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reconfigurable fluorescent 4-
piperazino-N-aryl-1,8-naphthalimide crown ether
logic gates†

Gabriel Gauci and David C. Magri *

Four compounds 1–4 were designed and synthesised, comprising a 4-amino-N-aryl-1,8-naphthalimide

fluorophore, a piperazine receptor, and an aryl group, as fluorescent logic gates. At the imide position,

the substituent is phenyl (1), 1,2-dimethoxyphenyl (2), benzo-15-crown-5 (3), or benzo-18-crown-6 (4).

Molecules 1 and 2 are constructed according to a fluorophore–spacer–receptor format, while 3 and 4

are engineered according to a receptor1–spacer1–fluorophore–spacer2–receptor2 format based on

photoinduced electron transfer and internal charge transfer mechanisms. The compounds were studied

in water, water/methanol mixtures of different ratios, and methanol by UV-visible absorption and steady-

state fluorescence spectroscopy, as a function of pH, metal ions and solvent polarity. The excited state

pb*Hþ of 1–4 is 8.4 ± 0.2 in water, 7.6 ± 0.1 in 1 : 1 (v/v) water/methanol, and 7.1 ± 0.3 in methanol. The

pb*Naþ of 3 in water is 0.92 and the pb*Kþ and pb*Ba2þ of 4 in water are 2.3 and 2.9. 1H NMR data in D2O

and CD3OD confirm H+ interaction at the piperazine moiety, and Na+ and Ba2+ binding at the benzo-15-

crown-5 and benzo-18-crown-6 moieties of 3 and 4. By altering the solvent polarity, the fluorescent

logic gates can be reconfigured between TRANSFER logic and AND logic. Molecules with polarity

reconfigurable logic could be useful tools for probing the microenvironment of cellular membranes and

protein interfaces.
Introduction

The eld of molecular logic-based computation1 has attracted
a considerable amount of attention since the inception of the
rst molecular AND logic gate in 1993 (ref. 2) based on photo-
induced electron transfer (PET).3 From these humble begin-
nings, the eld has steadily moved forward from proof-of-
concept demonstrations to potential societal applications.4

Examples of uorescent logic gates along these lines of explo-
ration include multi-analyte AND logic gates (lab-on-a-mole-
cules),5 corrosion (Pourbaix) sensors,6 medical diagnostics,7

phototherapeutic releasing molecules,8 tagging of micrometer
objects,9 cellular/enzyme monitoring10 and edge detection.11

The rst molecular AND logic gates by de Silva were studied
in alcohol solutions of methanol and propanol.2,12 Methanol is
the de facto solvent substitute for water when solubility is an
issue, while ethanol is a less toxic alternative for cellular
studies.13 In many studies, a compromise is to use water/alcohol
solvent compositions.14 Given this tendency, it is oen assumed
that the alcohol/water ratio readily correlates to the
, University of Malta, Msida, MSD 2080,

(ESI) available: Experimental details,
IR and mass spectra. See DOI:

35278
uorescence quantum yield (FF). However, to the best of our
knowledge, there are no systematic studies that examine the
effect of solvent polarity, specically in water/methanol, on the
photophysical parameters of crown ether sensors (i.e. FF).15 In
biological systems, notably at the cellular level, polarity deter-
mines interactions with proteins and enzymes, and the
permeability of membrane compartments.16 Evidence suggests
that mitochondrial16 and lysosomal17 polarity in cancer cells is
lower than in normal cells. And so a better understanding of
polarity effects is medicinally useful.

Crown ether-based chemosensors, although dating over
three decades, still attract attention.18–20 Recently, there is
considerable interest in PET chemosensors for Ba2+.21 Physicists
are searching for evidence that neutrinos are their own anti-
particles by investigating neutrinoless double beta decay of
136Xe to 136Ba2+.22 Using single molecule uorescent imaging
(SMFI), experimentalists are searching for Ba2+ in situ and in
real time from the decay of 136Xe in high pressure xenon gas
under ultra-vacuum conditions. Thapa and co-workers have
reported diazacrown 4-amino-1,8-naphthalimide chemosensors
for Ba2+ in acetonitrile and in dry phase.23 In this study, as with
many azacrown chemosensor studies, acetonitrile is used as the
solvent. There is a tendency for trace water and/or hydrated
metal ions to act as unsuspecting proton sources.24 Hence, the
emission enhancement may not always be due to metal ion
© 2022 The Author(s). Published by the Royal Society of Chemistry
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complexation, but rather to protonation of a nitrogen atom. A
remedy to this issue is to use oxacrown ethers.25

In our previous study, we investigated the properties of 4-
methylpiperazino-N-aryl-1,8-naphthalimides.26 We discovered
that a carbonyl moiety of the 4-piperazino-1,8-naphthalimide
uorophore assists in metal ion binding (i.e. Na+, K+) within
the benzo-15-crown-5 and benzo-18-crown-6 cavities in the
excited state. Building upon this nding, we have investigated 4-
piperazino-N-aryl-1,8-naphthalimides with benzo-15-crown-5
and benzo-18-crown-6 moieties as solvent-polarity recong-
urable logic gates. We selected piperazine as the proton
receptor, which is readily protonated in neutral water, to facil-
itate 1H NMR titration experiments in D2O. An objective was to
examine whether there is any ground state interaction between
a carbonyl of the naphthalimide and the metal ion within the
crown cavity.26 We have also systematically and thoroughly
examined the effect of water/methanol solvent compositions in
10% (v/v) increments on the photophysical properties of four 4-
amino-N-aryl-1,8-naphthalimide logic gates. Molecules 3 and 4
are designed with a receptor1–spacer1–uorophore–spacer2–
receptor2 format12 based on PET3 and internal charge transfer
(ICT) with a 1,8-naphthalimide uorophore, a piperazine
moiety at the 4-position and a benzocrown ether at the imide
position. Spacer1 is the N-imide node, and spacer2 is the
diethylene bridges within the piperazine moiety consistent with
C0-type and C2-type spacers.27 Molecules 1 and 2 with phenyl
and 1,2-dimethoxyphenyl moieties serve as uorophore–
spacer–receptor models (Scheme 1).
Results and discussion

The syntheses of 1–4 are shown in Scheme 1. 4-Chloro-1,8-
naphthalic anhydride was reacted with aniline, 3,4-dimethox-
yaniline, 4′-aminobenzo-15-crown-5 or 4′-aminobenzo-18-
crown-6.16 The 4-chloro-N-aryl-1,8-naphthalimides were then
reacted with excess piperazine in N,N-dimethylformamide
(DMF) at 130 °C. The products were recovered as orange
powders in good yields ranging from 77–94% aer precipitation
Scheme 1 The synthesis of 4-piperazino-N-aryl-1,8-naphthalimide mo

© 2022 The Author(s). Published by the Royal Society of Chemistry
from a suitable solvent. The compounds were characterised by
standard spectroscopic techniques including 1H, 13C, and 13C
DEPT-135 NMR, FTIR, and HRMS. Full details are provided in
the Experimental section. The corresponding spectra are avail-
able in the ESI (Fig. S1–S16†).

The thermodynamic driving forces for PET, based on the
Weller equation (eqn (1)) from the piperazine secondary amine
and the 3,4-dimethoxyphenyl to the excited state amino-1,8-
naphthalimide uorophore, are 0.07 eV and 0.37 eV
(6.7 kJ mol−1 and 35 kJ mol−1).28

DGPET = Eox + Ered − ES − e2/3r (1)

These estimates are based on known electrochemical
data.12,28 Although the values are mildly endothermic, they are
inuenced by the solvent polarity according to the coulombic
term e2/3r, where 3 is the solvent dielectric constant. Intra-
molecular PET in neutral molecules generates a charged radical
ion pair, which is stabilised by solvents with dipole moments.
Generally, the greater the solvent polarity, the more stabilised
the radical ion pair resulting from PET, and so the FF falls
concurrently.25,26 As part of this study, we have systematically
examined the effect of the 3 (methanol: 33, water: 80) on the
competition between PET and uorescence as a continuum
between water to methanol in 10% (v/v) methanol increments.

The UV-visible absorption spectra of 1–4 were rst examined
as a function of acidity in water, 1 : 1 (v/v) water/methanol, and
methanol (Fig. S17–S20).† A summary of data for 1–4 is available
in Table S1† and specically for 4 in Table 1. Compounds 1 and
2 have lmax at 405 nm and 403 nm in water. In 10−4 M H+, slight
hypsochromic shis of 8 nm and 2 nm are observed. The log 3 of
1 and 2 are 3.18 ± 0.05 and 3.54 ± 0.04 and are indicative of p
/ p* transitions. In methanol, the lmax is 393 nm for 1 and 2.
Overall, there is little change in the UV-vis spectra of 1 and 2,
with the exception of 1 in water with an isosbestic point at
345 nm. In 1 : 1 (v/v) water/methanol and methanol, the log 3 for
1–4 are relatively constant at 3.98 ± 0.11. The spectra of 3 are
generally consistent with H+-induced peak shis of 14 nm,
lecular logic gates 1–4 and the design format of 3 and 4.

RSC Adv., 2022, 12, 35270–35278 | 35271
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Fig. 2 Emission spectra in water of 14 mM 4 as a function of (a) H+, (b)
Ba2+ at 10−4 M H+, and (c) methanol/water solvent compositions at
10−4 M H+, and the intensity–concentration profiles. lex = 400 nm.
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10 nm and 6 nm in water, 1 : 1 (v/v) water/methanol and
methanol, respectively, with isosbestic points at 416 nm,
409 nm and 402 nm. In contrast, the spectra of 4 are notable.
Titrations of 4 from 10−11 M to 10−4 M H+ reveals bathochromic
shis of 14 nm, 24 nm and 21 nm accompanied by hyper-
chromic shis with a lmax at 392 nm, 389 nm and 380 nm in
water, 1 : 1 (v/v) water/methanol and methanol, respectively.
Isosbestic points appear at 416 nm, 409 nm and 402 nm. Iso-
sbestic points are distinctly observed in all three composition
solvents for 3 and 4 (and for 1 in water).

An analysis of the absorbance–pH plots provided ground
state proton binding constants (pKa, pbH+) (Fig. S21–S24†). For 1
in water, and 3 and 4 in all solvent compositions (Fig. S17a, S19
and S20†), signicant changes occur in the absorbance maxima
upon protonation. In the three solvents, the spectra of 4 (and 1
in water) exhibits simultaneous changes to the absorbance and
wavelength. These observations are consistent with a twisted
ICT (TICT) state due to charge repulsion and a geometry change
on protonation of the piperazine.29 The spectra of 2 shows no
such changes, while with 3 only a slight change in the wave-
length is observed.

The emission properties of 1–4 (Fig. S25–S28†) as a function
of acidity are tabulated (Tables 1 and S1†). The lmax in water at
10−4 M H+ of 1–4 appear between 540 nm and 549 nm. In
methanol, the lmax is red-shied by 8 nm to 20 nm. H+-induced
Stokes shis of ca. 140 nm (71 429 cm−1) occur. The FF in acid
ranges between 2% and 7%, and in base from 0.2% to 3%. Clear
digital off–on switching across the solvent polarity continuum is
identied with 4 between 10−11 M H+ (vial B) and 10−4 M H+

(vial A). Irradiated with a 365 nm UV lamp, acidic solutions of 4
emit yellow light in water and green light in methanol (Fig. 1).

Fig. 2 shows the uorescence spectra of 4 in water as
a function of (a) H+, (b) Ba2+ and (c) water/methanol solvent
composition. Titration with acid from 10−11 M H+ to 10−4 M H+

results in a uorescence enhancement (FE) of 72 with a peak
maximum at 540 nm. The emission increases due to proton-
ation of the piperazine nitrogen atom, which inhibits the TICT
from the lone pairs of the aliphatic nitrogen atom to the uo-
rophore.5,29 Titration with Ba2+ in 10−4 M H+ results in a further
emission increase due to complexation of Ba2+ within the crown
cavity (Fig. 2b), which raises the oxidation potential Eox of the
benzocrown and consequently raises DGPET so that PET from
the benzocrown to the 4-aminonaphthalimide is prevented. We
Fig. 1 Molecule 4 irradiated with 365 nm light in water, 1 : 1 (v/v)
water/methanol and methanol with 10−4 M H+ (vials A) and 10−11 M H+

(vials B).

35272 | RSC Adv., 2022, 12, 35270–35278
also observe in Fig. 2c, counterintuitively and unlike 1–3 (Table
S1†), an increase in the emission (and FF, Table 1) of 4 on
changing the solvent from methanol to water. Being a p / p*

transition, we naturally expect the carbonyl oxygen atoms to be
more basic in the excited ICT state than in the ground state.14

This observation suggests that 4 is less strongly hydrogen
bonded at a carbonyl oxygen in the excited state than in the
ground state, perhaps due to a conformational change associ-
ated with the more exible and bulky ethoxy linkages within the
benzo-18-crown-6, which alters the solvent shell.

From the uorescence titrations of 1–4, the excited state
proton binding constants ðK*

a ; b*HþÞ and cation binding
constants ðb*MþÞ were evaluated. The binding constant is
dened as the concentration at which half of a receptor is
occupied by the specic analyte. Proton binding constants were
determined from absorbance (eqn (2)) and

A ¼ Amax � 10ðpH�pKaÞ þ Amin

1þ 10ðpH�pKaÞ (2)

IF ¼ IF;max � 10ðpH�pK*
aÞ þ IF;min

1þ 10ðpH�pK*
aÞ (3)

uorescence (eqn (3)) intensity plots using Henderson–Hassel-
balch equations, which produce a sigmoidal titration curve.30
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07568g


Fig. 4 Fluorescence quantum yields (FF) in different water/methanol
solvent compositions as a water volume fraction at 10−4 M H+ for ( ) 9
mM 1-H+, ( ) 10 mM 2-H+, ( ) 9 mM 3-H+, ( ) 9 mM 3-H+ and 10−2 M
Na+, ( ) 14 mM 4-H+, and ( ) 14 mM 4-H+ and 10−2 M Ba2+.
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The analyte-intensity data was tted as a non-linear equation,
and the binding constants were obtained from the point of
inection (Fig. S29–S32†) where IF, IF,max and IF,min are the
observed, maximum and minimum uorescence intensities. A
similar equation was used to calculate the metal cation binding
constants b*Mþ with the benzocrown ethers.25 The pb*Hþ of 1–4
are 8.4 ± 0.2 in water, 7.6 ± 0.1 in 1 : 1 (v/v) water/methanol and
7.1 ± 0.3 in methanol. The pb*Naþ of 3 is 0.92 in water and 1.4 in
1 : 1 (v/v) water/methanol (Fig. S33–S35†). These values are
greater those of anthracene-based logic gates.2,12 The pb*Ba2þ of 4
in water is 2.9 (Fig. S36–S38†) and 3.7 in 1 : 1 (v/v) water/
methanol (Fig. S39–S41†). No evidence for metal ion binding
was observed with 2 bearing the 3,4-dimethoxyphenyl moiety.

Molecules 3 and 4 displays logic characteristics dependent
on the solvent conditions (Fig. S42† and 3). The threshold limit
is set at half of the maximum uorescence of the most intense
emission spectrum (1, 1). In water, 3 and 4 behave as single-
input H+-driven YES gates. When Na+ and Ba2+, respectively,
are included as inputs in water, 3 and 4 function as a two-input
H+, M+-driven TRANSFER logic gates (Fig. S42a† and 3a). A third
cation, such as K+ or Hg2+ (pbK+ = 2.3, pbHg2+ = 3.4 in water,
Fig. S36–S38†) can also bind within the benzo-18-crown-6 cavity
to yield an integrated OR–AND gate algebraically expressed as (A
+ B)$C.1a

In methanol, 4 functions as a two-input H+, Ba2+-driven AND
logic gate (Fig. 3b) and 3 as a two-input H+, Na+-driven AND gate
(Fig. S42b†). At high H+ and Ba2+ levels, the emission of 4 is high
with aFF of 0.153 and a switching ratio of 51. For comparison, 3
has a high FF of 0.163 and turn-on ratio of 9 at high H+ and Na+

levels. This tale of two solvents is an example of logic function
tuning by solvent polarity.15,31 Rather interestingly, the optimal
FF of 3 is observed in methanol while for 4 it is observed in 1 : 4
(v/v) water/methanol (Fig. 4), the latter with a 5-fold emission
enhancement. The addition of water to 3 in the presence of H+

and Na+ in pure methanol causes a clear decreasing trend in the
FF output (Fig. 4, symbol). However, in the case of 4 in the
presence of H+ and Ba2+, an increase of up to 20% water in
methanol enhances the FF output, which on further addition of
water, then causes a decrease in the FF output (Fig. 4,
symbol). Labelled with respect to the volume fraction of water,
Fig. 3 Fluorescence emission spectra of 14 mM 4 in (a) water and (b) meth
2. a Low input: 10−11 M H+, high input: 10−4 M H+; b low input: 0 mM
hemisulfate in 0.1 M H2SO4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the x-axis of Fig. 4 is also indicative of the dielectric constant 3
ranging from 33 to 80 for methanol and water, respectively. The
general trend is that the FF decreases with increasing 3.
1H NMR study
1H NMR spectra were examined as a function of pD and either
pNa or pBa for 3 and 4 in CD3OD (Fig. S47† and 5) and D2O
(Fig. S43 and S45†).32 Fig. 5 and S47† show the 1H NMR spectra
of 3 and 4 in CD3OD as ‘truth-table’ studies under four input
conditions. In D2O 3 was not fully soluble without acid so only
two states were examined (Fig. S45†), while 4 was soluble for all
four conditions. We alert the reader to the fact that the NMR
measurements are ground state measurements, so any effect of
D+, OD−, Na+ and Ba2+ is not directly comparable to the emis-
sion results. Generally, the 1H NMR spectra can be qualitatively
divided into three regions. As illustrated in Fig. 5a, between 6.9
ppm and 8.7 ppm, there are sharp signals attributed to the ve
naphthalimide protons (H1–H5) at 7.4–8.7 ppm, and the three
anol. The red line denotes the digital threshold, which was set atFF,max/
Ba2+, high input: 14 mM Ba2+; c measured with reference to quinine

RSC Adv., 2022, 12, 35270–35278 | 35273
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Fig. 5 1H NMR spectra of 8 mM 4 in CD3OD: (a) 50 mM NaOD added, (b) 50 mM DCl added, (c) 50 mM NaOD and 85 mM Ba2+ added, and (d)
50 mM DCl and 85 mM Ba2+ added.

Table 1 Spectroscopic parameters of 4 in water, 1 : 1 (v/v) water/
methanol and methanol.a See Table S1 in the ESI for 1–3

Parameter H2O (fH2O = 1.0)
H2O/MeOH
(fH2O = 0.5)

MeOH (fH2O =

0.0)

labs, 10−4 M H+/nm 392 389 380
Log 310−4 M H+

b 3.49 4.03 4.05
labs, 10−11 M H+/nm 406 413 401
Log 310−11 M H+

b 3.38 3.94 3.97
lisos/nm 336, 409 321, 405 315, 394
lem, 10−4 M H+/nmc 540 536 520
Dl10−4 M H+/nmd 148 147 140
Dv10−4 M H+/cm−1e 67 568 68 027 71 429
FF, 10−4 M H+

f 0.066 0.050 0.036
FF, 10−11 M H+

f 0.002 0.002 0.002
FEg 72 22 13
pKa

h 8.6 7.5 7.1
pK*

a
i 8.3 7.5 7.0

a 10−4 M. b 3 in L mol−1 cm−1. c lex = 400 nm. d Dl = lem − labs.
e Dv =

1/labs − 1/lem.
f Measured with reference to quinine hemisulfate in

0.1 M H2SO4.
g Proton-induced uorescence enhancement,

IF
10�4 M Hþ=IF10�11 M Hþ .

h Determined by eqn (2). i Determined by eqn (3).
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phenyl protons (H10–H12) at 6.9–7.4 ppm. The multiplets at 3.7–
4.5 ppm are due to the benzocrown (H13–H22) and those at 3.4–
3.5 ppm are due to the piperazine (H6–H9).

The uppermost 1H NMR spectrum of 4 in CD3OD (Fig. 5a)
was recorded in the presence of NaOD to ensure that the logic
gate was unprotonated. The ve naphthalimide protons appear
at 7.4 ppm and 7.8 ppm as a doublet and apparent triplet, and
as a superimposed cluster of three resonances at 8.5–8.7 ppm.
The three phenyl protons are resolved as three multiplets at 6.8–
7.2 ppm. On protonation of 4 to 4-D+ (Fig. 5b) in CD3OD, there is
a large DdH = 0.42 ppm for the resonances at 3.2 ppm, attrib-
uted to the piperazine protons (H6–H9). Likewise with 3
(Fig. S47†), a DdH = 0.34 ppm is observed on protonation. In
D2O, the DdH is less subtle at 0.20 ppm. Otherwise, the crown
ether protons (H13–H22) are negligibly shied, and there is only
35274 | RSC Adv., 2022, 12, 35270–35278
a slight upeld DdH for H10–H12, a slight downeld shi of the
naphthalimide protons H2 and H4, and no change for naph-
thalimide protons H1, H3 and H5. These results conrm
protonation occurs at the aliphatic piperazine nitrogen atom.

Addition of Ba2+ to 4 in CD3OD results in a downeld shi of
0.17–0.28 ppm for the crown ether protons H13–H22 and
broadening with loss of ne structure for the phenyl protons
H10–H12 (Fig. 5c). The crown ether proton signals are distorted,
while the piperazine and naphthalimide proton signals are
negligibly affected. Hence, the data indicates that binding of
Ba2+ is restricted to the benzo-18-crown-6 ether. Addition of
both D+ and Ba2+ results in downeld shis for all protons with
the exception of naphthalimide protons H1, H3 and H5, which
become better resolved (Fig. 5d). The lack of any signicant
chemical shi for H1, H3 and H5 suggests the carbonyl oxygen
atoms do not assist with metal ion binding in the ground state.

A similar 1H NMR analysis of 4 was performed in D2O
(Fig. S43†). The same three regions are clearly visible, although
the aromatic region is more complex (Fig. S43a†). On addition
of DCl, the resulting spectrum of 4-D+ is simplied and parallels
the observations in CD3OD (Fig. S43b†). The piperazine reso-
nances for protons H6–H9 shi downeld DdH = 0.20 ppm and
the crown ether protons H13–H22 shi upeld by DdH 0.28 ppm.
In contrast, addition of Ba2+ results in a downeld shi of the
crown ether protons by 0.1–0.2 ppm (Fig. S43c†). This result
clearly demonstrates that 4 is perturbed by Ba2+ exclusively
about the benzocrown in basic conditions. In the presence of
both D+ and Ba2+ (Fig. S43d†) the piperazine protons are
downeld by DdH = 0.4 ppm, the crown ether protons are better
resolved, and the benzocrown protons move upeld 0.20 ppm.

A 1H NMR titration in D2O was performed on 4 as a function
of increasing aliquots of Ba2+ (Fig. S44†). All eight of the
aromatic proton signals shi downeld by up to DdH = 0.3 ppm
on addition of 10 equivalents of Ba2+. The apparent triple at
7.0 ppm, assigned to overlapping H2 and H11, is resolved into
two doublets on addition of 50 equivalents of Ba2+. Similarly, 1H
NMR titration on 3 as a function of increasing aliquots of Na+
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S46†) also shows a general downeld shi trend, which is
most prominent at 100 equivalents (1200 mM). The piperazine
protons H6–9 and the benzocrown protons H13–22 in conjunction
with the phenyl protons H10–12 are electronically decoupled via
the spacer units within the receptor1–spacer1–uorophore–
spacer2–receptor2 design and thus do not contribute to syner-
gistic 1H NMR chemical shis.
Conclusions

A set of four 4-piperazino-N-aryl-1,8-naphthalimide molecular
logic gates incorporating virtual C0-type and ethylene (C2-type)
spacers, and benzocrown ether and piperazine moieties, were
synthesised. Metal ion and proton binding constants were
evaluated. We highlight that the benzo-18-crown-6 ether
attached to the naphthalimide can capture Ba2+. Furthermore,
the crown-containing molecules were demonstrated as solvent-
polarity uorescent logic gates, specically as two-input H+,
Na+-driven or H+, Ba2+-driven TRANSFER gates in water, and
two-input H+, Na+-driven and H+, Ba2+-driven AND gates in
methanol, for the respective crown ethers. An interesting
nding is that the on state of the benzo-15-crown-5 gate is
brightest in methanol, while the benzo-18-crown-6 gate is
brightest in 1 : 4 (v/v) water/methanol.

1H NMR titration experiments were performed in D2O and
CD3OD in order to examine the four logic (ground) states for the
benzo-18-crown-6 logic gate. For the benzo-15-crown-5 logic
gate, quality NMR spectra could only be obtain for the two states
in acidic media due to limited solubility of the neutral
compound at millimolar concentrations. These experiments
nicely conrmed that the spacer units electronically decouple
the uorophore from the two receptors within the receptor1–
spacer1–uorophore–spacer2–receptor2 design. The NMR
experiments also provide strong evidence for metal ion binding
within the benzocrown cavity. However, there was no conclusive
evidence for ground state interactions between a carbonyl of the
naphthalimide and the metal ion within the benzocrown cavity.
Therefore, the carbonyl oxygen atoms within the excited ICT
uorophore must be more basic in the excited state than in the
ground state to account for the stronger metal ion binding
interactions.26

These results should provide insight into the development of
solvent-polarity recongurable uorescent logic gates for
probing the microenvironments at cellular membranes and
protein interfaces.10
Experimental

A list of chemicals and instrumentation are provided in the
ESI.† The syntheses of 1–4 are shown in Scheme 1.
General method for synthesis of 4-piperazino-N-aryl-1,8-
naphthalimides

The 4-chloro-N-aryl-1,8-naphthalimide and excess piperazine
(10–15 equivalents) were dissolved in 10 mL of DMF. The
contents within the 50 mL round-bottom ask were heated and
© 2022 The Author(s). Published by the Royal Society of Chemistry
stirred at 130 °C until completion. The DMF was removed under
vacuum by rotatory evaporator as an azeotropic mixture with
heptane. The products were isolated by precipitation from
a suitable solvent.

4-Piperazino-N-phenyl-1,8-naphthalimide (1)

4-Chloro-N-phenyl-1,8-naphthalimide (1.00 g, 3.25 mmol) and
piperazine (3.46 g, 40.0 mmol) were reacted (general method).
Addition of distilled cold water to the mixture gave an orange
precipitate. The solid was collected by ltration and washed
with cold distilled water and dried (1.07 g, 92% yield). Rf (9 : 1 (v/
v) CH2Cl2/MeOH)= 0.88; m.p. 230 °C (dec.); 1H-NMR (500 MHz,
CDCl3, ppm): d 8.68 (dd, 1H, J= 7.3 Hz, 1.0 Hz, Naph-H), 8.60 (d,
1H, J = 8.0 Hz, Naph-H), 8.51 (dd, 1H, J = 8.5 Hz, 1.0 Hz, Naph-
H), 7.81 (dd, 1H, J= 8.5 Hz, 7.3 Hz, Naph-H), 7.57 (m, 2H, Ph-H),
7.50 (m, 1H, Ph-H), 7.34 (m, 2H, Ph-H), 7.30 (d, 1H, J = 8.0 Hz,
Naph-H), 3.93 (br, s, 2H, Pip-H), 3.76 (m, 2H, Pip-H), 3.33 (m,
2H, Pip-H), 3.28 (m, 2H, Pip-H); 13C-NMR (125 MHz, CDCl3,
ppm): d 40.21 (CH2), 45.77 (CH2), 52.72 (CH2), 53.53 (CH2),
115.73 (CH), 117.95 (C), 123.60 (C), 126.35 (C), 126.50 (CH),
128.70 (2CH), 129.36 (2CH), 129.97 (CH), 130.24 (C), 131.72
(CH), 132.75 (CH), 135.49 (C), 155.27 (C), 164.00 (CO), 164.48
(CO); IR nmax (NaCl, cm

−1): 3064, 2906, 2831, 1699, 1653, 1560,
1507, 1369, 1232, 1004, 787, 740; HRMS (ES-TOF, m/z): calcu-
lated C22H20N3O2 358.1556, found 358.1550.

4-Piperazino-N-(3,4-dimethoxyphenyl)-1,8-naphthalimide (2)

4-Chloro-N-(3,4-dimethoxyphenyl)-1,8-naphthalimide (500 mg,
1.36 mmol) and piperazine (1.53 g, 17.8 mmol) were reacted
(general method). The orange solid was collected by ltration,
washed with cold distilled water and dried (440 mg, 77% yield).
Rf (9 : 1 (v/v) CH2Cl2/MeOH) = 0.90; m.p. 190 °C (dec.); 1H-NMR
(500 MHz, CDCl3, ppm): d 8.67 (dd, 1H, J= 7.2 Hz, 0.8 Hz, Naph-
H), 8.58 (d, 1H, J = 8.0 Hz, Naph-H), 8.48 (dd, 1H, J = 8.5 Hz,
0.8 Hz, Naph-H), 7.79 (dd, 1H, J = 8.4 Hz, 7.4 Hz, Naph-H), 7.27
(d, 1H, J = 8.2 Hz, Naph-H), 7.02 (d, 1H, J = 8.5 Hz, Ph-H), 6.87
(dd, 1H, J = 8.4 Hz, 2.3 Hz, Ph-H), 6.80 (d, 1H, J = 2.3 Hz, Ph-H),
3.94 (s, 3H, –OCH3), 3.91 (br, s, 2H, Pip-H), 3.88 (s, 3H, –OCH3),
3.74 (m, 2H, Pip-H), 3.28 (m, 4H, Pip-H); 13C-NMR (125 MHz,
CDCl3, ppm): d 40.21 (CH2), 45.77 (CH2), 52.73 (CH2), 53.52
(CH2), 55.94 (–OCH3), 56.05 (–OCH3), 111.42 (CH), 111.78 (CH),
115.72 (CH), 117.95 (C), 120.76 (CH), 123.61 (C), 126.35 (CH),
128.16 (C), 129.98 (CH), 130.20 (C), 131.75 (CH), 132.78 (CH),
149.17 (C), 149.61 (C), 155.26 (C), 164.23 (CO), 164.71 (CO); IR
nmax (NaCl, cm−1): 3008, 2929, 2835, 1705, 1662, 1585, 1512,
1436, 1369, 1238, 1002, 754; HRMS (ES-TOF, m/z): calculated
C24H24N3O4 418.1767, found 418.1752.

4-Piperazino-N-(benzo-15-crown-5)-1,8-naphthalimide (3)

4-Chloro-N-(benzo-15-crown-5)-1,8-naphthalimide (500 mg,
1.00 mmol) and piperazine (1.17 g, 13.5 mmol) were reacted
(general method). The mixture was extracted using dichloro-
methane and water/triethylamine. The organic layer was
collected and reduced under vacuum by rotary evaporator.
Addition of cold acetone gave an orange precipitate. The solid
was collected by ltration and washed with cold acetone and
RSC Adv., 2022, 12, 35270–35278 | 35275
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diethyl ether and dried (520 mg, 94% yield). Rf (9 : 1 (v/v)
CH2Cl2/MeOH) = 0.60; m.p. 246 °C (dec.); 1H-NMR (500 MHz,
CDCl3, ppm): d 8.66 (dd, 1H, J= 7.3 Hz, 1.1 Hz, Naph-H), 8.57 (d,
1H, J = 8.0 Hz, Naph-H), 8.47 (dd, 1H, J = 8.5 Hz, 1.1 Hz, Naph-
H), 7.78 (dd, 1H, J = 8.4 Hz, 7.3 Hz, Naph-H), 7.27 (d, 1H, Naph-
H overlapped by CHCl3 residual speak), 7.00 (d, 1H, J = 8.5 Hz,
Ph-H), 6.85 (dd, 1H, J = 8.5 Hz, 2.4 Hz, Ph-H), 6.80 (d, 1H, J =
2.4 Hz, Ph-H), 4.21 (m, 2H, Crown-H), 4.14 (m, 2H, Crown-H),
3.94 (m, 2H, Crown-H), 3.92 (br, s, 2H, Pip-H), 3.89 (m, 2H,
Crown-H), 3.72–3.80 (m, 10H, Crown-H), 3.30 (m, 2H, Pip-H),
3.25 (m, 2H, Pip-H); 13C-NMR (125 MHz, CDCl3, ppm): d 40.22
(Pip-CH2), 45.76 (Pip-CH2), 52.72 (Pip-CH2), 53.53 (Pip-CH2),
69.22 (Crown-CH2), 69.36 (Crown-CH2), 69.59 (Crown-CH2),
69.68 (Crown-CH2), 70.68 (Crown-CH2), 70.70 (Crown-CH2),
71.23 (Crown-CH2), 71.27 (Crown-CH2), 114.19 (CH), 114.59
(CH), 115.72 (CH), 118.05 (C), 121.34 (CH), 123.67 (C), 126.32
(CH), 126.50 (C), 128.56 (C), 129.88 (CH), 130.20 (C), 131.69
(CH), 132.71 (CH), 149.33 (C), 149.71 (C), 155.19 (C), 164.09
(CO), 164.57 (CO); IR nmax (NaCl, cm

−1): 3064, 2920, 2864, 1683,
1654, 1506, 1456, 1375, 1238, 1122, 1002, 771; HRMS (ES-TOF,
m/z): calculated C30H34N3O7 548.2397, found 548.2379.
4-Piperazino-N-(benzo-18-crown-6)-1,8-naphthalimide (4)

4-Chloro-N-(benzo-18-crown-6)-1,8-naphthalimide (203 mg,
3.70 mmol) and piperazine (408 mg, 4.86 mmol) were reacted
(general method). Acetonitrile and diethyl ether were added to
the solution mixture resulting in an orange precipitate. The
solid was collected by ltration, and washed with cold diethyl
ether and dried (175 mg, 81% yield). Rf (9 : 1 (v/v) CH2Cl2/
MeOH) = 0.50; m.p. 240 °C (dec.); 1H-NMR (500 MHz, CDCl3,
ppm): d 8.61 (d, 1H, J = 7.2 Hz, Naph-H), 8.55 (d, 1H, J =

8.1 Hz, Naph-H), 8.47 (d, 1H, J = 8.5 Hz, Naph-H), 7.72 (t, 1H, J
= 7.9 Hz, Naph-H), 7.24 (d, 1H, J = 8.1 Hz, Naph-H), 7.00 (d,
1H, J = 8.4 Hz, Ph-H), 6.85 (dd, 1H, J = 8.4 Hz, 2.1 Hz, Ph-H),
6.81 (d, 1H, J = 2.1 Hz, Ph-H), 4.22 (m, 2H, Crown-H), 4.16 (m,
2H, Crown-H), 3.95 (m, 2H, Crown-H), 3.90 (m, 2H, Crown-H),
3.71–3.79 (m, 12H, Crown-H), 3.27 (m, 4H, Pip-H), 3.22 (m, 4H,
Pip-H), 2.95 (s, 2H, Pip-NH); 13C-NMR (125 MHz, CDCl3, ppm):
d 46.26 (2× Pip-CH2), 54.40 (2× Pip-CH2), 69.02 (Crown-CH2),
69.18 (Crown-CH2), 69.48 (Crown-CH2), 69.57 (Crown-CH2),
70.68 (Crown-CH2), 70.72 (Crown-CH2), 70.84 (2× Crown-
CH2), 70.90 (Crown-CH2), 70.92 (Crown-CH2), 113.87 (CH),
114.24 (CH), 115.02 (CH), 116.75 (C), 121.24 (CH), 123.44 (C),
125.70 (CH), 126.32 (C), 128.66 (C), 130.31 (C), 130.65 (CH),
131.51 (CH), 133.00 (CH), 148.93 (C), 149.71 (C), 156.65 (C),
164.31 (CO), 164.81 (CO); IR nmax (NaCl, cm−1): 3064, 2914,
1695, 1652, 1585, 1506, 1456, 1375, 1247, 1122, 945, 756;
HRMS (ES-TOF, m/z): calculated C32H38N3O8 592.2653, found
592.2657.
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