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A novel structurally simple and easily prepared pH probe based on a
twisted intramolecular charge transfer signalling mechanism, namely
Napa-pp, has been designed and synthesized. In aqueous buﬀer
solution, it has a valuable pKa of 5.32 that matches the typical pH range
of acidic organelles, hence it is applicable for visualizing lysosomes in
living cells.

Intracellular pH (pHi) environments (for typical mammalian
cells: 4.5–8.0) play a central modulating role in biosystems,1
since minor variations in pHi may lead to markedly changed
cellular behaviors in proliferation, apoptosis, enzymatic activity
and ion transport.2 Accordingly, some illnesses like cancer,
stroke and Alzheimer's disease are found to be accompanied
with pHi changes.3 Hence the development of simple and
convenient approaches for detecting pHi are of great importance in both cellular analysis and diagnosis.
In comparison with those instrumental analysis methods
like H+-permeable micro-electrode, 31P NMR spectroscopy and
optical microscopy for detecting pHi and/or pHi changes,4
uorescent pHi chemosensors are more attractive due to their
high sensitivity, high specicity, noninvasiveness, and high
signal/noise ratio.5 Furthermore, if the pKa values of these
probes fall in the range of 4.5–8.0 that matches the typical pH
environments of biosystems,6 with the aid of the uorescence
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microscopic imaging technique, spatial and temporal observation of pHi changes could be realized.7
Based on enormous research eﬀorts, many high performance pH probes have been successfully demonstrated.8 Yet as
far as molecular design strategies are concerned, most of these
probes fall into the following three photoluminescence (PL)
signalling mechanisms, namely photo-induced electron transfer (PET),9 intramolecular charge transfer (ICT),10 and Förster
resonance energy transfer (FRET).11 On the contrary, twisted
intramolecular charge transfer (TICT),12 another well-known
mechanism for constructing optical probes,13 has been less
utilized with regard to pH uorescence chemosensors.14 Moreover, most of the TICT-based pH probes show relatively low pKa
values of 2.00–4.00,14a–f which limit their intracellular applications; while those with valuable pKas either display UV rather
than visible PL emission,14g or low sensitivity to pH changes.14h,i
Consequently, it is still a challenge to construct high performance pHi uorescent probe based on TICT-mechanism, while
the diﬃculty may lie in the absence of appropriate TICT uorophores, since two crucial factors should be simultaneously
controlled in these luminogens, i.e., the degree of the charge
transfer and the change of molecular geometry.15
Recently, we have found that if electron-rich carbazolyl
groups are introduced into the phenyl (Ph) moiety, the resulting
4-phenyloxy-1,8-naphthalimide derivative (CzPhONI) will
display strong TICT character.16 As naphthalimides generally
possess high absorption coeﬃcient and good photostability,
based on this skeleton, high performance TICT pH sensors
might be constructed. In this paper, we report on a quite
promising uorescent pHi probe, namely N-(2-(dimethylamino)ethyl)-4-(4-piperidinylphenyloxy)-1,8-naphthalimide (Napa-pp,
structure shown in Fig. 1), in which a strong electrondonating and proton-acceptable 1-piperidinyl substituent is
introduced into the Ph moiety of 4-phenyloxy-1,8naphthalimide skeleton to endow the molecule with TICT
character, while a (2-dimethylamino)ethyl group is connected to
the nitrogen atom of the imide group to improve the water
solubility of the probe.9a The resulted compound Napa-pp
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Table 1 Photophysical data of the four napthtalimide derivatives in
CHCl3 solution (1.0 mM)a
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Fig. 1

The four compounds investigated in this article.

shows a valuable pKa of 5.32 that matches the typical pHi range
of acidic organelles, and its uorescence could be “lit up” at pH
< 7. Hence Napa-pp could be applied to visualizing the acidic
organelles of living cells.
To elucidate the TICT uorescence signalling mechanism of
Napa-pp, three reference compounds, namely Nap-p, Napa-p
and Nap-pp have also been synthesized (structure shown in
Fig. 1). In similar solvents, the four compounds show analogous
absorption spectra (Fig. 2a), implying that the electronic
coupling between naphthalimide (Nap) and Ph units is negligible in their ground states.17 This deduction is further
conrmed by X-ray crystallography characterization results of
Nap-p16 and Napa-pp, since the Ph and Nap moieties are
mutually twisted with large dihedrals of 76.2 and 72.4 ,
respectively (Fig. S1†).
Upon photo-excitation, all these four compounds show
analogous PL emission spectra in similar solvents (Fig. 2b).
However, as illustrated in Table 1 and S2,† the four compounds
display drastically diﬀerent PL quantum yields (QYs). In accordance with the literature report,18 Nap-p exhibits high PLQYs
(>0.8) in less polar solvents like toluene (Tol) and CH2Cl2, but
much dropped uorescent eﬃciencies in more polar solvents
like MeCN (0.33) and DMSO (0.09). This might be ascribed to
either the more advantageous PET process due to the lowered
oxidation potential of the Ph donor moiety in more polar
solvent,19 or the favorable TICT process due to the more stabilized TICT excited state in more polar solvent.12 In similar
solvents, the PLQYs of Napa-p are found to be much lower than
those of Nap-p, indicating that there exists PET process from
–N(Me)2 to Nap units in this compound. However, both Nap-pp
and Napa-pp are nearly non-emissive in most solvents, regardless of the solvent polarity (PLQYs < 0.01, vide Table S2†). In
fact, in Tol, the PLQYs of Nap-pp (0.004) and Napa-pp (0.001) are
even lower than that of CzPhONI (0.012), the TICT uorophore
we have reported recently.16 Taking into account that the

Fig. 2 (a) Absorption; and (b) PL emission spectra (lex ¼ 365 nm) of the
four compounds in 10.0 mM CHCl3 solution.
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Compound

labs
(nm)

lem
(nm)

s1 (ns)/A1

s2 (ns)/A2

s3 (ns)/A3

PLQY

Nap-p
Napa-p
Nap-pp
Napa-pp

361
364
367
368

426
438
418
423

5.80/1.00
5.53/1.00
0.16/0.14
0.41/0.17

—
—
1.60/0.30
1.41/0.27

—
—
6.04/0.56
5.74/0.56

0.810
0.486
0.003
0.003

a
An: content of components with diﬀerent lifetimes; PLQYs:
determined using quinoline sulfate as reference.

electron-donating capability of 1-piperidinyl should be stronger
than that of carbazolyl group,20 the lower PLQYs of Nap-pp and
Napa-pp relative to CzPhONI may arise from their stronger TICT
character due to the forbidden transition feature of TICT
states.12 Additionally, the more stabilized TICT states of Nap-pp
and Napa-pp should also result in smaller energy gaps that
favoring the nonradiative internal conversion process,21 hence
neither dual uorescence nor positive solvatochromism was
observed in these two compounds.
Nonetheless, as the low PLQYs of Nap-pp and Napa-pp may
also arise from PET process, to clarify the mechanism, transient
PL measurements were performed on these four compounds. As
shown in Table 1 and Fig. S2,† unlike Nap-p and Napa-p
showing single exponential decays with lifetimes of 5.5–5.8
ns, the uorescence decays of both Nap-pp and Napa-pp could
only be well-tted by triexponential functions. Additionally,
although both Nap-pp and Napa-pp display rather low PLQYs,
their long-lived excited state species are quite high in content
[Nap-pp: 6.04 ns (56%); Napa-pp: 5.74 ns (56%)]. Consequently,
for Nap-pp and Napa-pp, their excited state components with
longer decay lifetimes of 6.04 ns and 5.74 ns could be assigned
to the TICT states, validating the TICT mechanism in both Nappp and Napa-pp.22
To gain deeper insights into the PL signalling mechanism of
Napa-pp, its optimized geometries and electronic structures in
ground state (S0) and the rst excited state (S1) in CH2Cl2 were
calculated with density functional theory (DFT) and timedependent DFT (TD-DFT) at B3LYP/6-31G (d) level. In accordance with its X-ray crystal structure, the Ph and Nap units of
Napa-pp are calculated to be nearly orthogonally twisted in S0
state, and the p orbital of the oxygen atom conjugates more

Fig. 3 Optimized geometries and frontier molecular orbitals of Napapp in (a) the ground state (S0); and (b) the ﬁrst excited state (S1).
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eﬀectively with Nap rather than Ph moiety (Fig. 3a). The HOMO
and HOMO1 are localized on the piperidinylphenyl and
(dimethylamino)ethyl units, respectively (Fig. S3†), while the
LUMO and HOMO2 are distributed mainly on the Nap moiety.
As the electronic transition from S0 to S3 states (with composition of HOMO2 / LUMO, vide Table S3†) owns the largest
oscillator strength, upon photo-excitation, the presence of the
two energetically higher HOMO and HOMO1 orbitals could
trigger both PET process from (dimethylamino)ethyl to Nap
units and ICT process from piperidinylphenyl to Nap units,
leading to uorescence quenching. Moreover, in the latter case,
the HOMO and LUMO of Napa-pp in S1 state are localized on the
piperidinylphenyl and Nap units respectively (Fig. 3b); and the
optimized geometry of the S1 state of Napa-pp diﬀers signicantly from that of the S0 state, since the twist angle between the
Ph unit and the oxygen-linkage plane (4 ¼ C(17)-O(3)-C(7)-C(8))
is 95.07 in S1 state, but 6.48 in S0 state (vide Fig. 3b and Table
S5†). Therefore, the conjugation system in Napa-pp would be
changed from O–Nap (oxygen conjugates with Nap) in S0 state to
O–Ph (oxygen conjugates with Ph) in S1 state due to the twisting
motion around the two C–O bonds, rationalizing the TICT
mechanism.
On the other hand, for the protonated compound [Napa-pp +
2H+], its HOMO and LUMO are calculated to be distributed
dominantly on the Nap moiety in both S0 and S1 states (Table S4
and Fig. S4†), suggesting that the protonation on Napa-pp will
prohibit both the PET and TICT processes, leading to uorescence “light-up”. Consistent with these calculation results, 1H
NMR measurements indicate that the addition of hydrochloric
acid into the DMSO-d6 solution of Napa-pp would trigger
distinct downeld-shied proton signals of both piperidinyl
and (dimethylamino)ethyl groups (Fig. S5†), verifying that the
protonation would occur on the nitrogen atoms of both piperidinyl and –N(Me)2 groups.
The pH titration results of all these four compounds in
DMSO–PBS system (1 : 250, v/v) are illustrated in Fig. 4. Nap-p
displays negligible PL response toward protons in pH range of
1.5–7.0 (Fig. 4a) due to the lack of suitable proton-binding site.
Napa-p also shows rather limited PL enhancement upon acidication from pH ¼ 7.0 to 1.5 (Fig. 4b). In fact, even upon
addition of excessive hydrochloric acid (0.2 M), the dilute DMSO
solution of Napa-p displays negligible changes on PL intensity
(Fig. S6†), indicating that the inhibition of PET eﬀect in Napa-p
could not trigger a distinct uorescence “turn-on” response in
polar solvents. In sharp contrast to Nap-p and Napa-p, both
Nap-pp and Napa-pp show obvious PL “switch-on” upon acidication (Fig. 4c and e), implying that it should be the inhibition
of TICT processes due to the protonation on piperidinyl groups
that results in the uorescence response of Nap-pp and Napa-pp
toward protons. However, the PL emission of Nap-pp was found
to be “lit up” in acidic environments with pH < 3.5, and the PL
intensity is enhanced for 39 times when the pH value decreases
to 1.4 (Fig. 4d); while the uorescence of Napa-pp could be
“switched on” even in neutral environment with pH ¼ 7.0, and
over 40-fold increased PL intensity could be acquired when pH
environment varies from 7.0 to 1.6. According to the pH titration results (Fig. 4d and f), in DMSO–PBS buﬀer system (1 : 250,
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Fluorescence emission spectra in buﬀer solutions with diﬀerent
pH values, and the PL emission ratio changes at 450 nm (F/F0, lex ¼
365 nm) as a function of pH values in DMSO–H2O (1 : 250, v/v) buﬀer
solution. (a): Nap-p (4.5 mM); (b): Napa-p (5.3 mM); (c) and (d): Nap-pp
(5.3 mM, F0 is the PL intensity at pH ¼ 3.5); (e) and (f): Napa-pp (4.5 mM,
F0 is the PL intensity at pH ¼ 7.0).
Fig. 4

v/v), the pKa values of Nap-pp and Napa-pp are calculated to be
2.01 and 5.32 (Fig. S7†), respectively. Taking into account that
the only diﬀerence between Nap-pp and Napa-pp lies in the
absence or presence of a PET-charactered (2-dimethylamino)
ethyl group, whereas this subunit has no strong electrical relationship with the piperidinylphenyl subunit through either pconjugation or donor–acceptor interactions, we conjectured
that their dissimilar pKa values might arise from their diﬀerent
solubility in DMSO–H2O (1 : 250, v/v) buﬀer solutions. This
hypothesis has been validated through light scattering experiments, since although both Nap-pp and Napa-pp DMSO–PBS
buﬀer solutions (pH ¼ 7.0) are quite transparent, a Tyndall
eﬀect could be observed for Nap-pp sample (vide Fig. S8†),
conrming its suspension system nature. When pH titration
experiments have been conducted in buﬀer systems with higher
DMSO content (DMSO–H2O ¼ 1 : 1, v/v), the PL emission of
Nap-pp was found to be “lit up” in environments with pH < 5.1,
which is less acidic compared to that in buﬀer system with
lower DMSO composition (DMSO–H2O ¼ 1 : 250) (pH < 3.5),
while the uorescence of Napa-pp could be “switched on” in
environments with pH < 6.1 (Fig. S9†). Consequently, the much
lower pKa value of Nap-pp relative to Napa-pp in nearly aqueous
buﬀer solutions should stem from the lower water solubility of
Nap-pp due to the absence of (2-dimenthylamino)ethyl
substituent.
Because in nearly aqueous buﬀer system, Napa-pp shows a
valuable pKa value of 5.32, while the lysosomes of HeLa cell
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Fig. 5 Confocal ﬂuorescence images of living HeLa cells incubated
with diﬀerent dyes for 0.5 h. (a) The bright ﬁeld images of HeLa cells;
(b) Napa-pp (4 mM); (c) Lyso Tracker (100 nM); (d) the merge image of
(b) and (c); (e) Napa-pp (4 mM) for 0.5 h, followed by chloroquine
treatment for 0.5 h. The scale bar within the images is 25 mm.

display acidic environments with pH ¼ 5.0–6.0,23 which should
be suﬃcient to activate the PL emission of Napa-pp. Furthermore, Napa-pp shows low cytotoxicity (Fig. S10†), good photostability (Fig. S11†), reversible “on-oﬀ” uorescence response
toward pH changes (Fig. S12†), and satisfactory selectivity
toward proton (Fig. S13†), thereupon Napa-pp may be a promising candidate in intracellular applications. Consequently,
confocal uorescence microscopic imaging experiment has
been carried on living HeLa cells using Napa-pp as uorescent
dye. As expected, punctuated blue uorescence is discernable in
the cytoplasm of Napa-pp-incubated samples (Fig. 5b), and
further intracellular localization experiments reveal that Napapp could accumulate in lysosomes of HeLa cells (Fig. 5c and
d). However, aer being treated by chloroquine for 30 min, the
uorescence of Napa-pp in HeLa cells was observed to be
quenched drastically (Fig. 5e). Therefore, the uorescence
“switch-on” of Napa-pp should arise from the protonation on
Napa-pp in acidic lysosomes of HeLa cells. All these results
indicate that Napa-pp shows good cell permeability, and could
be used to visualize acidic organelles in living cells.

Conclusions
In conclusion, we have developed Napa-pp as a structurally
simple and easily prepared TICT-mechanism based pH probe. It
shows a valuable pKa of 5.32, which is ideal for investigating the
role that H+ ions play in biological systems. In addition, Napapp exhibits good photostability, reversible “on-oﬀ” uorescent
response toward pH changes, satisfactory selectivity toward
proton, good cell permeability, low cytotoxicity, and could
localize in lysosomes of HeLa cells. Hence Napa-pp is an
excellent candidate for visualizing acidic organelles in living
cells. Moreover, our results may also shed light on the molecular design strategy for pHi probes based on TICT mechanism.
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