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The photophysical properties of bis-1,8-naphthalimide (NI-L-NI) dyads with different linkers (L ) -C3H6-,
-C4H8-, -C6H12-, -C8H16-, and -C9H18-) as well as the reference NI derivative (NI-C7H15) were
investigated in CH3CN and H2O/CH3CN (v/v ) 1:9). The normal fluorescence peak of 1NI*-L-NI was
observed at 379 nm together with a broad emission at longer wavelength both in aprotic CH3CN and in
H2O/CH3CN, which is assigned to an excimer, 1(NI-L-NI)*. The excimer emission maximum was blue-
shifted with increasing length of the linker. The photoinduced electron-transfer process of NI-L-NI was
also investigated in both solvents by using nanosecond-laser flash photolysis. The T1-Tn absorption band for
3NI*-L-NI was observed around 470 nm in both solvents. In H2O/CH3CN, NI-L-NI is solvated with H2O
in the ground state to exist as solvated NI-L-NI. In the excited triplet state, the NI radical anion (NI•-) was
generated via the intramolecular quenching of 3NI*-L-NI by another NI moiety. The solvated NI•--L-NI
may undergo the proton abstraction process to give NI(H)•-L-NI, which can be confirmed by the transient
absorption band at 410 nm. This band was not observed in pure aprotic CH3CN.

Introduction

Polycyclic aromatic hydrocarbons including 1,8-naphthalim-
ide (NI) are known to form an excimer that is stable in the
excited state but dissociable in the ground state. These can be
confirmed by markedly red-sifted structureless emission, which
has no corresponding absorption spectrum.1 An intramolecular
excimer, generated from two aromatic hydrocarbon linked
together by a polymethylene chain, reveals the molecular
dynamics of the chain and can be used as sensors for confor-
mational changes in molecular assemblies,2 polymers3 and
biosystems.4 Barros et al.5 reported the intramolecular excimer
emissions around 480 nm of bis-NI dyads connected by short
methylene chains. We reported the formation of intermolecular
excimer of NI in nonpolar solvents.6 These reports imply that
NI can interact strongly with each other.

On the other hand, NI derivatives have been used in many
studies of the photoinduced electron transfer (PET) involving
NI and various donor molecules because these compounds have
excellent electron-acceptor properties.7 There are two kinds of
PET processes. One is an intermolecular PET process between
electron donor (D) and acceptor (A) molecules, leading to the
formation of various radical ion pairs as well as subsequent
chemical reactions. The other is an intramolecular PET process
for D-A molecules bridged by various linkers (L), namely, dyad
and triad systems, leading to the charge-separated state
(D•+-L-A•-), which might lead to synthetically useful chemi-
cal reactions.8 There are several reports that an excited NI is a
good electron acceptor and ground-state NI can act as an electron
donor.9–11 We have conjectured that the intermolecular PET
process between NI and NI could occur easily in a protic polar
solvent. However, the PET between NI and NI has not yet been

systematically studied. Hence, the objectives of this study are
to understand the linker effect in the intramolecular excimer
formation and the role of protic polar solvent in the intramo-
lecular PET process.

In this work, we prepared various bis-1,8-naphthalimides
(NI-L-NI) dyads having different linkers (L ) -C3H6- (C3),
-C4H8- (C4), -C6H12- (C6), -C8H16- (C8), and -C9H18-
(C9)), and the reference NI (NI-C7) having -C7H15 on the
nitrogen atom, as shown in Scheme 1. We have carried out the
time-resolved emission measurement and nanosecond-laser flash
photolysis studies of NI-L-NI and NI-L to elucidate the
photodynamic properties.

Experimental Section

Materials. Syntheses of NI-L-NI and reference NI-C7
molecules were carried out as follows.

N-Heptyl-1,8-naphthalimide (NI-C7). The detail of syn-
thesis of NI-C7 has been described earlier.6 Bis-NI compounds
were prepared by two kinds of reaction methods: the reaction
of metalated naphthalimide (NI) with dihaloalkane (method A),
or the reaction of 1,8-naphthalic anhydride (NA) with diami-
noalkane (method B). 1H NMR spectra were measured at room
temperature using a JEOL JMN LA-400.

1,8-N-Propyldinaphthalimide (NI-C3-NI). The mixture
of NA (800 mg), 1,3-diaminopropane (150 mg), and p-xylene
(70 mL) was refluxed for 6 h according to method B. After
removal of solvent, the residue was purified by chromatography
with dichloromethane-ethyl acetate gave colorless solid. Yield:
300 mg (25%), mp > 300 °C. 1H NMR (CDCl3): 2.25 (m, 2H),
4.37 (t, 4H), 7.73 (m, 4H), 8.20 (m, 4H), 8.57 (m, 4H). FAB-
MS m/z calcd for C27H19N2O4 [M + H]+ 435.1345, found
435.69.

1,8-N-Butyldinaphthalimide (NI-C4-NI). To a suspension
of sodium hydride (50%, 200 mg) in dimethylformamide (DMF)
(10 mL) was added a solution of NI (800 mg) in DMF (15
mL), and the mixture was heated at 70 °C for 1 h under stirring.
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After the addition of 1,4-dibromobutane (0.24 mL) and DMF
(10 mL), the reaction mixture was stirred at 80 °C for 5 h and
stirred for overnight at room temperature by method A. The
solid deposited was collected by filtration, chromatographed over
silica gel with chloroform, and recrystallized from dichloroet-
hane. Yield: 510 mg (57%), mp > 300 °C. 1H NMR (CDCl3):
1.90 (m, 4H), 4.27 (br. s, 4H), 7.74 (m, 4H), 8.20 (m, 4H), and
8.58 (m, 4H). FAB-MS m/z calcd for C28H21N2O4 [M + H]+

449.1501, found 449.61.
1,8-N-Hexyldinaphthalimide (NI-C6-NI). This compound

was prepared by a similar method to that described in literature.12

To a suspension of NI (800 mg) in ethanol (2 mL) was added
a solution of potassium hydroxide (265 mg) in ethanol (5 mL).
To this mixture was added 1,6-dibromohexane (500 mg) and
DMF (3 mL), and then the mixture was refluxed for 1 h
according to method A. The solid deposited was filtered off
and the filtrate was evaporated to dryness. The residue was
purified by chromatography with dichloromethane-methanol
and repeated crystallization from dichloroethane. mp: 259.5-261
°C. 1H NMR (CDCl3): 1.52 (m, 4H overlap with that of H2O),
1.76 (m, 4H), 4.19 (t, 4H), 7.74 (m, 4H), 8.21 (m, 4H), and
8.58 (m, 4H). FAB-MS m/z calcd for C30H25N2O4 [M + H]+

477.1814, found 477.73.
1,8-N-Octyldinaphthalimide (NI-C8-NI). This compound

was prepared from 1,8-diiodooctane (732 mg), NI (800 mg),
and sodium hydride (50%: 200 mg) in DMF as a solvent by
method A. Purification by means of chromatography with
dichloromethane to give pure compound. Yield: 480 mg (48%),
mp 210-211 °C. 1H NMR (CDCl3): 1.39 (m, 8H), 1.73 (m,
4H), 4.17 (t, 4H), 7.74 (m, 4H), 8.20 (m, 4H), and 8.60 (m,
4H). FAB-MS m/z calcd for C32H29N2O4 [M + H]+ 505.2127,
found 505.80.

1,8-N-Dodecyldinaphthalimide (NI-C9-NI). This com-
pound was prepared from 1,9-diaminononane (791 mg) and NA
(1.98 g) in toluene (120 mL) by method B. Purification by means
of chromatography with dichloromethane to give pure com-

pound. Yield: 100 mg (10%), mp 175.5-177 °C. 1H NMR
(CDCl3): 1.37 (m, 10H), 1.71 (m, 4H), 4.17 (t, 4H), 7.74 (m,
4H), 8.19 (m, 4H), and 8.59 (m, 4H). FAB-MS m/z calcd for
C33H31N2O4 [M + H]+ 519.2284, found 519.80.

General Techniques. Time-resolved fluorescence spectra
were measured by the single photon counting method using a
streakscope (Hamamatsu Photonics, C4334-01) equipped with
a polychromator (Acton Research, SpectraPro150). Ultrashort
laser pulse was generated with a Ti:sapphire laser (Spectra-
Physics, Tsunami 3941-M1BB, fwhm 100 fs) pumped with a
diode-pumped solid-state laser (Spectra-Physics, Millennia
VIIIs). For excitation of the sample, the output of the Ti:sapphire
laser was converted to THG (300 nm) with a harmonic generator
(Spectra-Physics, GWU-23FL). The instrument response func-
tion was also determined by measuring the scattered laser light
to analyze a temporal profile. This method gives a time
resolution of about 50 ps after the deconvolution procedure.
The temporal emission profiles were well fitted into a single-
or double-exponential function. The residuals were less than
1.1 for each system.

Steady-state UV-vis absorption spectra were recorded with
a UV-vis spectrophotometer (Shimadzu, UV-3100) at room
temperature. Fluorescence spectra were measured using a
Hitachi 850 fluorophotometer. Fluorescence quantum yields
were measured using anthracene in toluene as a standard with
a known φf of 0.30.13 The excimer-emission quantum yields in
longer wavelength were cross-checked using perylene in toluene
as a standard with a known φf of 0.75.14 The emission quantum
yields were determined after the deconvolution using the
fluorescence spectrum of reference NI-C7 with an excitation
wavelength of 320 nm.

Transient absorption measurements were carried out by
employing the technique of ns-laser flash photolysis. The third
harmonic generation (THG, 355 nm) of Q-switched Nd:YAG
laser (Surelite, pulse width of 5 ns fwhm) was used to excite
the samples. Pulse energy was ca. 18 mJ pulse-1. A Xenon flash
lamp (Osram, XBO-450) was focused into the sample solution
as the probe light for the transient absorption measurement.
Temporal profiles were measured with a monochromator (Nikon,
G250) equipped with a photomultiplier (Hamamatsu Photonics,
R928) and a digital oscilloscope (Tektronix, TDS-580D). A
Hamamatsu Photonics multichannel analyzer (C5967) system
also was used for measurement of the transient absorption
spectra. The whole system was controlled with a personal
computer by means of a GP-IB interface. Reported signals were
average of 50 events. All solutions were argon-saturated unless
otherwise indicated.

Results and Discussion

Steady-State Absorption and Emission Spectra. The
absorption and fluorescence spectra of NI-L-NI and NI-C7
in CH3CN are shown in Figure 1. A salient feature of the
absorption spectra of NI-L-NI is resemblance to that of
reference NI-C7; this implies that there is no strong interaction
between two NI moieties in the ground state. On the other hand,
the absorption maxima of NI-L-NI and NI-C7 were slightly
shifted to long wavelength in protic H2O/CH3CN (v/v ) 1:9)
(Table S1 in Supporting Information). This red shift can be
understood by the hydrogen bonding effect of water solvent.15

The fluorescence spectra of NI-L-NI dyads in CH3CN
shows two bands in the short (SW, 379 nm) and long
wavelengths (LW, 425-491 nm), as shown in Figure 1 (those
in H2O/CH3CN are shown in Figure S1 in Supporting Informa-
tion). Table 1 lists the emission maxima of NI derivatives

SCHEME 1: Structure of Bis-1,8-naphthalimides and
Reference Molecule
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measured in both solvents. SW emission of NI-L-NI shows
a clear vibronic structure and the identical emission maxima at
379 nm. SW bands are the mirror image of the absorption
spectra. SW emission is generated from 1NI*-L-NI in the
singlet excited state. SW fluorescence quantum yields (φf

SW)
of NI-L-NI in CH3CN were found to be 0.032-0.058, as listed
in Table 2. On the other hand, the φf

SW in H2O/CH3CN are
larger than those in CH3CN.

The solvent dependence of φf
SW of NI-L-NI can be

rationalized in terms of two closely located upper excited triplet
(n,π*, T2) and excited singlet (π,π*, S1) states. A close proximity
of the two states can promote the intersystem crossing process
in a nonpolar solvent.15 On the other hand, the φf increases in
polar solvents. The protic polar solvent forms the hydrogen bond
with the excited molecules. It also affects on the energy gap
between T2 and S1 states. This is clearly pronounced in H2O/
CH3CN for NI-L-NI, which has fluorescence quantum yields
larger than 0.13, whereas their corresponding values are less
than 0.058 even in highly polar solvent such as CH3CN as listed
in Table 2.

The emission spectra of NI-L-NI showed an extra emission
band at long wavelength. In the case of NI-C3-NI, LW
emission maximum is observed at 491 nm. Because the

reference NI-C7 does not show LW emission, LW emission
of NI-L-NI can be assigned to the intramolecular excimer
1(NI-L-NI)* originated from the interaction between excited
NI and ground-state NI moieties. We can reasonably exclude
the intermolecular excimer formation, because the solubility of
NI-L-NI is very low in CH3CN as well as H2O/CH3CN. The
optical density of saturated NI-L-NI solutions in a cell with
1.0 cm of optical path is less than 0.37 at 330 nm. This means
that the concentration of NI-L-NI solution is less than 2.9 ×
10-5 M, which was determined by the previously reported ε

value (12600 M-1 cm-1 at 330 nm) in cyclohexane.15 Moreover,
the ratio of relative intensity between SW and LW emissions
did not change with reducing concentration of ∼10 times from
saturated solutions. This indicates that the excimer emission
independents on the concentration of NI-L-NI. Barros et al.4

also reported the excimer emissions for 1(NI-C3-NI)* and
1(NI-C4-NI)* around 480 nm.

The intramolecular excimer formation of NI-L-NI is
favorable even in low concentrated CH3CN solution, because
NI moieties are connected by the flexible linkers. Intramolecular
excimer formation by association interaction between excited
NI and NI moiety can be expected to be equally possible both
in polar and in nonpolar solvents. The excimer emissions of
NI-L-NI were also observed in H2O/CH3CN (Figure S1 of
Supporting Information), which were not observed in reference
NI-C7 in the same solvent. The excimer emission maxima of
NI-L-NI in H2O/CH3CN are red-shifted than in CH3CN,
because of the hydrogen bonding.

It is noteworthy that the excimer emission maximum of
NI-L-NI shifted to a short wavelength with increasing length
of linkers. When two NI moieties are in contact, the excitation
energy of any one moiety can be delocalized; in a simplified
picture this can be thought of as the relaxation of electronic
excitation by forming a dimer. This interaction is the basis of
the stability of excimer, as shown in Scheme 2. It is significant
in a highly concentrated solution, the large arrays of molecules
in polymer or crystal. However, the excimer formation on
NI-L-NI dyads is more efficient, because two NI moieties
are intrinsically close.

The energy of excimer emission (∆E in Scheme 2) is affected
by the followings: (1) the distance between two NI moieties,
and (2) the angles between the polarization axes for the transition
considered.16,17 NI-L-NI derivatives can have a lot of con-
formers, because the energy barrier of conformational change
of C-C single bond is very low, and NI moieties are connected
by flexible linkers. Although details about conformational
structures of NI-L-NI are not known, the average distances

Figure 1. Steady-state absorption and fluorescence spectra of NI-L-NI
(solid lines) and NI-C7 (dotted lines) in CH3CN: (a) NI-C3-NI,
(b) NI-C4-NI, (c) NI-C6-NI, (d) NI-C8-NI, and (e) NI-C9-NI.
The excimer emission spectra of NI-L-NI (dashed lines) are estimated
though the subtraction of fluorescence spectrum of NI-C7 from those
of NI-L-NI. The excitation wavelength is 330 nm.

TABLE 1: Emission Maxima of NI Derivatives in CH3CN
and H2O/CH3CNa

in CH3CN in H2O/CH3CN

NI derivatives monomer excimer monomer excimer

NI-C7 378 384
NI-C3-NI 379 491 (500) 385 499 (504)
NI-C4-NI 379 482 (489) 385 488 (499)
NI-C6-NI 379 450 (464) 385 457 (463)
NI-C8-NI 379 427 (438) 385 434 (445)
NI-C9-NI 379 425 (436) 385 443 (451)

a Parenthetical values for the excimer are determined from the
time-resolved emission spectra.

TABLE 2: Fluorescence Lifetimes (τf) and Fluorescence
Quantum Yields (Φf) of NI-L-NI in CH3CN and H2O/
CH3CNa

in CH3CN in H2O/CH3CN

monomer excimer monomer excimer

compound τf (ns) Φf
SW τf (ns) Φf

LW τf (ns) Φf
SW τf (ns) Φf

LW

NI-C7 0.14 0.021 0.61 0.14
NI-C3-NI 0.24 0.059 26 0.0080 0.78 0.16 29 0.018
NI-C4-NI 0.19 0.042 28 0.0090 0.61 0.16 31 0.025
NI-C6-NI 0.17 0.037 23 0.018 0.49 0.15 28 0.059
NI-C8-NI 0.18 0.033 10 0.0060 0.52 0.15 12 0.026
NI-C9-NI 0.17 0.032 15 0.0070 0.49 0.14 15 0.026

a The Φf values for the excimer of NI-L-NI were determined
after the deconvolution. All quantum yields were measured within
5% error. The temporal emission profiles were well fitted into
single-exponential function. The residuals were less than 1.1.
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between NI and NI moieties could be related with the carbon-
numbers of linker.

The emission spectrum of NI-C9-NI shows the excimer
emission maximum at shorter wavelength than others. This blue
shift of excimer emission of NI-L-NI derivatives could be
explained in terms of a longer distance between two NI moieties
than others. In the case of longer linkers such as NI-C9-NI,
the excimer emission showed the low intensity and much overlap
with a normal emission. Although the overall emission feature
of NI-C9-NI is similar to the normal emission of NI-C7, it
is important that there is the intramolecular long-range interaction.

The quantum yields of excimer emission showed low values
compared with those of the SW emission (Table 2). Although
it can be expected that the π-π interaction of NI-C3-NI favors
the face-to-face excimer, the highest excimer emission yield
(φf

LW) among NI-L-NI derivatives was observed in NI-C6-NI
(Table 2). The excimer peaks of NI-L-NI in nonpolar 1,4-
dioxane (the solubility is very poor in other nonpolar solvents
such as n-hexane) showed the blue shifts about 6 nm compared
with those in CH3CN. This indicates that NI-L-NI has the
partially charge-transferred character. The charge-transfer type
excimer formation does not require the exact face-to-face
conformation. Thus, charge-transfer character decreases the φf

LW

value when the linker is shorter. On the other hand, a larger
linker also decreases the φf

LW value. These two factors are
reason for the highest yield of excimer for NI-C6-NI.

Time-Resolved Emission Spectra. Figure 2 is the time-
resolved fluorescence spectra of NI-L-NI in CH3CN obtained
by the femtosecond pulse excitation. In H2O/CH3CN, the time-
resolved emission spectra of NI-L-NI are shown in Figure
S2 of Supporting Information. At 30 ps after the excitation, the
time-resolved emission spectra of NI-L-NI show the emission
around 380 nm, which corresponds to the steady-state SW
emission. The decays of SW emission of NI-L-NI are faster
than 240 ps. The decay time constants of NI-L-NI are shown
in Table 2. The SW emission around 380 nm disappeared in
the spectra at 1.5 ns after excitation. Consequently, the excimer
emission around 430-500 nm appeared. First of all, it is
noteworthy that the time-resolved excimer emission of NI-L-NI
shifts to a short wavelength according to the increase of the
length of linkers. The excimer emission maxima appeared at
slightly longer wavelength compared with those from steady-
state emission spectra (Table 1). The excimer emission lifetimes
of NI-L-NI were measured to be over 10 ns.

The rise component from the time-resolved excimer emission
spectra of NI-L-NI could not be resolved, because the excimer

emission is much overlapped with the SW emission. However,
it could be suggested that the time constant for excimer
formation relates to the decay time constant of the SW emission.

Transient Absorption Spectra. The transient absorption
spectra of NI-L-NI were obtained during the nanosecond-
laser flash photolysis measurement with 355 nm excitation. The
transient absorption spectra of NI-C3-NI (2.9 × 10-5 M) were
measured in CH3CN and H2O/CH3CN, as shown in Figure 3.
The transient absorption spectrum of NI-C3-NI in CH3CN
shows a characteristic band around 470 nm, which is identical
to the T1-Tn absorption of NI in the triplet excited state (3NI*)
reported in our earlier work.13 The transient absorption of
NI-C3-NI in CH3CN decayed with first-order kinetics of the
lifetime of 3.1 µs at both wavelengths (410 and 470 nm), as
shown in inset of Figure 3a. In CH3CN, other NI-L-NI
derivatives also showed only the T1-Tn absorption band at 470
nm without any other transient absorption bands. The decay
time constants for NI-L-NI derivatives monitored at 470 nm
are 3.1-13 µs (Table 3).

In protic H2O/CH3CN, the T1-Tn absorption of NI-C3-NI
was also observed at 470 nm, as shown in Figure 3b. In addition
to this band, a weak transient absorption band was observed at
around 410 nm. The bands at 470 and 410 nm showed the
different kinetic traces, as shown in inset of Figure 3b. The
T1-Tn absorption at 470 nm decayed with 4.1 µs of lifetime.
On the other hand, the transient absorption band at 410 nm
showed a slow growth (∼4.1 µs, comparable to the decay of
triplet state), and then a very slow decay of >20 µs. The
transient absorptions of other NI-L-NI also showed two bands
around 410 and 470 nm in H2O/CH3CN. The decay times at
470 nm were 4.1-11.8 µs for NI-L-NI derivatives. The slow
growth of transient absorptions at 410 nm occurred concomi-
tantly with the decay of the T1-Tn absorption at 470 nm. This
implies that a long-lived transient species should be produced

SCHEME 2: Interaction of HOMO and LUMO Orbitals
of Two Molecules NI* and NIa

a hνm is the fluorescence of monomer NI* and hνex is the excimer
emission.

Figure 2. Time-resolved emission spectra of NI-L-NI molecules in
CH3CN: (a) NI-C3-NI, (b) NI-C4-NI, (c) NI-C6-NI, (d)
NI-C8-NI, and (e) NI-C9-NI. The shorter wavelength and excimer
spectra were measured with the delay time of 30 ps (black) and 1.5 ns
(red), respectively, after the laser pulse excitation.
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after the formation of 3NI* which is the precursor of the new
transient species giving an absorption band at 410 nm. The
transient absorptions at 410 nm of NI-L-NI decayed with very
long lifetimes (ca. >20 µs).

The 3NI*-L-NI should act as the main precursor of
NI•--L-NI as described by following equations. NI•--L-NI
could be generated through the intramolecular reaction. On the
basis of the previous suggestion by some reports,9–11 which
described a competitive and efficient deactivation pathway of
3NI*, the mechanistic pathways could be summarized as shown
in eq 2, which might lead to the quenching of 3NI* moiety by
another NI moiety of NI-L-NI. Recently, the formation and
decay times of monomeric NI•- showed strong dependence on
the concentration of NI. This implies that NI•- could be
primarily generated via the quenching of 3NI* by NI at the
diffusion control rate as shown in eq 3, but not efficient in case
of NI-L-NI because of low concentration.

NI-L-NI98
hυ

1NI*-L-NI98
ISC

3NI*-L-NI (1)

3NI*-L-NI98
PET

NI-•-L-NI+• (2)

3NI*-L-NI+NI-L-NI98
PET

NI-•-L-NI+NI+•-L-NI

(3)

In the case of reference 3NI*-C7, the decay rate constant in
CH3CN is 1.33 times higher than that in H2O/CH3CN. The decay
rate constants of 3NI*-L-NI in CH3CN are also higher than
those in H2O/CH3CN. On the other hand, the ratio of decay
rate-constants 3NI*-L-NI in H2O/CH3CN and CH3CN is
increased. We assumed that this increasing is due to the electron-
transfer process in H2O/CH3CN. The rate constant of electron
transfer corrected by solvent effect (kET′) could be calculated
using the following eq 4,

k′ET ) { (kT,NI-L-NI)W - (kT,NI-L-NI)A ×
(kT,NI-C7)W

(kT,NI-C7)A
} (4)

where (kT)A and (kT)W are the decay constants of 3NI* in
CH3CN and H2O/CH3CN, respectively. The linker-length
dependence of kET′ for N-L-NI is shown in Figure 4A. The
kET′ for NI-C3-NI to NI-C6-NI rises exponentially with
increasing carbon number of linkers. The kET′ for NI-C8-NI
to NI-C9-NI does not lie along the straight line established
by NI-C3-NI to NI-C6-NI. The highest rate constant of
NI-C6-NI indicates that the PET occurs fast. This result
consists of the high quantum yield for the intramolecular
excimer formation of NI-C6-NI. The rate constants for
charge recombination (kCR) in NI-L-NI are obtained from
the decay rate of transient absorption changes at 410 nm.
Charge recombination within NI-C3-NI to NI-C8-NI is
exponential (Figure 4B). The rate constant for charge
recombination in NI-C9-NI did not follow. The photo-
physical and kinetical parameters are changed in NI-C6-NI
to NI-C8-NI, in fact, it seems due to the increase of
inhomogeneity as well as the degree of freedom with
increasing linker length.

It is well-known that NI•- has a transient absorption band
at around 420 nm. In spite of the similarity for the transient
absorption bands between NI•- and NI(H)•, the transient
absorption band observed at 410 nm in H2O/CH3CN could

Figure 3. Transient absorption spectra of NI-C3-NI (2.9 × 10-5

M) in (a) CH3CN and (b) H2O/CH3CN (v/v ) 1:9) observed during
the nanosecond-laser flash photolysis (excitation wavelength ) 355
nm). The inset shows kinetic traces of ∆A at 410 and 470 nm: (a)
decay times are 2.8 µs monitored at 410 and 470 nm, respectively; (b)
decay times are 20 and 2.8 µs monitored at 410 and 470 nm,
respectively.

TABLE 3: Triplet-State Decay Time Constants of 3NI* (τT)
and NI(H)• (τK) in CH3CN and H2O/CH3CN (v/v ) 1:9)

in H2O/CH3CN

compound
in CH3CN

τT (µs) τT (µs) τK (µs)

NI-C7 2.7 3.5 38
NI-C3-NI 3.9 5.3 18
NI-C4-NI 8.2 10.1 25
NI-C6-NI 10.4 10.6 40
NI-C8-NI 7.0 7.3 80
NI-C9-NI 4.7 6.0 65

Figure 4. (A) Logarithmic plot of the electron-transfer rate constant
(kET′) vs the carbon number of linker. (B) Logarithmic plot of the charge
recombination rate constant (kCR) vs the carbon number of linker.
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not be attributed to NI•- because this band could not be
observed in aprotic CH3CN but be observed in protic H2O/
CH3CN. It indicates that NI•- may undergo the fast proto-
nation process to give NI(H)•, as shown in Scheme 3 and eq
5, which shows the transient absorption band at 410 nm.18

H2O · · ·NI-•-L-NIfNIH•-L-NI+OH- (5)

Because NI(H)• is not charged species, the transient absorption
band of 410 nm has a long lifetime related to a charge
recombination process.

Conclusion

This study demonstrates the long-range interaction for the
intramolecular excimer formation of NI-L-NI. The eximer
emissions significantly shift to shorter wavelength according
to the length of linkers between the two NI moieties. This study
clearly shows that NI can easily interact with other NI moiety,
which resulted to intramolecular excimer formation. Further-
more, NI-L-NI showed the PET process in H2O/CH3CN,
which can be formed mainly by the intramolecular interaction
between 3NI* and NI moieties.
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SCHEME 3: Structure of ketyl radical of NI
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