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A series of N-heteroaryl-1,8-naphthalimides with good sensitivity to solvent polarity were prepared.
Empirical and quantum calculations showed that the electron withdrawing effect of the heteroaryl group
increases the change in dipole moment on excitation which results in the fluorescence quantum yield
dramatically falling as the solvent polarity increases. A typical compound 4-(1-piperidyl)-N-(2-pyr-
imidinyl)-1,8-naphthalimide was chosen to determine the water content in six common solvents

(p-dioxane, tetrahydrofuran, acetone, dimethylformamide, acetonitrile and methanol). Fluorescence

Keywords:
N-heteroaryl-1,8-naphthalimide
Solvent effect

DFT

Fluorescent sensor
Stern—Volmer equation

Water content

intensity changes as a function of water content correlated well with a modified Stern—Volmer equation
over a wide range, with detection limits being 0.016% and 0.020% for acetone and tetrahydrofuran, respectively.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The detection and quantification of water content in organic
solvents is of great significance in routine chemical analysis and has
many practical applications in industrial processes.[1,2] Many
analytical approaches and techniques have been established for the
determination of water in a wide variety of organic solvents. In
addition to the well established Karl Fischer method [3,4], chro-
matographic methods [5], electrochemical methods based on
impedance [6], conductance [7], and amperometry [8,9] as well as
spectroscopic techniques [10,11] have been used to detect water
content and humidity.

Among the various systems available for water detection, fluo-
rescence-based sensors have drawn considerable attention owing to
their high sensitivity and reasonable selectivity. The most widely
used fluorescent sensors for water detection are based on fluores-
cence intensity which is simple to measure. Suzuki’s group [12]
synthesized three fluorescent acridinyl indicators for sensing water
content in organic solvents, and one of them was covalently immo-
bilized to a hydrophilic membrane. These sensors enable the
continuous monitoring of water content in a flow-through system.
Another sensing membrane system was prepared by copolymerizing
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a chalcone derivative on a glass slide, and it showed even better
analytical performance for detecting water [13]. Ooyama et al. [14,15]
designed a novel fluorescent PET (Photoinduced Electron Transfer)
sensor for proton and water detection, based on phenyl-
aminonaphtho|1,2-d]oxazol-2-yl-type fluorophores. Chang and co-
workers recently prepared several fluorescence water sensors based
on an 8-hydroxyquinoline derivative [16], fluorescein [17] and
a phenol-indole dye [18]. Luminescent nanospheres fabricated using
an europium cation, Eu(TTA)sphen, have also been employed to test
for trace amounts of water in ethanol [19].

Wavelength and fluorescence life-time based measurements
have also been developed to detect water. Li et al. used a fluorescent
anionic Pb4B131‘f cluster to determine micro water content in aprotic
solvents by measuring the Stokes shift [20]. Fluorescence life-time
based sensors for water, which contain fluorescent metal—ligand
compounds (Rudppz [1] or [Os(dppz)(dppe)2](PFg)2 [2]) have been
described, however, their complexity and the rigorous demands on
instrumentation restrict their wide application.

Currently, the design of novel fluorescent sensors for water
continues to be an exciting area of research. The most important
step in developing a water sensor is the choice of an indicator,
which displays water induced changes in its photophysical prop-
erties. This work focuses on the use of 4-aminonaphthalimide
derivatives as suitable fluorophores for water sensing.

The absorption and fluorescence properties of 4-amino-
naphthalimide derivatives have been extensively studied [21—25].
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Most of these compounds are sensitive to their surroundings and
their spectral properties are usually affected by the nature of the
solvent. Generally for 4-aminonaphthalimide, the fluorescence
quantum yield decreases with an increase in solvent polarity.

Quite recently related work has been published by Niu and co-
workers.  N-amino-4-(2-hydroxyethylamino)-1,8-naphthalimide
was synthesized as a fluorescence probe for determining water
content in dioxane, acetonitrile and ethanol [26]. Niu et al. also
synthesized two 1,8-naphthalimide fluorescence indicators for use
in the fabrication of sensing membranes for water detection in
organic solvents [27,28]. However the linear response of these
membranes to water was relatively low. In this work, the intra-
molecular charge transfer (ICT) upon excitation of the naph-
thalimide ring was enhanced by the introduction of a heteroaryl
moiety with electron deficient properties to naphthalimide. The
afforded  compounds, 4-(1-piperidyl)-N-heteroaryl-1,8-naph-
thalimides, were found to have the highest sensitivity to the
polarity of the surrounding solvent, which make these compounds
useful as polarity probes.

2. Experimental
2.1. Materials and measurements

All chemicals and solvents used in the synthesis were of
analytical grade and used without further purification. The solvents
for spectral analysis were purchased as spectrophotometric grade
and dried by standard methods before use. Double distilled water
was used throughout the work. Melting points were taken on
a Yanagimoto MP-500 apparatus and are uncorrected. FT-IR spectra
were collected with a BIO-RAD FTS 3000 Infrared Spectrometer. 'H
and 3C NMR spectra were recorded on a Varian Oxford 500
(500 MHz) instrument using TMS as the internal standard and MS
were recorded on a LCQ electron spray mass spectrometer (ESMS,
Finnigan). UV spectra were recorded on a HP 8453 UV—Visible
spectrophotometer and fluorescent spectra were collected on
a Varian Cary Eclipse spectrometer.

The sample solutions containing different amounts of water in
pure organic solvents were freshly prepared prior to measurement
according to the following procedures: Standard solutions con-
taining 2.0% (v/v) and 10% (v/v) H20 in dry solvents were firstly
prepared. A probe stock solution was also prepared in the same dry
solvent (1.0 x 1074 mol L™'). A micropipette was used to add
aliquots of each of the above solution to a 10-mL volumetric flask.
The solution was then diluted with a dry solvent to give the
required probe concentration as well as the desired water content
between 0 and 5.0%. For working solutions containing more than
5.0% Hy0, the water and dry solvent were added directly to the
volumetric flask before the appropriate dilution.

The fluorescence quantum yields of the sample solutions were
measured using quinine sulfate as the reference compound
(®f = 0.546 in 1 N H,S04) [29].

2.2. Computational details

The structure of 1,8-naphthalimide derivatives was optimized
by density functional theory (DFT) using the Becke3LYP [30—33]
(B3LYP) functional. The geometry of the first excited state was
fully optimized using configuration interactions involving single
excited configurations (CIS) [34], and electronic properties and
orbitals of the excited states were performed using Time-depen-
dent density functional theory (TD-DFT) [35—37], with the B3LYP
functional (TD-B3LYP) and the 6-31 + G* basis set. All the calcula-
tions were performed with the GAUSSIAN 03 program [38].

2.3. Synthesis

The derivatives 3a—c were synthesized following the two-step
procedure indicated in Scheme 1.

2.3.1. General procedure for the synthesis of 4-bromo-N-heteroaryl-
1,8-naphthalimide 2

Method A: A mixture of 4-bromo-1,8-naphthalic anhydride 1
(1.97 g, 7 mmol) and a heteroaromatic amine (12 mmol) in 140 mL
toluene was placed in a 250 mL round-bottom flask, equipped with
a Dean-Stark trap and condenser. The reaction mixture was allowed
to reflux for 15 h under a nitrogen atmosphere. After cooling to
room temperature, the precipitate was collected by filtration,
washed with water and dried under vacuum. The crude solid was
recrystallized from xylene to give white or light yellow needles.

Method B: To an anhydrous toluene (50 mL) solution of 4-
bromo-1,8-naphthalic anhydride 1 (500 mg, 1.8 mmol), AlCl3
(480 mg, 3.6 mmol) was added Et3N (910 mg, 9 mmol) and a het-
eroaromatic amine (3.6 mmol). The mixture was refluxed for 3 h
under a nitrogen atmosphere. After cooling, the solvent was
evaporated under reduced pressure and the solid product was
filtered and washed successively with 3 mol L~! HCl aqueous
solution and water. After drying in air, the crude solid was recrys-
tallized from xylene to give the desired pure product.

2.3.1.1. 4-Bromo-N-(2-pyridyl)-1,8-naphthalimide (2a). Mp: 258—260
°C [literature [39]: 265—269 °C]; IR (KBr) » (cm™!) 3084, 3063, 1713,
1672, 1368, 1243; 'H NMR (CDCl3) 6: 8.74—8.75 (m, 1H), 8.70 (dd,
J1=73Hz,Jo=1.1Hz,1H),8.64(dd, J; =8.6 Hz, J, = 1.1 Hz, 1H), 8.45 (d,
J=79Hz,1H), 8.07 (d,] = 7.8 Hz,1H), 7.95 (td, J; = 7.8 Hz, J, = 2.0 Hz,
1H), 7.89 (dd, J; = 8.5 Hz, J, = 7.3 Hz, 1H), 7.45—7.48 (m, 1H), 7.41-7.42
(m, 1H).

2.3.1.2. 4-Bromo-N-(2-thiazolyl)-1,8-naphthalimide (2b). Mp:
296—297 °C; IR (KBr) » (cm™~') 3087, 1717, 1682, 1363, 1236; 'H
NMR (CDCl3) 6: 8.72 (dd, J; = 7.3 Hz, J, = 1.1 Hz, 1H), 8.68 (dd,
J1 = 8.5 Hz, J, = 1.1 Hz, 1H), 8.48 (d, ] = 7.9 Hz, 1H), 8.11 (d,
J = 7.9 Hz, 1H), 7.94 (d, J = 4.6 Hz, 1H), 7.91 (dd, J; = 8.5 Hz,
J» =73 Hz, 1H), 7.62 (d, J = 3.5 Hz, 1H).

2.3.1.3. 4-Bromo-N-(2-pyrimidinyl)-1,8-naphthalimide (2c). Mp:
283-285 °C [literature [39]: 277—279 °C]; IR (KBr) » (cm ') 3084,
3053, 1712, 1672, 1401, 1371, 1249; 'H NMR (CDCl3) é: 9.07 (d,
J=4.9Hz,2H),8.58 (d,] = 7.7 Hz, 2H), 8.34(d, ] = 7.8 Hz, 1H), 8.23
(d,J =7.9 Hz, 1H), 8.02 (t, ] = 7.9 Hz, 1H), 7.74 (t, ] = 4.9 Hz, 1H).
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Scheme 1. Synthesis of 4-(1-piperidyl)-N-heteroaryl-1,8-naphthalimides.
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2.3.2. General procedure for the synthesis of 4-(1-piperidyl)-N-
heteroaryl-1,8-naphthalimide 3

A mixture of 4-bromo-N-heteroaryl-1,8-naphthalimide 2
(1.5 mmol) and piperidine (1.28 g, 15 mmol) in 20 mL ethylene
glycol monomethyl ether was refluxed for 9 h under N,. After
reaction, the solvent was evaporated under vacuum and the
resulting solid was recrystallized from xylene to give 3 as orange
crystals.

2.3.2.1. 4-(1-Piperidyl)-N-(2-pyridyl)-1,8-naphthalimide (3a). Yield:
60.6%; mp: 243—248 °C; IR (KBr) » (cm™') 1700, 1656, 1586, 1368,
1271; 'H NMR (CDCl3) 6: 8.73—8.74 (m, 1H), 8.61 (dd, J; = 7.2 Hz,
J» = 1.2 Hz, 1H), 8.53 (d, J] = 8.1 Hz, 1H), 8.45 (dd, J; = 8.5 Hz,
J» = 1.2 Hz, 1H), 7.92 (td, J; = 7.7 Hz, J, = 1.9 Hz, 1H), 7.70 (dd,
J1 =8.5 Hz, J, = 7.3 Hz, 1H), 7.39—7.44 (m, 2H), 7.20 (d, ] = 8.1 Hz,
1H), 3.27 (t, ] = 5.0 Hz, 4H), 1.88—1.93 (m, 4H), 1.73—1.76 (m, 2H);
13C NMR (CDCl3) 6: 24.58, 26.45, 54.77,114.99,115.92, 123.37,124.11,
124.51, 125.61, 126.61, 130.78, 131.41, 131.58, 133.26, 138.66, 150.17,
150.20, 157.97, 164.33, 164.88; ESI-MS (positive) m/z calcd: 357.41;
found: 358.32 ([M + H]"), 714.86 ([2M]*), 737.03 ([2M + Na]™).

2.3.2.2. 4-(1-Piperidyl)-N-(2-thiazolyl)-1,8-naphthalimide (3b). Yield:
49.0%; mp: 237—238 °C; IR (KBr) v (cm™!) 1704, 1663, 1585, 1350,
1233; 'H NMR (CDCl3) 6: 8.62 (d, J = 7.3 Hz, 1H), 8.54 (d, ] = 8.2 Hz,
1H), 846 (d, ] = 85 Hz, 1H), 792 (d, ] = 3.6 Hz, 1H), 7.71
(t,] = 74 Hz, 1H), 758 (d, ] = 3.5 Hz, 1H), 721 (d, ] = 8.2 Hz, 1H), 3.28
(t, ] = 49 Hz, 4H), 1.89—1.93 (m, 4H), 1.74—1.77 (m, 2H); *C NMR
(CDCl3) d: 24.55, 2641, 54.75, 115.03, 115.16, 122.50, 122.82, 125.65,
126.60, 130.78, 131.90, 132.02, 133.75, 141.48, 156.31, 158.35, 163.94,
164.59; ESI-MS (positive) m/z calcd: 363.43; found: 364.30
([M + HJ*%), 748.94 ([2M + Na] ™).

2.3.2.3. 4-(1-Piperidyl)-N-(2-pyrimidinyl)-1,8-naphthalimide

(3c). Yield: 98.2%; mp: 246—248 °C; IR (KBr) » (cm™') 1701, 1658,
1573, 1372, 1239; '"H NMR (CDCls) é: 8.98 (d, J = 5.0 Hz, 2H), 8.61
(d,J = 7.2 Hz, 1H), 8.53 (d, ] = 8.1 Hz, 1H), 8.45 (d, ] = 8.4 Hz, 1H),
7.71 (t,] = 7.8 Hz, 1H), 7.46 (t, ] = 4.9 Hz, 1H), 7.20 (d, ] = 8.1 Hz, 1H),
3.27 (t, | = 4.6 Hz, 4H), 1.88—1.93 (m, 4H), 1.74—1.76 (m, 2H); 3C
NMR (CDCl3) 6: 24.57, 26.43, 29.93, 54.77, 114.97, 115.63, 121.13,
123.14,125.58,126.65,130.88,131.60, 133.28,157.38, 158.11, 159.67,
164.01, 164.57; ESI-MS (positive) m/z calcd: 358.39; found: 358.31
(IM]™), 359.27 ([M + HJ*"), 716.83 ([2M]™), 739.04 ([2M + NaJ*).

3. Result and discussion
3.1. Synthesis

Up to now, a large number of 1,8-naphthalimide derivatives
have been synthesized, but studies of N-heteroaryl substituted 1,8-
naphthalimides has been inadequate, especially for those con-
taining electron deficient heterocycles. Cao et al. have synthesized
avariety of substituted N-aryl and N-heteroaryl 1,8-naphthalimides
[39]. The reactions were promoted by zinc acetate in pyridine, but
the yields were not given. Moreover, in their experiments the
products were purified by preparative layer chromatography,
which would not be suitable for large-scale preparation.

In this paper, two new methods (A and B) were developed for
the reaction of heteroaromatic amines with 4-bromo-1,8-naph-
thalic anhydride (Table 1). Method A was carried out under
refluxing conditions in toluene, and N-heteroaryl substituted
products were readily obtained by recrystallization in good yield.
This procedure is simple and convenient, but a long reaction time is
required. Moreover it failed to produce a product for 2-amino-
pyrimidine due to the electron deficient nature of the amino group.
When an AlCI3/Et3N pair was used as the promoter, 2c was afforded

Table 1
Synthesis of 4-bromo-N-heteroaryl-1,8-naphthalimide 2 using Method A and
Method B.

Compound R Yield?
Method AP Method B¢
2a 2-pyridyl 81.3% 92.1%
2b 2-thiazolyl 75.6% 89.4%
2c 2-pyrimidinyl nr 94.6%

2 Isolated yields.

b The reactions were carried out under reflux for 15 h in toluene.

¢ The reactions were carried out under reflux for 3 h in toluene in the presence of
AICl; and Et3N.

after a short refluxing time (3 h) and a purified yield of 94.6%. Using
the same method B, 2a and 2b were also obtained with improved
yields compared to those of Method A.

3.2. Spectral characteristics and corresponding mechanism

The absorption and fluorescence spectra of 4-(1-piperidyl)-
N-heteroaryl-1,8-naphthalimides (3) were measured in various
solvents with different polarities and the spectral data is presented
in Table 2 and Table S1. For convenience, the solvents are arranged
in order of increasing polarity using a widespread empirical scale of
solvent polarity Er(30) (the molar electronic transition energy) [40].
Compounds 3a, 3b and 3c all have similar spectral properties, and
3c was selected as the representative compound to be more
extensively investigated.

The absorption spectrum of 3¢ exhibits a broad and structure-
less peak in all the examined solvents (Fig. S1A), which can be
attributed to an intramolecular charge transfer (ICT) from the
piperidyl group to the naphthalimide moiety. As expected for
a typical charge-transfer transition, an increase in the solvent
polarity leads to a bathochromic shift of the absorption maximum.
The high extinction coefficients (¢ from 11,500 to 13,200) suggest
that the electronic transition from the ground state to the excited
state has a m—m* character.

The effect of the polarity of the medium on the fluorescence is
more pronounced than that on the absorption spectrum (Fig. S1B).
This is because the ICT effect leads to a large dipole moment in the
excited state. According to the Franck—Condon principle, the CT
(charge transfer) emission spectrum is expected to show a much

Table 2
Photophysical properties of 3¢ (1.0 x 10~ mol L) in various solvents?.

Number Solvent Er (30) Aa (nm) log e Aem (nm) A¥(cm—') &

Gas-phase® 387 435 (f€ = 0.2914)
(ff = 0.2571)
1 Cyclohexane 312 389 4.07 469 4385 0.64
2 CCly 325 396 4,08 481 4463 0.61
3 Toluene 339 401 406 498 4857 0.58
4 p-Dioxane 36.0 401 407 508 5253 0.55
5 THF 374 402 411 515 5458 0.35
6 Ethyl acetate 381 400 409 516 5620 0.31
7 Chloroform 39.1 414 411 512 4623 0.60
8 Dichloromethane 41.1 415 411 522 4939 0.52
9 Acetone 422 408 409 531 5677 0.039
10 DMF 438 417 4,08 539 5428 0.005
11 DMSO 450 421 407 544 5371 0.004
12 Acetonitrile 460 413 411 540 5695 0.017
13 Methanol 555 420 412 544 5427 0.002

2 Absorption wavelength (at the maximum absorption), A4; emission wavelength
(at the maximum intensity), Aem; Stokes shifts, A7; extinction coefficient, ¢; fluo-
rescence quantum yields, ®x.

b Calculated data from DFT.

¢ Oscillator strength.
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stronger influence from the environment than the CT absorption
spectrum does. A change of the solvent from cyclohexane to
methanol leads to a red shift of the fluorescence maximum of 3¢ by
75 nm. This magnitude of fluorescence shift is twice that of the
absorption shift. This observation suggests that the excited state of
3c is more polar than the ground state. Accordingly, in general, the
Stokes shifts increases with increasing solvent polarity and the
fluorescence quantum yields decrease dramatically. This phenom-
enon occurs because an increase in the medium polarity enhances
the nonradiative deactivation of the fluorescent state of the mole-
cule, which primarily depends on the nitrogen inversion rate of the
amino group [22,25].

The heteroaryl substituted 4-(1-piperidyl)naphthalimide
prepared in this work was found to have a much greater effect on
the fluorescence quantum yield than previously prepared
compounds with alkyl or aryl groups on the imide nitrogen
(structures are given in Fig. 1). Saha and Samanta reported that the
fluorescence quantum yields of 4-(1-piperidyl)-N-butyl-1,8-naph-
thalimide (BNI) in hexane and methanol are 0.76 and 0.01,
respectively, i.e., a 76-fold change [22]. Mednykh et al. gave the
fluorescence quantum yields of 4-(1-piperidyl)-N-phenyl-1,
8-naphthalimide (PNI) in toluene and methanol as 0.65 and 0.12,
respectively, about a 5-fold decrease [25]. However, the fluores-
cence quantum yield for 3c in toluene and methanol decreases
290-folds, and the change from cyclohexane to methanol is up to
320-fold.

Considering the electron deficient property of pyrimidine, we
propose that the electron withdrawing effect of the heteroaryl
group increases the ICT in the excited state, which also enhances
the dipole moment of 4-(1-piperidyl)naphthalimide. This causes
the highest sensitivity of 3¢ to solvent polarity compared to BNI and
PNL In order to demonstrate our hypothesis, it is necessary to
estimate the change in the dipole moment from the ground state to
the excited state (Ap).

The effect of solvent polarity can be studied in terms of the
difference in the dipole moment between the ground state and the
excited states. This can be analyzed by a Lippert—Mataga plot,
which is essentially a plot of the Stokes shift of the fluorescence
emission versus the solvent polarity [41]. The equation is expressed
as followed:

AV =75 — vp = +constant  (1a)

2
Z(Me—ﬂg> [5_1 - ni-1

hca3 2¢+1 2n2+1
e—1 n?2-1

Af:2€+172n2+1 (1b)

where 7, and vy are the wavenumbers of the absorption and fluo-
rescence maxima, Avdenotes the Stokes shift, ug and pe are the

/

N
e
O N_O Oy N_O O N_O

SOOI S

BNI PNI
Fig. 1. 4-(1-Piperidyl)-1,8-naphthalimides derivatives with different N substituted
groups.

ground- and excited state dipole moments respectively, ¢ and n are
the dielectric constant and refractive index of the medium
respectively, h is Planck’s constant, c is the velocity of light, and a is
the radius of the solvent cavity in which the fluorophore resides
(Onsager cavity radius). The symbol Af is called the orientation
polarizability and accounts for the spectral shifts due to reor-
ientation of the solvent molecules. In general, the reorientation of
the solvent molecules is expected to result in substantial Stokes
shifts.

The Lippert—Mataga plot of 3c is depicted in Fig. 2. Twelve
solvents were used to explore the change in dipole moment on
excitation and poor linearity was found for the overall regression
(correlation coefficient is 0.858). This is because the Lip-
pert—Mataga equation only partially explains the effect of solvent
polarity, and does not account for other effects such as hydrogen
bonding to the fluorophore or internal charge transfer [42]. In 3¢
the interactions between the solvent and fluorophore must be
complex. p-Dioxane (#4) was not considered in the fitting because
correlation with this solvent is usually very poor. p-Dioxane is
known for its anomalous behavior in different polarity scales
[43,44].

Quantum calculations were used to calculate the farthest
distance between the carbonyl oxygen and the amino nitrogen. An
Onsager cavity radius of 3.648 A was obtained for 3c and the dipole
moment change on excitation was estimated to be around 4.31 D.
This is much bigger than the values reported for PNI (3.8 D) and BNI
(4.1 D) [22,25].

TD-DFT has proven to be suitable for calculating electronic
excitation energies [45—48]. In order to further support our
hypothesis, quantum calculation was used to analyze the
photophysical properties of the 1,8-naphthalimides derivatives
mentioned above.

To validate the computational method, the calculated electronic
absorption and emission maxima of 3c in the gas phase were
compared with those obtained experimentally (Table 2). Although
the calculated emission spectrum is blue shifted, this deviation is
expected because the computations were performed without
corrections for solvent effects. The calculated result for the gas
phase (387 nm) correlates well with the experimental absorption
maximum in cyclohexane which has quite a low polarity (389 nm).
The calculated molecular structure and the electron distribution of
the HOMO and LUMO of 3¢ are shown in Fig. 3. Comparison of the
electron distribution in the frontier molecular orbits (MOs) reveals

6500
6000}
) 2 W12
. u5 ’-7-)7-)7.13
F.E | . | -
'l
< L w .7
45001
40001
3500 N T | | I ‘
-0.05 0.00 0.05 0.10 0.15 0.20 025 0.30 0.35
Af

Fig. 2. Dependence of the Stokes shift A7 of 3c on the solvent polarity function Af. The
solvents are numbered according to the sequence presented in Table 1. The straight
line represents the best least-squares fit to the data (excluding the value obtained for
p-dioxane, 4).
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2
HOMO

Fig. 3. Frontier orbitals of compounds 3c calculated by the B3LYP/6-31G* DFT method.

LUMO

that the HOMO—LUMO excitation shifts the electron distribution
from the piperidyl moiety to the imide one. This strong migration of
intramolecular charge-transfer character in these naphthalimide
derivatives was also proved by Nandhikonda et al. [49]. Though the
2-pyrimidinyl group is nearly orthogonal to the naphthalimide ring,
the electron density of 3c shifts more completely to the imide
moiety, suggesting the strong electron withdrawing effect of the
pyrimidine moiety. The redistribution of the electron density
during the HOMO—-LUMO electron transition determines the
influence on the photophysical properties of the dyes, such as the
effect of substituents and interactions of the dye molecules with
their environment.

The dipole moments u for the ground and excited states of the
1,8-naphthalimide derivatives were also calculated in the gas phase
(Table 3). For compounds BNI, PNI and 3c, the dipole moment in
the ground state ranges from 4.10—5.97 D and the difference
between the dipole moments (Au) of the first excited state and the
ground states ranges from 1.28—1.61 D. These calculations indicate
that these compounds have larger dipole moments in the excited
state, which explains the experimental observations that the
compounds show a bathochromic shift of their fluorescence
maxima in polar solvents and that their Stokes shift in polar
solvents are much larger than those in nonpolar solvents. The
dipole moment change of 3¢ (Au = 1.6129 D) is the largest, which
also demonstrated its high sensitivity to the polarity of its
surrounding solvent.

3.3. Spectral changes induced by addition of water
content in organic solvents

Since the fluorescence intensity of 3c is highly sensitive to its
surroundings, it is reasonable to use it as a polarity probe. Yuan and

Table 3
Calculated dipole moment (Debye) for ground (ug) and excited (u.) states of the 1,8-
naphthalimide derivatives in gas phase.

Compound Hg e Au

BNI 5.9162 7.3267 1.4105
PNI 5.9678 7.2515 1.2837
3c 4.1026 5.7155 1.6129

Brown reported that the nonradiative deactivation of the fluores-
cent state of 4-aminonaphthalimide is quite efficient in aqueous
solution, which can be attributed to the formation of a hydrogen-
bonded cluster between the probe and the water molecules [23].
This fact was employed in the design of the fluorescent dye 3c as an
efficient water sensor.

The absorption and fluorescence intensities of 3¢ related to the
water content in a series of common solvents, such as p-dioxane,
THF (tetrahydrofuran), acetone, DMF (dimethylformamide), aceto-
nitrile and methanol was systematically investigated. The absorp-
tion spectra of 3c in 0 to 10% (v/v) water spiked p-dioxane are
shown in Fig. 4(A). When the water content is below 5% (v/v), no
significant changes are seen, but when the water content is
increased to above 5% (v/v), a small positive solvatochromic shift is
observed. The fluorescence emission spectra of 3c in p-dioxane are
shown in Fig. 4(B). The spectra exhibit significant fluorescence
quenching with a small red shift in the emission maxima as the
water content increases. Particularly, the most dramatic changes
were observed within low water concentration range of less than
5%, which spans 86% of the total changes in fluorescence intensity
observed at 510 nm.

Similar results were observed for other solvents (THF, acetone,
DMEF, acetonitrile and methanol) (Fig. S2—S6). It should be pointed

A
0.16 - P
0 (% water)
/ W 1.0
012} ' 2.0
M 3.0
a W\ 4.0
< 0.08 - /i WA\ 5.0
/ : ‘ 10.0
0.04
0.00 —
350 400 450 500 550
Wavelength (nm)
B = 7 7004 - 0 (% water)
700- = 0 A’ o
L - 5 o0 by
600 '. ;:- 400 \ B
—_— r ] o 3004 .“. ;ﬁ
75 500 . & w0l - 3
-‘Ev r e 100 ~ . \ 50
«< 400 + \ ] £ o B
Q N 450 500 550 800 650 700 750
E 300 I wavelength
(TR
| |
200 + \\
-
100 ~a_ -
0 | - |
1 1 1 1 1 1
0 2 4 6 8 10

Water content (viv %)

Fig. 4. (A) The profile for the absorption spectra as a function of water content in
p-dioxane solution. (B) Changes in the fluorescence intensity at 510 nm as a function of
water content, Aex = 400 nm. Inset shows the profile for the fluorescence spectra as
a function of water content. [3c] = 1.0 x 10~> mol L.
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out that the fluorescence intensities of 3¢ in DMF and methanol are
less sensitive to water. The addition of 50% water induces only
about a 74% or 48% decreases in fluorescence intensities, respec-
tively, and relatively larger red shifts are observed in the absorption
spectra (20 nm for DMF, 14 nm for methanol).

3.4. Quantification using Stern—Volmer equation

The quenching of fluorescence of the investigated fluorophores
due to the presence of water in organic solvents can be described by
the Stern—Volmer equation [12,16,41].

o _ 1 ki@ 2)

where Fy and F are the fluorescence intensities in the absence and
presence of the quencher, respectively, Ksy is the S—V quenching
constant and [Q] is the quencher concentration.

When a Stern—Volmer plot was obtained using Fy/F versus
[H20] for 3c in p-dioxane, it was found to be non-linear, showing
positive curvature as shown in Fig. 5A. Similar experimental results
were also obtained for other solvents (Fig. S7—S11). The positive
curvature from linearity suggests that quenching is not only due to
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Fig. 5. (A) Modified Stern—Volmer plot for the changes in fluorescence intensity of 3c
at 510 nm as a function of water content in p-dioxane solution. The red line represents
the best non-linear least-squares fit to the data. (B) The Stern—Volmer plot of Fo/F
versus [H,0] in p-dioxane with a low-level of water. [3¢] = 1.0 x 10~> mol L™,

collisions, but also is related to the role of a static quenching
process, which has been discussed using the ground state complex
or the sphere of action static quenching models [41,50—54]. Since
the absorption spectra of 3c in all of the above solvents show no
observable differences in shape or maxima in both the absence and
presence of water, the sphere of action static quenching model was
used.

In this model [41,50—53], any static quenching interactions
require that the chromophore and the quencher are within
a certain distance of each another. In solution, this reaction distance
defines an interaction sphere of volume V. On excitation of the
chromophore, a quencher molecule which is already within this
volume will be able to quench the fluorescence without the need
for a diffusion controlled collisional interaction [55]. The proba-
bility of the quencher being within this volume at the time of
excitation depends on the volume (V) and on the quencher
concentration. Assuming the quencher is randomly distributed in
solution, the probability of static quenching is given by a Poisson
distribution [eV[Q]] and the Stern—Volmer equation is modified to:

Fo
F=
where V is the static quenching constant and represents an active
volume element surrounding the excited solute molecule.

By employing Eq. (3) to fit the experimental data and using
a non-linear least-squares procedure, Ksy and V have been deter-
mined. The best fits are shown in Fig. 5A and Fig. S7-S11
(R? > 0.99), and the results are listed in Table 4. This can serve as
the basis for the quantitative determination of water in the tested
organic solvents over a wide range.

It is obvious that the static quenching constants (V) are generally
much smaller than the dynamic quenching constants (Ksy), which
explains the lack of absorption spectral change with the addition of
H,0 [50]. Such a weak association suggests that the fluorophores
and quenchers do not actually form a ground-state complex.
Therefore, it is proved that the sphere of action model is the best
model for 3c. The quenching constant Ksy was used to measure the
sensitivity of the method, and the sensor in THF gave the highest
sensitivity to water (Ksy = 2.069 L mol~1).

It has been reported that at low-level concentrations of water,
the fluorescence quenching of the sensor due to the presence of
water fit the Stern—Volmer equation quite well [12,16]. Similar
results were found in these experiments; the water sensor showed
a good linear relationship between Fy/F and the water content at
low concentrations (Fig. 5B and Fig. S7—S11). The detection limit
was determined from 3 times the standard deviation of the blank
noise (95% confidence level, k = 3, n = 5), and it was calculated to be
0.016% for acetone and 0.291% for methanol. The relative standard
deviation for the determination of water concentration from the
calibration curve is less than 0.08%.

(1+Ksy[Q]) €'l (3)

Table 4
Fluorescence quenching parameters and detection limits for the fluorescent
signaling of water content in organic solvents®.

Solvent Ksy (L mol™1) V(L mol™1) R? Response Detection
range limit (%)
p-Dioxane 0.7271 + 0.1070 0.2851 + 0.0218 0.9964 0—10% 0.049
THF 2.0691 + 0.1864 0.1226 + 0.0163 0.9930 0—10% 0.020
Acetone 0.9934 + 0.0318 0.0064 + 0.0057 0.9982 0—10% 0.016
DMF 0.0483 + 0.0056 0.0173 4+ 0.0026 0.9982 0-—50% 0.054

Acetonitrile 0.8521 + 0.0116 0.0005 + 0.0023 0.9998 0—10% 0.021
Methanol  0.0282 + 0.0042 0.0024 + 0.0025 0.9977 0-50% 0.291

2 [3¢] =1.0 x 10> mol L.
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4. Conclusions

Three 1,8-naphthalimides containing electron withdrawing
N-heteroaryl groups have been synthesized in excellent yields
under the promotion of AlICI3/EtsN pair. It was found that the
fluorescence intensity of 4-(1-piperidyl)-N-(2-pyrimidinyl)-1,8-
naphthalimide (3c) is strongly affected by solvent polarity. Both
experiments and theoretical calculations suggest that the intro-
duction of a strong electron acceptor fragment to 1,8-naph-
thalimide significantly increased the sensitivity of 3c to solvent
polarity. This highest polar sensitivity of 3¢ makes it an effective
fluorescence water sensor. When 3¢ was used to determine the
water content in six common solvents (p-dioxane, THF, acetone,
DMF, acetonitrile and methanol), the changes of fluorescence
intensity fit quiet well with a modified Stern—Volmer equation as
a function of water content. The lowest detection limit of water in
p-dioxane, THF, acetone, and acetonitrile are 0.049, 0.020, 0.016 and
0.021%, respectively, which offers an express and suitable method
for water detection of organic solvents.
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