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We present N-(p-anilinesulfonyloxy)-1,8-naphthalimide (ASNI) as fluorescence imaging material based on
a novel fluorescence imaging mechanism. ASNI is composed of two functional moieties in one molecule:
an acid-reactive fluorescence probe and a photoacid generator (PAG). When ASNI is photoirradiated, a
bond in the PAG moiety breaks and an acid is generated. The fluorescence probe moiety then detects
the acid and fluoresces. We call this novel mechanism a self-contained photoreaction (SCP). The photo-
physical properties and photoreactivity of ASNI were measured and compared with those of a prototype
PAG, N-(phenylsulfonyloxy)-1,8-naphthalimide. These were well represented by density functional theory
calculations. SCP permits one-step fluorescence imaging without any wet or dry developing process.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescence imaging plays an important role in both fun-
damental and applied science. Excellent reviews of luminescent
sensors, switch molecules corresponding to various targets [1], and
fluorescence of polymer films by photomasked irradiation of pre-
cursors of fluorescent material [2] have been published. Methods
of fluorescence imaging have been widely investigated in biosen-
sor [3-8], chemosensor [9-13], printing [14,15], and other imaging
industries.

Typical fluorescence imaging method employs wet developing
procedure while such system has some intrinsic problems due to
its wet developing procedure, for example, the difficulty of dye
penetration into polymer matrices [2]. Therefore, dry develop-
ing procedure has been recently investigated. The dry developing
imaging system generally includes three components: fluorophore
precursor, photoinitiator, and polymer matrix. In many cases pho-
toinitiator is photoacid generator (PAG). Some researchers have
reported one or two component imaging systems by conjuga-
tion of fluorophore precursor and/or photoinitiator to the polymer
matrix [16-23]. These systems have some advantages over the
three component systems, e.g., easy preparation, high thermal,
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and long term stability of imaging film. While the multifunc-
tionalization has been focused on polymer pendant, there are no
reports on the fluorophore precursor-photoinitiator conjugated
material.

Here we report a fluorophore precursor embedded in photoini-
tiator for fluorescence imaging with dry developing procedure.
This material has some advantages compared to conventional three
components materials. First is easy preparation of the imaging
film. Second is low exposure energy loss because it is absorbed by
the photoinitiator at the initial stage of photoirradiation. Third is
providing a novel photoimaging system based on self-contained
photoreaction (SCP). Fig. 1 shows general fluorescence imaging
mechanism based on photoinduced electron transfer (PET) [24-28].
We introduced a photoacid-generating group as photoinitiator
between the fluorophore and the acid receptor in place of the spacer
as shown in Fig. 2. Photoexcitation of the fluorophore leads to PET
from the receptor to the fluorophore, because the energy level of the
receptor is higher than that of the fluorophore. Therefore, the flu-
orophore cannot emit luminescence before photoirradiation. After
photoirradiation, an acid is generated from a photoacid-generating
group and combined to the receptor of another molecule. Since the
energy level of the receptor combined with the acid is lower than
that of the fluorophore, PET does not occur and the fluorescence
is observed. It is remarkable that the sequence of giving fluores-
cence to the initial compound by the acidic product is present in
the photoreaction.
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Fig. 1. Mechanism of fluorescence probe based on PET (X=H" or metal ion).
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Fig. 2. Illustration of novel fluorescence probe with a photoacid generation function.

2. Experimental
2.1. Materials

Synthetic procedures of the materials used in this report
are shown in Scheme 1. To prepare N-(p-anilinesulfonyloxy)-1,8-
naphthalimide (ASNI), we added aniline-4-sulfochloride (8 mmol)
[29] to a solution of N-hydroxy-1,8-naphthalimide (16 mmol) [30]
in dry pyridine (12 ml). The mixture was stirred for 1h at 115°C
under an argon atmosphere, then it was poured onto excess dis-
tilled water and filtered. The product was washed successively
with 1N NaOH aq., distilled water, and ethanol. It was purified
by silica gel chromatography with pyridine/chloroform (1:4, v/v).
Recrystallization of the product from pyridine/toluene (1:1, v/v)
gave ASNI (4 mmol, yield 48%). "H NMR (500 MHz, DMSO-dg): §
8.54-8.49 (q, 4H), 7.93-7.90 (t, 2H), 7.63-7.60 (d, 2H), 6.68-6.65
(d, 2H), 6.56 (s, 2H); FT-IR (cm~!, KBr): 1166, 1371 (SO, stretch-
ing), 1697 (C=0 stretching), 3252, 3359, 3459 (NH, stretching).
N-(Phenylsulfonyloxy)-1,8-naphthalimide (PSNI) was prepared as

0 O
Q [NH;OH]CI, HCI Q

o] — Q N—OH
W .

0

TEA, C10,8-¢_ R O 0

S N—O—ﬁ@—l{
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Scheme 1. Procedures for synthesis of ASNI and PSNI.

described [30,31] for comparison of its photophysical properties
and photoreactivity with those of ASNI.

2.2. Apparatus and measurements

Nuclear magnetic resonance (NMR) spectra were obtained with
a JEOL LA-500 spectrometer with tetramethylsilane as an internal
standard. Fourier transform infrared (FT-IR) spectra were recorded
on a Horiba FT-200 spectrometer. Absorption spectra and fluores-
cence spectra excited at 315nm were measured with a Hitachi
U-3000 spectrophotometer and a Hitachi F-4500 spectrophotome-
ter, respectively.

All samples in acetonitrile solutions were degassed by Ar
bubbling for at least 15min, then absorption and fluorescence
spectra of the solutions were measured. Fluorescence quantum
yields (¢) were obtained as described [32] using anthracene in
ethanol as a standard. Acid generation quantum yields (@acq)
were determined as described [33] with a low-pressure mercury
lamp (254 nm, 0.4 mJcm~2s~1), using the sodium salt of tetrabro-
mophenol blue (TBPB-Na, Sigma-Aldrich) as an acid indicator and
p-toluenensulfonic acid (Wako) as a standard.

To obtain a photosensitive polymer film, we prepared a 20 wt%
solution of poly(methylmethacrylate) (Wako, DLH6175) in N,N-
dimethylformamide, then dissolved 2 wt% ASNI in it. The mixture
was spin-coated onto a glass plate at 2000 rpm for 1 min, then the
plate was baked at 100°C for 10 min.

2.3. Density functional theory calculations

Density functional theory (DFT) calculations were performed
using the Gaussian 03 program package [34]. Structure geometries
were optimized at the B3LYP/6-31G(d) level, and time-dependent
(TD) DFT calculations were carried out at the B3LYP/6-311++G(d,p)
level.

3. Results and discussion
3.1. Photophysical properties

Fig. 3 shows absorption and fluorescence spectra of ASNI and
PSNI in acetonitrile. Table 1 summarizes the photophysical proper-
ties. The absorption bands between 310 and 360 nm are associated
with the naphthalimide moiety, because Anyax of 1,8-naphthalimide
in acetonitrile is 328 nm [35]. The two absorption spectra differed
greatly in the region from 250 to 310 nm. ASNI had a strong absorp-
tion peak at 284 nm, which PSNI lacked. Since the Apax of aniline is
around 280 nm, the absorption is likely due to the aniline group in
ASNIL.

The fluorescence spectra presented an interesting result
(Fig. 3B). We select naphthalimide moiety as fluorophore because
its derivatives are well-known as high fluorescent materials
[36-38]. The PSNI fluorescence (¢¢=0.201) was stronger than that
of 1,8-naphthalimide (¢¢=0.03 [39]): ASNI showed very weak flu-
orescence in spite of its fluorophore. According to previous reports

Table 1
Photophysical properties of ASNI and PSNI

ASNI PSNI
Amax (Nm) 214, 231, 284,333 230,334
£284 (M~ 1cm™1) 22,900 1830
Emax (nm) 366, 382 366, 381
ol <0.001 0.201

Amax: Maximum absorption wavelengths, €,34: molecular extinction coefficient at
284 nm, Epax: maximum fluorescence wavelengths.
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Fig. 3. (A) Absorption and (B) fluorescence spectra of ASNI (solid line) and PSNI
(dashed line).

[24-28], the fluorescence is quenched by PET in an excited ASNI
molecule, as illustrated in Fig. 1.

We used DFT calculations to understand the unusual photophys-
ical properties of ASNI. DFT calculations are effective for the rational
design of PET-based fluorescence probes [27,28]. The excitation
spectra of ASNI and protonated ASNI (ASNI-H*) were calculated by
the TD-DFT method and are shown in Fig. 4. Both compounds have
a strong absorption peak around 340 nm, in agreement with the
experimental results. We attribute these absorptions to the elec-
tronic transitions between molecular orbitals associated with the
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Fig. 4. (A) Observed absorption spectrum of ASNI and (B) calculated absorption
spectra of ASNI, and (C) ASNI-H* estimated by TD-DFT.

naphthalimide fluorophore. The calculated absorption at 273 nm
is present only in ASNI, and agrees with the observed result. The
absorption is due to the transition contributed from the aniline
moiety estimated by the calculation. We attribute the disappear-
ance of the absorption around 280 nm in ASNI-H* to protonation of
the aniline group in ASNI.

We calculated the frontier molecular orbitals of ASNI and ASNI-
H* to examine the fluorescence switching mechanism (Fig. 5).
The calculation represented the mechanism well, as did previ-
ous results with perylene compounds [27]. In ASNI (Fig. 5A), the
highest occupied molecular orbital (HOMO), distributed mainly
on the fluorophore (HOMO-2), has lower energy than that on the
receptor (HOMO-0, HOMO-1). Therefore, when the fluorophore is
excited, an electron on HOMO-0 or HOMO-1 transfers to HOMO-
2 in the molecule. In this case, PET prevents fluorescence from
the naphthalimide moiety. In ASNI-H*, HOMO, again distributed
mainly on the fluorophore, has higher energy than that on the
receptor (Fig. 5B). Since electron transfer from the receptor to the
fluorophore does not occur, fluorescence is observed, because the
process does not compete with PET. These results suggest that ASNI
could work as a fluorescence probe for acids.

3.2. Behavior of ASNI as proton-target fluorescence probe

We measured the fluorescence of ASNI in acetonitrile solution
with various concentrations of p-toluenesulfonic acid to evaluate
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Fig. 5. Frontier molecular orbitals of (A) ASNI and (B) ASNI-H*.
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Fig. 6. (A) Absorption and (B) fluorescence spectra of ASNI in acetoni-

trile (4.33 wmoll-') with various concentrations of p-toluenesulfonic acid
((@) 0.0mmoll-!, (b) 0.9 mmoll-', (c) 1.7mmoll-!, (d) 3.5mmoll-!, and (e)
13.6 mmoll-1).

ASNI as a fluorescent probe for acids. The changes in the absorp-
tion and fluorescence spectra of the ASNI solution caused by the
addition of the acid are shown in Fig. 6A and B, respectively.
Despite the decrease of the absorption at 284 nm, the fluores-
cence intensity increased with the increasing concentration of acid.
The highest ¢y value of ASNI-H* (0.149) was more than 100 times
that of ASNI (<0.001), and approximately the same as that of PSNI
(0.201).

These spectrum changes are well explained by the results of
the molecular orbital calculations. The diminution of the ASNI
absorption peak at 284 nm which originated from the aniline group
indicates the protonation of the aniline group and the formation of
ASNI-H*. Fluorescence occurs because the HOMO of the protonated
receptor becomes lower in energy than that of the fluorophore. This
prohibits intramolecular PET in ASNI-H*.

3.3. Photoreaction of ASNI

We compared the photoreactivity of ASNI with that of PSNI
under photoirradiation. Values of ¢,.q were 0.071 for ASNI and
0.037 for PSNI The ASNI value is higher, although the amino group
of ASNI should decrease it. Although ¢,q depends on several fac-
tors, the simplest explanation for the higher ¢,.q value would be
the difference in the bond dissociation energy (BDE) of N-O cleav-
age. We calculated the BDEs of N-O cleavage of the two PAGs
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Fig. 7. (A) Absorption and (B) fluorescence spectra of ASNI in acetonitrile
(6.85 wmol1-1) under irradiation ((a) 0.000] cm~2, (b) 0.264 ] cm~2, (c) 0.792 ] cm~2,
(d) 1.584] cm=2, (e) 2.376 ] cm~2, and (f) 5.940] cm~2).

by using DFT at the B3LYP/6-31G(d) level. Because N-tosyloxy-
1,8-naphthalimide, an analogue of ASNI and PSNI, generates acid
through homolytic cleavage [40], we assumed the same process
in our calculations. We corrected for the consequent superposi-
tion error [41] by using the counterpoise method [42]. The BDEs
of N-O cleavage of ASNI and PSNI were estimated to be 215.6 and
227.6k]mol~1, respectively, and showed a good correlation with
®acia- Such a relation was found in substituted anilines [43], but
not in some photoradical generators [44]. If ¢, q also depends on
whether photodissociation is due to homolytic or heterolytic cleav-
age [40], then we cannot conclude the reason for the higher ¢,¢q
of ASNI from our results. However, introducing an amino group to
a PAG is one of the reasons for a high ¢,q.

Fig. 7 shows absorption and fluorescence spectra of ASNI in
acetonitrile under irradiation. The absorption spectrum decreased
and the fluorescence spectrum increased with increasing expo-
sure energy, as seen with the addition of acid to ASNI in Fig. 6.
From this result, we propose a novel imaging system based on the
SCP mechanism using ASNI as shown in Scheme 2. ASNI is a non-
fluorescent molecule because of intramolecular PET. Once ASNI is
excited by photoirradiation, sulfanilic acid is generated through
N-0 bond cleavage. This acid binds to an amino group of unpho-
toreacted ASNI. This protonated ASNI, ASNI-H*, fluoresces because
intramolecular PET does not occur. Since both steps occur in the
same molecule, we call the reaction a self-contained photoreac-
tion.
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Scheme 2. Self-contained photoreaction of ASNI (RH: hydrogen donor).

Fig. 8. Fluorescence image made by UV-irradiation through a T-shape mask.

3.4. Imaging in polymer film

Finally, we demonstrated SCP in one-step fluorescence imag-
ing. The plate was irradiated with a low-pressure mercury lamp
(4Jcm~2) through a T-shape mask. Fig. 8 shows a fluorescent
image under UV illumination without any wet or dry developing
process, indicating the occurrence of SCP in the polymer film.

4. Conclusion

We have designed and synthesized a multifunctional molecule,
ASNI. The photophysical properties of ASNI are significantly differ-
ent from those of PSNI. Unlike PSNI, ASNI has an absorption peak at
284 nm and shows very weak fluorescence. The differences are well
explained by DFT calculations. The photoreactivity of ASNI and the
spectral changes in fluorescence caused by the addition of an acid
indicate that ASNI acted as both a fluorescent probe for the acid and
a PAG. SCP occurs in ASNI, allowing one-step fluorescence imaging
in a polymer matrix of ASNI without any wet or dry developing
process.

Although we have provided novel photoimaging material and
imaging system, there are some challenging tasks on the material,
especially photosensitivity. Study to perform the task is currently
underway in our laboratory.
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