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Abstract

Novel positively charged naphthalimide derivatives were synthesized, in which N-methylpyridinium substituent was attached to the dicarboximide
moiety. The absorption and fluorescence spectra were studied, fluorescence lifetimes, fluorescence yields and triplet yields were determined in
acetonitrile and CH,Cl,. Ion-pairing was found to markedly alter the photophysical properties in the latter solvent. The association with iodide
counterion decreased the radiative rate constant. The triplet formation was much more rapid for the 2,3-isomers, whereas the 1,2-derivatives emitted
stronger fluorescence. The rate of internal conversion proved to be more than one order of magnitude higher for all N-methylpyridinium derivatives
compared with that of the parent compounds, which might indicate that the significantly smaller energy gap between the S; and S, excited states

led to more efficient excited state relaxation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photoinduced processes of naphthalimides are of particular
interest because of their broad-ranging applications in funda-
mental studies, advanced technology as well as in biological
and medical areas. They are capable of initiating the photocleav-
age of DNA [1-5] and photochemical crosslinking of proteins
[6-8]. Irradiation of their brominated derivatives with visible
light has been shown to generate photoproducts with strong
antiviral activity [9].

Naphthalimides are well-known as promising anticancer
agents showing broad-spectrum activity against a variety of
human solid tumor cells [10,11]. Several derivatives have
reached the phases of clinical trials [12]. Their DNA binding
or enzyme inhibitory activity is believed to be pivotal to exert
antitumor effect. The dicationic compounds proved to be more
potent than the monocationic analogues [13]. 1,8-Naphthalimide
linked to dialkylammonium moiety by methylene chain exhib-
ited much stronger association to oligodeoxynucleotides than
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the neutral molecules due to electrostatic interaction with the
phosphate groups [14].

The studies of the photophysical behavior of naphthal-
imides have contributed to development of new fluores-
cent probes [15] and optical sensors [16]. The marked
change of the fluorescence yield and maximum of 6-(N,N-
dimethylamino)-2,3-naphthalimide with the microenvironment
can be implemented for monitoring protein—protein interactions
[17]. Dual fluorescence was observed for several substituted-
phenyl naphthalimides [18-21] and the relative intensity of
the two bands proved to be sensitive to solvent polarity,
temperature [22], viscosity [23] and pressure [24]. Some of
the monoboronic acid substituted-N-phenyl-1,8-naphthalimides
displayed remarkable sensitivity and selectivity for saccharides
[25].

In the present work, we synthesized novel positively charged
naphthalimide derivatives, in which N-methylpyridinium sub-
stituent is attached to the dicarboximide moiety, and revealed
how the location of the dicarboximide group on the naph-
thalene ring, solvent polarity and counterion affected the rate
of the various deactivation pathways of the singlet-excited
state. The formulas of the investigated compounds are given in
Scheme 1.
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Scheme 1.

2. Experimental details
2.1. Synthesis

IR spectra were obtained on a Zeiss Specord IR 75 spectrome-
ter. 'H NMR (500 MHz) and '>C NMR (125 MHz) spectra were
measured on a Bruker DRX-500 spectrometer. Merck precoated
Silica gel 60 F»54 on aluminum sheets were used for qualitative
TLC. Spots were detected by UV and phosphomolybdic acid
(FMA). Elemental analyses were performed in the Microan-
alytical Laboratory of the Department of Organic Chemistry,
L. Eotvos University, Budapest, Hungary. Melting points were
measured on a hot plate melting point apparatus and were uncor-
rected.

2.1.1. 4-Amino-1-methyl-pyridinium iodide

4-Aminopyridin (95.1 mg; 1.0 mmole) was dissolved in ethyl
acetate (3mL) and methyl iodide (0.25 mL; 4.0 mmole) was
added to this solution. Yellow crystals were formed immediately.
The reaction mixture was refluxed for 10 min. The crystalline
product was filtered off after cooling and washed with dry ether
to give 0.22 g (94.4%) of title compound; m.p.: 187-190°C;
literature m.p.: 188-189 °C [26]. IR (KBr): v 3312 and 3152
(NH,), 1656, 1544, 1376, 1216, 1200, 832cm~'. 'H NMR
(DMSO-de): § 3,86 (3 H, s, CH3), 6.79 2 H, d, J=7.5Hz, Ar-
3,5-H), 7.98 (2 H, brs, NH»), 8.10 (2 H, d, /= 7.5Hz, Ar-2,6-H)
ppm.

2.1.2. 4-(1,3-Dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)-
1-methylpyridinium iodide (23NMI)

2,3-Naphthalic anhydride, i.e. naphto[2,3-c]furan-1,3-dione
(0.17 g; 0.85 mmole) and 4-amino-1-methyl-pyridinium iodide
(0.20 g; 0.85mmole) were thoroughly mixed and heated at
200 °C in a sealed tube for 2 h. After cooling and opening the
sealed tube the reaction was monitored by TLC (CH,Cl,:MeOH,
10:2, Rf23nmr : 0.1, UV/EMA). The starting anhydride was prac-
tically consumed. The crude product was refluxed in ethanol
(3x 20mL) and the alcoholic solutions discarded in order to
remove the unreacted starting materials. The insoluble prod-
uct was filtered off and proved to be the pure title com-
pound (0.20 g; 56.5%); m.p.>294°C, IR (KBr): v 1780 and
1736 (CO), 1640, 1512, 1452, 1352, 1240, 848, 784cm™.
'H NMR (DMSO-dg): § 4.34 (3 H, s, CH3), 7.87 (2 H, m,

Ar-6,7-H), 8.37 (2 H, m, Ar-5,8-H), 8.42 (2H, d, J=6.5Hz,
Ar-3',5), 8.79 (2H, s, Ar-4,9), 9.09 (2H, d, J=7.0Hz, Ar-
2/,6') ppm, 3C NMR (DMSO-dg): § 47.47 (CH3), 121.30,
125.71, 125.75,126.23,129.67, 130.14, 135.11, 145.77, 146.19,
164.81 (CO) ppm. CigH 3IN,O, (416.22). Calc. C 51.94,
H 3.15, I 30.49, N 6.73. Found C 51.67, H 3.37, 1 30.48,
N 6.43%.

2.1.3. 4-(1,3-Dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)-
1-methylpyridinium perchlorate (23NMClO4)

4-(1,3-Dioxo-1,3-dihydro-2H-benzo|[flisoindol-2-yl)-1-
methylpyridinium iodide (12NMI) (0.10g; 0.24 mmole) was
suspended in 2mL of water and 70% HCIO4 (0.04 mL) was
added to this mixture. The suspension was stirred for 1 day.
The color of the crystals was changed from pale-yellow
into white during this period. The product was filtered off,
washed with cold water and ether and dried over P,Os5 to
give the perchlorate salt (90 mg, 96.5%); m.p.>295°C, IR
(KBr): v 1776 and 1740 (CO), 1640, 1516, 1240, 1196,
1092, 776 cm™'. '"H NMR (DMSO-dg): § 4.37 (3 H, s, CH3),
7.88 (2 H, m, Ar-6,7-H), 8.38 (2 H, m, Ar-5,8-H), 8.42 (2H,
d, J=6.5Hz, Ar-3',5"), 8.80 (2H, s, Ar-4,9), 9.09 (2H, d,
J=7.0Hz, Ar-2',6') ppm. C;gH3CIN,Og (388.77). Calc. C
55.61,H3.37,C19.12, N 7.21. Found C 55.57, H 3.16, C1 8.73,
N 6.97%.

2.1.4. 4-(1,3-Dioxo-1,3-dihydro-2H-benzo[ e Jisoindol-
2-yl)-1-methylpyridinium iodide (12NMI)

1,2-Naphthalic anhydride, i.e. naphto[1,2-c]furan-1,3-dione
(0,70 g; 3.53 mmole) and 4-amino-1-methyl-pyridinium iodide
(0.82 g; 3.52mmole) were thoroughly mixed and heated at
180°C in a sealed tube for 7 days.

After cooling and opening the sealed tube the crude product
was refluxed in ethanol (3x 50 mL) and the alcoholic solutions
discarded in order to remove the unreacted starting materials.
The insoluble product was filtered off and proved to be the pure
title compound (0.82 g; 56.0%); m.p.: 284-286 °C, IR (KBr):
v 1784 and 1724 (CO), 1640, 1512, 1464, 1344, 1272, 832,
784cm~!. 'TH NMR (DMSO-d): § 4.39 (3 H, s, CH3), 7.87 (1
H, t, J=7.5Hz, Ar-7-H"), 7.94 (1 H, t, J=7.5Hz, Ar-8-H"),

! Interchangeable.
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8.08 (1 H, d, J=8.2Hz, Ar-6-H'), 8.29 (1 H, d, J = 8.2 Hz, Ar-
9-H'),8.44 (2H,d,J = 6.0 Hz, Ar-3,5'),8.58 (1 H,d, J = 8.2 Hz,
Ar-5-H'), 8.88 (1 H, d, J=8.2Hz, Ar-4-H"), 9.105 (2H, d,
J=6.0Hz, Ar-2/,6') ppm, '3 C NMR (DMSO-dg): §47.47 (CH3),
121.30, 125.71, 125.75, 126.23, 129.67, 130.14, 135.11, 145.77,
146.19, 164.81 (CO) ppm. Ci1gH3IN2O, (416.22). Calc. C
51.94, H 3.15,130.49, N 6.73. Found C 51.67, H 3.37, 1 30.48,
N 6.43%.

2.1.5. 4-(1,3-Dioxo-1,3-dihydro-2H-benzo[eJisoindol-2-
yl)-1-methylpyridinium perchlorate
(12NMClOy4)

This compound was similarly prepared to the isomeric per-
chlorate (23NMCIO,) starting with the corresponding iodide
(0.62 g; 1.5 mmole) and using 0.25 mL of 70% perchloric acid.
Yield: 0.47 g (81.2%); m.p.: 292-297 °C, IR (KBr): v 1784 and
1728 (CO), 1640, 1516, 1464, 1344, 1272, 1200, 1086, 832,
784cm~!. 'TH NMR (DMSO-d¢): § 4.35 (3 H, s, CH3), 7.88 (1
H,t,J=7.5Hz, Ar-7-H"),7.96 (1H,t,J = 7.5 Hz, Ar-8-H'), 8.10
(1H,d,J=8.2Hz Ar-6-H'),8.30 (1 H, d, J = 8.2 Hz, Ar-9-H"),
8.41 (2H, d, J=6.0Hz, Ar-3',5"),8.59 (1 H, d, J = 8.2 Hz, Ar-5-
H'),8.90(1 H,d,J=8.2Hz, Ar-4-H'),9.065 (2H, d, J = 6.0 Hz,
Ar-2/,6') ppm, 13C NMR (DMSO-dg): § 47.43 (CH3), 118.66,
120.68, 123.77,126.30, 126.99, 129.27, 129.43, 130.37, 130.77,
136.27, 136.62, 145.64, 146.27, 165.58 and 166.17 (CO) ppm.
C1gH13CIN2Og (388.77). Calc. C55.61,H3.37,C19.12, N 7.21.
Found C 55.77, H 3.09, C19.00, N 7.17%.

2.2. Photophysical measurements

Acetonitrile and dichloromethane (Aldrich, HPLC grade)
was applied as received. Samples were deoxygenated by purg-
ing with nitrogen of high purity. The UV-visible absorption
spectra were obtained with a Unicam UV 500 spectrophotome-
ter. Corrected fluorescence spectra were recorded on a Jobin-
Yvon Fluoromax-P spectrofluorometer. The energy of the lowest
singlet-excited state was derived from the location of the inter-
section of the normalized absorption and fluorescence spectra.
Fluorescence quantum yields were determined relative to that of
9,10-diphenyl-anthracene in cyclohexane, for which a reference
yield of 0.90 was taken [27]. Fluorescence lifetimes were mea-
sured with time-correlated single-photon counting technique. If
the samples did not absorb at 400 nm, an Applied Photophysics
SP-3 apparatus with a hydrogen lamp was used. Otherwise,
400 nm light of a Picoquant diode laser (pulse duration 80 ps
FWHM) excited the solution and the fluorescence decay was
detected with a Hamamatsu R3809U-51 microchannel plate
photomultiplier, which was connected to a Picoquant Timeharp
100 electronics. The fluorescence traces were collected until 10*
counts in the peak channel were reached. Data were analyzed
by a non-linear least-squares deconvolution method using Pico-
quant FluoFit software. The fluorescence decays were described
well with single exponential functions. Intersystem crossing
quantum yield determinations were carried out by XeCl excimer
laser flash photolysis technique using the energy transfer method
described in our previous paper [28].

2.3. Calculations

The fully optimized geometry of the ground state of N-
methylpyridinium naphthalimides in gas phase was calcu-
lated by ab initio quantum chemical method at the level of
HF/6-31G(d) [29]. The force matrices of the fully optimized
structures were found to be positive definite. The energy of the
excited states and the oscillator strengths in gas phase were esti-
mated by ZINDO/S CIS method implemented in ORCA [30].

3. Results and discussion
3.1. Absorption spectra

Fig. 1 presents the absorption spectra of the novel cationic
naphthalimides, whereas the maxima of the absorption and fluo-
rescence bands are listed together with the energy of the lowest
singlet-excited state (E(Sp)) in Table 1. For the sake of bet-
ter comparison, the spectra are normalized with respect to the
intense peak in the 31,000—43,000cm~! range and the spec-
tra of the corresponding unsubstituted naphthalimides are also
plotted. The left panels (A and B) show the solvent depen-
dence of the spectra of 12NMCIO4 and 23NMCIO;. The first
band appears at lower energy for the former compound and
exhibits more pronounced vibrational progression for the lat-
ter one. Going from CH,Cl, to CH3CN, a hypsochromic shift
is observed, which is larger for the intense peak located in the
33,000-36,000 cm~! domain. The blue-shift of the absorption
bands implies that the electron density rearrangement upon exci-
tation makes the solvent—solute interaction weaker in the excited
state than in the ground state. The right panels (C and D) in
Fig. 1 display how the change of molecular structure affects the
absorption properties. The spectra of the N-methylpyridinium
derivatives are considerably red-shifted compared to those of
the unsubstituted naphthalimides suggesting conjugation among
the aromatic parts of the molecules. The lower energy bands are
identical irrespective of the anion but above 37,000 cm~! the
iodide derivatives absorb stronger than the C1O4 ™ salts because
the first absorption band of I~ is centered at 40,634 cm™~! in ace-
tonitrile [31]. Table 1 gives the molar absorption coefficients in
acetonitrile. The very low solubility of the studied compounds
did not allow the determination of this quantity in CH,Cl,.

The ab initio theoretical calculations showed that the naph-
thalimide moiety was planar and formed 21.1° and 18.5° angle
with the plan of the pyridinium ring for 1,2- and 2,3-isomers,
respectively. The results of the ZINDO/S CIS calculations are
compared with the observed absorption spectra in Figs. 2 and 3.
For the 1,2-derivative the calculated excited state energies are
ca. 2500 cm~! lower than those expected based on the absorp-
tion spectrum. Next to the So—S; transition two close-lying
transitions appear at 29,061 and 29,217 cm~! with oscillator
strengths of 0.015 and 0.071, respectively. These transitions
correspond to the weak shoulder of the absorption spectrum
around 30,400cm™!. The results of ZINDO/S CIS calcula-
tions are in fair agreement with the absorption spectrum for
N-methylpyridinium 2,3-naphthalimide (Fig. 3). In this case the
calculations predict two transitions at 30,390 and 31,367 cm~!



Table 1
Photophysical parameters in acetonitrile and dichloromethane
Solvent 12N 12NMCIO4 12NMI 23N 23NMCIO4 23NMI
CH3CN CH3;CN CH,Cl, CH3CN CH,Cl, CH3;CN CH3;CN CH,Cl, CH3CN CH,Cl,
Vmax (Absorption) 46.40 (4.576)* 46.51 (4.646) 38.99 46.954.797) 39.76 46.30 (4.389)* 4630 (3.546)  34.36 47.62 (4.770)  34.54
(103 cm™1)
(loge M~tem™h) 39.53 (4.535)* 40.00 (4.445) 33.22 40.32 (4.645) 33.33 38.99 (4.765)*  3534(4.959) sh32.15 40.16 (4.617)  sh32.26
29.59 (3.437)* 34.60 (4.639) 26.88 34.60 (4.654) 27.25 34.60 (3.817)*  sh32.79 28.17 3534 (4.961)  28.17
27.78 (3.502) 27.78 (3.499) 29.50 (3.406)*  28.65 (3.550)  27.06 sh 32.79 27.10
28.17 (3.580)*  27.47 (3.744) 28.65 (3.563)
27.47 (3.739)
vmax (Fluorescence) 22.73% 21.60 21.88 21.60 21.88 25.712 sh 25.97 2591 sh 25.97 25.84
(10°cm™h)
24.97 24.75 24.97 24.63
E(Sy) (103 cm™1) 25.53% 2422 24.10 24.10 23.99 27.28% 26.88 26.50 26.83 26.47
TF (ns) 424 43.0+£0.5 33.0+04 425+0.5 292403 8.2¢ 6.7+0.2 49+0.2 6.31+0.2 454+0.2
Pg 0.77% 0.68 £ 0.03 0.59 £ 0.03 0.68 £ 0.03 0.23 £ 0.02 0.27% 0.24 £0.02 020£0.02  0.24+0.02 0.089 £ 0.004
Pisc 0.24% 0.06 £+ 0.01 0.17 £ 0.02 0.04 £ 0.01 0.22 £ 0.03 0.70? 0.494+0.05 0.434+0.05 042+0.04 0.45+0.05
Pic Negligible® 0.26 £ 0.04 0.24 £ 0.04 0.28 £ 0.04 0.55 £ 0.04 0.03% 0.27 £0.05 037£0.05 0.34=£0.05 0.46 £ 0.05
kp (106571 182 16 £ 1 18 £ 1 16 £ 1 7.9 £0.7 33 36+3 4143 38+4 2042
kisc (10%s71) 6" 1.4 +03 5.1+£0.7 0.9 £ 0.3 75+ 1.0 852 73+8 88+ 11 67+7 100+ 12
kic (100 s71) Negligible® 6.0+ 1.0 72+12 6.6 + 1.0 19 £2 42 408 76+ 11 5448 100+ 12

2 Ref. [33], the log ¢ values given in parenthesis were measured in the absorption maxima of the N-methyl derivative; sh indicates shoulder.
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Fig. 1. Solvent effect on the absorption spectra for 12NMCIO4 (A) and 23NMCIOy4 (B); in CH,Cl, (thin line) and CH3CN (heavy line). Absorption spectra in
acetonitrile for 12NMI (thin line), 12NMCIO4 (dash line), 1,2-naphthalimide (heavy line) (C) and for 23NI (thin line), 23NClOy4 (dash line), 2,3-naphthalimide

(heavy line) (D).

with very low (ca. 0.002) oscillator strengths. The transition
at 33,728 cm™! has 0.034 oscillator strengths and seems to be
related to the shoulder around 32,500 cm™!. It is worth noting
that the energy gap between the first absorption band (band 1)
and the second absorption band appearing as a shoulder (band
2) is significantly larger for the N-methylpyridinium naphthal-
imides than that reported for the N-phenyl derivatives [18].
Previous papers on several substituted-phenyl derivatives of
naphthalimides demonstrated that the relative position of band
1 and 2 governed the rate of internal conversion [18-20]. The
relaxation via the torsion of the substituted-phenyl moiety and
solvent reorientation was suggested to lower the energy differ-
ence between these states. Based on the solvent and substituent
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Fig. 2. Comparison of the transition energies and oscillator strengths calculated
by ZINDO/S method (vertical lines) with the absorption spectrum of 12NMCIO4
in acetonitrile.

effects on the absorption spectra, bands 1 and 2 were attributed
to mw* and nm* transitions, respectively. This assignment may
be also valid for N-methylpyridinium naphthalimides because
their spectral characteristics closely resemble that published for
the substituted-phenyl derivatives [18-20].

3.2. Fluorescence spectra

Fig. 4 demonstrates that the fluorescence spectra of both
the 1,2- and 2,3-isomers of N-methylpyridinium naphthalim-
ides are markedly red-shifted relative to those of the unsubsti-
tuted derivatives and no anion effect is observed in acetonitrile.
The replacement of this solvent with CH>Cl, causes minor
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Fig. 3. Comparison of the transition energies and oscillator strengths calculated
by ZINDO/S method (vertical lines) with the absorption spectrum of 23NMCIO4
in acetonitrile.
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Fig. 4. Fluorescence spectra for 12NMI and 12NMCIOy4 (dash line), unsubsti-
tuted 1,2-naphthalimide (heavy line) (A); 23NMI and 23NMCIO4 (dash line),
unsubstituted 2,3-naphthalimide (heavy line) (B) in acetonitrile.

spectral alterations except the more pronounced vibronic struc-
ture evolution for the fluorescence band of 23NMCIO4 and
23NMI. The fluorescent behavior of the studied compounds
is entirely different from that reported for the corresponding
N-phenyl derivatives. Dual fluorescence was found in the case
of N-phenyl-2,3-naphthalimide [23]. The higher energy band
was attributed to a conformer in which the phenyl moiety
and the naphthalimide skeleton are orthogonal to each other,
whereas the fluorescence at long wavelength was shown to orig-
inate from a singlet-excited state of coplanar structure, which
was stabilized by the extended conjugation [18]. N-Phenyl-1,2-
naphthalimide emitted only long-wavelength fluorescence with
very low quantum yield peaking at 16,529 cm™" in acetoni-
trile [18]. The fluorescence maximum is located at much higher
energy (21,360 cm™!) for 12NMCIO, and 12NMI. The fluores-
cence band of 23NMCI10,4 and 23NMI exhibits even smaller (ca.
1500 cm™~!) Stokes shift implying slight structural change upon
excitation. The lack of the low-energy fluorescence band for
all compounds studied now probably indicates that the positive
charge of the N-methylpyridinium moiety precludes the devel-
opment of the extended conjugation of the aromatic m-electrons.

A Absorbance / arbitrary unit

3

15 18 21 24 27 30

Wavenumber / 10° cm”

Fig. 5. Absorbance change at various wavenumbers recorded immediately after
laser flash for 232NMCIOy (circles) and 12NMCIOy (triangles) in CH,Cly.

3.3. Triplet formation

Flash photolysis of N-methylpyridinium naphthalimide solu-
tions with excitation at 308 nm from an excimer laser gave
short-lived species with absorption build up within the dura-
tion of the laser pulse and decay on the 10 s time scale. The
transient absorption spectra recorded after the complete decay
of the fluorescence signal are presented in Fig. 5 for 30 uM
12NMCIO4 and 20 pM 23NMCIO4 in CH,Cl,. The spectra,
which were independent of the anion and solvent, were assigned
to absorption of triplet-excited species based on the following
arguments: (i) in the presence of oxygen the transients were
quenched and (ii) addition of perylene shortened the decay time
of the transient and concomitant formation of triplet perylene
was observed. The well-established triplet perylene absorption
at 490 nm [32] and the efficient triplet sensitization by naphthal-
imides was exploited to determine the triplet yield (@1sc) with
the method described in a previous paper [28]. The rate of the
energy transfer was diffusion controlled (kq >3 x 10°M~1s7h
indicating that the triplet energy for all naphthalimides studied
is higher than that of perylene (148 kJ mol~!) [32].

3.4. Effect of hydroxylic solvents

The studied compounds proved to be unstable in the pres-
ence of hydroxylic compounds even in the ground state. As
a representative example, Fig. 6 shows the alteration of the
absorption spectra after addition of 1 M methanol in acetoni-
trile. The insets display the time dependence of the absorbances
and the curves give the results of the non-linear least-squares
fit assuming pseudo-first order reaction kinetics. The calculated
rate constants for the dark reactions are 0.014 and 0.010 min~!
in the case of 23NMCIO4 and 12NMCIQy4, respectively. Because
of the decomposition of N-methylpyridinium naphthalimides in
hydroxylic media in the absence of irradiation further studies
have been performed in aprotic solvents.
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Fig. 6. Alteration of the absorption spectra of 12NMCIOy4 (upper panel) and
23NMCIO4 (lower panel) after addition of 1 M methanol in acetonitrile. Insets
present the absorbance changes in the function of time at 34,480 cm™! (triangles)
and 42,550 cm™! (squares).

3.5. Photophysical parameters

Fluorescence lifetimes and the quantum yields of the deac-
tivation processes of the singlet-excited state were measured in
acetonitrile and dichloromethane. In less polar solvents, such
as e.g. toluene and hexane, the determination of these quanti-
ties was precluded by the negligible solubility. It is apparent
from Table 1 that the lifetime (rf) and the quantum yield of
fluorescence (@r) always diminish when acetonitrile solvent
is replaced by dichloromethane. At the same time, the quan-
tum yield of triplet formation (@sc) significantly increases
for 1,2-derivatives, and remains practically unchanged for 2,3-
derivatives. When C104™ is substituted for I, the photophysical
properties barely alter in acetonitrile. On the other hand, in
the case of the 1,2-isomers in CH,Cly, the quantum yields of
internal conversion (@) increases with a concomitant diminu-
tion of the fluorescence lifetime and quantum yield. The largest
anion dependence for the 2,3-isomers appears in the fluores-
cence yield, which decreases by more than factor of two in
CH;Cl,. These effects probably stem from ion-pairing. In polar
solvents, such as CH3CN, the ions are dissociated and therefore,
the counterion marginally affects the singlet-excited state depop-
ulating processes. However, in a less polar solvent the weaker
solvent—solute interactions expedite the association of the oppo-
sitely charged ions by Coulomb attraction. The photophysical

characteristics strongly vary with the location of the substituent
on the naphthalene ring, as it has been also observed for 12N and
23N. For the sake of comparison, Table 1 also gives the param-
eters of the unsubstituted 1,2- and 2,3-naphthalimides (12N and
23N) taken from a previous paper [33]. The most substantial
difference is seen in the quantum yield of internal conversion
(@1c), which is greatly enhanced by the covalent linking of an
N-methylpyridinium group to the imide moiety. However, intro-
duction of this group leads to much smaller increase in @c than
reported for N-phenyl derivatives [18].

3.6. Rate constants of excited state deactivation

In order to reveal how the counterion, solvent polarity and
the molecular structure influence the competition between the
various energy dissipation channels of the lowest singlet-excited
state, the rate constants for fluorescence emission (kg), intersys-
tem crossing (kisc) and internal conversion (kjc) were derived
using the expressions given below:

ke = (1)
TF
[}
kisc = —< )
TR
1—@ — @
e = — 7 °F 3)

TF

The results displayed in Table 1 demonstrate that the N-
substitution with a methylpyridinium moiety brings about at
least one order of magnitude rise in the rate constant of internal
conversion. Lim established that the close-neighboring excited
states induce efficient radiationless deactivation via vibronic
interaction [34]. Thus, the more rapid internal conversion of
methylpyridinium naphthalimides might arise from the smaller
energy difference between the S| and S states.

The N-methylpyridinium derivatives possess much longer
fluorescence lifetime and much higher fluorescence quantum
yield than the values reported for N-phenyl naphthalimides [18].
This fact is attributed to the slower internal conversion, which in
turn, arises from the weaker vibronic coupling and larger energy
gap between the S| and S states in the case of the former com-
pounds.

The radiative rate constant exhibits marginal change upon
substitution with an N-methylpyridinium moiety irrespective of
the counterion in acetonitrile. However, significantly lower value
is obtained for the iodide salts in CH>Cl,. The dissimilarity of
kp for the C104~ and I~ derivatives in CH>Cl, may be due to the
larger charge transfer character in the ion-pairs formed in this
less polar solvent when the compounds contain the latter, easier
oxidizable and polarizable anion. As Gould et al. pointed out
[35,36] based on a theoretical model, the increase of the charge
transfer character of a complex results in a gradual diminishment
of its radiative rate constant. The yellow color of 12NMI and
23NMI crystals also indicates charge transfer type interaction
between the ions because 12NMCIlO4 and 23NMCIOy4 are white
in solid phase.
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The rate constant of triplet formation (kigc) is mainly
governed by the relative positions of the singlet and triplet
energy levels. As the kisc values are much larger for the 2,3-
naphthalimides, they are less sensitive to the changes in counte-
rion and solvent polarity than kisc of the 1,2-isomer.
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