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The photoinduced electron transfer of a series of meta- and para-linked triphenylamine-naphthalimide dyads,
N-{3- and 4-[bis(4-R-substituted phenyl)amino]phenyl}-1,8-naphthalimide,1m,p (R ) H), 2m,p (R ) Me),
3m,p (R ) OMe), and4m,p (R ) NMe2) was investigated in toluene and DMF. The singlet charge-transfer
(CT) states were observed in all cases. The decay rates were found to be faster in DMF (τ ) 6.5 ps to 100
ps) than those in toluene (τ ) 190 ps to 7 ns). The long-lived triplet CT states were observed in toluene for
3 (ca. 10% contribution,τ ) 670 ns for3m, 240 ns for3p). No long-lived species were detected in DMF.
The decay rates were somewhat faster in the para-isomers than in the meta-isomers in most cases. The photolysis
of 5 (p-phenylene extended analogue of3, R ) OMe) gave a singlet CT state and a locally excited triplet
state on the naphthalimide chromophore.

Introduction

Searching for systems of long-lived charge-separated states
is an important subject in pure and applied sciences. An
important goal is to create efficient artificial systems that
function like natural photosynthetic systems where photoexci-
tation energy is efficiently converted to redox-chemical energy
in the thylakoid membrane.1 Recently, considerable develop-
ments have been made with multi-chromophoric systems
including multistep electron transfer.2 However, they did not
always give long-lived charge-separated states. The most
successful approach seems to be a spin control strategy using a
chromophore undergoing rapid intersystem crossing.3 This
strategy leads to the selective formation of a triplet charge-
separated state, which has a long lifetime (approximately
microseconds) because of the spin-forbidden transition to the
ground state. This method is also applicable to D-A dyads with
a relatively short linkage3-5 as demonstrated in a few systems
including A.4b

The dyadA, reported by Verhoeven and co-workers, consists
of the methoxyaniline (D) and naphthalimide (A) moieties,
which are connected by a bridge of three sp3-carbon atoms.
Irradiation ofA (D-A) with a nanosecond laser pulse led to the
formation of triplet charge-transfer (3CT) states characterized
by a long lifetime (τ ∼ 1 µs) in relatively polar solvents. The

successful detection of3CT is due mainly to the fast intersystem
crossing of the naphthalimide chromophore (D-1A* f D-3A*
f 3CT).4b

Naphthalimide has a unique characteristic in its frontier
molecular orbitals: there is a vertical nodal planeσυ passing
through the two central carbon atoms in the naphthalene ring
and the nitrogen atom (Scheme 1). For this reason of symmetry,
the electronic interaction between naphthalimide (radical anion)
and the donor (radical cation) attached to the nitrogen atom of
naphthalimide through spacers would be minimized. This would
cause two advantageous effects in the primary processes of
photoelectron transfer, in comparison to other acceptor-systems.
(1) The rate of charge separation via a locally excited singlet
state (1LE) on the naphthalimide chromophore would be
suppressed, to give an increase in the quantum yield of the
intersystem crossing of1LE (naphthalimide). (2) The rate of
charge recombination would be retarded in both the singlet and
the triplet states. Therefore, we expected that donors could be
connected without a bridge to the nitrogen atom (naphthalimide).
In this paper, we examined photoinduced electron transfer of
N-[(3- and 4-diarylamino)phenyl]-1,8-naphthalimide dyads (1-
4), where the substituted triphenylamine donor was directly
combined to the naphthalimide chromophore, providing a novel
orbital-orthogonalsystem in a short linked D-A system. Long-
lived 3CT were observed for3 (R ) OMe) and4 (R ) NMe2)
in toluene. The effects of substituents, solvents, and topologies
on the charge recombination were investigated and discussed.

Experimental Section

Materials. Syntheses of3m and 3p are described as
examples. Synthetic procedures and data for other compounds
are given in Supporting Information (SI).

Synthesis ofN-{3-[Bis(4-anisyl)amino]phenyl}-1,8-naph-
thalimide (3m). In a 100 mL two-necked flask, sodiumtert-
butoxide (247 mg, 2.57 mmol), Pd2(dba)3‚CHCl3 (177 mg, 0.171
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mmol), anhydrous toluene (50 mL), and a solution of P(tBu)3
in toluene (0.152 M, 0.40 mL, 0.0608 mmol) were stirred under
nitrogen. To this mixture were addedN-(3-bromophenyl)-1,8-
naphthalimide (6m) (600 mg, 1.70 mmol) and dianisylamine
(508 mg, 2.58 mmol). The mixture was refluxed overnight,
allowed to cool and filtered through celite. The filtrate was
concentrated under reduced pressure and passed through an
alumina column and eluted with CH2Cl2 to give almost pure
3m. Recrystallization from ethanol gave analytically pure sample
(305 mg, 38%).3m: a yellow powder; mp 262°C; 1H NMR
(400 MHz, CDCl3) δ 8.62 (d,J ) 7.8 Hz, 2H), 8.24 (d,J )
7.8 Hz, 2H), 7.77 (t,J ) 7.8 Hz, 2H), 7.31 (t,J ) 7.8 Hz, 1H),
7.14 (d,J ) 9.0 Hz, 4H), 6.99 (d,J ) 7.8 Hz, 1H), 6.85-6.81
(m, 5H), 6.77 (d,J ) 7.8 Hz, 1H), 3.77 (s, 6H), IR (KBr) 1711,
1670, 1589, 1506, 1487, 1442, 1375, 1354, 1238, 1188, 1029,
833, 777 cm-1; MS(FAB+) m/z 500 [M+]. Anal. Calcd for
C32H24N2O4:C 79.15, H 4.89, N 4.86. Found: C 78.96, H 4.77,
N 4.79.

Synthesis ofN-{4-[Bis(4-anisyl)amino]phenyl}-1,8-naph-
thalimide (3p). In a 100 mL two-necked flask, sodiumtert-
butoxide (259 mg, 2.70 mmol), Pd2(dba)3‚CHCl3 (184 mg, 0.178
mmol), anhydrous toluene (60 mL), and a solution of P(tBu)3
in toluene (0.152 M, 0.40 mL, 0.0608 mmol) were taken and
stirred under a nitrogen atomosphere. To this mixture were
addedN-(4-bromophenyl)-1,8-naphthalimide (6p) (603 mg, 1.71
mmol) and dianisylamine (510 mg, 2.59 mmol). The mixture
was refluxed overnight, allowed to cool and filtered through
celite. The filtrate was concentrated under reduced pressure
and passed through a alumina column eluted with CH2Cl2 to
give almost pure3p. Recrystallization from toluene gave

analytically pure sample (350 mg, 44%).3p: a yellow powder;
mp 290°C; 1H NMR (400 MHz, CDCl3) δ 8.65 (d,J ) 8.0
Hz, 2H), 8.26 (d,J ) 8.0 Hz, 2H), 7.79 (t,J ) 8.0 Hz, 2H),
7.16 (d,J ) 9.2 Hz, 4H), 7.07 (d,J ) 9.2 Hz, 2H), 7.02 (d,J
) 9.2 Hz, 2H), 6.85 (d,J ) 9.2 Hz, 4H), 3.81 (s, 6H); IR (KBr)
1705, 1665, 1587, 1504, 1462, 1437, 1373, 1358, 1313, 1288,
1238, 1188, 1038, 827, 781 cm-1; HRMS (m/z) calcd for
C32H24N2O4 500.1736, found 500.1731.

Electrochemical Oxidation of Dyads 1-5. For the assign-
ment of transient species in the laser photolysis, the electro-
chemical oxidation of the reference compounds,TPA(Me),
TPA(OMe), andTPA(NMe2) was carried out using an elec-
trochemical cell (1 mm width with a fine mesh Pt working
electrode) at suitable potentials generating the radical cation
species in CH2Cl2 in the presence of tetra-n-butylammonium
hexafluorophosphate (0.1 M). The electrochemical reduction of
N-phenylnaphthalimide (NI-Ph) was also carried out in DMF
under similar conditions. These data are shown in the SI.

Laser Flash Photolyses of 1-5. Nanosecond time-resolved
difference spectra were obtained by using the third harmonic
of a Q-switched Nd3+:YAG laser (Continuum Surelite I-10,λ
) 355 nm).6 Sample solutions in a 1 cm quartz cell were
deaerated by bubbling with argon for 5 min. White light from
a Xe-arc lamp was used for acquisition of absorption spectra.
For measurements of picosecond time-resolved difference
spectra, a sample solution in a quartz cell (2 mm length) was
excited with the third harmonic pulses of a mode-locked Nd3+:
YAG laser (Continuum PY61C-10).7 The transient absorption
spectra in the time range from-20 ps to 6 ns were acquired by
using continuum pulses generated by focusing the fundamental
laser pulse into a flowing H2O/D2O mixture (1:1 by volume).
For the determination of emission lifetimes, samples were
irradiated using the third harmonic pulses of the Nd3+:YAG
laser. The emission from the samples was passed through a
grating monochromator (H-10, Jobin Yvon) to eliminate scat-
tering light and focused into a Si avalanche photodiode (Si-
APD, S5139, Hamamatsu). The photocurrent from the Si-APD
was amplified through wide-band amplifier (DC-500 MHz,
CLC110) and accumulated on a digitizing oscilloscope (HP
54520 Hewlett-Packard) to get the decay-profile of the emission
intensity, which was fit to single-exponential function with
convolution of the instrumental response function of the
measuring system. The time-resolution of the system is 2 ns.

Results and Discussion

We use a general term of “CT” [charge-transfer) (Dδ+-
Aδ-), δ e 1] rather than “(D•+-A•-)”. As described later,
transient species generated in DMF have similar absorptions to
the free radical ions generated by the electrochemical method
(radical cations in CH2Cl2, radical anions in DMF) and are well
approximated as radical ion pairs [(Dδ+-Aδ-), δ ) 1].
However, the transient species in toluene have similar but
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broader absorptions than those in DMF or the free radical ions,
especially for the radical cation moieties. In addition, some of
the short-lived transient species showed broad emission spectra,
which is characteristic of singlet CT excited states. Thus, the
species in toluene may be approximated as a CT complex with
δ close but not equal to unity.

Syntheses of 1-5. A series of triarylamine-naphthalimide
dyads1-5 with the meta- and para-topologies were synthesized
through Pd(0)-mediated C-N bond formation8 for 1-4 and by
C-C bond formation9 for 5 (Scheme 2). Synthetic details are
described in the SI.

Spectral Properties of 1-5. The absorption spectra in the
UV region are roughly similar to the spectral summation of the
components, naphthalimide and triarylamine. For example,
Figure 1 shows the electronic spectra of3m and3p with their
components [NI-Ph andTPA(OMe)] (for other compounds see
Figures S1-S5). The observed spectrum of3m is well ap-
proximated by a summation of the components [NI-Ph + TPA-
(OMe)], suggesting negligible electronic interaction in the
ground state between the two components. This is ascribed to
the meta-topology and the node of the frontier orbitals in
naphthalimide. The observed spectrum of3p deviates in intensity
around 340 nm from the spectral summation (Figure 1B),
indicating that the donor part is conjugated with the nitrogen
orbital but not with the naphthalimide chromophore because of
the node of naphthalimide. Changing the model component from
TPA(OMe) to TPA(OMe)-SI considerably improved the
spectral similarity (Figure 1C). No charge-transfer band from
the donor to the naphthalimide acceptor was observed.

These spectral features allow the estimation of the excitation
(at 355 nm) ratios of naphthalimide chromophore for the meta-
isomers, which vary considerably depending on the substrate,
78% for1m, 72% for2m, 65% for3m, 47% for4m, and 22%
for 5m. The corresponding values for the para-isomers are
somewhat smaller than the meta-isomers10 because of the
perturbed red-shifted absorptions mainly on the nitrogen-
substituted triphenylamine chromophores.

Judging from the longest edge of the absorption spectrum,
the lowest locally excited singlet state (1LE) is likely to be on
the naphthalimide chromophore for1 and 2, but on the
triarylamine chromophore for3 and4. Initially formed1LE states
may undergo intramolecular energy transfer and/or electron-
transfer reactions. These processes should occur very rapidly.
In fact, the species observed in the pico-second laser photolysis
was exclusively1CT states and no1LE state on the naphthal-
imide or triaryamine chromophores was observed. Singlet
energies [ES(1LE)] of these dyads are estimated from the
absorption edges and summarized in Table 2.

NI-Ph is known to exhibit weak fluorescence.11 Recently,
Bérces, Kossanyi, and co-workers have reported that some
donor-substituted naphthalimides show fluorescence with a large
Stokes-shift.12 The emitting state was found to have a large CT
character. The singlet CT state is the most plausible state
emitting the fluorescence. Similar fluorescence was observed
for 1, 2, 3, and 5 in toluene (Figures S6-S9): The weak
emissions were observed for instance atλEMmax ) 700 nm for
3m, which is different from fluorescence ofNI-Ph (350-500
nm with λEMmax ∼ 400 nm, Figure S10) or of the donor part
(TPA(OMe)) (360-450 nm with λEMmax ) 386 nm, Figure

SCHEME 2

Figure 1. UV-vis absorption spectra of3m and 3p and their
components: (A)3m + TPA(OMe); (B) 3p + TPA(OMe); (C) 3p +
TPA(OMe)-SI) in toluene.
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S13). The observed emissions are assigned as those from1CT
states, which suggest the rapid transition from1LE (naphthal-
imide chromophore) to1CT in the excited-state surface. No such
CT fluorescence was observed for4 in toluene and for all dyads
in DMF. The lifetimes of the CT-emissions are summarized in
Table 4.

Naphthalimide exhibits phosphorescence in glassy toluene at
77 K with vibronic spacing of 1470 cm-1 and with the 0-0
band at 547 nm from which the triplet energy (ET) of 3LE on
naphthalimide was determined to be 2.27 eV (Figure S16).13

The donor moieties had higher triplet energies as determined
from the 0-0 band of the phosphorescence of the reference
compounds;ET ) 3.00 eV forTPA(H) , 2.97 eV forTPA(Me),
2.88 eV for TPA(OMe), and 2.52 eV forTPA(OMe)-Ph
(Figure S17). Dyads1, 2, 3, and 5 exhibited an identical
phosphorescence spectrum with that from the naphthalimide
chromophore in glassy toluene (Figures S18-S21). These
observations are consistent with the free energy analyses
showing that the lowest triplet state should be3LE on the
naphthalimide chromophore for1, 2, and5 in toluene (∆Grip in
Table 2 andECT in Table 3,Vide infra). The analyses show,
however, that the energy of the radical ion-pair state (∆Grip and
ECT) for 3 is located in a similar energy level to3LE. The
transient spectra in the laser photolysis clearly indicate that
3CT is the lowest triplet state at room temperature in solution
for 3 (Vide infra). Therefore, the finding of the phosphorescence
from 3LE (naphthalimide) for3 suggests that3CT has a higher

energy than3LE (naphthalimide) in glassy toluene at 77 K,
where the solvated stabilization of CT is lesser available.14 It
should be noted that∆Grip in DMF is lower than the energy
level of 3LE (naphthalimide, 2.27 eV) for all compounds. This
is consistent with the observations that1CT decayed rapidly to
the ground state and no3LE (naphthalimide) was detected in
DMF (Vide infra). Compound4 (R ) NMe2) exhibited no
phosphorescence at 77 K in toluene, suggesting that the lowest
triplet state of4 is not 3LE but a nonemissive3CT state.

Molecular Orbital Calculations for 1 -5. To determine the
most stable conformation, the conformers with different torsion
angles between the phenyl rings and with different orientations
of methoxy groups were systematically generated and minimized
(AM1) using Spartan.15 For the most stable conformer, TD-
DFT/6-31G(d) calculations were carried out to determine the
transition character for the singlet excited states (SI).16 Figure
2 shows the HOMO and LUMO for3m and3p for example,
showing that the HOMO is localized on the donor (triarylamine)
part and the LUMO on the acceptor part (naphthalimide). The
first excited singlet state was shown to be mainly the HOMO
f LUMO transition, indicating that the first excited singlet state
is the CT state.

TABLE 1: Redox Potentials (V vs Fc/Fc+) of 1-5 in CH2Cl2
and DMF

CH2Cl2 DMF

compd Eox/Va Ered/Va Eox/Va Ered/Va

1m +0.60 -1.82 +0.57 -1.72
1p +0.59 -1.82 +0.57 -1.72
2m +0.45 -1.82 +0.49 -1.71
2p +0.45 -1.81 +0.48 -1.73
3m +0.27 -1.84 +0.33 -1.72
3p +0.26 -1.85 +0.32 -1.73
4m -0.20 -1.84 -0.13 -1.72
4p -0.20 -1.84 -0.14 -1.73
5m +0.21 -1.82 +0.28 -1.71
5p +0.20 -1.82 +0.29 -1.71

a vs Fc/Fc+ using a glassy carbon as a working electrode with sweep
rate of 100 mV/s in the presence of tetra-n-butylammonium hexafluo-
rophosphate.

TABLE 2: Energy Levels of the Lowest Excited Singlet (ES)
and Triplet ( ET) States and the Radical Ion Pair State
(∆Grip ) above the Ground State (EGS )0)

compd ES (1LE)/eVa ET (3LE)/eVb
∆Grip/eVc

in toluene
∆Grip/eVd

in DMF

1m 3.43 2.27 2.50 2.24
1p 3.43 2.27 2.59 2.24
2m 3.43 2.27 2.35 2.15
2p 3.43 2.27 2.44 2.16
3m 3.40 2.27 2.19 2.00
3p 3.39 2.27 2.28 2.00
4m 3.23 -e 1.72 1.54
4p 3.22 -e 1.82 1.54
5m 3.26 2.27 2.40 1.96
5p 3.25 2.27 2.44 1.97

a Estimated by the absorption edge at the1/10th height of the maximal
height of the longest absorption in toluene.b Determined from the 0-0
band of the phosphorescence in glassy toluene at 77 K.c Using eq 1 (ε
) 2.38 for toluene,εref ) 8.93 for CH2Cl2). d Calculated using the redox
potentials in DMF.e The phosphorescence was not observed.

TABLE 3: Energy of 1CT State (ECT), Fluorescence
Maximum (EEM), and the Reorganization Energy (λCT and
λs) for1(D•+-A•-) f GSa

toluene

compd ECT
b EEM

c λCT
d λs

e
DMF

λs
e

1m 2.48 1.83 0.65 0.03 0.44
1p 2.43 1.79 0.64 0.03 0.55
2m 2.38 1.73 0.65 0.03 0.44
2p 2.38 1.72 0.66 0.03 0.55
3m 2.21 1.55 0.66 0.03 0.44
3p 2.25 1.59 0.66 0.03 0.55
4m -f -f -f 0.03 0.44
4p -f -f -f 0.03 0.55
5m 2.43 1.77 0.66 0.05 0.76
5p 2.44 1.78 0.66 0.05 0.82

a Energies given in eV unit.b Determined from the onset of the CT-
fluorescence with an error of(0.05 eV.c Determined from the emission
maximum energy in the plot offCT(ν̃)/ν̃3 vs ν̃, wherefCT(ν̃) denotes CT
fluorescence spectrum as a function of wavenumberν̃. d Calculated
using eq 2 with an error of(0.05 eV.e Calculated using eq 3 withε
) 2.38 andn2 ) 2.24 for toluene, andε ) 36.7 andn2 ) 2.05 for
DMF. f Not observed.

TABLE 4: Lifetimes of Transient Species Assigned to CT or
LE by Transient Absorption ( τ) and Transient Emission (τf)
Measurements for the Photolysis of 1-5

lifetimes of short-lived
component (τ) and CT-fluorescence (τf)

toluene
lifetime of long-lived

component [3LE or 3CT]

compd τ τf DMF toluene DMF

1m 7 ns 5 ns n.m. 3LE, n.d. n.m.
1p 2 ns e2 ns n.m. 3LE, n.d. n.m.
2m 7 ns 7 ns 100 ps 3LE, 12.0µs n.o.
2p 2 ns e2 ns 46 ps 3LE, 3.3µs n.o.
3m 4 nsa 3 ns 20 ps 3CT, 670 nsa n.o.
3p 2 nsb e2 ns 11 ps 3CT, 240 nsb n.o.
4m 190 ps n.m. 6.8 ps 3CT, -c n.o.
4p 220 ps n.m. 6.5 ps 3CT, -c n.o.
5m 9 ns 7 ns 19 ps 3LE, n.d. n.o.
5p 5 ns 5 ns 16 ps 3LE, n.d. n.o.

a With a fraction ratio of 92 (short-lived component):8 (long-lived
component).b With a fraction ratio of 87 (short-lived component):13
(long-lived component).c Less than 1% fraction. n.m.: not measured.
n.d.: not determined. n.o.: not observed
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Redox Potentials and Estimation of Free Energies for 1-5.
The redox potentials of these dyads were measured by means
of cyclic voltammetry in both CH2Cl2 and DMF with a SCE
reference electrode. Then, all the redox potentials were corrected
by the ferrocene-ferrocenium potential (Fc/Fc+: +0.430 V vs
SCE in CH2Cl2, +0.47 V in DMF). These values are sum-
marized in Table 1.

The free energy change for the formation of radical ion pair
states (∆Grip in eV) from the ground states in toluene was
roughly estimated using the Weller approximation (eq 1);17 the
radical ion pair state is considered as a solvent-separated one
with a center(+)-to-center(-) distanceR (in angstrom) and the
effective radiir (in angstrom) equals for donor (D) and acceptor
(A). ε is a dielectric constant of the solvent andεref (in this
caseεref ) 8.93 for CH2Cl2) is that in the reference solvent in
which Eox,ref (D) andEred,ref (A) are measured. The free energy
change for the back electron transfer to the ground state (∆Gbet)
is expressed as that of the opposite sign.R was approximated

as a distance between the carbon atom at the 8a position
(Scheme 1) and the central nitrogen atom of the triarylamine
structure; 7.5 Å for1m, 2m, 3m, 4m, 8.5 Å for 1p, 2p, 3p, 4p,
11.7 Å for5m, and 12.9 Å for5p. The effective ionic radiir of
the donor and the acceptor moieties were assumed to be 5 Å.17b

Table 2 summarizes the∆Grip values in toluene and DMF with
the ES andET values.

Table 2 indicates that the lowest triplet state is3LE state for
1, 2, and5, but 3CT state for4 in toluene. For3, 3LE and3CT
states are in similar energies in the same solvent. In spite of
rough approximation for the estimation methodology (eq 1),
these results are in good accord with the experimental estimation
of the energy levels of charge transfer state (ECT, Table 3)
estimated from the onset of the CT fluorescence (Vide supra,
Figures S6-S9). The absence of phosphorescence (77 K in
toluene) for4 suggests the lowest3CT state (Vide supra).

Using theECT or ∆Grip values, reorganization energy (λCT)
for the back charge-transfer process (CTf GS) can be
calculated by18

EEM is the emission maximum energy in the plot offCT(ν̃)/ν̃3

vs ν̃, where fCT(ν̃) denotes CT fluorescence spectrum as a
function of wavenumberν̃ (Table 3). As shown in Table 3, the
λCT values in toluene are about 0.66 eV. TheλCT value can be
formally divided into internal (λi) and solvent (λS) reorganization
energies:λCT ) λi + λS. Two-spheres in a dielectric continuum
model allows a crude estimation of theλS value (eV), that is,19

where ∆e is number of transferred electrons,n is refractive
index, rA and rD denote radius of the acceptor and the donor,
respectively. Table 3 summarizes theλS values calculated for
toluene and for DMF assumingrA andrD equal to 5.0 Å for all
the dyads. Very smallλS values for toluene indicate that internal
(λi) contribution is dominant inλCT. The solvent reorganization
energies were estimated to be considerably large in DMF: 0.5
eV for 1-4, 0.8 eV for5.

Outline of Laser Photolysis.In accordance with the energy
consideration,ES > ∆Grip (Table 2) or ECT (Table 3), the
excitation of1-4 gave1CT in both nonpolar (toluene) and polar
(DMF) solvents. The lowest triplet states of1 (R ) H) and2
(R ) Me) are predicted to be not3CT but3LE (naphthalimide)
in toluene, whereas they are3CT in DMF. The transient spectra
obtained from the excitation (at 355 nm) of dyads1 and 2
showed a similar time profile; the absorption of3LE was
observed after the decay of1CT states. The detailed analysis
was achieved for2. Dyads3 (R ) OMe) have a small energy
difference between3CT and3LE. The expected3CT with a long
lifetime was observed after decay of1CT in toluene, whereas
exclusive decay of1CT to the ground state was observed in
DMF. Compounds4 (R ) NMe2) have lower∆Grip values than
compounds3. Although the long-lived3CT states were detected,
the contribution of3CT was very small for4. For compounds
5 (phenylene-extended analogue of3), the lowest3LE state was
observed after the decay of1CT in toluene, whereas no long-
lived species was detected in DMF. The results for5 are
separately described as a distance effect. The observed lifetimes
of 1CT for 1-5 and3CT for 3 are summarized in Table 4. These
results are separately described below.

Laser Photolysis for 1m, 2m, 1p, and 2p in Toluene.
Excitation with a nanosecond laser pulse (355 nm, fwhm: 4
ns) allows selective excitation [78% for1m, 72% for 2m] of
the naphthalimide chromophore. The time dependencies of the
transient absorption spectra of1m and2m were similar. Figure
3 shows the transient absorption spectra of2m in toluene (Figure
S27 for1m and1p). After excitation, strong new absorptions
appeared atλmax ) 420 and 660 nm. The 420 nm absorption is
a characteristic band of the anion radical of naphthalimide
moiety (Figure S22 for the electrochemical reduction ofNI-
Ph in DMF).4b The 660 nm absorption band is similar to the
absorption of the free ditolylphenylamine radical cation gener-
ated by the electrochemical methodTPA(Me)·+ in CH2Cl2 [λmax

) 684 nm, 560 nm (sh), (Figure S23)] but broader than the
free radical cation in CH2Cl2. Both bands (420 nm, 660 nm)
decayed exponentially with a single lifetime ofτ ) 7 ns for
both1m and2m. Furthermore, these lifetimes were very close
to those observed for the CT emission (τf in Table 4). Thus,
the observed absorption spectra (Figure 3) are assigned to be
the 1CT states. The1CT absorptions had almost disappeared
100 ns after the laser excitation. The remaining species had an
absorption band at 470 nm, which was assigned to the T-T
absorption of3LE on the naphthalimide chromophore.4b The
time dependencies of these transient species are shown in Figure

Figure 2. HOMO and LUMO of3m and3p.

λS ) 14.4(∆e)2( 1

n2
- 1

ε)( 1
2rA

+ 1
2rD

- 1
R) (3)

∆Grip ) -∆Gbet ) Eox,ref(D) -
Ered,ref(A) - 14.4/(εR) + (14.4/r)(1/ε - 1/εref) (1)

λCT) ECT - EEM (2)
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3B. The absorbance at 470 nm was almost constant in the decay
of 1CT. Two explanations are possible: This may be because
of the small difference of molar absorptivities between3NI (ε470

∼ 10 000)20 and the summation ofNI ·- (ε470 ∼ 4700) and
TPA(Me)·+ (ε470 ∼ 3900). The kinetic analysis of the time-
profiles for 2m with convolution of the instrumental function
indicates that the initial concentration of1CT (ε420 ∼ 27 000
for NI ·-) is nearly comparable to the final concentration of
3LE (ε470∼ 10 000). Thus, this consideration is compatible with
the mechanism of intersystem crossing involving the back
electron transfer,1CT f 3LE.21 However, the time dependencies
in Figure 3B are also compatible with the mechanism involving
a fast intersystem crossing within the naphthalimide chro-
mophore,1LE f 3LE.22 The differentiation of these mechanisms
is difficult at present.

The formation of1CT and/or3LE on the naphthalimide could
not be observed even in picosecond laser photolysis (Figure
S29A), indicating that both processes occur much faster than
the limit of time resolution of our apparatus, 5 ps.

The time dependencies of the transient absorptions for the
para-isomers,1p (Figure S27B) and2p (Figure 4 and S29B) in
toluene were essentially similar to those for the meta-isomers,
1m and 2m, although the transient absorptions appeared at a
considerably longer wavelength (∼850 nm for2p in Figure 4
and S29). The broad 850 nm absorption may be partly due to
the overlap of the radical cation and the naphthalimide radical
anion, which appears around 840 nm in DMF (Figure S22).
The decays of1CT (τ ∼ 2 ns for both1p and2p) were somewhat
faster than those for the meta-isomers (τ ) 7 ns for both1m
and2m, Table 4).

Laser Photolysis of 3m and 3p in Toluene.The spectro-
scopic feature of3 is not much different from1 and2. However,
because of the electron-donating property of the methoxy group,

the energy levels of CT states of3m and 3p are lower than
those of1 and2: ∆Grip (2.19, 2.28 eV in Table 2) orECT (2.21,
2.25 eV in Table 3) for3 in toluene are comparable to the level
of 3LE (ET ∼ 2.27 eV, Table 2). Figure 5A shows the transient
absorption spectra for the excitation of3m. The observed
absorptions are reasonable as1CT; naphthalimide radical anion
(λmax ) 420, 490 nm) and the donor radical (λmax ) 720 nm
with a broader width) in comparison with the electrochemically
generated dianisylphenyamine radical cation [TPA(OMe) ·+, λmax

) 755 nm in CH2Cl2, Figure S24]. Importantly, the decay curves
of the cationic and anionic species are consistently expressed
as double exponential functions (Figure 5B), showing fast major
(ca 92%) decay ofτ ) 4 ns and slow minor (ca 8%) decay of
τ ) 670 ns. After 50 ns the species is almost all of the long
lifetime, which has an identical spectral pattern with the fast
decaying species. The lifetime of the fast component is almost
the same as that for the CT fluorescence (τf in Table 4). These
results strongly indicate that the species of the short lifetime
and the long lifetime are ascribed to1CT and3CT, respectively.
The fast decaying transient component,1CT, was also observed
in picosecond-laser excitation: the spectra observed later than
between 200 ps and 6 ns (Figure S31) were consistent with
those obtained in the nanosecond-pulse excitation. Similar results
were obtained for the photolysis of3m in dioxane (λmax ) 410,
490, 720 nm withτ ∼ 3 ns with 96% contribution, 800 ns with
4% contribution in Figure S32).

Transient absorption spectra for the photolysis of the para-
isomer (3p) in toluene showed an essentially similar time-
dependence (Figure 6,τ ∼ 2 ns with 87% contribution, 240 ns
with 13% contribution). The absorption assigned to the donor
radical cation (λmax ) 710 nm) in toluene accompanied the
longer absorption (λmax ) 840 nm), which may be partly due

Figure 3. Transient spectra of2m after excitation of a nanosecond
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored
at 470 and 660 nm (B) in toluene. Figure 4. Transient spectra of2p after excitation of a nanosecond

laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored
at 470 and 750 nm (B) in toluene.
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to naphthalimide radical anion (420, 840 nm in DMF).4b

However, the absorption at 840 nm was significantly larger than
that expected from the naphthalimide radical anion absorption,
for a reason not clear at present. In dioxane, normal absorptions
were observed (λmax ) 410, 490, 720 nm withτ ∼ 3 ns with
96% contribution, 540 ns with 7% contribution in Figure S32).

Two mechanisms are possible in principle for the formation
of long-lived 3CT: one involves a rapid intersystem crossing
of 1LE (naphthalimide) via the spin-orbit coupling within the
naphthalimide chromophore,22 [TPA(OMe)-1NI ] f [TPA-
(OMe)-3NI ] f 3CT, the other involves an intersystem crossing
within the CT states, [TPA(OMe)-1NI ] f 1CTf 3CT. The latter
process has been observed in weakly coupled D-A systems
(|2J| < hyperfine coupling)2b,3b,23and would be unexpected in
the present system where the S-T gap is increased by the
proximity of the donor and acceptor, prohibiting significant S-T
mixing. The former process has an electron-transfer step with
∆G ∼ 0.0 eV in the second step. The reaction would proceed
efficiently because of the long lifetime of3NI .

Laser Photolysis of 4m and 4p in Toluene.The oxidation
potentials of4 are much lower than those of1, 2, and3. As a
result, the ion pair energies are considerably lower than3LE
(naphthalimide). In the case of4, fast decay from1CT was
predominantly observed. Figure 7 shows the transient absorption
spectra after picosecond-laser excitation of4m in toluene. The
414 and 488 nm absorptions are assigned to an anion radical of
the naphthlimide moiety. The electrochemical oxidation ofTPA-
(NMe2) gave rise to a small band at 560 nm and an intense
band at 1057 nm as the radical cation bands (Figure S25). The
intense band at 1057 nm is over our detector range in the
transient absorption experiments. The gradual increase of the
intensity of the transient absorption from 800 to 900 nm is
indicative of the stronger absorption over 1000 nm. The lifetime
of 1CT was estimated to be 190 ps from the decay of absorption
at 414 nm for4m. A slow and minor decaying component
(<1%) attributable to3CT was also observed in the nanosecond
laser excitation in toluene [τ ) 920 ns (420 nm) for4m, 780
ns (420 nm) for4p, Figure S34]. The small fraction of3CT for
4 suggests that the photochemical charge separation from1NI
in 4 is faster than that in3. Then, the intersystem crossing within
the NI chromophore of4 becomes less competitive than that
of dyad3, resulting in a lower3CT intensity from3NI for 4.

Summary of Laser Photolysis of 1-4 in Toluene. The
electron donating substituents in the donor moiety certainly
decrease the CT energy (∆Grip in Table 2 orECT in Table 3).
The∆Grip values of1-4 are 2.6-1.7 eV above the ground state.
These values are far beyond the reorganization energy (λCT ∼
0.7 eV, Table 3). Therefore, the back electron-transfer processes
in the present system must be deep in the Marcus inverted
region. The∆Grip value gradually decreases in the order of1

Figure 5. Transient spectra of3m after excitation of a nanosecond
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored
at 420 and 720 nm (B) in toluene.

Figure 6. Transient spectra of3p after excitation of a nanosecond
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored
at 410 and 710 nm (B) in toluene.

Figure 7. Transient spectra of4m after excitation of a picosecond
laser pulse (355 nm, fwhm: 17 ps) in toluene.
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(2.5-2.6 eV)f 2 (2.3-2.4 eV)f 3 (2.2-2.3 eV) and drops
significantly in 4 (1.7-1.8 eV). The lifetimes are similar for
2-7 ns for1-3, but considerably shorter (190-220 ps) for4.
The shorter lifetime for4 qualitatively accords with the small
effect in the Marcus inverted region.4 According to Marcus
theory, the electron-transfer rate constant maximizes when the
electrostatic energy released in the reaction (free energy change,
∆Grip) equals to the energy required for the geometrical changes
of the system including surrounding (reorganization energy,
λCT). In the Marcus inverted region, internal vibrational modes
must accept the excess energy through nuclear tunneling effects
and thus Franck-Condon weighted density-of-states of the
transition decreases as the excess energy increases. The excess
energy (∆Grip - λCT) in the Marcus inverted region is calculated
to be 1.6 eV for3, 1.7 eV for2, 1.8 eV for1, and∼1.0 eV for
4, assuming theλi values are identical (∼0.7 eV) for these dyads.
A smaller excess energy in4 is qualitatively compatible with
the faster1CT decay rates. However, it should be noted that
the observed back-electron-transfer rates for these dyads are
considerably fast in spite of the large excess energy in the
Marcus inverted region. Although the presence of the inverted
region has been experimentally demonstrated in many systems,
the effect is known to be much less than that predicted on the
basis of the classical Marcus theory,4 indicating the importance
of nuclear tunneling quantum effects24 in the Marcus inverted
region.

Transient triplet species,3LE (naphthalimide) for1 and 2,
and3CT for 3, were observed. The3CT states were also observed
for 4 with a lower contribution than those for3.

Laser Photolysis of 2-4 in DMF. The laser photolyses for
2-4 were also studied in a polar solvent, DMF. The generated
1CT was found to be short-lived in all cases. Although the lowest
triplet state was predicted to be3CT in this solvent (Table 2),
neither3CT nor 3LE could be observed.

The transient spectra for the picosecond-laser excitation of
3m are shown in Figure 8 as a typical example. The spectrum
is assigned to the1CT state (λmax ) 414, 490 nm for
naphthalimide radical anion moiety andλmax ) 748 nm for the
donor radical cation moiety). The absorptions due to1CT had
almost disappeared (τ ) 20 ps) within 500 ps after the laser
excitation, indicating a very small fraction of3CT state. In fact,
no transient absorption was observed in the nanosecond-laser
excitation. Similar results were obtained for3p (τ ) 11 ps with
λmax ) 413, 493, 749 nm) and the other compounds (τ ) 100
ps with λmax ) 411, 482, 670 nm for2m, τ ) 46 ps withλmax

) 410, 483, 697 nm for2p, τ ) 6.8 ps withλmax ) 410,> 600
nm for 4m, andτ ) 6.5 ps withλmax ) 411,>600 nm for4p
in Figures S38-S40).

Thus, in DMF, both the generation and the decay of1CT
states are very fast and no triplet species was detected. The
electron transfer for the charge-separation step from the excited
singlet state is an exothermic process (1.2-1.7 eV) for all dyads.
The back electron-transfer step in this solvent is much more
exothermic (∆Gbet ) -∆Grip: ∼2.2, 2.0, 1.5 eV for2, 3, and
4, Table 2). The observed lifetime of1CT decreases in the
sequence of2 [τ ) 100 ps (2m), 46 ps (2p)] f 3 [20 ps (3m),
11 ps (3p)] f 4 [6.8 ps (4m), 6.5 ps (4p)], which accords with
the sequence of the decrease of∆Grip, suggesting a small but
important effect in the Marcus inverted region. The considerable
increase in the CT decay rates in DMF compared to those in
toluene would be ascribed to the increase of solvent contribution
in the reorganization energy (λS: 0.4-0.5 eV for1-3 in DMF,
0.03 eV in toluene in Table 3). Assuming thatλi is identical
(∼0.7 eV) in both solvents, the reorganization energyλCT are
estimated to be∼1.2 eV in DMF for1-4. The excess energies
(∆Grip - λCT) of the electron-transfer process (1CT f GS) are
considerably small in DMF in comparison with those in toluene;
0.3 eV (for4) to 1.0 eV (for1) in DMF, 1.0 eV (for4) to 1.8
eV (for 1) in toluene, compatible with the faster decay rates in
DMF in the Marcus inverted region.

Topology Effect on the Lifetime of1CT and 3CT. The back-
electron-transfer rates from both1CT and3CT to the ground
states for the meta-isomers were found to be several times slower
than those for the para-isomers. This was observed for all
derivatives except4 where the topology difference was mini-
mized (Table 4). The redox potentials for both isomers are nearly
same (Table 1). The averaged distance between the radical cation
and the radical anion moieties are slightly longer in the para-
isomers, which in turn renders the∆Grip energy of the para-
isomers higher than that of the meta-isomer in toluene (Table
2). The driving force of the back-electron transfer to the ground
state (∆Gbet ) -∆Grip) is therefore slightly more exothermic
in the para-isomer in toluene. As discussed above, the back-
electron-transfer process for the present system is in the Marcus
inverted region. Therefore, the driving force term would predict
the reverse order of what was observed. The observed decay
rates can be rationalized by the pre-exponential term involving
electronic interaction in the Marcus theory. The HOMO of the
para-isomers has a large orbital coefficient on the Cp-carbon
atom (see the formula of3p and3p-HOMO in Figure 2) in the
donor moieties and a small coefficient even on the nitrogen
(naphthalimide) atom, whereas they are absent in the meta-
isomers. This would induce a small electronic interaction
between the donor radical cation and the naphthalimide radical
anion through aσ-type electronic interaction in the para-isomer,
which would be visible on the carbon-nitrogen (naphthalimide)
bond in HOMO of3p, or more clearly in HOMOs for para-
isomers1p-4p in the SI. Such an electronic interaction must
be much smaller in the meta-isomers.

Distance Effect of Electron Transfer: 5m and 5p vs 3m
and 3p.Photolysis of3m and3p (R ) OMe) in toluene led to
partial conversion to3CT, which had lifetimes of several hundred
nanoseconds. It is interesting to compare these results with those
of the p-phenylene-extended analogues,5m and 5p. The
p-phenylene-bridge results in several changes affecting the
radical ion pair energy (∆Grip). The redox potential term (Eox-
Ered) in CH2Cl2 contributes to stabilization of the radical ion
pair by∼0.06 eV mainly due to the decrease ofEox (+0.21 V
for TPA(OMe)-Ph in CH2Cl2), whereas the distance (R, 11.7

Figure 8. Transient spectra of3m after excitation of a picosecond
laser pulse (355 nm, fwhm: 17 ps) in DMF.
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Å for 5m and 12.9 Å for5p vs 7.5 Å for3m and 8.5 Å for3p)
term largely destabilizes the ion-pair energy in5 by 0.26 eV,
an average of the meta- (0.29 eV) and the para-isomers (0.24
eV). As a consequence, the∆Grip values of5m and5p become
higher in energy by∼0.19 eV than those of3m and3p. The
same conclusion can be drawn from theECT values: ECT )
2.23 eV for3, 2.44 eV for5 in comparison withET (naphthal-
imide)) 2.27 eV for both3 and5 (Vide supra). Thus, the lowest
triplet states inp-phenylene-bridged5m and 5p are switched
to the3LE states (naphthalimide) in comparison with the3CT
state for3m and3p. Excitation of5m in toluene led to the1CT
state (420 nm for the naphthalimide radical anion and 690 nm
for the radical cation, Figure 9, Figures S35-S37). The 690
nm band is somewhat shorter thanTPA(OMe)-Ph·+ (λmax )
756 nm in Figure S26). The1CT state has also an absorption in
longer wavelength region (>800 nm), which is partly due to
the naphthalimide anion radical. These1CT bands were almost
completely replaced after 400 ns by the 470 nm band that can
be clearly assigned to be3LE (naphthalimide). The observation
is in sharp contrast to that for3. In DMF, the lowest triplet
state is predicted to be3CT for both3 and5. However, the1CT
exclusively decayed to the ground state as observed for other
derivatives in DMF (Vide supra).
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