J. Phys. Chem. R008,112,2533-2542

2533

Photoinduced Electron Transfer of N-[(3- and 4-Diarylamino)phenyl]-1,8-Naphthalimide
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The photoinduced electron transfer of a series of meta- and para-linked triphenytaraptehalimide dyads,
N-{ 3- and 4-[bis(4-R-substituted phenyl)amino]phér¥|8-naphthalimidelm,p (R = H), 2m,p (R = Me),
3m,p (R = OMe), anddm,p (R = NMe,) 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 i BMES(ps to 100

ps) than those in toluene € 190 ps to 7 ns).

The long-lived triplet CT states were observed in toluene for

3 (ca. 10% contributiony = 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 analogue3HfR =

state on the naphthalimide chromophore.

Introduction

Searching for systems of long-lived charge-separated state
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-

S

OMe) gave a singlet CT state and a locally excited triplet

successful detection 8€T is due mainly to the fast intersystem
crossing of the naphthalimide chromophore-* — D—3A*
> 3CT)_4b

Naphthalimide has a unique characteristic in its frontier
molecular orbitals: there is a vertical nodal plamepassing

tation energy is efficiently converted to redox-chemical energy through the two central carbon atoms in the naphthalene ring

in the thylakoid membrankRecently, considerable develop-

and the nitrogen atom (Scheme 1). For this reason of symmetry,

ments have been made with multi-chromophoric systems the electronic interaction between naphthalimide (radical anion)

including multistep electron transfétHowever, they did not

and the donor (radical cation) attached to the nitrogen atom of

always give long-lived charge-separated states. The mostnaphthalimide through spacerswou_ld be min_imized.ThiswouId
successful approach seems to be a spin control strategy using §a2useé two advantageous effects in the primary processes of

chromophore undergoing rapid intersystem cros3ifghis

strategy leads to the selective formation of a triplet charge-

photoelectron transfer, in comparison to other acceptor-systems.
(1) The rate of charge separation via a locally excited singlet

separated state, which has a long lifetime (approximately State {LE) on the naphthalimide chromophore would be
microseconds) because of the spin-forbidden transition to the SUPPressed, to give an increase in the quantum yield of the

ground state. This method is also applicable te/Ddyads with
a relatively short linkage® 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 thre€-sprbon atoms.
Irradiation ofA (D-A) with a nanosecond laser pulse led to the
formation of triplet charge-transfeQT) states characterized
by a long lifetime ¢ ~ 1 us) in relatively polar solvents. The
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intersystem crossing diLE (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 dyatis (

4), where the substituted triphenylamine donor was directly
combined to the naphthalimide chromophore, providing a novel
orbital-orthogonalsystem in a short linked BA system. Long-
lived 3CT were observed fo (R = OMe) and4 (R = NMey)

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]pheny}-1,8-naph-
thalimide (3m). In a 100 mL two-necked flask, sodiutert-
butoxide (247 mg, 2.57 mmol), Rdba}-CHCI; (177 mg, 0.171
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mmol), anhydrous toluene (50 mL), and a solution dBBJz

in toluene (0.152 M, 0.40 mL, 0.0608 mmol) were stirred under
nitrogen. To this mixture were addéd#(3-bromophenyl)-1,8-
naphthalimide §m) (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
alumina column and eluted with GBI, to give almost pure

3m. Recrystallization from ethanol gave analytically pure sample

(305 mg, 38%)3m: a yellow powder; mp 262C; 1H NMR
(400 MHz, CDC}) 6 8.62 (d,J = 7.8 Hz, 2H), 8.24 (d) =
7.8 Hz, 2H), 7.77 (t) = 7.8 Hz, 2H), 7.31 (t) = 7.8 Hz, 1H),
7.14 (d,J = 9.0 Hz, 4H), 6.99 (dJ = 7.8 Hz, 1H), 6.856.81
(m, 5H), 6.77 (dJ = 7.8 Hz, 1H), 3.77 (s, 6H), IR (KBr) 1711,

1670, 1589, 1506, 1487, 1442, 1375, 1354, 1238, 1188, 1029

833, 777 cm®; MS(FAB') m/z 500 [M*]. Anal. Calcd for
C32H24N204: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]pheny}-1,8-naph-
thalimide (3p). In a 100 mL two-necked flask, sodiutert-
butoxide (259 mg, 2.70 mmol), Rdba)-CHCl; (184 mg, 0.178
mmol), anhydrous toluene (60 mL), and a solution dBRB)3
in toluene (0.152 M, 0.40 mL, 0.0608 mmol) were taken and

stirred under a nitrogen atomosphere. To this mixture were

added\-(4-bromophenyl)-1,8-naphthalimidég) (603 mg, 1.71
mmol) and dianisylamine (510 mg, 2.59 mmol). The mixture
was refluxed overnight, allowed to cool and filtered through
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analytically pure sample (350 mg, 4498p: a yellow powder;

mp 290°C; 'H NMR (400 MHz, CDC}) 6 8.65 (d,J = 8.0

Hz, 2H), 8.26 (d,J = 8.0 Hz, 2H), 7.79 (tJ = 8.0 Hz, 2H),
7.16 (d,J = 9.2 Hz, 4H), 7.07 (dJ = 9.2 Hz, 2H), 7.02 (dJ

= 9.2 Hz, 2H), 6.85 (dJ = 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 ci) HRMS (m/2) calcd for
Cs2H24N204 500.1736, found 500.1731.

Electrochemical Oxidation of Dyads 5. For the assign-
ment of transient species in the laser photolysis, the electro-
chemical oxidation of the reference compoun@®A(Me),
TPA(OMe), and TPA(NMe,) 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 CKCI; in the presence of tetnabutylammonium
hexafluorophosphate (0.1 M). The electrochemical reduction of
N-phenylnaphthalimideNI-Ph) was also carried out in DMF
under similar conditions. These data are shown in the SI.

Laser Flash Photolyses of +5. Nanosecond time-resolved
difference spectra were obtained by using the third harmonic
of a Q-switched N&":YAG laser (Continuum Surelite 1-10,
= 355 nm)® Sample solutionsni a 1 cmquartz 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™d
YAG laser (Continuum PY61C-10)The transient absorption
?Pectra in the time range from20 ps to 6 ns were acquired by

ausmg continuum pulses generated by focusing the fundamental

laser pulse into a flowing H¥D/D,O mixture (1:1 by volume).

For the determination of emission lifetimes, samples were
irradiated using the third harmonic pulses of the*NYAG

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(Do+—
A7), 6 < 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

celite. The filtrate was concentrated under reduced pressure(radical cations in CkCly, radical anions in DMF) and are well

and passed through a alumina column eluted with@}lto
give almost pure3p. Recrystallization from toluene gave

approximated as radical ion pairs [D-A%"), § = 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, 3
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
0 close but not equal to unity.

Syntheses of £5. A series of triarylamine-naphthalimide
dyadsl—5 with the meta- and para-topologies were synthesized
through Pd(0)-mediated-EN bond formatiofi for 1—4 and by
C—C bond formatiof for 5 (Scheme 2). Synthetic details are
described in the SI.

Spectral Properties of 1-5. The absorption spectra in the /7
UV region are roughly similar to the spectral summation of the
components, naphthalimide and triarylamine. For example,

Figure 1 shows the electronic spectra3of and 3p with their
componentsNII-Ph andTPA(OMe)] (for other compounds see

Figures St S5). The observed spectrum 8Mm is well ap-

proximated by a summation of the componeikPh + TPA- 3
(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 spectrun3peviates 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. ’ A

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% for1lm, 72% for2m, 65% for3m, 47% for4m, and 22%
for 5m. The corresponding values for the para-isomers are Wavelength /nm
somewhat smaller than the meta-isoriérisecause of the  Figure 1. UV-—vis absorption spectra 08m and 3p and their
perturbed red-shifted absorptions mainly on the nitrogen- components: (ABm + TPA(OMe); (B) 3p + TPA(OMe); (C) 3p +
substituted triphenylamine chromophores. TPA(OMe)-Sl) in toluene.

Judging from the longest edge of the absorption spectrum,
the lowest locally excited singlet statd_E) is likely to be on
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NI—Ph is known to exhibit weak fluorescenékRecently,
Bérces, Kossanyi, and co-workers have reported that some
the naphthalimide chromophore fdr and 2, but on the donor-substituted naphthalimides show fluorescence with a large
triarylamine chromophore f@& and4. Initially formed 1LE states Stokes-shiftt2 The emitting state was found to have a large CT
may undergo intramolecular energy transfer and/or electron- character. The singlet CT state is the most plausible state
transfer reactions. These processes should occur very rapidlyemitting the fluorescence. Similar fluorescence was observed
In fact, the species observed in the pico-second laser photolysisfor 1, 2, 3, and 5 in toluene (Figures S6S9): The weak
was exclusive'CT states and néLE state on the naphthal-  emissions were observed for instancél@fimax = 700 nm for
imide or triaryamine chromophores was observed. Singlet 3m, which is different from fluorescence &fl-Ph (350—500
energies Es(*LE)] of these dyads are estimated from the nm with Agmmax ~ 400 nm, Figure S10) or of the donor part
absorption edges and summarized in Table 2. (TPA(OMe)) (360—450 nm with Agmmax = 386 nm, Figure
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TABLE 1: Redox Potentials (V vs Fc/Fc) of 1-5 in CH,Cl, TABLE 3: Energy of ICT State (Ect), Fluorescence
and DMF Maxirrllum+( Eewm), and the Reorganization Energy 4cr and
Ch.Cl DME Ay fori(D*t—A") — GS
compd Eol/V? Ered V2 Eou/V2 E.odV2 toluene
DMF
moR® 4% DT R om e e e e i
2m +0.45 —1.82 +0.49 —-1.71 Im 2.48 1.83 0.65 0.03 0.44
2p +0.45 —1.81 +0.48 —-1.73 1p 2.43 1.79 0.64 0.03 0.55
3m +0.27 —1.84 +0.33 —-1.72 2m 2.38 1.73 0.65 0.03 0.44
3p +0.26 —1.85 +0.32 —-1.73 2p 2.38 1.72 0.66 0.03 0.55
4am —0.20 —1.84 —0.13 —-1.72 3m 2.21 1.55 0.66 0.03 0.44
4p —-0.20 —-1.84 —-0.14 —-1.73 3p 2.25 1.59 0.66 0.03 0.55
5m +0.21 —1.82 +0.28 —-1.71 4m —f —f —f 0.03 0.44
5p +0.20 —-1.82 +0.29 -1.71 4p —f —f ~f 0.03 0.55
a . . . 5m 2.43 1.77 0.66 0.05 0.76
vs Fc/F¢ using a glassy carbon as a working electrode with sweep 5p 244 1.78 0.66 0.05 0.82

rate of 100 mV/s in the presence of tetrdbutylammonium hexafluo-

rophosphate. 2 Energies given in eV unif Determined from the onset of the CT-
fluorescence with an error €f0.05 eV.¢ Determined from the emission
maximum energy in the plot dgr(v)/7° vs ¥, wherefer(¥) denotes CT

TABLE 2: Energy Levels of the Lowest Excited Singlet Es) fluorescence spectrum as a function of wavenunibérCalculated

and Triplet (Er) States and the Radical lon Pair State using eq 2 with an error a£0.05 eV.® Calculated using eq 3 with

(AGyp) above the Ground State Egs =0) = 2.38 andn? = 2.24 for toluene, and = 36.7 andn = 2.05 for
AGileVe  AGgy/eVd DMF. " Not observed.

. . . .
compd Es(LE)eV: Er(LE)eV® intoluene inDMF TABLE 4: Lifetimes of Transient Species Assigned to CT or

Im 3.43 2.27 2.50 2.24 LE by Transient Absorption (7) and Transient Emission )
1p 3.43 2.27 2.59 2.24 Measurements for the Photolysis of +5
2m 3.43 2.27 2.35 2.15

lifetimes of short-lived

2p 3.43 2.27 2.44 2.16 g
3m 3.40 597 519 200 component) and CT-fluorescencer
3p 3.39 2.27 2.28 2.00 lifetime of long-lived
am 3.23 _e 1.72 1.54 toluene componentLE or °CT]
4p 3.22 —° 1.82 1.54 compd T T DMF toluene DMF
°m 3.26 2.21 2.40 1.96 im 7ns 5ns n.m 3LE, nd n.m
P 325 221 2.44 1.97 1p 2ns <2ns n.m. 3LE, n.d. n.m.
a Estimated by the absorption edge atYhgh height of the maximal 2m 7ns 7ns 100 ps SLE, 12.0us n.o.
height of the longest absorption in toluefidetermined from the €0 2p 2ns =2ns  46ps 8LE, 3.3us n.o.
band of the phosphorescence in glassy toluene at FU&ing eq 1 ¢ 3m 4ng 3ns  20ps 3CT, 670 n3 n.o.
= 2.38 for toluenege; = 8.93 for CHCL,). ¢ Calculated using the redox 3p 2ng =2ns  1lps °CT,240n8  n.o.
potentials in DMF.¢ The phosphorescence was not observed. 4m 190 ps nm.  68ps  3CT,—° n.o.
4p 220 ps n.m. 6.5 ps 3CT, —¢ n.o.
5m 9ns 7ns 19 ps 3LE, n.d. n.o.
5p 5ns 5ns 16 ps SLE, n.d. n.o.

S13). The observed emissions are assigned as those!@dm
states, which suggest the rapid transition frit& (naphthal- aWith a fraction ratio of 92 (short-lived component):8 (long-lived
imide chromophore) téCT in the excited-state surface. No such component)® With a fraction ratio of 87 (short-lived component):13
CT fluorescence was observed fin toluene and for all dyads (Iong-llved compgnent)‘% Lgss than 1% fraction. n.m.: not measured.
. L S . . n.d.: not determined. n.o.: not observed
in DMF. The lifetimes of the CT-emissions are summarized in
Table 4. energy tharLE (naphthalimide) in glassy toluene at 77 K,
Naphthalimide exhibits phosphorescence in glassy toluene atwhere the solvated stabilization of CT is lesser available.
77 K with vibronic spacing of 1470 cmt and with the 6-0 should be noted thaAG;, in DMF is lower than the energy
band at 547 nm from which the triplet enerds) of 3LE on level of 3LE (naphthalimide, 2.27 eV) for all compounds. This
naphthalimide was determined to be 2.27 eV (Figure $16). is consistent with the observations tR&fT decayed rapidly to
The donor moieties had higher triplet energies as determinedthe ground state and mb.E (naphthalimide) was detected in
from the 0-0 band of the phosphorescence of the reference DMF (vide infra). Compound4 (R = NMey) exhibited no

compoundsEr = 3.00 eV forTPA(H), 2.97 eV forTPA(Me), phosphorescence at 77 K in toluene, suggesting that the lowest
2.88 eV for TPA(OMe), and 2.52 eV forTPA(OMe)-Ph triplet state of4 is not3LE but a nonemissivéCT state.
(Figure S17). Dyaddl, 2, 3, and 5 exhibited an identical Molecular Orbital Calculations for 1 —5. To determine the

phosphorescence spectrum with that from the naphthalimide most stable conformation, the conformers with different torsion
chromophore in glassy toluene (Figures SB21). These angles between the phenyl rings and with different orientations
observations are consistent with the free energy analysesof methoxy groups were systematically generated and minimized
showing that the lowest triplet state should #e&E on the (AM1) using Spartart®> For the most stable conformer, TD-
naphthalimide chromophore far 2, and5 in toluene AGi, in DFT/6-31G(d) calculations were carried out to determine the
Table 2 andEct in Table 3,zide infra). The analyses show, transition character for the singlet excited states ¥SRigure
however, that the energy of the radical ion-pair sta&t€{, and 2 shows the HOMO and LUMO foBm and 3p for example,
Ect) for 3 is located in a similar energy level thE. The showing that the HOMO is localized on the donor (triarylamine)
transient spectra in the laser photolysis clearly indicate that part and the LUMO on the acceptor part (naphthalimide). The
3CT is the lowest triplet state at room temperature in solution first excited singlet state was shown to be mainly the HOMO
for 3 (vide infra). Therefore, the finding of the phosphorescence — LUMO transition, indicating that the first excited singlet state
from 3LE (naphthalimide) foi8 suggests thalCT has a higher is the CT state.
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Egw is the emission maximum energy in the plotfef(v)/i3

vs ¥, wherefcr(?) denotes CT fluorescence spectrum as a
function of wavenumbe? (Table 3). As shown in Table 3, the
Act values in toluene are about 0.66 eV. The value can be
formally divided into internal4;) and solvent4s) reorganization
energies:Act = 4 + As. Two-spheres in a dielectric continuum
model allows a crude estimation of thevalue (eV), that ig?

_ AL 2)(1, 1 1
Js= 14.400) (nz G)(ZrA+2rD R) ©)

where Ae is number of transferred electrons,is refractive
index,ra andrp denote radius of the acceptor and the donor,
respectively. Table 3 summarizes thevalues calculated for
toluene and for DMF assuming andrp equal to 5.0 A for all
the dyads. Very smalls values for toluene indicate that internal

3p-HOMO 3p-LU MO (4i) contribution is dominant idcT. The solvent reorganization
energies were estimated to be considerably large in DMF: 0.5
Figure 2. HOMO and LUMO of3m and 3p. eV for 1—4, 0.8 eV for5.

Outline of Laser Photolysis.In accordance with the energy
consideration,Es > AGp (Table 2) orEcr (Table 3), the
Redox Potentials and Estimation of Free Energies for45. excitation ofl—4 gavelCT in both nonpolar (toluene) and polar
The redox potentials of these dyads were measured by meangDMF) solvents. The lowest triplet states bR = H) and 2
of cyclic voltammetry in both CkCl; and DMF with a SCE (R = Me) are predicted to be néET but3LE (naphthalimide)
reference electrode. Then, all the redox potentials were correctedn toluene, whereas they at€T in DMF. The transient spectra
by the ferrocene-ferrocenium potential (FcfEct0.430 V vs obtained from the excitation (at 355 nm) of dyatisand 2
SCE in CHClp, +0.47 V in DMF). These values are sum- showed a similar time profile; the absorption #fE was
marized in Table 1. observed after the decay &ET states. The detailed analysis
The free energy change for the formation of radical ion pair was achieved foR. Dyads3 (R = OMe) have a small energy
states AGyp in eV) from the ground states in toluene was (ifference betweefCT and3LE. The expectedCT with a long
roughly estimated using the Weller approximation (e¢’the lifetime was observed after decay ¥T in toluene, whereas
radical ion pair state is considered as a solvent-separated onexclusive decay ofCT to the ground state was observed in
with a center{-)-to-center-) distanceR (in angstrom) and the  DMF. Compounds} (R = NMe;) have lowerAG;j, values than
effective radiir (in angstrom) equals for donor (D) and acceptor compounds. Although the long-livedCT states were detected,
(A). € is a dielectric constant of the solvent aag (in this the contribution ofCT was very small fo”t. For compounds
caseerer = 8.93 for CHCI,) is that in the reference solventin 5 (phenylene-extended analogue3)fthe lowesfLE state was
which Eox ref (D) andEreq,rer(A) are measured. The free energy observed after the decay €T in toluene, whereas no long-
change for the back electron transfer to the ground ste@ad) lived species was detected in DMF. The results oare
is expressed as that of the opposite si§was approximated  separately described as a distance effect. The observed lifetimes
of 1CT for 1-5 and3CT for 3 are summarized in Table 4. These
AG, = —AG,e = Eoy efD) — results are separately described below.
E.oqref(A) — 14.4/€R) + (14.44)(1e — 1le,y) (1) Laser Photolysis for 1m, 2m, 1p, and 2p in Toluene.

' Excitation with a nanosecond laser pulse (355 nm, fwhm: 4
as a distance between the carbon atom at the 8a positionns) allows S(_ele_ctive excitation [78% fd.lm’ 2% for2mj of
(Scheme 1) and the central nitrogen atom of the triarylamine the ngphthallmldg chromophore. The time deper_ldenqles of the
structure; 7.5 A follm, 2m, 3m, 4m, 8.5 A for 1p, 2p, 3p, 4p, transient absorpﬂpn spectral;h and2m were similar. F!gure
11.7 A for5m, and 12.9 A forsp. The effective ionic radii of 3 shows the transient absorption spectrarafin toluene (Figure

the donor and the acceptor moieties were assumed to &5 A S27 forlm and1p). After excitation, strong new absorptions
Table 2 summarizes th&Gyi, values in toluene and DMF with appeared atmax = 420 and 660 nm. The 420 nm absorption is

the Es and E; values. a characteristic band of the anion radical of naphthalimide

. . . moiety (Figure S22 for the electrochemical reductiorNdf-
1 gagLedé 'Eﬂgg_?_ssig?; }2;'%“’;?3;1'12@3??35 :Laégg Ph in DMF).*» The 660 nm absorption band is similar to the
P A o : ’ . absorption of the free ditolylphenylamine radical cation gener-
states are in similar energies in the same solvent. In spite of

N o ated by the electrochemical meth6BA(Me) in CH,Cl, [A
rough appromma_ltlon for the estlmauon methodology (eq 1.)’ = 684ynm 560 nm (sh), (Figure 82(3)] )but broefdezr[tk;n;;(] the
g}efheerisnu;trzsrfel\?e?:%? iﬁ;%de\'\gg;z;féﬁ%m?r;f::)?:tgauonfree radical cation in CkCl,. Both bands (420 nm, 660 nm)
T B . . . .
estimated from the onset of the CT fluorescenaeld supra decayed exponentially with a single lifetime of= 7 ns for

- . both1m and2m. Furthermore, these lifetimes were very close
Figures S6-S9). The absence of phosphorescence (77 K in ! L
toluene) ford suggests the lowedCT state (ide supra. to those observed for the CT emissian i Table 4). Thus,

Using theEcr of AGy, values, reorganization energycf) the observed absorption spectra (Figure 3) are assigned to be
for theg backcz:har e-r'érr)ansfer ’ roce%s (€T GS) canC be the ICT states. ThéCT absorptions had almost disappeared
calculated by 9 P 100 ns after the laser excitation. The remaining species had an

absorption band at 470 nm, which was assigned to th@ T
I —E. - E 5 absorption offLE on the naphthalimide chromophoteThe
cT— =cT EM © time dependencies of these transient species are shown in Figure
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Figure 3. Transient spectra dm 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.
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Figure 4. Transient spectra a2p after excitation of a nanosecond
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored

3B. The absorbance at 470 nm was almost constant in the decayt 470 and 750 nm (B) in toluene.

of ICT. Two explanations are possible: This may be because
of the small difference of molar absorptivities betweébih (470
~ 10 000¥° and the summation oI~ (e470 ~ 4700) and
TPA(Me)™ (eq70 ~ 3900). The kinetic analysis of the time-
profiles for 2m with convolution of the instrumental function
indicates that the initial concentration 8T (e420 ~ 27 000
for NI'") is nearly comparable to the final concentration of
3LE (ea70~ 10 000). Thus, this consideration is compatible with
the mechanism of intersystem crossing involving the back
electron transfeCT — 3LE.2! However, the time dependencies
in Figure 3B are also compatible with the mechanism involving
a fast intersystem crossing within the naphthalimide chro-
mophorelLE — 3LE.?2 The differentiation of these mechanisms
is difficult at present.

The formation of\CT and/orPLE on the naphthalimide could

the energy levels of CT states 8fn and 3p are lower than
those ofl and2: AGi (2.19, 2.28 eV in Table 2) dEcr (2.21,
2.25 eV in Table 3) foB in toluene are comparable to the level
of 3LE (Er ~ 2.27 eV, Table 2). Figure 5A shows the transient
absorption spectra for the excitation 8Mm. The observed
absorptions are reasonable'&d; naphthalimide radical anion
(Amax = 420, 490 nm) and the donor radicdltx = 720 nm
with a broader width) in comparison with the electrochemically
generated dianisylphenyamine radical catibRA(OMe) ™, Amax
=755 nm in CHCI,, 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 of = 4 ns and slow minor (ca 8%) decay of

7 = 670 ns. After 50 ns the species is almost all of the long
lifetime, which has an identical spectral pattern with the fast

not be observed even in picosecond laser photolysis (Figuregecaying species. The lifetime of the fast component is almost
S29A), indicating that both processes occur much faster thanihe same as that for the CT fluorescenger( Table 4). These

the limit of time resolution of our apparatus, 5 ps.

results strongly indicate that the species of the short lifetime

The time dependencies of the transient absorptions for the and the long lifetime are ascribed¥6T and3CT, respectively.

para-isomerslp (Figure S27B) an@p (Figure 4 and S29B) in

toluene were essentially similar to those for the meta-isomers,

The fast decaying transient componé@T, was also observed
in picosecond-laser excitation: the spectra observed later than

1m and 2m, although the transient absorptions appeared at a petween 200 ps and 6 ns (Figure S31) were consistent with

considerably longer wavelength-850 nm for2p in Figure 4

those obtained in the nanosecond-pulse excitation. Similar results

and S29). The broad 850 nm absorption may be partly due towere obtained for the photolysis 8fn in dioxane §max= 410,

the overlap of the radical cation and the naphthalimide radical
anion, which appears around 840 nm in DMF (Figure S22).
The decays ofCT (z ~ 2 ns for bothlp and2p) were somewhat
faster than those for the meta-isomers< 7 ns for bothlm
and2m, Table 4).

Laser Photolysis of 3m and 3p in TolueneThe spectro-
scopic feature 08 is not much different froni and2. However,

because of the electron-donating property of the methoxy group,

490, 720 nm withr ~ 3 ns with 96% contribution, 800 ns with
4% contribution in Figure S32).

Transient absorption spectra for the photolysis of the para-
isomer @p) in toluene showed an essentially similar time-
dependence (Figure 6,~ 2 ns with 87% contribution, 240 ns
with 13% contribution). The absorption assigned to the donor
radical cation {max = 710 nm) in toluene accompanied the
longer absorptioninax = 840 nm), which may be partly due
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Figure 7. Transient spectra odm after excitation of a picosecond
laser pulse (355 nm, fwhm: 17 ps) in toluene.

Two mechanisms are possible in principle for the formation
of long-lived 3CT: one involves a rapid intersystem crossing
of ILE (naphthalimide) via the spinorbit coupling within the
naphthalimide chromophof@, [TPA(OMe)-INI] — [TPA-
(OMe)-3NI] — 3CT, the other involves an intersystem crossing
. . : ! within the CT states, TPA(OMe)-INI] — ICT— 3CT. The latter
50 100 150 200 250 300 350 400 process has been observed in weakly coupledADsystems

Time / ns (12J] < hyperfine coupling®-3b-23and would be unexpected in
Figure 5. Transient spectra 8m after excitation of a nanosecond ~ the present system where the-B gap is increased by the
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored proximity of the donor and acceptor, prohibiting significant™
at 420 and 720 nm (B) in toluene. mixing. The former process has an electron-transfer step with
03 AG ~ 0.0 eV in the second step. The reaction would proceed
’ T T efficiently because of the long lifetime 8NI.
A Laser Photolysis of 4m and 4p in TolueneThe oxidation
410 -—25ns potentials of4 are much lower than those af 2, and3. As a
_____ result, the ion pair energies are considerably lower thah
02 . (naphthalimide). In the case @ fast decay from!CT was
predominantly observed. Figure 7 shows the transient absorption
spectra after picosecond-laser excitatiodof in toluene. The
414 and 488 nm absorptions are assigned to an anion radical of
the naphthlimide moiety. The electrochemical oxidatiof BA-
(NMe,) gave rise to a small band at 560 nm and an intense
- band at 1057 nm as the radical cation bands (Figure S25). The
=7 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
0.3 " ' ' ' ' ' ' of 1CT was estimated to be 190 ps from the decay of absorption
Bg% °© 410 nm at 414 nm fordm. A slow and minor decaying component
0% + 710 nm|] (<1%) attributable t3CT was also observed in the nanosecond
C laser excitation in toluener[= 920 ns (420 nm) fodm, 780
| ns (420 nm) fordp, Figure S34]. The small fraction €T for
ﬁ \ T e 4 suggests that the photochemical charge separation fikdm
0 50 _ 100 150 200 in 4 is faster than that i8. Then, the intersystem crossing within
Time /ns the NI chromophore of4 becomes less competitive than that
Figure 6. Transient spectra o3p after excitation of a nanosecqnd of dyad3, resulting in a loweRCT intensity froniNI for 4.
laser pulse (355 nm, fwhm: 4 ns) (A) and the decay curves monitored Summary of Laser Photolysis of +-4 in Toluene. The
at 410 and 710 nm (B) in toluene. . . : . .
electron donating substituents in the donor moiety certainly
to naphthalimide radical anion (420, 840 nm in DMI). decrease the CT energiG;p in Table 2 orEct in Table 3).
However, the absorption at 840 nm was significantly larger than The AG;, values ofl—4 are 2.6-1.7 eV above the ground state.
that expected from the naphthalimide radical anion absorption, These values are far beyond the reorganization enékgy~
for a reason not clear at present. In dioxane, normal absorptions0.7 eV, Table 3). Therefore, the back electron-transfer processes
were observedifax = 410, 490, 720 nm with ~ 3 ns with in the present system must be deep in the Marcus inverted
96% contribution, 540 ns with 7% contribution in Figure S32). region. TheAG;, value gradually decreases in the orderlof
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0.4 T T T T =410, 483, 697 nm fop, r = 6.8 ps withimax = 410,> 600
—20 ps nm for 4m, andr = 6.5 ps withAmax = 411, >600 nm for4p
==50ps |] in Figures S38-S40).

o3} I 500 ps | | Thus, in DMF, both the generation and the decay@T

748 states are very fast and no triplet species was detected. The
I electron transfer for the charge-separation step from the excited

singlet state is an exothermic process {112 eV) for all dyads.

The back electron-transfer step in this solvent is much more

exothermic AGpet = —AGyip: ~2.2, 2.0, 1.5 eV fo2, 3, and

4, Table 2). The observed lifetime 3T decreases in the

) sequence o2 [t = 100 ps 2m), 46 ps 2p)] — 3[20 ps @Bm),

11 ps Bp)] — 4[6.8 ps @m), 6.5 ps &p)], which accords with

the sequence of the decreaseAdd;,, 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

Figure 8. Transient spectra oBm aﬁer excitation of a picosecond  jn the reorganization energgd 0.4—0.5 eV for1—3in DMF,

laser pulse (355 nm, fwhm: 17 ps) in DMF. 0.03 eV in toluene in Table 3). Assuming thatis identical

(~0.7 eV) in both solvents, the reorganization enetgy are

estimated to be-1.2 eV in DMF for1—4. The excess energies

(2.5-2.6 eV)—~ 2 (2.3-2.4 eV)— 3 (2.2-2.3 eV) and drops (AGrp — Acr) of the electron-transfer proces€T — GS) are

significantly in 4 (1.7-1.8 eV). The lifetimes are similar for considerably small in DMF in comparison with those in toluene;

2 f‘i”}f’t.b“t CfOZSiderl‘."‘tb'tY St‘o”er (1d9(222hpfr3 fora. | 03¢V (for4) to 1.0 eV (ford) in DMF, 1.0 eV (for4) to 1.8
ffe ? _ortir ',\j Ime To qu? Ida |ve_gniccor dS' Wlt Me sma eV (for 1) in toluene, compatible with the faster decay rates in
effect in the Marcus inverted regidnAccording to Marcus DMEF in the Marcus inverted region,

theory, the electron-transfer rate constant maximizes when the L 1 3

electrostatic energy released in the reaction (free energy change, 1 0P0logy Effecton the Lifetime of 'CT asnd CT. The back-
AGrp) equals to the energy required for the geometrical changeselectron-transfer rates from botCT and*CT to the ground

of the system including surrounding (reorganization energy, states for the meta-isomers were found_to be several times slower
Jen). In the Marcus inverted region, internal vibrational modes than those for the para-isomers. This was observed for all
must accept the excess energy through nuclear tunneling effectd€rivatives except where the topology difference was mini-
and thus FranckCondon weighted density-of-states of the mized (Table 4). The redox potel_ntlals for both isomers are near!y
transition decreases as the excess energy increases. The exceSdMe (Table 1). The averaged distance between the radical cation
energy (AGrp — Ac7) in the Marcus inverted region is calculated _and the rad|pal anion moieties are slightly longer in the para-
to be 1.6 eV for3, 1.7 eV for2, 1.8 eV forl, and~1.0 eV for isomers, which in turn renders th®G;i, energy of the para-

4, assuming thé; values are identical0.7 eV) for these dyads. isomers higher than that of the meta-isomer in toluene (Table
A smaller excess energy #his qualitatively compatible with 2). The driving force of the back-electron transfer to the ground
the faster'CT decay rates. However, it should be noted that State 8Goet = —AGyp) is therefore slightly more exothermic
the observed back-electron-transfer rates for these dyads ard" the para-isomer in toluene. As discussed above, the back-
considerably fast in spite of the large excess energy in the electron-transfer process for the present system is in the Marcus
Marcus inverted region. Although the presence of the inverted inverted region. Therefore, the driving force term would predict
region has been experimentally demonstrated in many systemsthe reverse order of what was observed. The observed decay
the effect is known to be much less than that predicted on the fates can be rationalized by the pre-exponential term involving
basis of the classical Marcus thedrindicating the importance ~ €lectronic interaction in the Marcus theory. The HOMO of the
of nuclear tunneling quantum effeétsn the Marcus inverted ~ Para-isomers has a large orbital coefficient on the Cp-carbon
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region. atom (see the formula &p and3p-HOMO in Figure 2) in the
Transient triplet specie$LE (naphthalimide) forl and 2, donor moieties and a small coefficient even on the nitrogen

andCT for 3, were observed. TRET states were also observed  (n@phthalimide) atom, whereas they are absent in the meta-

for 4 with a lower contribution than those f& isomers. This would induce a small electronic interaction

Laser Photolysis of 2-4 in DMF. The laser photolyses for ~ between the donor radical cation and the naphthalimide radical

2—4 were also studied in a polar solvent, DMF. The generated &nion through a-type electronic interaction in the para-isomer,
1CT was found to be short-lived in all cases. Although the lowest Which would be visible on the carbemitrogen (naphthalimide)
triplet state was predicted to BET in this solvent (Table 2), ~ bond in HOMO of3p, or more clearly in HOMOs for para-
neither3CT nor3LE could be observed. isomerslp—4p in the Sl. Such an electronic interaction must
The transient spectra for the picosecond-laser excitation of P& much smaller in the meta-isomers.

3m are shown in Figure 8 as a typical example. The spectrum Distance Effect of Electron Transfer: 5m and 5p vs 3m

is assigned to the'CT state fmax = 414, 490 nm for and 3p. Photolysis of3m and3p (R = OMe) in toluene led to
naphthalimide radical anion moiety afglax = 748 nm for the partial conversion t8CT, which had lifetimes of several hundred

donor radical cation moiety). The absorptions dué@d had nanoseconds. It is interesting to compare these results with those
almost disappeared & 20 ps) within 500 ps after the laser of the p-phenylene-extended analoguésm and 5p. The
excitation, indicating a very small fraction €T state. In fact, p-phenylene-bridge results in several changes affecting the
no transient absorption was observed in the nanosecond-laseradical ion pair energyAGiip). The redox potential termeg,-
excitation. Similar results were obtained Bp (r = 11 ps with Ereq) in CH,CI, contributes to stabilization of the radical ion

Amax = 413, 493, 749 nm) and the other compoungds=(100 pair by ~0.06 eV mainly due to the decreaseky (+0.21 V
ps with Amax = 411, 482, 670 nm fo2m, 7 = 46 ps withAmax for TPA(OMe)-Ph in CH,Cl,), whereas the distanc®,(11.7
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Figure 9. Transient spectra ddm after excitation of a nanosecond
laser pulse (355 nm, fwhm: 4 ns) in toluene.

A for 5mand 12.9 A for5p vs 7.5 A for3m and 8.5 A for3p)
term largely destabilizes the ion-pair energysity 0.26 eV,

an average of the meta- (0.29 eV) and the para-isomers (0.24

eV). As a consequence, th5;i, values ofsm and5p become
higher in energy by~0.19 eV than those ddm and3p. The
same conclusion can be drawn from tBer values: Ect =
2.23 eV for3, 2.44 eV for5 in comparison withEr (naphthal-
imide) = 2.27 eV for bott3 and5 (vide suprg. Thus, the lowest
triplet states inp-phenylene-bridge&m and 5p are switched
to the3LE states (naphthalimide) in comparison with fi&T
state for3m and3p. Excitation of5m in toluene led to théCT
state (420 nm for the naphthalimide radical anion and 690 nm
for the radical cation, Figure 9, Figures S3537). The 690
nm band is somewhat shorter thaRA(OMe)-Ph" (Amax =
756 nm in Figure S26). ThECT state has also an absorption in
longer wavelength region>B00 nm), which is partly due to
the naphthalimide anion radical. Thé<&T bands were almost

J. Phys. Chem. A, Vol. 112, No. 12, 2008541

E.; Seely, G. R,; Gao, F.; Nieman, R. A.; Ma, X. C.; Demanche, L. J.;
Hung, S.-C.; Luttrull, D. K.; Lee, S.-J.; Kerrigan, P. K. Am. Chem. Soc.
1993 115 11141-11152. (d) van Dijk, S. I.; Wiering, P. G.; van Staveren,
R.; van Ramesdonk, H. J.; Brouwer, A. M.; Verhoeven. JGNem. Phys.
Lett 1993 214, 502-506. (e) Osuka, A.; Yamada, H.; Ohno, T.; Nozaki,
K. Chem. Phys. Letfil995 238 37—41. (f) Regev, A.; Galili, T.; Levernon,
H.; Schuster, D. 1J. Phys. Chem. 2006 110, 8593-8598. (g) Palacios,
R. E.; Kodis, G.; Herrero, C.; Ochoa, E. M.; Gervaldo, M.; Gould, S. L;
Kennis, J. T. M.; Gust, D.; Moore, T. A.; Moore, A. Ll. Phys. Chem. B
2006 110, 25411-25420. (h) D'Souza, F.; Chitta, R.; Gadde, S.; Islam,
D.-M. S.; Schumacher, A. L.; Zandler, M. E.; Araki, Y.; Ito, @. Phys.
Chem. B2006 110, 25240-24250. (i) Cho, D. W.; Fujitsuka, M.; Sugimoto,
A.; Yoon, U. C.; Mariano, P. S.; Majima, T. Phys. Chem. B006 110,
11062-11068.

(3) (a) Verhoeven, J. W.; van Ramesdonk, H. J.; Groeneveld, M. M.;
Benniston, A. C.; Harriman, AChem. Phys. Chen2005 6, 2251-2260.
(b) Verhoeven, J. WJ. Photochem. Photobiol. 2006 7, 40—60.

(4) (a) Anglos, D.; Bindra, V.; Kuki, AJ. Chem. Soc., Chem. Commun.
1994 213-215. (b) van Dijk, S. I.; Groen, C. P.; Hartl, F.; Brouwer, A.
M.; Verhoeven, J. W.J. Am. Chem. Socl996 11, 8425-8432. (c)
Widerrecht, G. P.; Svec, W. A.; Wasielewski, M. R.; Galili, T.; Levanon,
H. J. Am. Chem. So@00Q 122 9715-9722. (d) Zeng, H.-P.; Wang, T.;
Sandanayaka, A. S. D.; Araki, Y.; Ito, Q. Phys. Chem. 2005 109,
4713-4720.

(5) Harriman, A.; Mallon, L. J.; Ulrich, G.; Ziessel, Rhem. Phys.
Chem 2007, 8, 1207-1214.

(6) Ohno, T.; Nozaki, K.; Haga, Mnorg. Chem1992 31, 548-555.
(7) Yoshimura, A.; Nozaki, K.; Ikeda, N.; Ohno, T. Phys. Chem.
1996 100, 1630-1637.

(8) (a) Yamamoto, T.; Nishiyama, M.; Koie, Yetrahedron Lett1998
39, 2367-2370. (b) Hamann, B. C.; Hartwig, J. & Am. Chem. S02998
120, 7369-7370. (c) Old, D. W.; Wolfe, J. P.; Buchwald, S. 1. Am.
Chem. So0c1998 120 9722-9723. (d) Hartwig, J. F.; Kuwatsura, M.;
Hauck, S. I.; Shaughnessy, K. H.; Alcazar-Roman, L.MOrg. Chem
1999 64, 5575-5580.

(9) Hoshino, Y.; Miyaura, N.; Suzuki, ABull. Chem. Soc. Jpri988
61, 3008-3010.

(10) The percentage of excitation (355 nm) of naphthalimide chro-
mophore for the para isomerdp, 72%;2p, 62%; 3p, 53%;4p, 33%;5p:
18%.

(11) Demeter, A.; Beces, T.; BicZé&, L.; Wintgens, V.; Valat, P.;
Kossanyi, JJ. Phys. Chem1996 100, 2001-2011.

(12) Wintgens, V.; Valat, P.; Kossanyi, J.; Demeter, A.: Biczb,;
Bérces, T.New. J. Chem1996 20, 1149-1158.

(13) (a) Korol'’kova, N. V.; Val'kova, G. A.; Shigorin, D. N.; Shiga-

completely replaced after 400 ns by the 470 nm band that canlevskii, V. A;; Vostrova, V. N.Russ. J. Phys. Cheri99Q 64, 206-209.

be clearly assigned to 5&E (naphthalimide). The observation
is in sharp contrast to that f@. In DMF, the lowest triplet
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derivatives in DMF (ide suprg.
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