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N-Methyl-, N-(2-hydroxyethyl)-, N-(2-methoxyethyl)-, N-(3-hydroxypropyl)-, and N-(3-methoxypropyl)-1,8-
naphthalimide (1, 2a, 2b, 3a, and 3b, respectively) were prepared and their photophysical properties examined. The
UV and IR spectra of 2a and 3a in dichloromethane showed the presence of intramolecular hydrogen bonding between the
carbonyl group and the hydroxy group. In addition, the fluorescence intensities of 2a and 3a in dichloromethane were
found to be about two times larger than those of 1, 2b, and 3b. Furthermore, the fluorescence lifetimes of 2a and 3a,
determined by picosecond single photon counting, were about two times longer than those of 1, 2b, and 3b. The rate
constants of the intersystem crossing (kisc) for 2a and 3a, calculated based on the quantum yields of the intersystem
crossing (@;s.) determined by the time-resolved thermal lensing technique, were about one half of those obtained for 1,
2b, and 3b, while the rate constants of fluorescence emission (k) and internal conversion (k;.) were minimally affected by
the presence of intramolecular hydrogen bonding. Enhancement of the fluorescence quantum yield and the lifetime of 2a
and 3a was thus explained by a decrease in the efficiency of the intersystem crossing from '(7r71%) to 3(n7r*), that results
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from an increase in the energy of the 3(n7r*) level due to the presence of intramolecular hydrogen bonding.

Hydrogen bonding in the ground state is known to play an
important role in chemistry and biology.!? On the other hand,
intermolecular hydrogen bonds formed in the excited state have
often been observed to be stronger than those in the ground
state due to specific charge localization in the exited state.3
Strong hydrogen bonding in the excited state has been reported
to induce efficient radiationless deactivation, electron trans-
fer,** and energy transfer.® Formation of intermolecular hydro-
gen bonds has also been found to have a significant influence
on the photophysical behavior of various compounds, espe-
cially heterocyclic aromatic’ and carbonyl compounds.®?
Formation of hydrogen bonds has been shown to have different
effects on the energies of various excited states; in an extreme
case, hydrogen bonding caused the reversal of close-lying nt*
and 7wwr™* states.'® In addition, the difference in strength of
hydrogen bonding between the ground and the excited states
has been reported to lead to efficient energy dissipation.®%!!

Derivatives of 1,8-naphthalimide have been extensively
studied in recent decades owing to their interesting photo-
physical properties'? and the wide range of applications they
find in chemical and biochemical areas. Many naphthalimide
chromophores, characterized by both intense absorption and
high fluorescence quantum yields, have been prepared in the
last century and used as dyes'® or brighteners.'* Several 1,8-
naphthalimide-containing compounds have been described as
photo-inducible DNA-cleaving agents'> and tumoricidals,'®
some of which have entered clinical trials owing to their
strong anticancer activity.!” The 1,8-naphthalimide moiety has
also been used to design fluorescent molecular probes sensitive
to variations in pH'® or metal ion concentration.!® Meanwhile,

the photoreactions of naphthalimides have been investigated in
the past decade by Kubo and co-workers.?

We have recently shown that the fluorescence intensity
and photoreactivity of N-methyl-1,8-naphthalimide (1) are
remarkably increased by intermolecular hydrogen bonding
with alcohols, possibly through a decrease in the efficiency
of intersystem crossing from !(w7™) to 3(n7*), because the
energy of the 3(n7r™) level increases as a result of the hydrogen
bonding.?! In this paper, we report the photophysical properties
of N-methyl-, N-(2-hydroxyethyl)-, N-(2-methoxyethyl)-, N-(3-
hydroxypropyl)-, and N-(3-methoxypropyl)-1,8-naphthalimide
(1, 2a, 2b, 3a, and 3b, respectively; Scheme 1) to clarify the
mechanistic details of the effect of hydrogen bonding on the
photophysical properties of naphthalimide derivatives.

R
O~_N_O
1; R=Me

2a 5 R= (CH2)20H
2b ; R = (CH,),0Me
3a 5 R= (CH2)3OH
3b H R= (CH2)3OMe

Scheme 1.
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Figure 1. UV spectra of naphthalimides 1-3 (0.075 mM) in
dichloromethane.
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Figure 2. UV spectra of naphthalimides 1-3 (0.060 mM) in
methanol.

Results and Discussion

UV and IR Spectra. To prove the existence of intra-
molecular hydrogen bonding in the ground state, UV absorption
spectra of 2a and 3a in dichloromethane were measured
together with those of 1, 2b, and 3b (Figure 1). The absorption
spectra of 2a and 3a were found to be clearly red-shifted
compared with those of 1, 2b, and 3b, which were indistin-
guishable. These results indicate the presence of intramoleculer
hydrogen bonding in 2a and 3a.

In methanol, however, the absorption spectra of compounds
1-3 were indistinguishable. It is possible that the intramolec-
ular hydrogen bonding in 2a and 3a is disrupted by the polar
protic solvent (Figure 2).

IR spectra of 2a and 3a in dichloromethane were measured
together with those of 1, 2b, and 3b (Figure 3). Figure 3 shows
the slight red-shift and broadening of the intense absorption
bands attributed to the vC=0O of 2a and 3a. These results
further indicate the formation of hydrogen bonds between the
carbonyl group and the intramolecular hydroxy group in 2a
and 3a.

DFT Calculations. To elucidate the nature of the
intramolecular hydrogen bonds in the ground states of 2a and
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Figure 3. IR spectra of the VC=O0 region of naphthalimides
1-3 (20mM) in dichloromethane.

3a, DFT calculations (geometry optimizations) for these
compounds at the RB3LYP??/6-314-G(d) level were examined
using the Gaussian 03 package.?? The calculations indicate that
the hydrogen bonding geometries (HB form) are more stable
than the corresponding non-hydrogen bonding geometries
(non-HB form) for 2a and 3a (Figures 4 and 5, respectively).
These results further support the presence of intramolecuar
hydrogen bonding in 2a and 3a.

Fluorescence Spectra. To confirm that intramolecular
hydrogen bonding has an effect on '2a* and !3a*, fluorescence
spectra of 2a and 3a in dichloromethane were measured
together with those of 1, 2b, and 3b. Figure 6 shows that the
fluorescence intensities of 2a and 3a are about two times larger
than those of 1, 2b, and 3b.

In methanol, however, the fluorescence spectra of com-
pounds 1-3 showed no clear systematic variations; the relative
fluorescence intensities of 1, 2a, 2b, 3a, and 3b were 1.00,
0.80, 0.90, 1.08, and 0.87, respectively.

Fluorescence Quantum Yields and Lifetimes. The
fluorescence decay profiles for compounds 1-3 were measured
by the picosecond single photon counting method. Typical
fluorescence decay profiles for 1 and 2a in dichloromethane are
shown in Figure 7 and the lifetimes (t;) of '1* and '2a* were
determined to be 180 and 371 ps, respectively. The fluores-
cence quantum yield (@¢) values for 1-3 in dichloromethane
were determined as relative values to those obtained for 1
in acetonitrile (&= 0.027).!> The values for 7; and &; of
compounds 1-3 in dichloromethane at ambient temperature
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Figure 4. Optimized hydrogen bonding geometry (HB
form, total energy = —262.91533kcalmol™!) and non-
hydrogen bonding geometry (non-HB form, total
energy = —262.72322 kcal mol~!) for naphthalimide 2a
calculated using RB3LYP/6-314+G(d) (lengths in A).

are summarized in Table 1. It can be seen that both the 7; and
@y values for 2a and 3a, in which the intramolecular hydrogen
bond is formed, are about two times greater than those obtained
for 1, 2b, and 3b.

Quantum Yields and Rate Constants. To establish the
cause of the increase in 7; and @y values for 2a and 3a, the
quantum yields for intersystem crossing (@) in compounds
1-3 were determined by using the time-resolved thermal
lensing (TRTL) method.?* Typical TRTL signals for 1 and 2a in
dichloromethane are shown in Figure 8.

The ratio Ugow/Uspta Of the intensity of the slow rise
component (Ugy) and that of the total TRTL signal (Uyya) is
given by:

U slow ¢isc Et
Ulotal Eex - ®f(Es)

(1

where Er, Ee, and (E;) are the 0-0 transition energy of 31-3%,

3a

non-HB form

Figure 5. Optimized hydrogen bonding geometry (HB
form, total energy = —287.32382kcalmol™!) and non-
hydrogen bonding geometry (non-HB form, total
energy = —286.80799 kcal mol~!) for naphthalimides 3a
calculated using RB3LYP/6-31+G(d) (lengths in A).

the excitation photon energy (80.5 kcal mol™!, 28170 cm™!) and
the average energy dissipated by fluorescence from '1-3%,
respectively. The Et value of 1 was determined to be
52.9kcalmol~! from the 0-0 band of the phosphorescence
spectrum of 1 in EPA at 77K, and the (E;) value of 1 was
determined to be 75.64 kcalmol~! from the wavelength of the
maximum intensity of the fluorescence of 1 in dichloro-
methane. The slow rise component for 1, which corresponds to
the slow thermal release from 31*, was slightly larger than that
for 2a. The @ values of 1 and 2a were estimated by eq 1, and
the @;. value was calculated by:

¢ic =1- ¢f - ¢isc (2)

The values of the quantum yields @, @i, and @;. for
compounds 1-3 are also included in Table 1.
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Figure 7. Fluorescence decay curves of naphthalimides 1
and 2a (0.022 mM) in dichloromethane.

Table 1. Photophysical Parameters of Naphthalimides 1-3 in Dichloromethane

Tt

ke

kisc ki kq'L' k

Imide /pS pr ¢isca) ¢ic /108 S—l /109S—l /108 S—l /M—l /1010 ]\jll—ls—l
1 180 0.030 0.92 0.05 1.7 5.1 2.8 2.89 1.62
2a 371 0.060 0.85 0.09 1.6 2.3 2.4 5.37 1.45
2b 172 0.029 0.91 0.06 1.7 53 3.5 2.54 1.48
3a 358 0.057 0.86 0.08 1.6 2.4 2.2 5.46 1.52
3b 141 0.023 0.94 0.04 1.6 6.7 2.8 2.18 1.55

a) The @, values determined using the TRTL method.
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Figure 8. Time-resolved thermal lensing signals of naph-
thalimides 1 and 2a (0.022 mM) in dichloromethane.

The rate constants for fluorescence emission (ky), intersystem
crossing (kisc), and internal conversion (ki) for compounds 1-3
were calculated by substituting the values determined for &y,
Dise, Dy, and Ty into eqgs 3, 4, and 5, respectively:

ky = ¢fff_l 3)
kisc = ¢isc‘[f7l (4)
kic = @i Ty (%)

The values of kg, ki, and ki for compounds 1-3 in
dichloromethane at ambient temperature are also presented in
Table 1. It can be seen in the table that the values for ki
(~10°s7!) are significantly larger than those for ks (1085~
and k¢ (108 s~1) for all of the compounds in dichloromethane,
indicating that the intersystem crossing is the most dominant
relaxation process (®js > 0.85) from '1-3*. Furthermore, the
ki values for 2a and 3a decrease to about one half of the
values obtained for the other naphthalimides. In the cases of k¢
and k;,, minimal differences were observed. Thus, the intra-
molecular hydrogen bonding in 2a and 3a may only affect the
rate of intersystem crossing (kisc).

Fluorescence Quenching. The fluorescence of compounds
1-3 was quenched by the presence of styrene in dichloro-
methane without any change in the shape or wavelength of the
maximum emission. Typical examples for 1 and 2a are shown
in Figure 9. Stern—Volmer plots for the fluorescence quenching
gave straight lines against the concentration of styrene. The
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Stern—Volmer slopes (kqTr) and rate constants for fluorescence
quenching (k) for compounds 1-3 are summarized in Table 1
as well. While the values of kqT; for 2a and 3a are about two
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Figure 9. Fluorescence spectra of naphthalimides 1 and 2a
(0.075 mM) in the presence of styrene at various concen-
trations in dichloromethane.
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times larger than those obtained for the other naphthalimides,
the rate constants of the fluorescence quenching (ky) for 2a and
3a are comparable to the diffusion-controlled rate constant in
dichloromethane and almost identical to those of 1, 2b, and 3b,
indicating that the intramolecular hydrogen bonding has very
little effect on the rate of fluorescence quenching by styrene.

Mechanism. As shown above, intersystem crossing in 1
accounts for more than 85% of the relaxation process of '1%.
The results may indicate that the lowest singlet excited state
(77r*) and the upper triplet excited state 3(n7r*) levels of 1 are
close together in energy.

On the other hand, fluorescence quantum yields (@) for
2a and 3a increased due to the presence of intramolecular
hydrogen bonding. Hydrogen bond formation is known to
increase the energy of the nr™* state compared with that of the
w* state.”> The '(mr*) and 3(n7r™) levels in 2a and 3a are
close together in energy, but intramolecular hydrogen bonding
in these two naphthalimides may increase the energy of the
3(n7r™) compared with that of the '(7r77*), thus decreasing the
rate of intersystem crossing from the '(7r77%) to the 3(n7r*) level
and resulting in an increase in the fluorescence quantum yield
(D¢) (Scheme 2).

Conclusion

Prezhdo et al. have reported that the ability of N-hydroxy-
alkyl-1,8-naphthalimides to form intramolecular hydrogen
bonds depends on the number of OH groups, and that the
introduction of a single OH group does not increase the
fluorescence quantum yield.?® Thus, only N-(1,1-dihydroxy-
methyl-2-hydroxy)ethyl-1,8-naphthalimide (4) (Chart 1) with
three OH groups was shown to exhibit an increase in the
fluorescence quantum yield as a result of intramoleclar hydro-
gen bond formation.

On the contrary, our results clearly indicate that the
introduction of only one hydroxy group into the N-alkyl side

n *
S, T

T¢=371ps

U ok

&; = 0.060

Os_N__O
2a

Scheme 2.
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C(CH,0H)3
(0) N (0]
4

Chart 1. Structural formula of 4.

chain increases the fluorescence quantum yield of 1,8-naph-
thalimides about two times. The ability to markedly control the
photophysical properties and photoreactivities of 1,8-naph-
thalimide derivatives with the simple introduction of a single
intramolecular hydrogen bond may be of significant interest
given that naphthalimides are widely used in numerous
applications.

Experimental

General. UV spectra were measured by use of a JASCO
UVIDEC-650 spectrometer. Fluorescence spectra were ob-
tained on a Hitachi 850 spectrophotometer. Melting points were
obtained on a Yanagimoto micro melting point apparatus and
are uncorrected. NMR spectra were recorded on a JEOL JNM-
AL-400 (400 MHz) instrument. Chemical shifts are reported in
ppm () relative to an internal standard (SiMeg). IR spectra
were obtained using a JASCO FT/IR-350 spectrometer. Mass
spectra (EI, 70eV) were recorded on a Hitachi M-80B mass
spectrometer. Combustion analyses were performed on a
Yanagimoto CHN corder MT-5.

The picosecond lifetime measurements were carried out by
using a self-mode-locked Ti:sapphire laser (center wavelength
800 nm, pulse width ca. 70fs, repetition rate 82 MHz) pumped
by a Nd**:YAG laser (532nm, 4.5W). The generation of
the second harmonic (400 nm, pulse width ca. 200fs) was
performed in a lithium triborate (LBO) crystal. The third
harmonic (266 nm, pulse width ca. 250 fs) was generated by a
sum frequency mixing of the fundamental and the second
harmonic. The repetition frequency of the excitation pulse was
reduced to 4MHz by using a pulse picker. The second
harmonic (400nm) in the output beam was used as trigger
pulse. The fluorescence from the sample solution was observed
through a polarizer at the magic angle (54.7°) with respect to
the polarization direction of the excitation laser pulse. The
emission light was detected by a microchannel plate after
passing through a monochromator. The instrument response
function had a half-width of 20-25ps. Analysis of the
fluorescence decay curves was carried out using the deconvo-
Iution method.

The quantum yields for intersystem crossing (@) in
naphthalimides were determined by means of the time-resolved
thermal lensing (TRTL) method. For TRTL measurements, the
third harmonic (355nm) of a nanosecond Nd**:YAG laser
(pulse width 6ns) was utilized for the excitation source. A
He-Ne laser beam (633 nm) was used as the monitoring light.
The probe light was introduced into a monochromator after
passing through an optical filter and a small pinhole (300 um
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diameter). The intensity change of the probe beam was detected
by a photomultiplier. The TRTL signals were recorded on a
digitizing oscilloscope and were averaged over five hundred
laser shots to improve the signal-to-noise ratio. The absorbance
of the sample solutions for the TRTL measurements was
adjusted to ca. 0.10 at the excitation wavelength. The TRTL
experiments were carried out at 293 K.

The equilibrium geometries of 2a and 3a were optimized
by DFT calculations by using the B3LYP?? functional and
6-314G(d) basis set. Total energies were evaluated by using
6-3114+G(d,p) basis set, and corrected with zero point vibration
energies. All theoretical calculations were carried out on
Gaussian 03 package.?

Materials. N-Methyl-1,8-naphthalimide (1) was prepared
according to the published procedure.?’” Solvents and styrene
were commercially available.

N-(2-Hydroxyethyl)-1,8-naphthalimide (2a): Naph-
thalimide 2a was prepared from 2-aminoethanol (15mL,
250 mmol) and 1,8-naphthalic anhydride (20g, 100 mmol)
according to the procedure reported for 1. Recrystallization of
the crude material from methanol gave 24 g (99 mmol) of 2a in
99% yield as colorless columns. Mp 177.0-178.0°C. 'HNMR
(CDCl;): 6 2.38 (t, J=5.6Hz, 1H), 3.99 (dt, J= 5.4, 5.6 Hz,
2H), 4.47 (t, J=5.4Hz, 2H), 7.77 (dd, J= 7.3, 8.3Hz, 2H),
8.23 (d, J= 8.3Hz, 2H), 8.61 (d, J= 7.3 Hz, 2H). 3CNMR
(CDCI;): 6 42.8 (CH,), 61.9 (CH,), 122.4 (C), 127.0 (CH),
128.2 (C), 131.5 (CH), 131.6 (C), 134.2 (CH), 165.1 (C=0).
IR (KBr): 3484, 1698, 1655, 1588, 1380, 1348, 1323, 1235,
1032, 778 cm™!. MS (70eV): m/z 241 (M*, 10), 222 (12), 210
(68), 198 (100), 180 (72), 152 (61), 126 (83). Found: C, 70.02;
H, 4.80; N, 5.95%. Calcd for C;4H;;NOs: C, 69.70; H, 4.60; N,
5.81%.

N-(2-Methoxyethyl)-1,8-naphthalimide (2b): To a meth-
anol solution (100mL) of 2a (6.8g, 28 mmol) was added
sulfuric acid (8.0mL), followed by refluxing for 8h. The
solution was then poured into 300mL of water and the
precipitate filtered. Recrystallization of the crude material from
methanol gave 0.43 g (1.7 mmol) of 2b in 6% yield as colorless
columns. Mp 124.0-125.0°C. '"HNMR (CDCls): & 3.39 (s,
3H), 3.74 (t, J=5.9Hz, 2H), 4.46 (t, J=5.9Hz, 2H), 7.75
(dd, J=17.3, 8.5Hz, 2H), 8.22 (d, J= 8.5Hz, 2H), 8.62 (d,
J =7.3Hz, 2H). *CNMR (CDCl;): § 39.0 (CH,), 58.6 (CH3),
69.5 (CHp), 122.3 (C), 126.6 (CH), 127.8 (C), 131.0 (CH),
131.3 (C), 133.6 (CH), 163.9 (C=0). IR (KBr): 1698, 1658,
1591, 1438, 1376, 1359, 1235, 1120, 1046, 783cm~'. MS
(70eV): m/z 255 (M™, 85), 223 (80), 210 (89), 197 (42), 180
(89), 152 (92), 126 (100). Found: C, 70.71; H, 5.30; N, 5.59%.
Calcd for C15sH3NOs: C, 70.58; H, 5.13; N, 5.49%.

N-(3-Hydroxypropyl)-1,8-naphthalimide (3a): Naph-
thalimide 3a was prepared from n-propanolamine (45mL,
590 mmol) and 1,8-naphthalic anhydride (60g, 300 mmol).
Recrystallization of the crude material from methanol gave 54 g
(300 mmol) of 3a in a quantitative yield as colorless needles.
Mp 123.0-124.0°C. 'HNMR (CDCl3): § 2.00 (m, 2H), 3.15
(t, J=6.9Hz, 1H), 3.59 (dt, J=6.1, 6.9Hz, 2H), 4.36 (t,
J=6.1Hz, 2H), 7.78 (dd, J=7.3, 83Hz, 2H), 8.24 (d,
J = 8.3 Hz, 2H), 8.63 (d, J = 7.3 Hz, 2H). '3CNMR (CDCl;): §
30.9 (CH,), 36.7 (CH,), 58.8 (CHy), 122.2 (C), 126.9 (CH),
128.1 (C), 131.5 (C), 131.5 (CH), 134.2 (CH), 164.7 (C=0).
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IR (KBr): 3435, 1695, 1644, 1620, 1591, 1346, 1245, 1173,
923, 785cm™~!. MS (70eV): m/z 255 (M*, 72), 222 (72), 211
(92), 197 (45), 180 (84), 152 (86), 126 (100). Found: C, 70.77;
H, 5.25; N, 5.61%. Calcd for C;5H;35NO;: C, 70.58; H, 5.13; N,
5.49%.

N-(3-Methoxypropyl)-1,8-naphthalimide (3b): To a
methanol solution (300 mL) of 3a (8.0 g, 31 mmol) was added
sulfuric acid (20mL), followed by refluxing for 24h. The
solution was then poured into 300mL of water and the
precipitate filtered. Recrystallization of the crude material from
methanol gave 3.7 g (14 mmol) of 3b in 44% yield as colorless
cubics. Mp 100.0-101.0°C. 'HNMR (CDCI;): § 2.03 (m, 2H),
3.34 (s, 3H), 3.53 (t, J= 6.6 Hz, 2H), 4.29 (t, J = 6.6 Hz, 2H),
7.75 (dd, J=17.1, 8.5Hz, 2H), 8.21 (d, J = 8.5Hz, 2H), 8.61
(d, J=17.1Hz, 2H). B'CNMR (CDCl3): § 28.1 (CHy), 37.7
(CH,), 58.4 (CHj3), 70.5 (CHy), 122.5 (C), 126.7 (CH), 127.9
(C), 130.9 (CH), 131.4 (C), 133.6 (CH), 163.8 (C=0). IR
(KBr): 1696, 1657, 1626, 1589, 1443, 1344, 1233, 1116, 906,
783 cm~!. MS (70eV): m/z 269 (M*, 41), 222 (42), 211 (79),
198 (100), 180 (65), 152 (64), 126 (65). Found: C, 71.42; H,
5.78; N, 5.33%. Calcd for C14H sNOs: C, 71.36; H, 5.61; N,
5.20%.

Supporting Information

Parameters of the coordinates of optimized geometries of 2a
and 3a. This material is available free of charge on the web at:
http://www.csj.jp/journals/bcsj/.
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