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Abstract

Ground and excited state properties of newly synthesized N-substituted naphthalimide derivatives (3a—c) have been investigated in protic and
aprotic solvents of varying polarity. These studies focused identification of the m, 7" and charge transfer to solvent (CTTS) transitions. Excited
state properties have been rationalized in terms of photoinduced intramolecular charge transfer (PICT) process. Effect of protic solvent and aprotic
solvent on the PICT process has also been determined. Excited state PICT process of the compounds has also been studied in aqueous solution of

H-bonding agent reduced L-glutathione (GSH).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

1,8-Naphthalimides are generally fluorescent compounds for
which a series of biological (local anaesthetics [1], DNA-
cleaving agents [2], tumoricidals [3] and non-biological (opti-
cal brighteners [4], lucifer dyes [5]) applications have been
found. 1,8-Naphthalimide and bisnaphthalimide derivatives are
promising anticancer agents [6,7], the sulfonated derivatives
are good antiviral agents with selective in vitro activity against
the human immunity deficiency virus, HIV-1 [8]. Brominated
mono and bisnaphthalimide derivatives are photochemothera-
peutic inhibitors for enveloped viruses in blood and blood prod-
ucts [9—11]. The photoactivity and DNA-intercalation properties
of 1,8-naphthalimide derivatives have also prompted studies on
sequence-specific DNA-photonucleases [12].

Kossanyi and co-workers [13—15] extensively studied the
spectroscopic and photophysical properties of various naph-
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thalimide derivatives. In some of these studies, influence of
the geometry of the molecule or intramolecular geometrical
relaxation process on the emitting properties of the molecules
has been investigated. Brown and co-workers [16,17] stud-
ied the photophysical properties of aminonaphthalimides in
various media. While the fluorescence quantum yield of 4-
aminonaphthalimide was as high as 0.8 in some media, non-
radiative transition was found to be quite efficient in aqueous
solution [18]. The enhanced nonradiative rate in aqueous media
was attributed to the formation of a hydrogen-bonded cluster
between the probe and solvent molecules. This group also stud-
ied the effect of pH of the medium on the fluorescence properties
of aminonaphthalimides.

Samanta et al. [19,20] studied transition metal ion induced
fluorescence sensing in newly synthesized amino and substi-
tuted amino-naphthalimide derivatives. Recently they studied
conformation dependent intramolecular charge transfer behav-
ior of 4-amino-1,8-naphthalimide derivatives differing in the
amino functionality as a function of the polarity of the medium
[21]. Martin et al. [22] studied inhibition of intramolecu-
lar charge transfer process of 4-methoxy and 4-acetamide
N-substituted 1,8-naphthalimide derivatives in protic solvents
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having H-bonding ability and by addition of protons from acid
and solvents.

In the present study, photophysical properties of some newly
synthesized 1,8-naphthalimide derivatives (3a, 3b and 3c) have
been observed in solvents of varying polarity as well as hav-
ing different H-bonding ability. In 1,8-naphthalimide derivatives
PICT process occurs and PICT becomes more favorable in polar
protic solvents ethanol compared to the polar aprotic solvent ace-
tonitrile. Reduced glutathione having H-bonding ability [23],
can inhibit PICT process of 3a and 3b whereas it exerts no
effect on the PICT process of 3c¢. Substituent dependent vari-
ation of PICT process has also been illustrated in the present
observation.

2. Experimental
2.1. Materials

1,8-Naphthalic anhydride, the starting materials for the syn-
thesis of 2-(2-bromo-ethyl)-benzo[de] isoquinolene-1,3-dione
(3a), 2-(4-bromo-butyl)-benzo[de] isoquinolene-1,3-dione (3b)
and 4-nitro-1,8-naphthalic anhydride, the starting materials
for the synthesis of 2-(2-bromo-ethyl)-6-nitro-benzo[de]iso-
quinolene-1,3-dione (3¢), were obtained from Sigma—Aldrich,
Bangalore, India. 1-Amino-2-ethanol and phosphorous tribro-
mide were from Sigma—Aldrich and were used for synthesis
without further purification. n-Heptane (Hep), acetonitrile
(ACN), tetrahydrofuran (THF), dioxan (DX), n-propanol
(PrOH), ethanol (EtOH) and methanol (MeOH) were procured
from Merck (India). The solvents used in spectral studies,
were rigorously purified by standard procedures [24]. The
purified solvents were found to be free from impurities and
were transparent in the spectral region of interest. Ethanol, ethyl
acetate, petroleum ether and chloroform were procured from
Merck (India) and used for synthesis. Triply distilled water was
used for the preparation of the experimental solutions. Reduced
L-glutathione (GSH) was obtained from Sigma, USA and used
as received.

2.2. Apparatus and methods

For synthesis all reactions were conducted under anhydrous
condition, solvents (ethanol, ethyl acetate, petroleum ether and
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chloroform) were well dried and reactions were performed
using oven-dried glassware. Melting points were determined on
a capillary melting point apparatus [SMP3 Apparatus (Bibby,
STERILIM, UK)] without correction. NMR spectra were
recorded with Brucker AC-300 MHz NMR spectrophotometer
on a 300 MHz for proton and 75 MHz for carbon in CDCl3
solution using tetramethylsilane as the internal reference.
The coupling constant (J) is reported in Hz. Mass spectrum
was recorded on JMS600 in EI ionization mass spectrometer.
Elementary analyses were recorded on Perkin-Elmer auto
analyzer 2400I1. Column chromatography was performed using
silica gel (60—120 mesh) (Qualigen India).

Shimadzu 1700 model UV-vis spectrophotometer and Spex
Fluorolog F-IIA spectrofluorimeter (Spex Inc., NJ, USA) were
used for the absorption and fluorescence measurement, respec-
tively. All the experiments were performed with air-equilibrated
solutions. For the geometrical optimization, we have used the
semiempirical AM1 method and for the determination of ground
state energy, dipole moments in the ground and excited state and
the transition energies to different excited electronic state, we
have used the semiempirical AM1-SCI method supported by
Hyperchem 5.01 package from Hypercube Inc., Canada. Utility
of the AM1 and AM1-SCI method in getting reliable structural
data has already been established [25,26].

The fluorescence quantum yields of the systems were mea-
sured using quinine sulfate [27] as the reference compound
(¢p=0.546 in 1IN HpSO,). Dilute solution with OD ~0.07 at
the excitation wavelength (which typically corresponded to a
concentration in the micromolar range) was used for quantum
yield measurements. Optically matched solutions of the sample
and reference were used. The quantum yields were measured by
comparing the areas underneath the fluorescence spectra. All flu-
orescence spectra were corrected for the instrumental response
and each measurement was repeated twice.

2.3. Synthesis

The required derivatives (3a—c) were synthesized following
a two-step procedure as shown in Scheme 1. Compounds 3a
and 3b were synthesized as reported earlier, which were the
intermediate during synthesis of organo selenium compounds.
Yield, melting point and related NMR and mass spectral data
are therein [28].
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Scheme 1.
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4-Nitro-1,8-naphthalic anhydride (1b) was first treated with
1-amino-2-ethanol in ethanol to furnish the corresponding
2-(2-hydroxy-ethyl)-6-nitro-benzo[de]isoquinolene-1,3-dione
(2¢c) which was subsequently treated with phosphorous
tribromide to furnish the desired 2-(2-bromo-ethyl)-6-nitro-
benzo[delisoquinolene-1,3-dione (3c). The exact reaction
conditions were as follows.

A mixture of 4-nitro-1,8-naphthalic anhydride (1b) (1g,
0.0041 mol), 1-amino-2-ethanol (0.495 mL, 0.0082 mol) in dry
ethanol (25 mL) was heated under reflux for 15 min. The solution
was then reduced to half of its initial volume by evaporat-
ing ethanol under reduced pressure. The resulting solution was
then cooled and the solid separated was filtered and washed
with little cold ethanol. The crude solid was crystallized from
CHCl3—petroleum ether 60—80 °C to get compound (2¢) as deep

-

brown colored solid. Yield: 0.97 g (87.0%), mp: 157-160 °C. 'H
NMR (CDCl3, TMS =0.00): 2.05 (1H, s), 3.99 (t, 2H,=NCHa,
J=4.9Hz),4.46 (t,2H, CH,OH, J=5.42 Hz), 7.99 (t, 1H, Ar-H,
J=17.50Hz), 8.40 (d, 1H, Ar—H, /=7.99 Hz), 8.72 (q, 2H, Ar-H,
J=7.3Hz), 8.85 (d, 1H, Ar-H, J=8.75Hz).

To a stirred suspension of compound 2¢ (0.8 g, 2.94 mmol)
in ethyl acetate (10mL) PBr3 (0.8 mL) was added at room
temperature for 20 min. Then the resulting mixture was heated
at 70-75°C with stirring for 1.5h. The resulting mixture
were cooled, poured into ice water and extracted with CHCI3
(100 mL). The extract was washed with saturated NaHCO3 and
then with water and dried over CaCl,. Solvent was evaporated
under reduced pressure to afford a yellow solid, which was
purified by column chromatography over silica gel [petroleum
ether (60-80 °C)/CHCl3 (1:1, v/v)] followed by crystallization
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from CHCl3 — petroleum ether 60-80°C to give the desired
compound (3c¢). Yield: 0.5g (51.02%), mp: 190-191°C IH-
NMR (CDCl3, TMS =0.00): 3.68 (t, 2H,=NCH,, J=6.97 Hz),
4.62 (t, 2H, CH,Br, J=7Hz), 8.00 (t, 2H, Ar-H, J=7.53 Hz),
8.40 (d, 1H, Ar-H, J=8.01 Hz), 8.73 (q, 2H, Ar-H, /=7.3 Hz),
8.85 (d, 1H, Ar-H, J=8.73 Hz). IR (KBr) cm~1: 1708.49 and
1669.22 (amide), 1590.16 (Arom. ring). HRMS (EI+): 349
(M™*,70%); 348 (M*, 69); 269 (M*-Br, 100); 255 (M*-CH,Br,
51); 209 (M*-CH,Br, -NO,, 38). '3C (57MHz, CDCl3):
27.44, 41.45, 122.63, 123.71, 123.86, 126.53, 129.15, 129.64,
129.97, 130.16, 132.76, 149.79, 162.31 and 168.08. Elemental
analysis: (found C: 48.02; H: 2.63; N: 7.93. Calculated for
Ci14H9BrN,Oy; C: 48.16; H: 2.60; N: 8.02).

The optimized geometrical form of the compounds 3a, 3b
and 3c are represented in Scheme 2.

3. Results and discussion
3.1. Absorption study

UV-vis absorption spectrum of 3a in Hep (Fig. 1) has been
found to have vibrational splitting and the peak positions are at
315,325,329, 341 and 345 nm. In polar protic and polar aprotic
solvents absorption maxima shifted to higher wavelength with
two distinct peaks at 331 and 344 nm. With variation in polar-
ity of the polar protic and polar aprotic solvents peak position
remains unaltered, so polarity of solvent has little influence on
the absorption spectra of 3a. Though the band position of 3a
remains same in polar protic and polar aprotic solvents, molar
extinction coefficient in polar protic solvent (EtOH, n-PrOH,
etc.) is lower compared to the molar extinction coefficient in
polar aprotic solvent (ACN, THF, DX, etc.). In ACN and EtOH,
absorbance of 3a is higher in ACN compared to EtOH without
any shift in spectral maxima.

Absorption maxima of 3b remain same to 3a in Hep and
absorption maxima of 3b shifted to higher wavelength in polar
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Fig. 1. Absorption spectra of compound 3a (5.31 x 10~> moldm~3) in polar
protic and polar aprotic solvents: (1) Hep, (2) n-PrOH, (3) EtOH, (4) DX, (5)
THF and (6) ACN.
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Fig. 2. (a) Absorption spectra of compound 3b (4.12 x 10~% moldm~3) in
(1) Hep, (2) ACN and (3) EtOH. (b) Absorption spectra of compound 3c
(1.85 x 1073 mol dm—3) in (1) Hep, (2) ACN and (3) EtOH.

protic and polar aprotic solvent (Fig. 2) identical to 3a. Absorp-
tion maxima of 3b do not vary with varying polarity of the polar
aprotic solvent and hence influence of polarity on 3b is neg-
ligible. In protic polar solvent (EtOH), a new peak appears at
275 nm. The band around 320-340 nm for 3a has been shifted
to 350 nm for 3c, i.e. there is a red shift in the characteristic
absorption band of 3¢ compared to 3a. The absorption maxima
shifted to higher wavelength for 3¢ due to incorporation of elec-
tron withdrawing -NO» group at the 4-position. This behavior
can be understood taking into consideration of the difference in
electron withdrawing ability of the substitute at 4-position and
nature of the lowest excited state of the systems. The higher
wavelength band for all the compounds may be due to n — 7"
or m—> " transition.

In photophysical studies of N-substituted 1,8-naphthalimide
derivatives, it had been reported [22] that the absorption and
fluorescence maxima of these molecules had a red shift with
increasing value of the dielectric constant of the solvent. This
fact takes place in electronic transitions of the type m— 7"
with a higher dipole moment in the excited state S; than in
the ground state So [29]. Dominant electronic transition of 1,8-
naphthalimide is the m — " transition, as there is a high degree
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Table 1
Molar extinction coefficient and quantum yield of compound 3a, 3b and 3¢ in
acetonitrile

Compound Molar extinction coefficient in Quantum yield
ACN (dm* mol~! em~1) in ACN

3a 12022.6 (332), 10989.8 (344) 0.51

3b 23638.4 (332), 21576.1 (345) 0.56

3c 20990.3 (350) 0.01

of coplanarity between the imide and the  system of the naph-
thalene ring [30]. So the absorption maxima of 3a, 3b and 3c
at longer wavelength may be due to 7 — " transition. Molar
extinction coefficients (¢) of 3a, 3b and 3c in acetonitrile have
been presented in Table 1 and the higher ¢ value indicates that
the transition is 7 — 7" in nature.

Simultaneously, the newly appeared broad band at the lower
wavelength of 3b and 3¢ in polar protic solvents is due to charge
transfer to solvent (CTTS). If there is low lying unfilled orbital
in the solvent, it is likely to have a strong affinity for electrons. If
the solvent accepts the electron from solute molecules, a charge
transfer to solvent complex is said to be formed. This charge
transfer complexes bridge the gap between the weak vander
Waals complexes and the molecule bonded by strong valence
force. As the higher energy CTTS band develops in polar protic
solvents, so the H-bond between carbonyl group of naphthal-
imide moiety and protic solvents is responsible for CTTS. For
3a and 3b the difference in their structures arises due to the
methylene group (spacer) in the side chain, so it is expected
that conjugation is less for 3b and probability of appearance
of CTTS band is high for it in their ground state. Expectation
coincides with the experimental observation. For 3¢ the CTTS
band appears in EtOH having higher molar extinction coeffi-
cient compared to 3b due to presence of the nitro group and
hence electronic rearrangement occurs which favors CTTS.

3.2. Fluorescence properties

Fluorescence spectra of 3a in solvents Hep, ACN, DX, THF

and EtOH have been given in Fig. 3. On excitation at A3 =
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Fig. 3. Fluorescence spectra of compound 3a (5.31 x 1073 moldm~3) in (1)
DX, (2) THE, (3) Hep, (4) ACN and (5) EtOH.

345 nm, 3a displays fairly structured fluorescence spectra having
mirror image relationship to the absorption spectra. The fluores-
cence maxima appears at 366 nm along with two other maxima
at higher wavelength 387 and 409 nm in Hep. In polar aprotic
solvent ACN, fluorescence maximum has been shifted to 379 nm
with shoulders at 363 and 398 nm. With increasing polarity of
the aprotic solvents (ACN) fluorescence maxima remains unal-
tered whereas the fluorescence intensity (peak area) increases.
In polar protic solvent (EtOH) the fluorescence maxima shifted
to higher wavelength compared to aprotic solvent with a con-
comitant enhancement of fluorescence intensity. Fluorescence
quantum Yyields of 3a, 3b and 3¢, measured in ACN, are col-
lected in Table 1.

In alkane solvent, structured emission of 3a, showing a mirror
image relationship with the corresponding absorption spectrum
is ascribed to originate from the locally excited (LE) species
with the same ground state geometry. With increasing solvent
polarity, the structured fluorescence spectrum gradually looses
its resolution. Increase in the solvent polarity induces a remark-
able shift in the fluorescence spectra, characteristic of a charge
transfer (CT) emission. The observations are similar to those
found for other system like coumarines [31], arylaminonaph-
thalene sulfonates [32], derivatives of bianthryl [33], etc.

Photophysical studies of 3b in polar aprotic and polar pro-
tic solvents reveal an identical spectral feature (Fig. 4). The
fluorescence spectrum of 3b in Hep is identical to that of the
fluorescence spectra of 3a having fluorescence maxima at 366,
387 and 409 nm. In polar aprotic solvent ACN, fluorescence
maximum of 3b has been shifted to 378 nm with shoulders at
361 and 397 nm.

The fluorescence spectrum of 3¢ has been depicted in Fig. 5.
In Hep, two bands of it has been appeared, one is at 420 nm
and the other is at 450 nm. In polar aprotic solvent (ACN), only
one band has been observed which is at 450 nm. In polar protic
solvent (EtOH), the band is shifted to 460 nm with higher flu-
orescence intensity compared to ACN. For 3¢, in heptane the
structured fluorescence spectra have mirror image relationship
to that of the absorption spectra. In polar protic and polar aprotic
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0.0 . . -
350 400 450 500

Wavelength/nm

Fig. 4. Fluorescence spectra of compound 3b (4.12 x 10~ moldm™3) in (1)
DX, (2) THF, (3) ACN and (4) EtOH.
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Fig. 5. Fluorescence spectra of compound 3¢ (1.85 x 1073 moldm™3) in (1)
Hep, (2) ACN and (3) EtOH.

solvent the structured fluorescence band has been disappeared at
higher wavelength with higher fluorescence intensity. The higher
wavelength band in polar solvents has been designated as charge
transfer band where the band in alkane solvent is designated as
locally excited band. The CT band has also been influenced by
hydrogen bonding ability of the solvent. The increase of the
stokes shift with increasing solvent polarity suggests that the
potential energy surface of the emitting state is considerably
different from that of the ground state and a large increase in the
excited state dipole moment results a charge transfer character
of the fluorescent states.

3.3. Extent of PICT processes from dipole moment

From the fluorescence spectra of 3a, 3b and 3c in differ-
ent solvents, it has been observed that emission maxima has
bathochromic shift with increasing polarity of the solvents. This
observation has been interpreted by considering the stabilization
of the charge transfer state by the solvent molecules compared to
that of the ground state [34]. The extent of increase in the dipole
moment of the dye on electronic excitation can be determined
from the Lippert—Mataga relation [35], in fairly polar solvents,
the relation between the solvent-dependent shift of the emis-
sion maxima and the solvent parameter Af{e, n) is expressed as
follows:

2 Ap?

WAJC(& n) (D

Vf = l)fo -
where Afle, n)=((e — D/Qe+1)) — ((n* — DI2n*+1)), €, n
corresponds to the static dielectric constant, the refractive index
of the medium, v¢ and vp the emission maxima (wavenum-
bers) in a solvent and in vacuum, Ap=(ue — pg) the mag-
nitude of the change in the dipole moment on excitation
from the ground state to the excited state, i, ¢, p corre-
sponds to Plank’s constant (6.6 x 1073* J s), the velocity of light
in vacuum (3.0 x 103 ms~!) and the Onsagar cavity radius.
Using the assumption of Lippert, the Onsagar Cavity radius
p can be derived from the length of the molecule (obtained
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Fig. 6. Dependence of emission maxima (vr) as a function of the solvent polarity-
polarizability parameter (Af) for (H) 3a, (O) 3b and (@) 3c.

from AMI1 calculation) multiplied by a reduction factor
of 0.8 [36].

A plot of the emission maxima v versus the polarity function
Af(e, n) has been shown in Fig. 6. Least square linear regression
analysis gave a good correlation obeying the following relations:

vg = 27337.17 — 3196.14 Af (e, n);
vp = 27286.93 — 2900.65 Af (e, n);

v = 25908.07 — 12213.36 Af (e, n)

for compounds 3a, 3b and 3c, respectively.

According to Eq. (1) it approximately corresponded to the
difference in dipole moment of 1.87 D, 1.83D and 4.22D for
3a, 3b and 3c, respectively, for the charge transfer state rela-
tive to the ground state. The difference in dipole moments for
locally excited band was 0.25D, 0.22D and 1.11D, respec-
tively, calculated by AM1 and AM1-SCI calculation. So, this
was due to intramolecular charge transfer from bromo group
to the 1,8-naphthalimide moiety. The bromo group has less
efficiency of charge transfer and hence in ground state charge
transfer process does not appear. In absorption spectra of 3a, 3b
and 3c no intramolecular charge transfer band appears, so the
appeared band in the excited state is photoinduced intramolec-
ular charge transfer (PICT) band. In polar protic solvents PICT
process is favoured over the polar aprotic solvents and hence
the carbonyl group of naphthalimide moiety has an assisting
influence on PICT process which has been verified in the latter
section.

The only difference between 3a and 3b arises due to different
number of carbon atoms in the spacer, i.e. the distance between
receptor and fluorophore. From theoretical calculation it is evi-
dent that the difference of dipole moment of locally excited states
and charge transfer state between 3a and 3b is low. Whereas a
high difference in dipole moment arises between 3a and 3¢ and
this effect has been rationalized in terms of introduction of elec-
tron withdrawing nitro group into 3a to form 3c.
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3.4. Excited state interaction of 3a, 3b and 3¢ with reduced
L-glutathione

The aqueous solution of 3a, 3b and 3¢ exhibit higher fluores-
cence intensity and the fluorescence maxima shifted to higher
wavelength from 3a to 3c. On gradual addition of GSH in
the aqueous solution of 3a, fluorescence intensity decreases at

Al =450nm with concomitant increase in emission inten-
sity at Al = 398 nm (Fig. 7a). An isoemmisive point has been

observed at 420 nm. In case of compound 3b, emission max-
imum remains unaltered in presence and absence of GSH but
fluorescence intensity of 3b decreases with increasing concen-
tration of GSH (Fig. 7b). On gradual addition of GSH in the
aqueous solution of 3¢, emission maxima and emission inten-
sity remains unaltered. Addition of GSH in aqueous solution
makes a redistribution of the water cage formed by surrounding
water molecules and GSH formed H-bond to the compounds. In
3¢ GSH has no influence to alter the PICT process whereas for 3a
ithaslittle influence. But for 3b the PICT process has been drasti-
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Fig. 7. (a) Fluorescence spectra of compound 3a in aqueous solution of GSH
where [GSH]: (1) 0mM, (2) 0.1 mM, (3) 0.4 mM and (4) 0.8 mM. (b) Fluores-
cence spectra of compound 3b in aqueous solution of GSH where [GSH]: (1)
0mM, (2) 0.05mM, (3) 0.2mM, (4) 0.25 mM, (5) 0.4 mM, (6) 0.6 mM and (7)
0.08 mM.

cally decreased due to addition of GSH. H-bonding solvent can
enhance the PICT process of N-substituted 1,8-naphthalimide
derivatives. The presence of nitro group in 3¢ can form a com-
pact cage of water surrounding 3¢ and hence GSH cannot form
hydrogen bond with 3c.

4. Conclusions

In the absorption spectra of 3a, 3b and 3¢, one band arises due
to — 7" transition at the longer wavelength and for 3b and 3¢
a new band arises at shorter wavelength due to charge transfer
to solvent. The excited state fluorescence spectra composed of
two types of bands—one due to locally excited band appeared
in nonpolar solvents and in polar solvent photoinduced charge
transfer band arises at longer wavelength. Protic solvent assists
the photo induced charge transfer process of the compounds.
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