002
0.00000
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Fig. 8. Transient transmission measurements of 1 and 2.

local field factor expressed by L = (n% +2)/3, and N is the density
of molecules in the unit of number of molecules per cm3. The cal-
culated values of yg at 780 nm for 1 and 2 were 9.1 x 10-34 and
9.3 x 1034 esu, respectively. The yg values were in the same order
of magnitude as the measurement by Zhao et al. [20] for fullerene
derivatives. By comparing the yg of 1 and 2, we can find clearly the
values of yr were very near owing to the similar structures of 1 and
2.

3.6. Pump-probe properties of 1 and 2

To study more details about the observed nonlinearities, we
also conducted a degenerate pump-probe experiment with 450 fs,
780 nm laser pulses close to the 2PA peak positions of 1 and 2 in
toluene solution. As shown in Fig. 8, the relaxation process may
be described quantitatively by using a double-exponential fitting:
AT|T = Ay exp(—t/t1) + Az exp(—t/13), where the fastest compo-
nent, 71, about 0.45 ps, is found to be independent of the pump
intensity and is interpreted as the auto-correlation between the
pump and probe pulses. The slowest component, t1, on the picosec-
ond scale is attributed to radiative, band-to-band recombination.
The maximum transmittance change (AT/T) in these solutions was
found to be positive changes, showing reverse saturation absorp-
tion. In the meanwhile, we also found the magnitude of AT/T of
these samples was consistent with the order of 2>1, in agreement
with that of the previously discussed Z-scans. Furthermore, the
response time of these samples was evaluated tobe 1.52 and 1.71 ps
for 1 and 2, respectively. In this time scale, it would be impossi-
ble for intramolecular energy transfer from the side group moiety
to the fullerene moiety. Furthermore, it would be impossible for
triplet excited-state absorption to occur since typical inter-system
crossing times between singlet and triplet excited-states are a few
nanoseconds. All these experiments assured that the measured o
values result mainly from TPA processes.

3.7. Theoretic calculation of 1 and 2

Owing to monofunctionalization of C;¢ preferentially affords
three kinds of isomers, C(1)-C(9) adduct (2a), with the (C7)-C(8)
adduct (2b) being the second most favored, consequently,
C(22)-C(23) adduct (2c), we used theoretical methods to inves-
tigate the relationships of these isomers. Meanwhile, their
electron-accepting abilities were also predicated in 1 and 2 by
adding an electron to these dyads during the optimization. Fig. 9
plots the optimized structures of 1 and 2 by DFT method with
B3LYP/6-31G (d,p).

The optimized energies, methods, dipolar and point groups of 1
and 2 are summarized in Table 2. As shown in the table, all of three
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isomers’ energies of 2 were lower than that of 1, which can be found
that electron-accepted (EA) ability of C;g was stronger than that of
Cgo with the same conditions. Then, the isomers’ energies of 2a and
2b in Table 2 were almost the same, which proved the activities of

Table 2

bonds C(1)-C(9) and (C7)-C(8) in the C;¢ surface were also simi-
lar when the C;g reacted with other moieties. However, in 2c, the
energy was —90869.83 eV, which was about 0.8 eV higher than that
of 2a and 2b, the reaction at bond C(22)-C(23) was worse than that

The methods, energies, dipolar and point groups of compounds 1 and 2 in ground states and anion states.

Method Energy (eV) Dipolar (D) Point group
2ain ground state B3LYP/6-31G(d,p) -90870.64 4.2686 Cc1
2ain anion state B3LYP/6-31G(d,p) —90872.65 8.4662 C1
2b in ground state B3LYP/6-31G(d,p) —90870.51 4.0149 C1
2b in anion state B3LYP/6-31G(d,p) -90872.52 9.1799 C1
2c in ground state B3LYP/6-31G(d,p) —90869.83 3.5424 Cc1
2c in anion state B3LYP/6-31G(d,p) -90872.03 7.485 C1
1in ground state B3LYP/6-31G(d,p) —80503.61 3.2438 C1
1in anion state B3LYP/6-31G(d,p) —80505.59 8.7343 C1
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of C(1)-C(9) and (C7)-C(8) in the C7¢ surface, but it can still exist
stably in the system. Furthermore, it also proved why there were
three isomers in 2. In order to investigate the EA properties of 1 and
2, their anion states (AS) were optimized and results showed, all the
energies of anion states were lower than that of ground states (GS).
The energies of 1 and 2 in GS and AS were about 2.07 and 1.98 eV,
respectively, displaying strong electron-accepting abilities with the
order of 2>1, which was in good agreement with the experimental
results of CV.

As fluorene can act as a spacer, electron acceptor and an energy
transductor, we plotted the electronic density distributions of
HOMO, HOMO - 1, LUMO and LUMO + 1 of 1 and 2 in Fig. 10. Three
isomers have almost the same HOMO and LUMO energies with
HOMO-LUMO gaps in the range from 2.31 to 2.5eV. Their elec-
tron densities of the LUMO and HOMO were almost the same and
localizes in the fullerene sphere, which indicated there was no
interaction between the fullerene and fluorene in ground states.
Therefore, the fluorene only act as an energy transductor in 1 and
2.

4. Conclusions

We synthesized two new fullerene—fluorene dyads, N-methyl-
2-(2-fluorenyl)-3,4-[60]fuller-pyrrolydine (1) and N-methyl-2-
(2-fluorenyl)-3,4-[70]fullerpyrrolydine (2) for the third-order
nonlinear optical materials. Their nonlinear optical properties were
investigated by Z-scan technique such as two-photon absorption
cross-sections (o3 ), nonlinear refractive indexes (n,), microscopic
second-order hyperpolarizabilities (yg) and third-order nonlinear
susceptibilities (XP) and X?))- The concentration dependence of 1
and 2 were studied and it was found that the value of a% increased
with decreasing the concentration. Meanwhile, the XP and o5 in
2 increased above 35% due to using [70]fullerene structure than
that of 1. Electrochemical properties were also studied by cyclic
voltammetry and showed interactions existing between fullerene
and fluorene moiety in the excited-states. Furthermore, the EA abil-
ities of Cyq, Cgp and the functions of fluorene in 1 and 2 were also
predicated by DFT methods with B3LYP, results showed that fluo-
rene moiety acted as transductor in these dyads with the order of
2>1.
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