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AVibration-InducedEmission-BasedRatiometric Sensor for
DetectionofAnions inAqueousSolution
Stephen M. Butler,[a] Nikki A. Tzioumis,[a] and Katrina A. Jolliffe*[a]

Sensors that respond to anions via vibration-induced emission
(VIE) have recently emerged as effective tools for discrimination
between closely related carboxylate species in non-competitive,
organic solvents. However, the utility of this sensing mechanism
has not yet been demonstrated for anions in aqueous media.
Here, we prepared two sensors, monoZnDPA-DPAC and ZnDPA-

DPAC, with either one or two anion-binding motifs. These
systems are capable of binding to anions in water. Dual emis-
sion via VIE is maintained in solvent mixtures of up to 70% water.
ZnDPA-DPAC provides a unique, ratiometric response to citrate
and phosphate, which was used for the accurate quantification
of aqueous solutions of these anions.

1. Introduction

The N,N’-diphenyl-dihydrodibenzo[a,c]phenazine (DPAC) motif
is a highly versatile fluorophore that displays unique emis-
sion properties.[1] Compounds based on this scaffold exhibit
dual emission bands due to vibration-induced emission (VIE)
(Figure 1).[2] In the ground state, the DPAC unit sits in a bent con-
formation, due to steric hindrance between the phenyl “arms”
and phenanthrene motif. However, in the excited state, rota-
tion of the “arms” and subsequent planarization of the DPAC
core typically occurs. This conformational change leads to a
second, lower energy emission band. Consequently, the DPAC
fluorophore is highly sensitive to temperature and freedom of
movement, and DPAC-based sensors have found use in various
applications, including as molecular thermometers,[3] viscosity
sensors,[4] polymer and gelation sensors,[5] sensors for cell mem-
branes and cell wall properties,[6] and as supramolecular sensors
for various analytes.[7]

Seminal work by Tian and co-workers demonstrated that
through the use of a covalent tether to interrupt the excited-
state planarization of functionalized DPAC derivatives, the emis-
sion maxima of these molecules can be precisely tuned across a
range from 400 to 613 nm.[8] The groups of Stang and Chou,[9]

and of Sessler and Tian,[7c] expanded on this work by demon-
strating that non-covalent interactions may be used to tune
the emission of DPAC derivatives in dichloromethane and in
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acetonitrile respectively. In both these cases, supramolecular
assembly of macrocycles comprised of dicarboxylates with a
DPAC-based recognition unit led to a broad range of emission
wavelengths. These systems displayed impressive discrimination
between highly similar dicarboxylate species based on their
length: a challenging feat. However, sensing and identification of
dicarboxylate species in aqueous media remains a challenge.[10]

The platinum(II) phosphine/carboxylate complexes employed by
Stang and Chou are likely too unstable to operate in aqueous
media, and Sessler and Tian’s calixarenes do not display suffi-
ciently high binding affinities with carboxylates to be effective
in this medium. A recently reported DPAC-based ratiometric sen-
sor for sugars was shown to operate in mixtures of up to 20%
water/methanol.[7a] However, the sensitivity for sugar detection
was low. Tian and co-workers have also reported the use of a
DPAC-based ratiometric sensor for mercury ions that operates in
70% water mixtures.[7b] In this case, the reported mechanism is
due to the formation of nano-aggregates. As far as we are aware,
there are no reported VIE-based sensors for anions that operate
in aqueous media.

Zinc(II) complexes of dipicolylamine (DPA) ligands are
highly stable in aqueous solution and have been widely
applied as high-affinity recognition units for carboxylates and
phosphates.[11] ZnDPA groups are also highly amenable for use
in fluorescent sensors, as the d10 metal center does not typically
interfere with the excited state of fluorophores. In this work, we
set out to incorporate ZnDPA complexes into the DPAC scaffold,
to assess the suitability of VIE for dual-color sensing of anions in
highly competitive aqueous media.

2. Results and Discussion

2.1. Sensor Design and Synthesis

We designed two ZnDPA-based DPAC sensors, incorporating
either one or two ZnDPA units: monoZnDPA-DPAC and ZnDPA-
DPAC. DFT modeling of ZnDPA-DPAC indicated that C4–C8
dicarboxylates can bridge between the two ZnDPA groups
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Figure 1. The DPAC motif undergoes vibration-induced emission (VIE).
Excited state planarization leads to a lower energy excited state from
which a second, longer wavelength emission can originate.

of ZnDPA-DPAC, forming a supramolecular macrocycle that
restricts the movement of the DPAC “arms” (Figures S3–S6),
and their ability to planarize in the excited state. monoZnDPA-
DPAC was prepared as a control compound to distinguish
anion recognition via restricted planarization from other possible
fluorescence mechanisms.

In our hands, the previously published synthetic routes to
access the DPAC core gave inconsistent results, and the sepa-
ration of multiple, low-polarity products proved challenging. In
these methods, the “top” aryl ring is introduced by a Ullmann[12]

or Buchwald–Hartwig[13] cross-coupling, followed by C─H amina-
tion to form the sterically challenged final ring. The final C─H
amination is performed under high temperatures and cyclization
occurs at whichever of the N-aryl substituents is most acti-
vated. Consequently, we developed a double-Buchwald–Hartwig
approach to install the final DPAC ring system in a single step
(Scheme 1). Unlike the C─H amination approaches applied in
previous syntheses, this approach also has the advantage of
providing precise control over the site of cyclization.

Vilsmeier–Haack formylation of the DPAC core and sub-
sequent reductive amination with dipicolylamine, followed by
complexation with Zn(NO3)2 afforded the final sensors. Zinc com-
plexation was confirmed by the emergence of diastereotopic
character of the DPA methylene proton resonances.

2.2. Spectral Changes in Response to Solvent

Both ZnDPA-DPAC and monoZnDPA-DPAC displayed excitation
and emission spectra in DMSO solution that are consistent
with the VIE properties of previously reported DPAC sensors
(Figure S7).[14] The maximal excitation wavelength was 360 nm,
and two emission peaks were observed at λmax = 440 and
613 nm, respectively (Figure 2). Both compounds displayed multi-
color solvatochromism, with emissive properties that are highly
dependent on the solvent composition. Both emission bands
of monoZnDPA-DPAC were quenched with increasing water

Scheme 1. Synthesis of ZnDPA-DPAC sensors. Formation of the DPAC core
was achieved through a double-Buchwald–Hartwig coupling.

fraction, then an emission band at 505 nm appeared above
70% water. The intensity of this signal increased dramatically
as the water fraction was further increased. For ZnDPA-DPAC,
the longer wavelength emission was quenched as the water
content of the solvent was increased, and beyond 70% water
content only the blue emission band at 440 nm was observed.
Slight enhancement of the long wavelength emission could
be achieved by increasing the temperature (Figure S8). This
observation is consistent with a VIE mechanism.

Time-course experiments also indicated that solvent com-
position had a significant impact on the photostability of
both ZnDPA-DPAC and mono-ZnDPA-DPAC. Oxidative degrada-
tion of DPAC derivatives in aqueous solution has been previ-
ously reported and leveraged as a strategy for controlled drug
release.[14] We also observed slow aerobic oxidation of DPAC to
form phenanthrenequinone when samples were stored under
air. Solutions of both ZnDPA-DPAC and mono-ZnDPA-DPAC in
DMSO maintained consistent fluorescence intensity following
continuous irradiation with 360 nm light for 1000 s (Figures
S9–S10). However, increasing the water content had a deleterious
effect on the photostability of both compounds. In both 1:1 and
1:9 mixtures of DMSO:H2O, mono-ZnDPA-DPAC was more pho-
tostable than ZnDPA-DPAC, suggesting that the ZnDPA group
has an impact on sensor stability. Intermittent irradiation of the
solutions of the sensors in 1:1 or 1:9 DMSO:H2O, consistent with
conditions used in the fluorescence experiments below, did not
significantly impact the fluorescence intensity of the sensors
(Figure S11).

2.3. Response of Sensors to Carboxylates

Initial screening with ZnDPA-DPAC was performed with 5 equiv-
alents of carboxylate anions as their tetrabutylammonium (TBA)
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Figure 2. Spectra of: A. monoZnDPA-DPAC and; B. ZnDPA-DPAC probes
(2 μM) in response to changing solvent composition. The percentage of
water in a DMSO/water solvent mixture is indicated in the legend. λex =
360 nm.

salts. A solvent mixture of 1:1 DMSO:H2O was used to ensure that
both emission peaks were present, and the sensors were suf-
ficiently photostable. The monocarboxylate anions acetate and
benzoate had little effect on the intensity of either emission
band (Figure 3). However, the addition of dicarboxylates, which
were predicted to bridge between both ZnDPA units, led to
quenching of the long wavelength emission band at 613 nm. The
intensity of the short wavelength, 440 nm band was largely unaf-
fected by the presence of carboxylate species, and there was
no clear trend linking carboxylate length and emission wave-
length or intensity. However, the tricarboxylate citrate elicited a
unique response, with enhancement of emission at 440 nm and
concomitant quenching of the band at 613 nm (Figure 3).

To confirm that the changes in emission observed are due
to the engagement of each anion with both ZnDPA units, rather
than by aggregation (c.f. Tian’s mercury sensor),[7b] screens were
also performed with the one-armed sensor, monoZnDPA-DPAC
(Figure S12). The addition of mono- and di-carboxylate anions
had minimal effect on either emission peak at up to 1000

Figure 3. Response of ZnDPA-DPAC (20 μM) in 1:1 DMSO:H2O in the
presence of 5 equivalents of carboxylate anions. All anions were added as
their tetrabutylammonium salts. λex = 360 nm.

Figure 4. Minimized ground-state structures of A. DPA-DPAC; B.
ZnDPA-DPAC with glutarate; C. ZnDPA-DPAC with citrate. Calculations in
vacuum, with B3LYP-6–31G*. The average angle between the “arms“ and
DPAC core is shown.

equivalents. The addition of up to 200 equivalents of citrate
also had no effect; however, at higher citrate concentrations, a
slight fluorescence enhancement of both peaks was observed.
This observation is consistent with the abstraction of the zinc
(II) cation from the DPA ligands at high citrate concentrations.
The addition of higher equivalents of mono- and di-carboxylate
anions had little effect on the emission profile of ZnDPA-DPAC
in both 1:1 and 1:9 DMSO:H2O (Figures S13, S14).

The unique response of ZnDPA-DPAC to the presence of cit-
rate may be rationalized by analysis of the modeled structures
of the sensor with the carboxylates tested. The ground state
sensor, in the absence of an anion, is predicted to sit in a con-
formation where each “arm” sits at an angle of 117° from the
plane of the DPAC core (Figure 4A). These calculations are consis-
tent with those previously obtained by Tian and co-workers (c.f.
118°).[8] Monocarboxylates and short dicarboxylates (C2, C3) are
predicted to interact with only one of the two ZnDPA units each,
rather than bridging across both, and so do not lead to a large
change in emission profile (Figure S2). Long dicarboxylates form
a flexible bridge across both binding groups and hence restrict
the planarization of the “arms” leading to suppression of the red
emission (Figures 4B, S3–S5). In contrast, citrate is predicted to
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Figure 5. A. Emission spectra of ZnDPA-DPAC (20 μM) in 1:1 DMSO:H2O on
the addition of aliquots of sodium citrate (λex = 360 nm); B. Calibration
curves generated from analysis of spectra at 455, 490, and 540 nm. Linear
regression of the data was used to generate the solid lines. Error bars
show the deviation across three replicates.

form a close interaction with both ZnDPA units, leading to a con-
traction of the angle of the “arms” to 107°, and enhancement of
the blue emission (Figures 4C, S6).

2.4. Quantification of Anions

Given the unique response of ZnDPA-DPAC to the presence
of citrate, we sought to further explore its potential as a
ratiometric citrate sensor. Citrate is a vital intermediate in cel-
lular metabolism,[15] has been proposed as a biomarker for
prostate cancer,[16] and low citrate levels in urine are indicated in
nephrolithiasis.[17] Although a range of citrate sensors have been
previously developed,[18] single-component ratiometric sensors
that allow quantification of citrate concentration are rare.[18e,k,l]

Titrations of ZnDPA-DPAC with citrate in 1:1 DMSO:H2O con-
firmed that citrate elicits a robust ratiometric response, with
changes in intensity to both the short and long wavelength
emissions (Figure 5A). An inflection point in the emission was
reached at ∼0.7 equiv. of citrate, indicative of 1:1 sensor:citrate
stoichiometry up until this point, followed by the formation of a
1:2 complex at higher equivalents of citrate. Plots of the ratio of
ZnDPA-DPAC emissions at either 455/540 or 490/540 nm could

be fitted to a linear calibration curve in the range of 0–0.7 eq
of citrate, with R2 > 0.98 (Figure 5B). To assess the robustness
of this response, we used ZnDPA-DPAC to quantify the amount
of citrate in unknown samples. Following appropriate dilution to
the linear range of the calibration, the concentration of aqueous
solutions of sodium citrate could be accurately determined with
high precision and accuracy (Table S1). The limit of detection
(LoD) for a 20 μM solution of ZnDPA-DPAC was 1.9 nM (Table S2).

To demonstrate the versatility of ZnDPA-DPAC, we also
applied this sensor to the quantification of aqueous samples of
dihydrogen phosphate. In a similar manner to the response to
citrate, ZnDPA-DPAC also provides a robust response to the pres-
ence of phosphate species in 1:1 DMSO:H2O (Figures S15, S16).
Upon addition of dihydrogen phosphate, a large enhancement
of the emission at ∼450 nm was observed, and a decrease in
intensity of the longer wavelength emission. An isosbestic point
was found at 540 nm, indicating 1:1 binding. Quantification of
unknown samples of sodium dihydrogen phosphate could be
performed with similar precision and accuracy to that obtained
for citrate (LoD = 2.1 nM, Tables S1, S2). Hence, ZnDPA-DPAC may
be applied for the detection and quantification of a range of
anions in aqueous solution.

3. Conclusion

We constructed two water-soluble DPAC-based sensors with
ZnDPA binding units: the first VIE-based anion sensors capa-
ble of operating in an aqueous solution. Although both sensors
form high-affinity interactions with a range of anions, dual emis-
sion is observed in solvent mixtures up to ∼70% water only,
and photostability is impaired in high water content mixtures. A
sensor with only a single ZnDPA unit, monoZnDPA-DPAC, pro-
duced only minor changes in fluorescence intensity in response
to anions. In contrast, ZnDPA-DPAC bearing two ZnDPA units,
provided a ratiometric response to di- and tri-carboxylate and
phosphate anions in 1:1 DMSO:H2O. Citrate displayed a unique
response among the carboxylates and could be distinguished
from all other carboxylate anions tested. ZnDPA-DPAC was suc-
cessfully used to quantify the concentration of aqueous solutions
of citrate and dihydrogen phosphate, with minimal sample
preparation. This work demonstrates that VIE-based anion sen-
sors are not limited to use in non-competitive organic solvents
and may be applied to highly sensitive and accurate quantifica-
tion of anions in aqueous media.
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