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Photoinduced intramolecular processes in a tricomponent molegy(e (CN),—DPAF), consisting of an
electron-accepting methano[60]fullerene moietyf) covalently bound to an electron-donating diphenyl-
aminofluorene (DPAF) unit via a bridging dicyanoethylenyl group [(&Nyere investigated in comparison

with (CN),—DPAF. On the basis of the molecular orbital calculations, the lowest charge-separated state of
Cso(>(CN),—DPAF) is suggested to bes€ (>(CN),—DPAF") with the negative charge localized on the
fullerene cage, while the upper state is(€ (CN),”"—DPAF™). The excited-state events odC> (CN),—

DPAF) were monitored by both time-resolved emission and nanosecond transient absorption techniques. In
both nonpolar and polar solvents, the excited charge-transfer state decayed mainly through initial energy-
transfer process to thesgmoiety yielding the correspondiri@so*, from which charge separation took place
leading to the formation of &~ (>(CN),—DPAF) in a fast rate and high efficiency. In addition, multistep
charge separation fromgf>(CN);~—DPAF™) to Csc (> (CN),—DPAF*) may be possible with the excitation

of charge-transfer band. The lifetimes 0§;C(>(CN),—DPAF™) are longer than the previously reported
methano[60]fullerene-diphenylaminofluorengyG (C=0)—DPAF) with the G, and DPAF moieties linked

by a methanoketo group. These findings suggest an important role of dicyanoethylenyl group as an electron
mediating bridge in g(>(CN),—DPAF).

Introduction recombination (CR) processes o§o> (C=0)—DPAF), con-
sisting of a Go cage bonded with diphenylaminofluorene
(DPAF) via a methanoketo group, were reportetf In this
molecular system, the intramolecular charge-separation process
was observed to occur via singlet excited state of thmiety

_in polar solvents that generated the corresponding radical ion

Studies on doneracceptor systems capable of undergoing
electron- or energy-transfer are of current interest to mimic the
primary events of photosynthetic reaction center and to develop
molecular electronic devicég. Toward constructing such

full icularl li I
systems, fullerenes are particularly appealing as electron aclpairs Go(>(C=0)-DPAF")16 The lifetime @mr) of

ceptors, because of their three-dimensional structures, delocal>-" > . o
izedz-electron systems within the spherical carbon framework, Ceo™ (>(C=0)~DPAP™) was evaluated to be long (150 ns)

o . . DMF despite a quite short value<{0 ns) in benzonitrile
small reorganization energy, low reduction potentials, and n > ;
absorption spectra extending over most of the visible regign,  (PNCN). This order was interpreted by the Marcus thedry.

: In this report, we describe synthesis and photophysics of 7-
The covalent linkage of fullerene (such ag)do a number of X .
interesting electro- and photoactive species offers new op- (1,2-dihydro-1,2-methano[60]fullerene-§1;1-dicyanoethyleny)-

e . ; 9,9-di(methoxyethyl)-2-diphenylaminofluorenesd> (CN)—
portunities in the design of new materials that produce long- . . e ;
lived charge-separated states in high quantum yields. Among D.PAF)’ in which the DPAF and g moieties are mterco_n_nected
various electron donors, fluorene-based materials are of par-Wlth a dicyanoethylenyl group [(Chj) On Fhe C-9 posmqn of
ticular interest, because of their thermal and chemical stability fluorene, two methoxyethyl_grou_ps were introduced to increase
along with desirable photoluminescence and electroluminescencethe SOIl_Jb'“ty of the m_atenal (Figure 1). For the purpose of
propertie$ The unique chemical and physical characteristics CCmparson, 711-(,1-dicyanoethylene)-1-methyl]-9,9-dimethoxy-

of fluorene compoundsnake them essential and accessible in fl;[hy!-z-éjlphenyLamlnofluor((ejnt;—: [(CI}I—}DP(;AI;]hWtas r?lso. Syln- ¢
a wide variety of applications ranging from the electrolumi- esized as a reierence model compound. Fhotochemical events

nescent devices, plastic solar cells, and photodynamic théfapy. of all materials were inves_tigated through the correlation among
A tremendous amount of attention has been made to thesteady-state spectra, time-resolved fluorescence spectra,

: . : d nanosecond laser flash photolysis data taken in PhCN
studies of photoinduced intramolecular electron-transfer pro- and . '
cesses of various ¢ compounds covalently linked with o-dichlorobenzene (DCB), anisole (ANS), and toluene (TN).

electron-rich amine%.'* In our recent papers, two-photon Experimental Section
excitation, photoinduced charge-separation (CS), and charge- pjaterials. Synthesis of 7-[1-(1,1-dicyanoethylene)-1-methyl]-

— 9,9-dimethoxyethyl-2-diphenylaminofluorene (€N)PAF.In
T
#gﬂ?; bgcggti,'ty a reaction flask, 7-acetyl-9,9-dimethoxyethyl-2-diphenylami-
8 University of Massachusetts Lowell. nofluorene (500 mg, 1.0 mmol) and malononitrile (150 mg, 2.2
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Figure 1. Molecular structures and synthetic procedures of (EPAF and Go(>(CN),—DPAF).

mmol) were added under nitrogen atmosphere, followed by Instrumentation. Molecular orbital calculations were carried
anhydrous chloroform (20 mL) to give a clear yellow solution. out by using Gaussian 98 (HF-6-21G* level). The cyclic voltam-
It was then added pyridine (320 mg, 4.0 mmol) and an excessmetry and differential pulse voltammetry measurements were
amount of titanium tetrachloride~3.0 mL) with continuous performed on a BAS CV-50 W electrochemical analyzer in
stirring. The reaction mixture turned immediately to deep brown. deaerated solution containing BNPFs (0.1 M) as a supporting
The solution was stirred for an additional 10 min and subse- electrolyte with a scan rate of 100 mVs The potentials were
quently quenched with water (50 mL). The liquid was concen- expressed vs ferrocene/ferrocenium (F¢jFas an internal
trated in a vacuum and purified using preparative thin-layer standard.
chromatography (silica gel) with a solvent mixture of hexane:  Steady-state absorption spectra were measured using an
ethyl acetate (3:2) as eluent. A chromatographic barf@ at optical cell (0.2-1.0 cm) on a JASCO V-570 spectrophotometer.
0.34 was isolated to give (Chty DPAF as bright yellow solids ~ Steady-state fluorescence spectra were recorded on a Shimidzu
in 67% vyield (400 mg). RF-5300 PC spectrofluorophotometer equipped with a photo-
Spectroscopic data of (CMYDPAF: H NMR (200 MHz, multiplier tube having high sensitivity up to 800 nm. Emission
CDCl, ppm)o 7.71-7.59 (m, 4H), 7.347.28 (m, 4H), 7.1# spectra of the singlet oxyge#fd*) in the near-IR regions were
7.06 (m, 12H), 3.06 (s, 6H), 2.872.77 (m, 4H), 2.72 (s, 3H),  detected by using an InGaAs detector.
and 2.33-2.19 (m, 4H);*3C NMR (200 MHz, CDC4, ppm) Time-resolved fluorescence measurements were preformed
175.3, 151.9, 150.1, 149.6, 147.8, 146.8, 132.1, 132.2, 129.8,by a single-photon counting method using second harmonic
127.9, 125.1, 124.6, 123.9, 123.2, 122.8, 122.0, 119.8, 118.3,generation (SHG, 400 nm) of a Ti-sapphire laser (Spectra-
113.9, 113.7, 83.5, 68.9, 58.8, 52.1, 39.5, 30.1, and 24.5. Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope
Synthesis of 7-(1,2-dihydro-1,2-methanofullerene[60]-61- (Hamamatsu Photonics, C433@1) equipped with a polychro-
{1,1-dicyanoethyler}g-9,9-dimethoxyethyl-2-diphenylamino- mator as an excitation source and a detector, respecti¥ely.
fluorene Go(>(CN)—DPAF). To a mixture of Go(>(C=0)— Nanosecond transient absorption spectra were measured using
DPAF) (500 mg, 0.04 mmol) and malononitrile (60 mg, 0.91 a laser light source at the excitation wavelength of 532 nm. In
mmol) in anhydrous chloroform (75 mL) were added pyridine the near-IR region (6681700 nm), a Ge avalanche photodiode
(131 mg, 1.6 mmol) and an excess amount of titanium module (Hmamatsu Photonics, C5333PL) was used as a
tetrachloride {1.0 mL) with continuous stirring under nitrogen  detector for monitoring the light from a pulsed Xe flash lamp
atmosphere. This deep black blue solution was stirred for an (Tokyo instruments, XF8060). All the measurements were
additional 10 min and quenched with water (100 mL). The liquid carried out at 23C using freshly prepared Ar-saturated solutions
was concentrated in a vacuum to give crude dark red solids, to eliminate the influence of Qeffect.
which were purified by column chromatography (silica gel) . .
using chloroform as eluent. The producgeC (CN),—DPAF) Results and Discussion
atRs = 0.11 was obtained as red solids in 63% yield (325 mg).  Synthesis and Solubility.Both compounds (CN)-DPAF
Spectroscopic data of g{>(CN),—DPAF): FT-IR (KBr) and Go(>(CN),—DPAF) were synthesized from the corre-
Ymax 3430, 2920, 2865, 2222, 1591, 1536, 1489, 1465, 1427, sponding keto-derivatives by the substitution reaction of mal-
1344, 1318, 1277, 1185, 1114, 821, 751, 697, 574, 525, andononitrile in the presence of Tiglas shown in Figure 1. Both
480 cnTl; UV —vis (CHCE) Amax (€) 255 (1.4x 10°), 322 (6.5 (CN),—DPAF and Go(>(CN),—DPAF) are soluble in common
x 104, and 502 nm (2.4 10* L/mol/cm);*H NMR (500 MHz, organic solvents, such as toluene, anisoldjchlorobenzene,
CDCls, ppm) 6 8.18 (dd,J = 8 Hz,J = 1.6 Hz, 1H), 8.16 (d, and PhCN, however, with less solubility forgdt>(CN),—
J= 1.6 Hz, 1H), 7.82 (dJ = 8 Hz, 1H), 7.62 (dJ = 8 Hz, DPAF) in highly polar DMF.
1H), 7.33-7.28 (m, 4H), 7.167.13 (m, 5H), 7.127.07 (m, Computational Studies. Computational studies were per-
3H), 5.57 (s, 1H), 3.01 (s, 6H), 2.78 d,= 3 Hz, 4H), and formed by using HartreeFock method at 6-21G(*) level to
2.38-2.24 (m, 4H);*3C NMR (500 MHz, CDC}, ppm)o 168.7, obtain insights on the molecular geometry and the electronic
152.3, 150.8, 150.1, 147.8, 147.7, 146.7, 146.3, 145.8, 145.7,structure. Figure 2 shows the optimized structure of (N)
145.6, 145.3, 145.1, 144.9, 144.7, 144.2, 144.1, 143.5, 143.4,DPAF, in which the 9-dimethoxyethyl groups were replace by
143.4, 143.3, 142.9, 142.5, 142.4, 141.9, 141.5, 137.9, 137.5,the 9-ethyl for simplicity. The majority of the electron density
132.8, 129.9, 129.1, 125.3, 124.1, 123.4, 123.1, 122.4, 120.3,0f the highest occupied molecular orbital (HOMO) was found
118.1,113.7,113.6, 88.5, 72.9, 68.9, 58.9, 52.1, 41.7, and 39.8t0 be located on the DPAF moiety, whereas the lowest
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Figure 2. Optimized structure and the HOMO and LUMO of the di-
ethyl-G analogous of (CN)-DPAF calculated by HF(6-21G*) basis set.

unoccupied molecular orbital (LUMO) was located mainly on
the >C=C(CN), groups, spreading to one of the phenyl groups
of the fluorene moiety. These MQO’s suggest that the charge-
separated state is mainly attributed to (gN)>-DPAF™.

Figure 3 shows the optimized structure fogoG (CN)—
DPAF). The center-to-center distande:{) between G, and
DPAF moieties was found to be 12 A. The majority of the
electron density of HOMO was found to be delocalized over
the DPAF moiety, whereas the LUMO located on thg C
spheroid, suggestings& (> (CN),—DPAF™) as the most stable
charge-separated state. The radii of ion radicals of DAAF (
and Go (R") were found to be 7.7 and 4.2 A, respectively. In
the LUMO+3 level, the electron density concentrates mainly rigyre 3. Optimized structure and the HOMO, LUMO, and LUMG
on the>C=C(CN), moiety, whereas the electron distributions of the diethyl-G analogous of G(>(CN),—DPAF) calculated by
of the LUMO+1 and LUMO+-2 levels are almost the same as HF(6-21G*) basis set.
that of the LUMO.

Electrochemical StudiesDetermination of the redox poten-
tials in donor-acceptor systems is essential for the evaluation of
the energetics of electron-transfer reactions. In the case o

mined from the fluorescence emissidrhe static energyXGs)
was calculated as-€%/(4meperRec), in which the termse, «o,
fandeg are defined as elementary charge, vacuum permittivity,

(CN),—DPAF in benzonitrile, the first oxidation potentidtd,) and static dielectric constant of the solvent used in the rate and
of the DPAF moiety and the first reduction potentiBlef) of redox potential measurements, respectively. The values of
the > C=C(CN), moiety were observed at0.62 and-1.34y ~_AGcs and ~AGcr are listed in Tables 1 and 2. From the

estimated—-AGcs values, the generations of (CN)—DPAF+
and Go~(>(CN),—DPAF™), via the excited CT state af@q*,
are exothermic in polar and less polar solvents. The charge-
separation process, via the excited triplet state gf(8Cq0*),
is sufficiently exothermic only in benzonitrile.

In a nonpolar solvent such as toluene, the energy level of
the CS state is lower than that 88T*, but higher thanCeg*

vs Fc/F¢, respectively. Similar measurements @hE (CN)>—
DPAF) showed the firsEq value of the DPAF moiety and the
first Ejeq value of the Gy moiety at 0.64 V and-0.76 V vs
Fc/Fc', respectively, in benzonitrile. Driving forces for charge-
recombination{ AGcr) and charge-separatiorr AGcs) can be
calculated based on the electrochemical data by eqs 1 &hd 2:

—AGeg=E,, — Eq— AGq (1) suggesting exothermic characteristics for the CS process from
1CT* and endothermic fromCgo*. However, theAGcs value
—AGqg = AE, ; — (—AGR) 2 of the CS state in toluene may not be reliable since the Rehm
Weller model is oversimplified.
Here, AEy ¢ is defined as the energy of the-0 transition Steady-State Absorption MeasurementsThe absorption

between the lowest excited state and ground state and deterspectrum of DPAF displayed a band centered at 400 nm in the



Photoinduced Processes in a Tricomponent Molecule

TABLE 1: Free-Energy Changes (-AGcsCT), Fluorescence
Lifetimes (zr) Monitored at 600—700 nm, Rate Constants
(kg¢T), and Quantum Yields (@4 ") for Quenching Processes
of the 1ICT* State of Cgo(>(CN),—DPAF) in Different
Solvents

solvent —AGc<TleV 7t /ps kCTlst @ T
PhCN 1.08 50 (65%), 2000 (35%) 1:910° 0.96
DCB 0.99 50 (70%), 2000 (30%) 1:010° 0.96
ANS 0.78 51 (70%), 2000 (30%) 1.8 101 0.91
toluene 0.42 53 (70%), 2000 (30%) 1.% 10 0.90

a AGS = ez/(4J[A€o)[(1/2R+ + 1/2R7 - 1/Rcc)l/€R - (1/2R+ + 1/2R7)l/
€s], where AEq_¢ is the energy of the CT transition ofs60>(CN),—
DPAF) (= 2.25 eV);es refers to the dielectric constant of anisole and
toluene.

TABLE 2: Free-Energy Changes (-AGcs), Fluorescence
Lifetimes (z;), Rate Constants kcs®s), and Quantum Yields
(®csCe0) for Charge-Separation Processes of

Ceo(> (CN),—DPAF) via 1Cgg* in Different Solvents

solvent  —AGcs/ eV 7/ ps ke st D0

PhCN 0.58 70 (70%) 1.3 10°  0.94
2000 (30%)

DCB 0.49 170 (85%)  5.X% 10 0.88

ANS 0.25 220 (85%) 3.% 10° 0.85

toluene —0.08 1400 (100%)

visible region, as shown in Figure 4. In the case of (£N)
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Figure 5. (Upper panel) Steady-state fluorescence spectra of DPAF,
(CN),—DPAF, and Gy(>(CN),—DPAF) in toluene. (Lower panel)
(CN),—DPAF in different solvents. The concentrations were maintained
at 5uM; Aex = 400 nm.

DPAF) were recorded in toluene by photoexcitation at 400 nm
(Figure 5, upper panel). The spectrum of the basic DPAF unit
showed a maximum of the fluorescence peak centered around

DPAF, a new band appeared at 430 nm, which was attributed460 nm. Attachment of conjugative electron-withdrawing ma-

to the CT transition from the DPAF to the=€C(CN), moiety,

corresponding to the transition from the HOMO level to the

LUMO level of (CN),—DPAF as shown in Figure 2. Upon the
addition of Fe( as a strong oxidizing agent to the solution

containing (CN)—DPAF, a new band appeared at 874 nm

lononitrile onto DPAF forming (CN)-DPAF resulted in a large
red-shift of the fluorescence peak to 560 nm in toluene and
660 nm in benzonitrile (Figure 5, lower panel). The red-shifted
emission bands are characteristics of the CT excited state,
[(CN)°~—DPAP*]*, which is stabilized in polar solvents more

corresponding to the DPAF radical cation moiety (Supporting than in nonpolar solvents. Furthermore, the shifts of emission

Information). When (CN)—DPAF is covalently bound with £
in close vicinity, the Gy moiety influences the CT transition
from the DPAF to G=C(CN), moiety, showing a band red-
shifted to 490 nm in the absorption spectrum @§(€ (CN),—

DPAF). This band is attributed to the transition from the HOMO

level to the LUMOH+3 level of Gso(>(CN),—DPAF) shown in

Figure 3. Appreciable solvent polarity effect was found in the

absorption spectra of (CByDPAF and Go(>(CN),—DPAF)
(Supporting Information).

Steady-State Fluorescence Measuremergteady-state fluo-
rescence spectra of DPAF, (GN)DPAF, and Go(>(CN),—
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Figure 4. Steady-state absorption of DPAF, (GNDPAF, and

Ceso(> (CN),—DPAF) (upper panel) in PhCN and (lower panel) in
toluene. The concentrations were maintained aivb

700

peaks became more pronounced with the increase in solvent
polarity than the corresponding shifts of absorption peaks,
indicating a progressive increase of the dipole moment in the
excited state.

In addition, a linear relationship was obtained between the
energy of the CT emission and the solvent polarity parameter
Af(e,n), according to eqs 3 and%,22

Vex = Vex(0) — (e, HAmeshca) Af (3)

4

wherevey is the CT fluorescence maximum in a given solvent
(in cm™1), ve4(0) is defined as the maximum in vacuyey is

the dipole moment of the excited CT state,is Planck’s
constantg is the velocity of light in a vacuurg is the radius

of the solvent cavity (10 A), andf is a parameter measuring
the solvent polarity fronar and refractive index (eq 4). Linear
regression analysis 0f4 againstAf on the basis of eq 3 leads
to a slope of 1.96< 10* (Supporting Information), from which
UexWas estimated to be 13.7 D. The large dipole moment implies
the high CT degree of [(CN)"—DPAP*]*,

In the case of g(>(CN),—DPAF), the emission arising from
the corresponding absorption band at 490 nm was absent in
toluene as shown in Figure 5 (upper panel). Similar fluorescence
qguenching of Gy(>(CN),—DPAF) was observed in benzonitrile
(Supporting Information). As possible quenching pathways, the
electron-transfer process fromgdC> ((CN),—DPAF)]*ct to
Ceso (> (CN),—DPAF™) can be taken into account in addition
to the energy-transfer process to thgo @noiety yielding
1Ce0*(>(CN),—DPAF). The latter process should lead to a
fluorescence peak ofCec* expected to appear at 710 nm.
However, it was not readily visible owing to a very low

Af= (eq - 1)/(2e5 + 1) — (n* — 1)/(2n° + 1)
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Figure 6. (Upper panel) Fluorescence decay profiles of DPAF, (eN)  Figure 7. (Upper panel) Time-resolved fluorescence spectra of
DPAF in PhCN, and (CN)-DPAF in toluene monitored at 550 nm.  Ceo(> (CN).—DPAF) in different solvents. (Lower panel) Fluorescence
(Lower panel) Go(>(CN),—DPAF) monitored at 600 nm in toluene. ~ decay profiles of (> (CN),—DPAF) monitored at 700 nm in PhCN,
The concentrations were maintained at 0.05 niM:= 400 nm DCB, and toluene. The concentrations were maintained at 0.05 mM;

Aex = 400 nm
fluorescence quantum yiel®¢) of 1Ceg* in less than 0.000%-°
To further understand the reaction mechanism and follow the ;) arity reveals the dominance of the energy transfer process
kinetics of photoinduced processes, picosecond time-resolvedi, yielding 1Cqg*. It is plausible since the energy-transfer rates
emission studies were performed in the following section.  genend mainly on the reflective index, which is almost the same
_ Fluorescence Lifetime Measurementstluorescence decay-  among the solvents employed in the present study. The slightly
time profiles of DPAF, (CNj—DPAF, and Go(> (CN),—DPAF) higherk,CT values in polar solvents than that in toluene suggest
were collected by applying 400 nm laser light (Figure 6, Upper e charge-separation process taking place competitively to the
panel). As a result, the fluorescence time profile of DPAF at energy-transfer process.
460 nm exhibited a single-exponential decay with a lifetime By scanning the emission wavelength af(G (CN),—DPAF)
(zr) of 2100 ps in either polar or nonpolar solvents. For the , |onger wavelength regions (76800 nm), the emission band
excited CT state of (CN)-DPAF, substantial quenching of the 1Cq* at 720 nm appeared after considerable quenching of
fluorescence lifetime was observed. In toluene, the fluorescencey, o 10T+ state (Figure 7, upper panel) in nonpolar and less polar
decay-tlm.e profile of (CN-’l—DPAF at 550 nm revealed a single- solvents. This finding suggests the population mechanism of
exponential decay withy = 550 ps. In PCN, the fluorescence ,51¢,  state involving the energy process since the direct ex-
decay _of (CN)—DPAF at 670 nm could be f_|tte_d satisfactorily  itation of the Go moiety to'Cqg* is unlikely to occur with the
by a biexponential decay; from the short lifetime component, 40 nm light excitation. The fluorescence intensity@fs* was

the z; value was found to be 23 ps. significantly quenched by increasing the solvent polarity that
Similar measurements were performed ogy(€(CN)o— led to a nearly invisible, weak fluorescence intensity of
DPAF) sample. Resulting time profiles of the CT bands were 1Css* in benzonitrile. Fluorescence decay-time profiles of

monitpred at 600 nm in both polar and nonpola( solvents by 1C4¢*(> (CN),—DPAF) in various solvents are shown in Figure
applying the 400 nm laser light. Decay-time profiles taken at 7 (5 er panel). The time profile in toluene exhibited a single-
600 nm .COUld be fitted se_tt|sfactor|ly with a blequnentlal de(_:ay. exponential decay with a lifetime of 1300 ps which is the same
The major fast decay wnlu_samp.eof about 53 ps in toluene is ;< 'that of the & reference; 51216suggesting that the charge-
slightly longer than that in other polar solver!ts (Table 1). separation process does not take place vid@g* moiety in
Fluorescence quenching of tHe&T* state may involve the — hhh61ar solvent. This conclusion is also supported by the
following: (1) the |nJ|rt|aI electron-transfer process to yield ,itive AGe< oo value in toluene as listed in Table 2. In more
Coo(> (CN)""—DPAF +) followed by electron-shift to afford 55 solvents, short fluorescence lifetimes of 15+ moiety
Ced™ (> (CN)~DPAF), (2) the direct eIect.ron-trimsfer ProCess  of Cey(> (CN),—DPAF) were observed that revealed the concur-
betwefrn the 65 and DPAF moieties to give & (> (CNe— on0e of charge-separation processes taking place vigghe
DPAF™), and (3) _the energy-tran_sfer process from th(_a excited moiety in polar solvents, in agreement with the negatiG:<Cw
CT complex to yield tklelcﬁf’* molety, WTCh decays via the \5)es, Thus, the charge-separation rate constagts{) and
CS process to form (> (CN),—DPAF™). , quantum yield ®cCs0) for the generation of £ (> (CN),—

The fI_uorescence quenching rate ) and quantum yield DPAF™) can be evaluated by using eqs 5 and 6, where the
(P¢°7) via the'CT* state were calculated by using eds 5 and |ietime of thelCqo- moiety in toluene was employed aserence
6, in which the fluorescence lifetime of (CN)DPAF in tolgene ThekeCso and®eCso values were estimated as listed in Table 2.
was employed afeterence The evaluated’ anddq~" are listed Nanosecond Transient Spectroscopic MeasuremenfEhe

in Table 1. nanosecond transient absorption technique was utilized
kqCT =(c g—l —( 3—1 (5) to confirm the generation of charge-separated states of
sampl referenc Cso(> (CN),—DPAF) and monitor their charge-recombination
q)qCT = kqCT/(Tsameﬂ (6) processes in various solvents. _
Transient absorption spectra o§c (CN),—DPAF) in Ar-
The kT values were evaluated to be (£2.9) x 100 s™? saturated toluene (Figure 8, upper panel) displayed a broad peak

in all solvents. The fact df,°T values independent of the solvent  centered at 720 nm, which is attributed to #i@&¢* moiety.23
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Figure 8. Transient absorption spectra obtained by 532 nm laser light
of Ceo(>(CN),—DPAF) (0.07 mM) in Ar-saturated toluene (upper
panel), DCB (middle panel), and PhCN (lower panel). Inset: time
profiles at 860 and 1020 nm.
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Its formation might be rational based on following plausible
mechanisms involving: (1) the energy transfer process from
the 1ICT* state to yield'Cqg*, followed by the intersystem
crossing to givéCeg* or (2) the CS process via tHET* state

to yield Gso~ (> (CN),—DPAF™). The latter mechanism was
supported by the detection of quick rise-decay time profiles
taken at 860 and 1020 nm. In this process, the resulting
Ceso' (> (CN),—DPAF™) further decayed to théCeg* moiety
with a rate constant of 1.5 10° s~ and subsequently followed
by the relaxation ofCgg* to the correspondingCsg* moiety.
This is consistent with the observation of almost unquenchable
fluorescence of théCso* moiety in toluene.

In o-dichlorobenzene and anisole, the transient spectrum o
Cso(> (CN),—DPAF) (Figure 8, middle panel) taken at a 10 ns
time scale showed two characteristic bands gf Cand DPAFE"
at 1020 and 860 nm, respectively. Time-profiles of these radical
ion pairs indicated fast rise kinetics in a time scale shorter than

f

10 ns that can be attributed to the occurrence of CS processes

via thelCsg* moiety and/or théCT* moiety. Judging from the
energy level of the CS statesandichlorobenzene and anisole,
such electron transfer is thermodynamically favorable'@ia*

and Cs* and leads to the CS state. On the other hand, the
initial quick decay within 20 ns is attributed to the subsequent
CR process. The absorption profile, showing the band maximum
centered at 720 nm, detected at @<l can be correlated with
the 3Cgo* moiety.

J. Phys. Chem. A, Vol. 110, No. 3, 200839

TABLE 3: Free-Energy Changes AGcr), Rate Constants
(kcr), and Lifetimes for the Radical lon Pairs (trip) Of
Ceo (> (CN),—DPAF*) in Different Solvents

solvent AGcrleV ker/s™® TrRIPNS
PhCN 1.17 3% 108 270
DCB 1.26 1.5x 108 7
ANS 1.50 1.5x 108 7
toluene 1.83

3Ce¢* moiety at 700 nm. These characteristic bands arising from
the DPAF' and Gg¢'~ moieties were employed to determine
the rate constants of the charge recombination prodes$, (
since the decays were well fitted by a single-exponential. From
the ke values, the lifetimes of the radical ion painsE) were
calculated as listed in Table 3. In benzonitrile, the lifetime of
Ceo (> (CN),—DPAF™) was evaluated to be 270 ns at room
temperature. The value akp in benzonitrile is significantly
longer than those obtained oidichlorobenzene and anisole.
This can be reasonably interpreted by the following: (1)
stabilization of the radical ion pairs with increasing polarity of
the solvent and (2) the triplet-spin state character of the ion-
pair radicalst!

Singlet Oxygen Generation in ToluenePredominant gen-
eration of the’Cgo* moiety as detected upon the laser excitation
(532 nm) of the CT band of &(>(CN),—DPAF) in toluene
prompted us to investigate the photosensitized production of
the singlet oxygen staté@,*) by the addition of molecular
oxygen. Successful detection¥d,* may allow its correlation
to important photochemical processes involved in the chemical,
biological, and medical sciences. A considerable increase in the
decay rate 0fCgg*(>(CN),—DPAF) at 700 nm was observed
in the presence of £ suggesting its effective quenching of the
3Cso* moiety. On the basis of the pseudo-first-order plot, the
triplet quenching rate constant by, (Xo,) was calculated to be
1.6 x 10° M~1s71, which is slightly smaller than the diffusion-
controlled-limit (9 x 10° M~ s71 in toluene)?® During the
quenching process 8€g* by O, intermolecular triplet energy
transfer yielding'O* was substantiated by observing its
fluorescence emission at 1270 nm, as shown in Figure 9. The
yield of 10,* via 3Cgg*(>(CN),—DPAF) was nearly identical
to that of the pristin€Cqg*, confirming the occurrence of energy
transfer from théCT* state to the G moiety, followed by the
intersystem crossing toward the formation3G%g*(>(CN),—
DPAF).

Energy Diagram. On the basis of thermodynamic data, the
energy diagram of photoinduced processes gf*JCN)—
DPAF) was elucidated as shown in Figure 10. By exciting the
CT complex, there are many possible quenching pathways of
[Cec®~ (> (CN),—DPAP+)]* crincluding the following: (1) the
transformation from théCT* state to fully charge-separated
state yielding Go(>(CN)”"—DPAF™), (2) the exothermic
electron-shift process from the=€¢CN), moiety to the Go

>L T %
B[ e Ceo(>(CN),-DAPF)
8 F
£
-
o
0 =
2
£ L
i}
L | L o
1150 1200 1250 1300 1350

Wavelength / nm

In the case of benzonitrile, the transient absorption Spectrum gigyre 9. Emission spectra 302 in the near-IR region observed by
depicted at 100 ns revealed characteristic bands of the radicaknhe laser irradiation of & and Go(> (CN),—DPAF) in O,-saturated
ion pair at 860 and 1020 nm with a weak transient band of the toluene.
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[Ce™ (>(CN),- DPAFT )%, CT complex were significantly different from the corresponding
P TR EN Ceo excitation. Deriving from the excited CT state, both charge-
20—

CR

CS . . .
- CS separation and energy-transfer processes took place competi-

Coo> Ny, DPAF‘*)'“\.,‘_ tively. Following energy transfer, the indirect charge separation

lo, %
mm o T DPAD process viatCgg*( > CN),—DPAF) occurred in polar solvents,
BS Tl ‘{ﬁ/ I1SC but not in nonpolar solvents.
PhCN_ N In polar solvents, the fluorescence quenching step was
Ca™((CN)p-DPAFT) o0 C(CN DPAD) associated with a rapid photoinduced electron-transfer pathway
' leading to the formation of radical ion pairs, detected by transient
Lol " Major Process absorption spectroscopy. The lifetimagp of Csg (> (CN),—
""""" = Minor Process DPAF™) were evaluated to be 270 ns in benzonitrile and 7 ns
M|t vy CR in o-dichlorobenzene and anisole. Importantly, the observed data
FN'= Energy transfer demonstrated the relatively long lifetime ofdS (> (CN),—
CS = Charge separation DPAF*) as compared with the previously reported value of
ES = Electron-shift Ceo(> (C=0)—DPAF) (<20 ns in PhCN}$ Such a compara-
tively long lifetime might be attributed to the small reorganiza-
00— tion energy of the system associated with the essential contri-

bution of dicyanoethylenyl groups as electron mediating subunits
exceeding that of keto group. The observed data also substanti-
ated the efficient photosensitizing generation @,* via
3Ce0*(> (CN),—DPAF) as an important mechanism in the field

of photodynamic therapy.

Ceo(>(CN),- DPAF)ct

Figure 10. Energy diagrams for photochemical events g €(CN),—
DPAF) in different organic solvents.

moiety, generating '~ (> (CN),—DPAF) although this pro-
cess may be too fast to be observed in the present study,
the direct electron-transfer yieldings€ (> (CN),—DPAF™),
and (4) the energy-transfer process from Y@@ * state to the
Cso moiety yielding'Ceg*, which decayed by a charge separation
process to yield & (> (CN),—DPAF™).

Population of1Cgg*(>CN),—DPAF), produced by energy
transfer from the!CT* state, is the main event concerned in
toluene. The'Cep*(>CN),—DPAF) state can be generated by
the fast CR process of ¢&¢~(>(CN),—DPAF™) following

prior fast CS process, according to the observed fast rise in Supporting Information Available: Figure S1, absorbance
fluorescence intensity within 100 ps (Figure 7). These of (CN),—DPAF (5 x 10-6 M) in the presence ar,1d absence of
"Coo*(> (CN);—DPAF) transient states decayed to populate the FeCk (0.1 M) in DCB, Figure S2, steady-state absorption spectra
*Cog* moiety by an intersystem crossing process. Afterward, (CN),—DPAF in different sofvents, Figure S3, steady-state
efficient generation ofO,* from the 3Cgg* moiety was realized. absorption spectra ofé@> (CN),—DPAF) in different solvents

In polar ;olvents, intramolecular energy transfer to_t_h@ c Figure S4, relation betweeny andf(e,n) for (CN),—DPAF in 7
moiety yielding'Ceg*( > CN),~DPAF) takes place competitively  yitgereng solvents, Figure S5, steady-state fluorescence spectra
with the CS process from the€T* state, as confirmed by the DPAF, (CN)—DPAF, and Go(> (CN),—DPAF) in PhCN,
[ap'f fluorescence decay &CT*. Subs_equent CS process of and Figure S6, fluorescence decay profiles @f(E(CN),—
Ceo (>CN).2_DPA_‘F) becomes a d?+m'”a’_“ course to yield the DPAF) monitored at 600 nm in PhCN. This material is available
corresponding & (> (CN)—DPAF™) which decays to the  goq of charge via the Internet at http://pubs.acs.org.
ground state via the CR process.

Charge-recombination process aC(> (CN),—DPAF*) is
apparently exothermic with favorable energy of more than 1.17

i i (1) (a) Gust, D.; Moore, T. ASciencel989 244, 35. (b) Gust, D,;
eV, suggesting that the CR process belongs to the mvertedMoor& T A Top. Curr, Chem1991 159 103, (c) Wasielewski. M. R.

region of the Marcus parabol&?’In benzonitrile, thergp value Chem. Re. 1992 92, 435. (d) Paddon-Row: M. Nacc. Chem. Re4994
was found to be as long as 270 ns. That supports the inverted27, 18. (e) Sutin, NAcc. Chem. Re.983 15, 275. (f) Bard, A. J.; Fox,
region based on the reorganization energies of fullerene dyadsii’légg- 9;01-403*18"1- Red.995 28, 141. (g) Piotrowiak, PChem. Soc. Re
being can|derany less than 6:8.7 eV. Ino-dichlorobenzene ) (’a)lnt.roduction of Molecular ElectronicsPetty, M. C., Bryce, M.
and anisole, therip values were .found to be shorter than 10 Rr_ Bioor, D., Eds.; Oxford University Press: New York, 1995. (b) Ward,
ns, although the CR processes in these solvents belong to thes. W. Chem. Soc. Re 1997, 26, 365 (c) Feldheim, D. L.; Keating, C. D.
deeper inverted region. As one of rationales, charge-recombina-Shem. Soc. Re 1998 27, 1. (d) Guldi, D. M.; Kamat, P. VFullerenes,

. - . Chemistry, Physics and Technolpd$adish, K. M., Ruoff, R. S., Eds.;
tion process in less polar solvents tends to occur prior to the \yijey interscience: New York200Q pp 225-281.
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