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The photophysical properties of two amingy@erivatives, which are adducts ogd3wvith N,N-dimethyl-
1,2-ethylenediamine andggwith piperazine, were studied systematically. The results show that there is
intramolecular n (amino groups) to* (photoexcited fullerene cage) electron transfer in the aminofullerene
molecules. The photoinduced electron transfer can be observed only in a polar solvent environment for the
first compound and also in polarizable solvents for the second compound. As a result, the fluorescence
quantum yields and lifetimes and the nonlinear absorptive optical limiting responses of the agdeav@tives

are strongly solvent dependent. Charge-transfer excited states are formed following electron transfer in both
compounds, but only that of the second compound is emissive. There is also evidence for delayed fluorescence
in polar solvents, which is probably due to the vertical excited singlet state repopulated from the charge-
transfer excited state. However, the fluorescence quenchings and effects on optical limiting in polar solvents
can be eliminated through protonating amino groups in the molecules by adding a small amount of
trifluoroacetic acid into the sample solutions. Although the intramolecutarr*nelectron transfer in
aminofullerenes shares some characteristics with the classical twisted intramolecular charge transfer in molecules
represented byp-N,N-dimethylaminobenzonitrile, the aminasgderivatives are in fact better classified as

redox dyads. Since electron donor (amino groups) and acceptor (fullerene cage) are linked directly through
only sp carbons, these are the simplest dergpacerfullerene dyads. In more quantitative treatments,
electron-transfer rate constants for the amingderivatives under different solvent conditions were correlated

with the solvent microscopic polarities, which were estimated using the strongly solvatochromic molecular
probe 6-propionyl-24{,N-dimethylamino)naphthalene.

Introduction toluene and Cgor in a solvent mixture containing a small

Photoinduced electron transfer and charge separation havé‘ractlon of a polar component such as THF or methylene

i 13 _

been studied extensively. Among classical examples for chlorldg. It was concludeq that the extreme solvent depen
. N dence is related to the polarity and polarizability of the solvent
intramolecular r-z* electron transfer are molecules represented " . .

. - L rather than to specific fullereresolvent interactions®> The
by N,N-dimethylaminobenzonitrile (DMABN) that undergo conclusion is consistent with recent results concerning emissive
twisted intramolecular charge transfer (TICT) upon photoexci- excinlexes of methano- or pyrrolidino g:derivativeg and
tation3=° In the TICT molecules, twisting in the excited state P by °

. . . . aromatic amine$®16 For the Gg derivatives, emissions from
that results in essentially an orthogonal relationship between . . . . .

" . . the fullerene-amine exciplexes can be observed in both aliphatic
the n andz* orbitals and a polar solvent environment are

necessary for the electron transfer and the formation ofac:harge-anOI aromatic hydrocarbon solvents. However, the exciplex

transfer excited state. In addition, electron-withdrawing sub- emissions are completely quenched in a somewhat more polar
- o . C solvent environment such as a hexane/acetone or toluene/
stitution on thesr moiety is typically required:

N acetonitrile solvent mixturé&>16

Fullerenes are excellent electron acceptors, especially in the . . .
photoexcited statés® Fluorescence emissions of fullerene  Recently, studies of photoinduced intramolecular electron
molecules are quenched efficiently by electron donors such astransfer in fullerene-based dyads and triads with different donors
aromatic amine&:4 Stern-Volmer piots for quenchings of ~ and bridges (or spacers) have been repdrtett. Issues under
fullerene fluorescence intensities by aromatic amines often COnsideration include mechanistic details on quenchings of
exhibit significant upward deviations even at moderate quencherfunerene excited states through intramolecular electron transfer
concentrations, and the deviations are attributed to contributions@nd effects of the bridge length and geometry on the electron-
of static quenching®2 A somewhat special feature in the transfer process. In addition, photoinduced intrapolymer elec-
photoinduced fullereneamine electron transfer is the extremely tron transfer and its solvent dependence in fullerene-containing
strong solvent dependence. In aliphatic hydrocarbon solventsP0lymeric materials have also been studie#?. Here we report.
such as hexane and methylcyclohexane, quenchingga@ a systematic molecular spectroscopic investigation of two amino-
Crofluorescence intensities by aromatic amines are accompanied-eo derivatives concerning the photoinduced nontwisting in-
by the formation of emissive exciplex2® However, exciplex tramolecular r-sr* electron transfer in the molecules and the
emissions are absent for the same fullereamine s,ystems in high sensitivity of the electron-transfer process to changes in

solvent environment. The results are compared with those of

* Current address: Aero Propulsion and Power Directorate, Wright @ PYrrolidino-Gg derivative in which the electron-transfer

Laboratory, Wright-Patterson Air Force Base, OH 45433. process is absent. The difference in der@cceptor interactions
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between the amino- and pyrrolidinos€erivatives, which all Pyrrolidino-C g9 Derivative 1ll . The compoundll was
contain amino groups, is discussed in terms of their molecular obtained from a photochemical reaction ofo@vith triethyl-
structures calculated using both semiempirical and ab initio amine in toluene solution. The purification and structural
methods. Since there are no ground-state interactions betweercharacterization of the compound have been reported else-
amino groups and the fullerene cage in the molecules, the amino-where28

Ceo derivatives are in fact better classified as electron denor Measurements. Absorption spectra were obtained using a

acceptor dyads with one of the simplest bridges. Thus, the ;ompyter-controlled Shimadzu UV2101-PC spectrophotometer.
aminofullerene molecules may serve as models for more gission spectra were recorded on a Spex Fluorolog-2 photon-
complex fullerene-based redox systems. counting emission spectrometer equipped with a 450-W xenon
source, a Spex 340S dual-grating and dual-exit emission
monochromator, and two detectors. The two gratings are blazed
Materials. Cgo (purity > 99.5%) was obtained from Bucky-  at 500 nm (1200 grooves/mm) and 1000 nm (600 grooves/mm).
USA and was used without further purification. All solvents The room-temperature detector consists of a Hamamatsu R928P
are of spectrophotometry grade. Because there is no interferencg@hotomultiplier tube operated at950 V, and the thermoelec-
of possible impurities in the wavelength range of interest trically cooled detector consists of a near-infrared-sensitive
according to absorption and emission spectroscopic measureHamamatsu R5108 photomultiplier tube operated #500 V.

Experimental Section

ments, the solvents were used as received. In fluorescence measurements, a Schott 540 nm (GG-540) or
Amino-Cgq Derivatives | and II. The compound was 610 nm (RG-610) color glass sharp-cut filter was placed before
prepared in the photochemical reaction ofoGind N,N- the emission monochromator to eliminate the excitation scat-

dimethyl-1,2-ethylenediamine. The photoirradiation was carried tering. Minor distortion at the blue onset of the observed
out using an ACE Glass Co. ACE-7861 type immersion well fluorescence spectra due to the filter was corrected by use of
photochemical reaction assembly equipped with a 450-W the transmittance profile of the filter. The slit of the excitation
Hanovia medium-pressure mercury lamp. A solution of 518 monochromator was 5 mm (19 nm resolution). For the emission
mg (5.9 mmol)N,N-dimethyl-1,2-ethylenediamine in 40 mL  monochromator, a wide slit of 5 mm (19 nm resolution) was
of toluene was added dropwise with stirring to a solution of ysed in fluorescence quantum yield measurements to reduce
580 mg (0.81 mmol) of € in 260 mL toluene in the reaction  experimental uncertainties, and a narrow slit of 0.5 mm (2 nm
vessel. The solution mixture was purged with dry nitrogen gas yesolution) was used in fluorescence spectral measurements to
for ~1 h before photoirradiation, and the loss of solvent during yetain structures of the spectra. Unless specified otherwise,
the nitrogen purging was prevented by attaching a condensersorescence spectra were corrected for nonlinear instrumental
to the outlet of the reaction vessel. An aqueous solution of rasnonse by use of predetermined correction factors. The
potassium chromate (0.1 g/mL) was used as a liquid cutoff filter . yection factors for the emission spectrometer were carefully

(505 nm). The photoirradiation was continued for 70 min under yetermined using a calibrated radiation standard from Optronic
a nitrogen atmosphere. The solution was then put on a rotavap| shoratories

to remove the solvent toluene. The solid reaction mixture was

extracted repeatedly using €SThe C$ solution was then Fluorescence decays were measured using time-correlated

concentrated and separated on a silica gel column using hexane?inglfe photon counting (TCSPC_)_metho_d. The TC.SPC setup
50% viv toluene, methylene chioride, and then methylene consists of a Hamamat_su stabilized p|_cosecond light pulser
chloride-0.8% v/v methanol as eluents, yielding 150 mg of (PLP-02) as the excitation source, which produce33 ps

the amino-G derivativel (23% yield). The compound was (fwhm) light pulses at 632 nm Wlt.h a repetition rate of 1 MHz.
positively identified by matrix-assisted laser desorption ioniza- Fluorescence decays were monitored through a 695 nm color
tion time-of-flight (MALDI-TOF) MS and proton an&C NMR glass sharp-cut filter. The detector consists of a Hamamatsu
characterization® R928P photomultiplier tube operated-at kV using an EG&G

The amino-Go derivative Il was prepared in a similar ~ Ortec 556 high-voltage power supply. The detector electronics
photochemical reaction of ¢ with piperazine in toluene  from EG&G Ortec include two 9307 discriminators, a 457
solution. The separation and purification procedures are the Piased time-to-amplitude converter, and a 916A multichannel
same as those used for The Compoun(m was also positive|y analyzer. The instrument response function of the setup has a
identified by MALDI-TOF MS and NMR characterizatioR%27 fwhm of ~1.2 ns. Fluorescence lifetimes were determined from
observed decay curves and instrument response functions
through deconvolution by use of the Marquardt nonlinear least-
squares method.

The setup for optical limiting measuremeiit¥ consists of
a Continuum Surelite-I Q-switched Nd:YAG laser operated in
the single-shot mode. The infrared fundamental was frequency-
doubled to generate the second harmonic at 532 nm. It was
isolated by use of a Surelite harmonic separation package. The
maximum energy at 532 nm is 160 mJ/pulsehwdt5 nspulse
width (fwhm). The laser output was varied in a range of-10
160 mJ/pulse using a waveplate/polarizer combination. The
laser beam has a diameter of 6 mm, corresponding to energy

The samples used in spectroscopic measurements werelensities of 0.0350.57 J/crd. A Galilean style telescope
purified through repeated washing with toluene on a short silica consisting of a planoconcave lens and a planoconvex lens was
gel column. The sample purity was checked in HPLC analyses used to reduce the laser beam waist to 3 mm in diameter for
using a BuckyCluch column (Regis Technologies, Inc.), and higher energy densities up to 2.2 J&mA Scientech Mentor
only one peak was found for each of the samples. MC2501 calorimeter and a MD10 meter were used as the




7582 J. Phys. Chem. A, Vol. 102, No. 39, 1998 Sun et al.

5000 : , :
T 4000 |-
| E \ § i
TU ] B -
= 2
~ 3000 |- 2
ey 2 L 4
: ol
& g 1 1 I
g 2000 - = 600 700
fie)
N g
~ 5 L
= Z
S 1000 |
\_\k:‘.
0 L 1 e
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
Figure 1. Absorption spectra of the aminos§derivatives! (-« -) Figure 2. Absorption spectra of in hexane {), toluene (---),
and Il () and the pyrrolidino-G derivative Il (---) in room- chloroform ¢-+), o-dichlorobenzene (- -), and CS (- - -). Shown in
temperature toluene. Shown in the inset are absorption and fluorescencdh® inset are absorption spectraloin toluene/acetonitrile mixtures
spectra of the molecules in room-temperature hexane. \(Nlth)acetomtnle volume fractions of 6(), 10 (- - -), 20 €-+), and 30%

detector. Solution samples were measured in a cuvette with a .
2 mm optical path length. ! H

Computations for optimized geometries of the aming-C “
derivatives were carried out on a Silicon Graphics workstation. B
The semiempirical and ab initio calculations were performed
in the environment of commercial software packages Spartan
(version 3.0) from Wavefunction Inc. and Gaussian-94 from
Gaussian Inc.
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Results
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UV/vis Absorption. UV/vis absorption spectra of the amino-
Ceo derivatives andll in toluene at room temperature (22)
are shown in Figure 1. The two spectra show similar features,
with the weak 6-0 absorption band at695 nm in both spectra.
Also shown in Figure 1 for comparison is the absorption
spectrum of pyrrolidino-gp derivativelll in toluene. While
the amino- and pyrrolidino-§g derivatives share some common
absorption features, an obvious difference is that the sharp 400 500
absorption peak at430 nm in the spectrum of the pyrrolidino-

Ceo derivative is absent in the spectra of aming-@erivatives Wavelength (nm)
(Figure 1). Figure 3. Absorption spectra df in methylcyclohexane<), toluene

Absorption spectra were also measured for the amigo-C (- ). chloroform ¢--), o-dichlorobenzene (- -), and C$ (- - -). Shown
dervaived andil in  seres of sovents of diferent polarties 1112 1%L are Ssoreian setiloln methieyelonesanelaceone
and polarizabilities and in solvent mixtures. Shown in Figure g, ).

2 are absorption spectra bin several representative solvents

and in toluene/acetonitrile mixtures. The absorption spectra arederivativelll in room-temperature hexane. The spectrum is
apparently insensitive to solvent changes, except for minor similar to that of the amino-§ derivativel. As expected,
solvatochromic shifts and a better spectral resolution in hexane.fluorescence spectra of all three compounds are excitation
The results forl in different solvents are similar (Figure 3). wavelength independent.

Fluorescence Spectra Fluorescence spectra of the amino- Solvent effects on the fluorescence spectral profile were
Ceo derivatives were measured in room-temperature hexane. Theexamined systematically by measuring fluorescence spectra of
spectrum ofll shows fine structures, with peaks at 699, 709, | andll in solvents of different polarities and polarizabilities
734, and 780 nm and a shoulder&80 nm, but the spectrum  and in solvent mixtures. For compouhdbserved fluorescence
of | is considerably broader (Figure 1, inset). However, spectra are insensitive to changes in solvent environment, except
fluorescence spectra of both compounds are in the samefor some solvatochromic shifts (Figures 4 and 5). However,
emission wavelength region, and the spectra are in excellentfluorescence spectra of the compouhdare more strongly
mirror image relationships with their corresponding absorption solvent dependent. As shown in Figure 6, the fluorescence
spectra (Figure 1, inset). Also shown in the inset of Figure 1 spectrum ofll in the methylcyclohexane/acetone (10%, v/v)
for comparison is the fluorescence spectrum of pyrrolidige-C  mixture is not only broader but also more intense at the longer
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Figure 6. Absorption (the inset) and fluorescence spectrdl oin
methylcyclohexane (MCH;-) and mixtures of MCH/10% acetone
(---), MCH/10% acetone2% TFA (---), and MCH-2% TFA

Figure 4. Fluorescence spectra bfin hexane {-), chloroform ¢--),
o-dichlorobenzene (~ -), and CS (- - -).
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TABLE 1: Fluorescence Quantum Yields and Lifetimes of |
i under Different Solvent Conditions
b dielectric Dr TF1 T2
B [ solvent constart  (x 10 (ns) (ns)
=
9 hexane 1.89 11 14
g L toluene 2.38 91 13
o o-xylene 2.57 10 13
g 1,2,4-trimethylbenzene 2.26 10 1.4
o L 700 800 900 1000 1,2,3,5-t¢_atramethylbenzene 2.29 10 1.4
® carbon disulfide 2.64 70 b1
b chloroform 481 85 12
S L THF 7.58 20 017 15
[ dichloromethane 8.93 53 054 14
dichloromethane+ 1% TFA 8.3 13
- dichlorobenzene 9.93 66 20
toluene+ 5%(v/v) acetonitrile 4.00 6.2 059
e toluene+ 10%(v/v) acetonitrile 5.74 40 032 14
y toluene+ 20%(v/v) acetonitrile 9.09 22 016 1.2
700 800 300 1000 1100 toluene+ 30%(v/v) acetonitrile ~ 12.5 1.7
toluene+ 40%(v/v) acetonitrile 15.8 1.3
w 1 th i
avelength (nm) toluene+ 40% acetonitrilet 9.0 15

Figure 5. Fluorescence spectra (normalized in the inset)iotoluene/
acetonitrile mixtures with acetonitrile volume fractions of €)( 5
(=—=7),10(---), 20 ¢+*), 30 (- -), and 40% (=* -).

1% TFA

a Dielectric constants of the binary solvent mixtures were estimated
by algebraic averaging based on mole fractidridecay was decon-
voluted using a monoexponential equation because the contribution of

wavelength side in comparison with the spectrunil aih neat longer-lived emission is negligible.

methylcyclohexane. For the pyrrolidinos§Xerivativelll , the

solvent dependence of the fluorescence spectral profile is similarin dichloromethane (5.% 104) is only about half of those in

to that forl, with the observed spectra exhibiting only minor hexane and toluene. The solvent polarity dependence of the

solvatochromic shifts from solvent to solvent. fluorescence quantum yield is more clearly demonstrated by
Fluorescence Quantum Yields Fluorescence quantum the results of in a series of toluene/acetonitrile mixtures. As

yields of the amino-g derivatived andll in room-temperature  the acetonitrile volume fraction in the mixtures increases from

hexane were determined in reference to that gf (@ = 3.3 0 to 40%, the fluorescence quantum yield lofdecreases

x 1074).31 Both| andll are more fluorescent thane§ with monotonically from 9.1x 104 to 1.3 x 104 (Table 1).

their fluorescence quantum yields larger than that gf 16y Fluorescence quantum yields of compouhdre apparently

approximately a factor of 3, which is typical for manyoC even more solvent sensitive. While the results in hexane and

derivatives includindll 153032 However, while the fluorescence  methylcyclohexane are the same, the fluorescence yields become

quantum vyield of the pyrrolidino-§ derivative lll is little much smaller even in toluene and other solvents of methyl-

affected by changes in solvent conditidisfluorescence substituted benzenes (Table 2). In polar solvents, fluorescence

quantum vyields of both aminogg derivatives| and Il are guantum yields ofl are all significantly lower than those in

strongly solvent dependent. As summarized in Table 1 for hexane and methylcyclohexane. The solvent polarity depen-

under different solvent conditions, fluorescence yields are dence of the fluorescence quantum yield is also more evident

generally smaller in more polar solvents. For example, the yield for Il in polar solvent mixtures. When a small amount of polar
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TABLE 2: Fluorescence Quantum Yields and Lifetimes of

Il under Different Solvent Conditions

dielectric [oF3 TF1 TF2

solvent constart  (x 10% (ns)  (ns)
hexane 1.89 10 1.3
methylcyclohexane (MCH) 2.02 10 1.3
toluene 2.38 1.9 032 1.7
o-xylene 2.57 25 041 1.7
1,2,4-trimethylbenzene 2.26 35 041 14
1,2,3,5-tetramethylbenzene 2.29 4.5 052 16
carbon disulfide 2.64 5.7 1.0 14
chloroform 4.81 3.9 044 16
THF 7.58 <0.5 <01
dichloromethane 8.93 <0.5 <01
dichlorobenzene 9.93 ~1.0 0.2 1.7
hexanet 10%(v/v) THF 2.76 3.7
hexanet 10%(v/v) acetone 4.98 1.7
hexanet 10%(v/v) ethanol 6.40 4.2
MCH + 10%(v/v) acetone 5.02 1.3 032 1.7
MCH + 10%(v/v) acetone- 8.3 1.4

Sun et al.

T T T T T

Toluene

1%(v/v) TFA

a Dielectric constants of the binary solvent mixtures were estimated
by algebraic averaging based on mole fractions.
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Figure 7. Fluorescence lifetimes dfin the toluene/5% acetonitrile
mixture ©) and fluorescence quantum yieldsl af toluene/acetonitrile
mixtures with 5% ¢) and 20% [d) acetonitrile at different tempera-
tures.
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Figure 8. Fluorescence decays bfinder different solvent conditions.
The solid lines are the best-fit results.

solvent mixtures at room temperature. Like fluorescence
guantum yields, fluorescence decays$ andll are both strongly
solvent dependent. For compouhdhe fluorescence lifetime

in toluene (1.3 ns) is only slightly shorter than that in hexane.
However, the lifetime becomes progressively shorter as the
toluene solution is titrated with a polar solvent (Table 1).
Similarly short fluorescence lifetimes were obtained Fan
polar solvents such as THF and dichloromethane. In addition,

under polar solvent conditions, the fluorescence decays become
solvent is added to the hexane or methylcyclohexane solutiondifficult to be treated using a monoexponential equation and
of I, the fluorescence quantum yield decreases substantially.the presence of a longer-lived component in observed fluores-
For example, the fluorescence yield Ibfin the methylcyclo- cence decays becomes evident. In dichloromethane, for ex-
hexane/acetone (10%, v/v) mixture is only 13% of that in neat ample, the decay curve can be deconvoluted well from the
methylcyclohexane (Table 2). corresponding instrumental response function using a biexpo-

Fluorescence quantum yields ofin toluene and in the  nential equation, with lifetimes of 0.54 and 1.4 ns for the short-
toluene/acetonitrile mixtures with 5% (v/v) and 20% (v/v) and long-lived components, respectively (Figure 8). Under even
acetonitrile were also determined as a function of temperature.more polar solvent conditions, such as toluene/acetonitrile
While fluorescence yields df in toluene do not change with  mixtures with acetonitrile volume fractions of 30% and 40%,
temperature, the yields in the toluene/acetonitrile mixtures show the fluorescence becomes very weak and the decays are too
steady increases with increasing temperature (Figure 7). fast for our spectrometer.

Fluorescence Lifetimes Fluorescence decays of the amino- Fluorescence lifetimes df under different solvent conditions
Cso derivatives| and Il in room-temperature hexane and are summarized in Table 2. While there are clearly similarities
methylcyclohexane were measured. The decay curves can ben the solvent dependence of fluorescence decays betleen
deconvoluted from their corresponding instrumental responseand Il , the solvent effects are apparently more extreme for
functions using a monoexponential equation (Figures 8 and 9). compoundll . In particular, the fluorescence decay lbfin
The fluorescence lifetimes thus obtained are 1.4 nd fand toluene is already biexponential, with a lifetime of only 0.32
1.3 ns forll , which are similar to those of othergderivatives ns for the short component, which accounts for the bulk of the
with the fullerene cage monofunctionalizE&e¢%32:33 To examine observed fluorescence intensities. Fluorescence decals of
solvent effects on fluorescence lifetimes in a systematic fashion, in other polarizable and polar solvents are also biexponential.
fluorescence decays dfandll were also measured in a series Lifetimes of the short fluorescence component are different
of solvents of different polarities and polarizabilities and in polar under different solvent conditions, and lifetimes of the long
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Figure 9. Fluorescence decays bfunder different solvent conditions.
The solid lines are the best-fit results.

fluorescence component vary in a relatively narrow range of
1.4-1.7 ns (Table 2).
Fluorescence decays of compourid the toluene/acetonitrile

(5%, v/v) mixture were also measured at different temperatures.

As shown in Figure 7, fluorescence lifetimes obtained from the
decays are essentially temperature independent.

Optical Limiting . Optical limiting responses of compound
I in chloroform solution (linear transmittande= 55%) toward

J. Phys. Chem. A, Vol. 102, No. 39, 1998585
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Figure 10. Optical limiting results of in chloroform ©), chloroform/
20% acetonitrile 4), and chloroform/20% acetonitrile/1% TFA) at
room temperature.

Adding TFA to the solutions of in dichloromethane and the
toluene/acetonitrile mixture also significantly changes the
fluorescence yields and lifetimes of the compound. In the
dichloromethane TFA and toluene-acetonitrile-TFA mixtures
with TFA volume fraction of 1%, the fluorescence quantum
yields of | become 8.3« 1074 and 9x 1074, respectively. The
fluorescence yields are close to that in neat toluene and much
higher than those in the absence of TFA (Table 1). While the
fluorescence decay ofin dichloromethane solution is biexpo-
nential, the decay becomes monoexponential upon the addition
of 1% (v/v) TFA. The fluorescence lifetime of in the
dichloromethane TFA mixture is 1.3 ns, the same as that in
toluene (Table 1).

Similarly, the absorption spectrum df is also blue-shifted
due to TFA in the sample solution (Figure 6). However, the
acidification effects on the fluorescence spectrdl oih polar
solvents are noticeably different from those for compound
As shown in Figure 6, the fluorescence spectrunil oin the
methylcyclohexane/acetone (10%, v/v) mixture undergoes sig-
nificant changes upon the addition of 2% (v/v) TFA into the
sample solution. The spectrum in the presence of TFA becomes

a pulsed (5 ns, fwhm) Nd:YAG laser at 532 nm were measured narrower, with relatively lower intensities at longer wavelengths.
as a function of the input light fluence. As shown in Figure It looks more like the spectrum in neat methylcyclohexane
10, observed output light fluences from the solution are strongly (Figure 6). The fluorescence spectral changes due to TFA are
nonlinear with respect to input light fluences, reaching the onset accompanied by a substantial increase in the fluorescence
of a plateau at the input light fluence ef0.25 J/cm. The quantum yield. The fluorescence yield lbfin the methylcy-
saturated output light fluences at the plateau are on averageclohexane/acetone mixture with TFA is more than 6 times higher

~0.055 J/crd, similar to those of other & derivatives?®2°The
optical limiting responses are weaker forin a more polar
solvent environment in the chloroform/acetonitrile (20%, v/v)
mixture (Figure 10). The saturated output light fluences at the
plateau £0.075 J/crd on average) are higher than those ffor

in neat chloroform (Figure 10). Similarly, the optical limiting
responses of compourdn the toluene/acetonitrile (20%, v/v)
mixture are weaker than those loin neat toluene at the same
linear transmittance.

Acidification Effects. Photophysical properties of the amino-
Ceo derivativesl andll are affected strongly by the presence
of acid in sample solutions. For compourdin dichlo-
romethane, the addition of 1% (v/v) trifluoroacetic acid (TFA)

than that in the same solvent mixture without TFA, and it is
close to the result off in methylcyclohexane (Table 2). The
fluorescence decay dff in the presence of TFA again becomes
monoexponential, and the fluorescence lifetime of 1.4 ns
obtained from the decay is also close to thatllofin neat
methylcyclohexane.

The acidification also affects optical limiting responses of
in the polar solvent mixture of chloroform/acetonitrile (20%,
v/v). The presence of 1% (v/v) TFA in the solvent mixture
noticeably reduces the saturated output light fluences at the
plateau, though the limiting performance is still not as good as
that in neat chloroform (Figure 10). For compouhdh the
toluene/acetonitrile (20%, v/v) mixture, the presence of 1% (v/

results in blue shifts of both absorption and fluorescence spectra,v) TFA also significantly improves the optical limiting perfor-

though the spectral profiles are little affected. Similar acidifica-

mance.

tion effects on absorption and fluorescence spectral profiles were Molecular Structures. The ground-state molecular struc-

observed forl in the toluene/acetonitrile (40%, v/v) mixture.

tures of the amino-gg derivatived andll were calculated using
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TABLE 3: Structural Parameters of Amino Groups in
I and Il

MNDO ab initio
| Il | Il

Bond Length (A)
C1-N1 1.4715 1.5109 1.5006 1.4916
C2—N2 1.4715 1.5109 1.5060 1.4916
C3—-N1 1.4704 1.4940 1.4818 1.4940
C4—N2 1.4707 1.4940 1.4870 1.4940
C5-N1 1.4718 1.4940 1.4868 1.4940
C6—N2 1.4695 1.4940 1.4853 1.4940
Ci-C2 1.6401 1.6138 1.6220 1.6347
C3-C4 1.5485 1.5619 1.5579 1.5575
C5-C6 1.5619 1.5575

Bond Angle (deg)
C1-N1-C3 114.28 109.27 110.07 111.28
C2-N2—-C4  115.95 109.27 111.56 111.28
C1-N1-C5 119.22 109.27 114.58 111.27
C2-N2—-C6  120.31 109.27 113.72 111.28
C3—N1-C5 11591 107.70 112.67 108.19
C4—N2—-C6 114.45 107.70 114.45 108.19
N1-C1-C2 112.84 109.33 112.93 107.67
N2—-C2-C1  107.64 109.33 107.05 107.67
N1-C3-C4  113.70 110.62 113.18 109.20
N2—-C4-C3  110.67 110.62 110.02 109.20
N1-C5-C6 110.62 109.20
N2—-C6-C5 110.62 109.20

3 4 3 4
I 5—N1i 2N—s8 o 1IN 56 N2

Jed
CSO

both semiempirical (MNDG¥ and ab initio (STO-3G minimum
base seff methods. Results from the two computational
methods are similar.

initio optimized molecular geometries bandll are shown in
Figure 11. Also shown in the figure for comparison is the ab
initio optimized geometry of the pyrrolidinoggderivativelll .

There are significant differences among the three molecules
concerning the relationship between the amino group and the

fullerene cage. The ab initio optimized geometrylbf shows

a distance of 5.92 D between the amino nitrogen and the center

of the fullerene cage. In the two aminagQlerivatives, each

of which has two amino groups, the two nitrogen atoms are
symmetric with respect to the center of fullerene cage. The
nitrogen-cage center distances inandIl are 5.05 and 5.06
D, respectively. In addition to the distances, the orientation of
nitrogen n orbital (lone pair electrons) with respect to the
fullerene cage is also different for different amino groups in
the three derivatives. As shown in Figure 11, the nitrogen n
orbital in 1l actually points away from the fullerene cage
surface. However, the n orbitals on the two amino grougs in
point to different directions, one away from the cage surface

Summarized in Table 3 are the structural
parameters calculated using both MNDO and ab initio methods
for the amino pieces attaching to the fullerene cage. The ab

Sun et al.

Figure 11. Optimized molecular structures of the amingy@erivatives
| andll and the pyrrolidino-G derivativelll obtained from ab initio
(STO-3G) calculations.

absorption spectra dfandll are rather similar to that of the
pyrrolidino-Gso derivative Ill in both spectral profile and
absorptivity, except for the absence of a sharp peak in the-400
450 nm wavelength region (Figure 1). Other than minor
solvatochromic shifts, absorption spectraladndll are little
changed from solvent to solvent. The solvent insensitivity of

and the other parallel (and closer) to the cage surface. In thethe absorption spectra reflects the fact that there are no

optimized geometry ofl, the two n orbitals are symmetric,

meaningful changes in ground-state properties of the molecules

both parallel to the fullerene cage surface. The computational in different solvents. The results also suggest no absorption

molecular structure ofi is in reasonable agreement with the
X-ray crystallographic result reported in the literatéfe.

Discussion

In the ground state, the amingsdlerivatived andll behave
as other @ derivativest>20.3233with electronic transitions
dictated by the monofunctionalized fullerene cage. In fact,

contributions from any ground-state charge-transfer species.
Fluorescence spectra of the compouinial different solvents
show only small changes, in sharp contrast to the wide variations
in fluorescence quantum yield. The results suggest that observed
fluorescence intensities in different solvents are likely due only
to emissions from the vertical excited singlet state of the
molecule. The strong dependence of fluorescence intensities
on solvent polarity is likely correlated with different degrees
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of excited-state quenching through electron transfer in solvents Vertical Excited

of different polarities. Since the solutions used in fluorescence Singlet State Charge Transfer
measurements are very dilute<{0~* M), intermolecular Excited State
interactions between aminos§molecules are negligible. The e K AE
possibility of contributions from ground-state aggregates can A M% Tr2

also be ruled out. The aminosg&derivatives are quite soluble Ker
in polar solvents such as chloroform and dichloromethane, much
more so than the parent§ The fluorescence parameters of
the derivatives in dichloromethane are independent of the sample MVass ke
concentrations (5x 10 to 5 x 10* M). Thus, the
fluorescence quenching for the compounh polar solvents E
must be due to intramolecular n (amine unityto(Ceo moiety) l

Improved
Solvation

electron transfer. The involvement of n-orbital electrons in the
electron-transfer process is made evident by the acidification
effect (Table 1). For example, the fluorescence quantum yield Ground State

of I in the toluene/acetonitrile (40%, v/v) mixture is less than Figure 12. Schematic energy diagram for the intramolecula
15% of that in neat toluene, but a small amount of TFA added ©/éctron transfer in aminofullerene molecules.

to the solvent mixture essentially eliminates the fluorescence
qguenching. Since TFA only has a minor volume fraction in
the solvent mixture, its effect as a solvent component other than
acidity on molecular absorption and emission properties is
insignificant. Fluorescence spectra and quantum yields of the
pyrrolidino-Gso derivativelll and methano-gp derivatives are
hardly different in solutions with and without TFA. The effect
of acidifying the solution ofl on observed fluorescence
intensities is most likely associated with the protonation of
amino groups in the molecule, which effectively shuts off the
n—x* electron-transfer process. The acidification has only a
minor effect on the absorption and fluorescence spectra of
because the electronic transitions in thgy @erivative are

numbers of repeated purifications. Thus, the longer-lived
fluorescence foll in polar solvents is likely associated with
the electron-transfer process. Additional evidence is that the
longer-lived component can be eliminated through acidifying
the sample solution by adding a small amount of acid. The
fluorescence decays dfin polar solvents in the presence of
TFA are monoexponential, similar to those in nonpolar solvents
(Figures 8). Since observed fluorescence spectrad hardly
solvent dependent, the longer-lived component in fluorescence
decays may not be assigned to charge-transfer excited-state
emission as in TICT moleculé$. Instead, it may tentatively
be attributed to delayed emission from the vertical excited singlet
dictated by the monofunctionalized fullerene cage. stat.e that is regenerated thrpugh b.aCk. elegtron transfer. The
4 o Co excited-state processes of amingy-€erivatives in polar solvents
Th_e optlcal limiting resglts ofl m_dn‘fe_rent solvents are _may be explained using the schematic energy diagram shown
consistent with the mechanism of excited singlet-state quenching;p, Figure 12. For the compourid the charge-transfer excited
through intramolecular-az* electron transfer in a more polar  giate is nonemissive, probably because the radiative process is
solvent environment. For dg in solution, optical limiting g6y compared to the excited-state lifetime. Fluorescence
responses are due largely to the reverse saturable absorptiogyantum yield and lifetime results df obtained at different
mechanisn#>*" The same mechanism is applicable to the temperatures are consistent with such an explanation. For
optical limiting properties of g derivatives with the fuIIeren_e compound! in toluene without the photoinduced electron-
cage monofunctionalized.*%%%.3% Reverse saturable absorption  transfer process, fluorescence quantum yields are temperature

occurs when the excited-state absorption cross sec@@®  independent. However, in a more polar solvent environment
ot) are larger than the ground-state absorption cross seoén (- in the toluene/acetonitrile (5%, v/v) mixture, fluorescence yields
oeroG > 1, whereoerrincludes a weighted average@f and of | increase slightly with increasing temperature, whereas
or.4° Because of their nanosecond intersystem crossing rateppserved fluorescence lifetimes are essentially temperature
constants, optical limiting responses ofgoCand the Go independent (Figure 7). The higher fluorescence yields may
derivatives toward 510 ns laser pulses are due predominantly pe attributed to increasing contributions of the delayed emission
to strong excited triplet-state absorptions. Thus, the fagta/ because the regeneration of the vertical excited singlet state is
og for evaluating the nonlinear absorption is reduce®tg-o+/ more efficient at higher temperatures (Figure 12).

oc, where®sc denotes intersystem crossing quantum yields.  The fluorescence properties bf are apparently even more
For compound, the weaker optical limiting responses in the = gq|yent sensitive. Fluorescence quenchings are already signifi-
chloroform/acetonitrile (20%, v/v) mixture (Figure 10) may be .ant forll in polarizable solvents such as toluene and &8
attributed to a decrease in the intersystem crossing yield due togyen more so in polar solvents and solvent mixtures (Table 2).
intramolecular r-7* electron transfer as a competitive decay Tpe extremely strong dependence of fluorescence gquantum
pathway of the excited singlet state. The acidification by adding yields and decays dl on solvent polarity and polarizability
TFA to the solvent mixture hinders the electron-transfer process, may similarly be attributed to intramolecularn* electron
resulting in a significant improvement in the optical limiting  transfer between the amino groups and the photoexcited
performance. fullerene cage. Similar to those kfthe excited-state processes
For compound in more polar solvents such as THF and of Il may also be explained in terms of the schematic energy
dichloromethane, fluorescence decays are fast and the presencdiagram in Figure 12, though the electron transfer is already a
of a longer-lived component becomes evident. Because ob-major excited-state decay processllofeven in nonpolar but
served lifetimes of the longer-lived component (1125 ns) are more polarizable solvents. A more significant difference
not so different from the lifetime of &, contribution due to between photoexcited-state properties of the two amigo-C
residual o contamination was suspected. However, such a derivatives is that compound has a second emissive excited
possibility was ruled out by comparing fluorescence decay state. The second emission observed Horin a polar or
results of the amino-§ samples that had undergone different polarizable solvent environment is red-shifted from the fluo-
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rescence band of the vertical excited singlet state. Because itcomplex redox systems, particularly with respect to effects of
can essentially be eliminated when the solution is acidified in the solvent environment on intramolecular electron-transfer
the presence of TFA, the second emission may be assigned tgrocesses.
the intramolecular rzr* charge-transfer excited state (Figure The solvent dependence of photoinduced intramolecular
12), namely that unlike i, the radiative process il is a n—s* electron transfer in the aminogg derivativesl and |l
competitive decay pathway of the-r* charge-transfer excited ~ may be discussed in a more quantitative fashion. The electron-
state. The longer-lived component in observed fluorescencetransfer rate constants in different solvents and solvent mixtures
decays ofl in polar and polarizable solvents may be contributed may be estimated by assuming that other excited singlet-state
by emissions from both the charge-transfer excited state andProcesses are essentially solvent independent (with changes
the regenerated (delayed) vertical excited singlet state due towithin error margins of fluorescence measurements).
back electron transfer (Figure 12).

(R ) kET = 1/TF,1 - 1/TF,hexane 1)

It is probably more than coincident that longer-lived emissions
where t¢1 represents observed fluorescence lifetimes of the

in I andll have similar lifetimes. The emissions originate from
the charge-transfer excited states that are characteristic of thg, ¢ ica| ‘excited singlet state. Electron-transfer rate constants
may also be estimated from observed fluorescence quantum

amino-Gyo derivatives.

A comparison between the aminds, (1) and pyrrolidino-  yje|ds if delayed emission contributions are relatively small
Ceo (Ill') derivatives is interesting. While compoutid also (Figure 12). The results thus obtained show rather poor
has an amino group in the molecular structure, it undergoes nocorrelations with dielectric constants of the solvents (in plots
phOtOindUCQd intramolecular electron transfer even in a hlghly of 1/-[':,1 and 1ﬂ)F VS E). The poor correlations are due at least
polar solvent environment. The obvious difference in photo- in part to microscopic solvation effects, namely that the polarities
excited-state properties of the two kinds @b @erivatives might  microscopically experienced by the excited-state molecules in
be rationalized in terms of their different amino group(s) different solvents are different from the bulk polarities of the
fullerene cage relationships. With an assumption that the solvents as measured by dielectric constants. The microscopic
electron transfer originates in an excited-state geometry closepolarities of solvents may be estimated using a solvatochromic
to the Franck-Condon state, structural differences in the excited molecular probe. To probe the microscopic solvent environment
singlet states of the three compounds may be discussed usingxperienced by the aminog@molecules, an aminonaphthalene
their optimized ground-state geometries. According to results molecule 6-propionyl-2N,N-dimethylamino)naphthalene (PRO-
from both semiempirical (MNDO) and ab initio (STO-3G DAN) was used. PRODAN has a molecular structure that is
minimum base set) calculations, the significant differences similar to those of classical TICT molecules, but it undergoes
concerning amino group(sfullerene cage relationships are that no TICT process in the excited stdfelt is a highly fluorescent
the nitroger-cage distance ifil is slightly longer than those = molecule, and the fluorescence spectrum is strongly solvato-
in I andll and that the electron lone pair on the nitrogetiin chromic. As a result, PRODAN has been widely employed in
points away from the fullerene cage surface. Thus, intramo- Studies of microscopic domains in organic solvents and solvent
lecular n—* electron transfer through space is likely less mixtures, supercritical fluids, polymer membranes, and biologi-
favorable inlll than inl andll. However, a more important ~ cal systemg# 45
structural difference between the two kinds of derivatives is = For correlations of electron-transfer rate constants of the
that the amino nitrogen links to the fullerene cage through a a@mino-Gy derivativesl andll with microscopic polarities in
bridge of two sp carbons inlll versus only one $pcarbon in different solvents, fluorescence spectra of PRODAN were
| andll. The through-bond electron transfer should be more measu_red i.n the same series of solvents to determine solvato-
efficient in | andll . chromic shifts.

The photoinduced intramolecular electron transfer in the 5~ ~
i ot g ; Ve =TVgot Alpg (2)
amino-Go derivatived andll shares some characteristics with ' '

the excited-state processes in TicT molecu'les such that thewhereAﬂFs represents fluorescence spectral shifts in different
electron transfer requires a polar solvent environment and that

h ; ited i f q it of th solvents. According to the classical solvation thedti shas
a charge-transier excited state Is formed as a result of the, jinaay relationship with the Onsager reaction fili] which
electron transfetS However, a major difference is that the

X . o , L is a function of the solvent dielectric propertf€g? In the same
process in the aminodg derivatives involves no twisting

YT context, microscopic solvation effects on the solvatochromic
between donor and acceptor moieties. In fact, the mole¢ules ,.pe may be considered by assuming i sis linear with

andll are better described as redox dyads in which the electron;,q average microscopic reaction fieldyicro.2448 Similarly,

donor and acceptor units are linked directly through only an tne glectron-transfer rate constants of the amigge@rivatives

sp? carbon as a very simple spacer. It should be recognizedin, different solvents may be related to the solvent microscopic
that although amino groups (donor) are attached directly to the polarities in Inker vs Afwicro correlations. Thus, the micro-
fullerene cage (acceptor) in the amingy@erivatives, there are  scopic solvation dependence of the intramolecularzh

no significant ground-state electronic interactions between the electron transfer i and1l may be evaluated by correlating
donor and acceptor units. The dor@cceptor relationship in - In(1/z¢4) with the solvatochromic shiftA# s of PRODAN in
I'andll is different from those between the amino group and different solvents and solvent mixtures. Shown in Figure 13 is
aromatic moiety in aniline derivatives and the TICT molecules a plot of In(1f¢ 1) of | VS — (¥ — P& hexan Of PRODAN, where
represented byN,N-dimethylaminobenzonitrilé-> In  this the negative sign indicates spectral shifts being bathochromic.
regard, the intramolecularnir* electron transfer discussed here  The electron transfer is clearly more efficient in a microscopi-
is conceptually different from the TICT process, but similar to cally more polar solvent environment, which corresponds to a
those in donorspacer-acceptor supramolecules. Since the larger bathochromic shift of the PRODAN fluorescence spec-
amino-G derivatives are effectively redox dyads with one of trum. However, the results in chloroform, dichloromethane, and
the simplest spacers, they may be used as models for moreo-dichlorobenzene are special, following a different trend (Figure
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Figure 14. A correlation of In(1#¢) values ofll with bathochromic
fluorescence spectral shiftB:(rexane— V¢) Of PRODAN under different
solvent conditions.

Figure 13. Correlation of In(1#¢) values ofl with bathochromic
fluorescence spectral shift(rexane— 7F) 0f PRODAN under different
solvent conditions.

in energy compared to the vertical excited singlet state, namely
there is not enough driving force for electron transfer. The same
explanation has been used for TICT molecules in nonpolar
dsolvents?*5 Interestingly, the same solvent dependence is also
observed in fullereneamine intermolecular systems. For
fexample, the excited singlet states g @nd G are essentially
unquenched by triethylamine in hexane but strongly quenched
in a polar solvent environmef!. The intramolecular #a*
charge-transfer excited state is likely stabilized in polar solvents
due to better solvation (Figure 12), which corresponds to
stronger driving forces for the electron-transfer process. For
bothl andll, the intramolecular electron-transfer rate constants
reach~1 x 109s™1 (or even larger fotl , Table 2) under highly

13). It is probably no coincidence that these solvents are all
chlorinated. There are two possible explanations for the results.
One concerns the validity of the assumption that only the
electron transfer is a solvent-dependent process in the excite
singlet state. Since chlorine is a heavy atom, chlorinated
solvents may change intersystem crossing quantum yields o
the amino-Gp derivative. However, the heavy atom effect

typically enhances intersystem crossing, making it more com-
petitive with respect to other excited singlet-state processes.
Consequently, the ##; values in chlorinated solvents should

be abnormally larger than those in solvents of comparable
microscopic polarities but without heavy atoms, resulting in

deviations that are opposite to those shown in Figure 13. Thus, » - -
the heavy atom effect is unlikely the principal cause for the polar solvent conditions. In aqldltlon to the dr_|V|ng force, solvent
results in chlorinated solvents. The second possible explanation‘affects on the othe;%?sgtors in the expression of the electron-
is that there may be specific interactions between the excited-tranSfer rate const have to be considered for a more

state amino-g and solvent molecules beyond microscopic guantitative account. In this regard, the aminofullerene mol-
solvation. Such specific interactions may hinder the intramo- ecules may be employed in a quantitative modeling of solvation
lecular n-x* electron-transfer process, resulting in the kind of effects on intramolecular electron-transfer rate constants. More

deviations shown in Figure 13. experlment_al measurements |n_clud|ng quor_escence decays on
- . . . a shorter time scale and transient absorptions of the charge-
A similar correlation can be made for the microscopic

. . - r re n .
solvation dependence of electron transfdi inShown in Figure separated state are needed
14 is a plot of In(1#g,) values ofll vs fluorescence spectral

Shiﬁ? _'(T/FI - zF'hexa"a IOf. PR.OE.AN inlfiff(?.”rgné.solvents Riggs, and Harry W. Rollins for experimental assistance.
Qualitatively, the correlation in Figure still indicates more o ig) support from the National Science Foundation (CHE-

efficient intramolecular electron transferlinunder microscopi- 9320558 and CHE-9727506) is gratefully acknowledged
cally more polar solvent conditions, which correspond to larger '

bathochromic shifts of the PRODAN fluorescence spectrum.
Since the overall pattern for microscopic solvation effects on
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