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A B S T R A C T

Commonly employed pH-sensing dyes include coumarins, rhodamines, fluoresceins, and cyanines, each offering 
distinct spectral properties and tunability. The design of fluorescent acid-base sensors typically involves organic 
dye molecules with functional groups that can interact with OH− ions. Here, we demonstrate a distyrylbenzene- 
based fluorescent base-sensing dye (double-protonated carboxy-functionalized 1,4-bis(4-pyridyl-2-vinyl)ben-
zene; c-P4VB⋅2HX, where X = Cl but can also be other anions) that provides a larger color change and a 
wider range of base concentrations due to the two-step deprotonation, compared to any previously-reported 
fluorescent base sensors. The c-P4VB⋅2HCl is orange luminescent in its doubly protonated state, which evolves 
through yellow, greenish, and finally electric blue in its unprotonated state, with fluorescence quantum effi-
ciencies typically higher than 50 %. The c-P4VB⋅2HCl and its unprotonated form (c-P4VB) are highly soluble in 
moderately polar solvents like (short-chained) alcohols, dimethyl sulfoxide, and dimethyl formamide, and 
modestly soluble in water, due to the combination of pyridine groups and the caproic acid functional group. The 
reaction equilibria for the two deprotonation stages were investigated, the effect of the added OH– concentration 
and ambient temperature on the emission color and spectra were quantified, and biological imaging was finally 
demonstrated.

1. Introduction

The detection of OH– is important for industrial chemical processes, 
water treatment, agriculture, biomedical monitoring, drug discovery, 
and electrochemical systems [1,2,3]. In this regard, optical detection 
methods have many benefits: they are non-invasive, enable continuous 
monitoring, are resistant to environmental interference, and do not 
require frequent recalibration [4]. Standard litmus papers represent a 
widely known OH– indicator that relies on a visual comparison of color 
patches with respect to a reference standard. While inexpensive and 
useful, such indicators provide only a rough estimate of OH– concen-
tration and suffer from a number of other long-understood limitations 
[5,6]. Perhaps most importantly for this work, the ten to fifteen different 
dye variants commonly used in litmus paper (often including amino-
orcein or hydroxyorcein) are colorimetric as opposed to fluorescent, 
which limits their widespread use in many of the above-mentioned ap-
plications. Fluorescent dyes have several advantages for C(OH–) (OH– 

concentration) measurement, including a strong signal [4], the potential 
to be used for imaging applications [7], relatively easy integration into 
fiber-optic sensors [8], and superior quantification as compared to that 
achievable with colorimetric dyes [4,9,10]. In particular, fluorescence 
color-change dyes are especially suitable for sensing applications as 
compared to those employing quenching alone, because they enable 
ratiometric measurements that sidestep issues with photobleaching or 
other environmental parameters that cause unwanted emission intensity 
fluctuations.

The majority of available fluorescent pH indicators, specifically, 
concentrate on the acidic or neutral region of the pH scale, including 
fluorescein [11], rhodamine–naphthalimide conjugates [12], 1-amino-
perylene bisimides [13], or cyclohexandiamines [14]. Only a rela-
tively few base-detecting fluorescent sensors have their response in the 
high C(OH–) range. Perhaps one of the best-known is SNARF (semi-
naphthorhodafluor), a molecule first described as a fluorescence sensor 
in 1991 [15] and now available commercially as a base sensor [7]. 
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Several variants of SNARF have been developed with generally similar 
characteristics [16,17,18,19,20]. All SNARF derivatives feature a 
xanthene-like arrangement fused to a naphthofuran or naphthopyran 
ring, with a hydroxyl group attached to the naphthyl part of the mole-
cule. The hydroxyl group plays a key role in the pH-sensitive fluores-
cence properties of the dye. SNARF can be deprotonated on this 
hydroxyl group yielding a dual-emission fluorescence spectrum with 
maxima at 583 nm and 631 nm. In increasingly basic environments the 
yellow emission decreases while the red fluorescence correspondingly 
increases. Demonstrations of the SNARF indicator dyes were limited to 
< ~10–5 M OH–. Other base-sensing fluorescent dyes like “CPIPA” [21], 
iminocoumarin derivatives [3], aza-BODIPYs [22], diketopyrrolo-
pyrrole [23] and squarylium dyes [24], are based on quenching upon 
deprotonation, which reduces the fluorescence intensity. To avoid the 
above-mentioned inaccuracies associated with intensity-based sensors, 
another reference dye is commonly added [3,22,23,] which complicates 
the measurement and often suffers from differential photobleaching.

This work reports on an acid-base sensor with the widest fluores-
cence spectral shift reported to date. We use a deprotonation reaction 
that takes place in doubly-protonated 1,4-bis(4-pyridyl-2-vinyl)benzene 
derivative (c-P4VB⋅2HX, X = Cl or potentially other anions; see Scheme 
1 and Fig. 1), a chromophore whose unprotonated neopentyl-substituted 
version was recently designed as a widely tunable laser dye [25]. The 
two protonation sites located at terminal positions of the main conju-
gated backbone are (nearly) equivalent and stem from sterically acces-
sible 4-pyridyl groups. The lead structure of c-P4VB⋅2HX has been 
synthesized a few times in the literature but generally with short-chain 
sidegroups (i.e., methoxy groups) and thus has limited solubility in 
organic solvents [26,27]. For c-P4VB⋅2HX (hereafter we will refer to c- 
P4VB as simply “B”, and the ionized double protonated c-P4VB⋅2H2+ as 
H2B2+), the presence of OH– in solution leads to a double-deprotonation 
and a large fluorescence color shift from orange to electric-blue. We 
quantify the spectra, develop a simple equilibrium model, measure the 
fluorescence in a variety of solvents and temperatures, and investigate 
the OH– sensing and biological imaging capability of this fluorescent 
dye. The molecule shows several advantageous properties over 
commercially available SNARF dyes, including a much larger emission 
wavelength shift, which leads to improved sensitivity and operation to a 
higher C(OH–) range than achievable previously.

2. Methods

2.1. Synthesis of P4VB

The synthesis of c-P4VB (B) was modified from a previously reported 
procedure [25,28] (see Scheme 1), employing a multi-step process 
starting from commercially available 4-methoxyphenol (1). In the first 
step 4-methoxyphenol (1) was alkylated via Williamson ether synthesis 
with 6-bromohexanoic acid (2). After isolation, 6-(4-methoxyphenoxy) 
hexanoic acid (3) was converted into 6-(2,5-bis-(bromomethyl)-4- 
methoxyphenoxy)hexanoic acid (4) via a Blanc-type bromo-methylation 
using paraformaldehyde and HBr. Subsequently, the corresponding 
diphosphonate (5) was prepared by reacting 4 with triethyl phosphite 
under elevated temperatures. Finally, c-P4VB was obtained via a 
Horner-Wadsworth-Emmons reaction by stirring the diphosphonate 5 
with 2 equivalents of 4-pyridinecarbaldehyde (6) in the presence of 
potassium tert-butoxide in dry tert-butanol. The fine yellow powder was 
then dissolved in anhydrous EtOH (5 mM) and an aqueous concentrated 
HCl was added to reach 15 mM solution in order to ensure full proton-
ation. The EtOH was then evaporated at room temperature under 
ambient conditions and the c-P4VB⋅2HCl was obtained as red fibrous 
microcrystals. Some of the c-P4VB was then reacted with N-hydrox-
ysuccinimide in presence of a carbodiimide reagent EDC (1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide hydrochloride) and triethylamine 
in dry THF. For this, 200 mg (0.43 mmol) of c-P4VB, 170 mg (0.88 

Scheme 1. Synthesis steps for c-P4VB⋅2HCl.

Fig. 1. Schematics of the structures of c-P4VB (left) and NHS-P4VB (right). The 
protonation sites are illustrated by the shaded blue circles. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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mmol) EDC, 100 mg (0.86 mmol) NHS and 91 mg (0.90 mmol) trie-
thylamine were mixed in 10 ml of tetrahydrofuran (taken from an 
MBRAUN solvent purification system) and stirred vigorously overnight, 
resulting in a fine yellow suspension. This was taken into a syringe and 
filtered through a PTFE syringe filter (0.45 µm). The filtrate was evap-
orated to dryness, the resulting solid was washed quickly but thoroughly 
with water and collected by suction filtration. After drying under vac-
uum, 198 mg (85 %) of yellow-orange NHS-P4VB were obtained.

2.2. Fluorescence measurement

Fluorescence spectroscopy was done using an intensity- and 
wavelength-calibrated miniature fiber-optic spectrometer. The pump 
beam came from a continuous wave UV-optimized Ar+ ion laser with 
emission lines at 352 and 364 nm and a power of 2 mW. Time resolved 
photoluminescence (TRPL) employed an Alphalas Picopower 375-nm 
pulsed laser (~20 ps pulses) operated at 5 MHz. A Becker-Hickl HPM- 
100 single-photon-counting detector and associated photon counting 
module were used to register the decay statistics. Fluorescence imaging 
of the as-produced crystals was done on a Nikon TE2000 fluorescence 
microscope utilizing a 365-nm excitation LED and a 409-nm dichroic 
filter. Fluorescence images of the liquid samples was performed using a 
Sony a6400 consumer camera with the samples standing under a 365- 
nm UV lamp. Both JPG and ARW images were captured in order to 
ensure that the image coloring and compression algorithm would not 
significantly affect the results (ARW is a raw image format). For ab-
sorption spectroscopy, we used a Thorlabs fiber-coupled stabilized 
deuterium UV light source connected to another miniature fiber-optic 
spectrometer, using an identical cuvette with plain EtOH as the refer-
ence. Cell cultures were imaged using a Zeiss 710 confocal microscope 
(Carl Zeiss AG) with the excitation was at 405 nm and emission wave-
lengths were recorded in approximately 4 nm intervals between 450 and 
600 nm. The absolute quantum efficiencies were measured with a 
customized integrating sphere. Samples were placed in quartz cuvettes, 
inserted into the integrating sphere, and excited with a 365-nm LED 
using a narrowpass filter to eliminate possible overlap with the emitted 
fluorescence. The dye samples were compared against blank solvent by 
finding the relative differences in the number of incident 365-nm pho-
tons and those emitted from the sample in order to calculate the AQY.

2.3. Density functional theory

To investigate the effect of protonation on the electronic structure of 
c-P4VB, five selected molecular configurations (illustrated in Fig. S3) 
were simulated using Gaussian 16 software [29]. Because of the two 
pyridine groups and one carboxylic group on c-P4VB, there are actually 
three centers in the molecule capable of acid-base interactions. The 
proton at the carboxylic group is more strongly bound compared to the 
pyridines and does not affect the spectral properties of the chromophore 
[30]. Thus, we refer hereafter to the singly- and doubly-protonated 
states as referring to the pyridines only. The fully deprotonated struc-
ture is depicted in Fig. S3(a), while the protonation sites are illustrated 
in Fig. S3(b–e). All calculations for these states were performed using 
density functional theory (DFT). The CAM-B3LY0P [31] exchan-
ge–correlation hybrid functional was employed in combination with the 
6–31++G(d,p) Gaussian basis set. Solvent effects were accounted for 
using the implicit polarizable continuum model (PCM) [32] with 
ethanol as the solvent. Excited state properties were modelled using 
time-dependent DFT (TD-DFT). Optimized geometries for both the 
ground and excited states were obtained using the tight convergence 
criteria specified in Gaussian 16. Vibrational frequencies were calcu-
lated to confirm convergence of the optimized geometries. A table of 
geometries and frequencies re provided in the SI.

2.4. Fluorescent labeling

In order to demonstrate a simple application, A549 human lung 
carcinoma cell lines were cultured and labeled with NHS-P4VB in vitro. 
NHS-P4VB was first dissolved in dimethyl sulfoxide (DMSO) to a con-
centration of 10 μM. Cells were cultured in T75 flasks until reaching 
approximately 80 % confluency. They were then subcultured into glass- 
bottomed cell culture dishes after an initial wash with a phosphate- 
buffered saline (PBS) to remove debris and non-adherent cells. After 
aspirating the PBS, 2 mL of TrypLE™ Express Enzyme 1X (Gibco, 
ThermoFisher Scientific) was added to enzymatically dissociate the 
cells. To facilitate detachment, the flask was incubated at 37 ◦C for a few 
minutes. Once trypsinization was complete, fresh medium was added at 
a 4:1 ratio to neutralize the enzyme. Cells were then counted using a 
hemocytometer, and a density of 6 × 105 cells per dish was used for 
plating. Following seeding, cells were incubated overnight at 37 ◦C with 
5 % CO2 to promote adhesion. The cell culture medium was then 
removed and replaced with fresh DMEM containing NHS-P4VB at a 
different final concentration of 100 nM. Samples were then incubated 
under standard conditions (37 ◦C, 5 % CO2) for 15 min. Following in-
cubation, the medium was aspirated, and cells were washed twice with 
1 mL of PBS. Fresh DMEM medium (without NHS-P4VB) was then 
added, and samples were incubated for an additional two hours to allow 
stabilization before confocal microscopy analysis.

3. Results and discussion

The c-P4VB⋅2HCl (B⋅2HCl) forms thin needle-like crystals ranging 
from ~5 to 100 µm in length (Fig. 2). 1H NMR spectra (Fig. S1) were 
consistent with the molecular structures in Fig. 1. The dye appears as an 
orange powder that emits a bright red fluorescence when illuminated 
with a 365-nm LED. The deprotonated form appears as a yellow powder 
consisting of similarly elongated prismatic crystals with green fluores-
cence (Fig. 2). The B⋅2HCl is highly soluble in ethanol (EtOH) and other 
alcohols such as butanol and octanol, as well as other mildly polar 
organic solvents including organic carbonates, and it is modestly soluble 
in water. The NHS-P4VB was not initially protonated and it appeared as 

Fig. 2. (a) Fluorescence image of c-P4VB⋅2HCl crystallized from EtOH. (b) 
Precursor unprotonated c-P4VB crystallized from EtOH. (c,d) Secondary elec-
tron images showing the extended prismatic crystals for the c-P4VB⋅2HCl and c- 
P4VB, respectively.
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similar prismatic green-fluorescent microcrystals as for the c-P4VB 
shown in Fig. 2.

When dissolved in EtOH, the H2B2+ shows strong S0 to S1 and S0 to S2 
absorption peaks at 456 and 357 nm, respectively, and it emits orange 
fluorescence maximized at 584 nm (Fig. 3) with an absolute quantum 
efficiency (AQE) of 47 %. The absorption and fluorescence of H2B2+

changed drastically upon deprotonation with KOH. The absorbance 
peaks blueshifted to 403 and 331 nm, respectively, while the fluores-
cence maximized at 490 nm and the AQE was 74 %. We found a sig-
nificant range in the AQE measurements (±18 % maximum) for samples 
taken at different times from days to months after the initial synthesis, 
but with no clear time-dependent trend. The reason for this is probably a 
combination of factors including the sensitivity of the AQE measurement 
to small changes in the experimental setup [33] and sample-to-sample 
variability. The mean fluorescence lifetimes fit well to a weighted 
biexponential decay, with mean amplitude lifetimes decreasing from 
2.53 ± 0.29 ns in the doubly protonated state (with initial concentration 
of 250 µM) to 2.41 ± 0.17 and 2.34 ± 0.04 ns in presence of 50 and 200 
µM KOH, respectively (Fig. 3), where the latter 1σ errors are derived 
from the uncertainties in the fitting parameters. When viewed under a 
UV lamp, the fluorescence clearly evolved from a bright orange through 
yellow, pale green, and finally to electric blue upon increasing con-
centrations of KOH (Fig. 2(c) – where the term “electric blue” was made 
by visual comparison to standard color charts). The corresponding 
emission spectra for the full set of samples are provided in Fig. S4.

The fluorescence shifts monotonically from orange to blue with 
increasing C(OH–) (Fig. 3(c)). The two sequential pyridine depro-
tonatation reactions associated with this color shift are given by: 

H2B2+ + OH– ⇌ HB+ + H2O(1a)                                                         

HB+ + OH– ⇌ B + H2O(1b)                                                                

The concentrations of the three dye species in Eq. (1) were estimated 
by fitting the absorbance data to a pair of Gaussians for each protonation 
state (Fig. 4). The original doubly-protonated dye (H2B2+) has two 
absorbance peaks: S0 to S2 at 357.1 ± 0.3 and S0 to S1 at 456.7 ± 0.3 nm, 
while the unprotonated dye has absorbances centered at 328.9 ± 0.1 

and 403.4 ± 0.1 nm, respectively. The means and standard deviations of 
the unprotonated c-P4VB (=B) and H2B2+ (doubly protonated) states 
were then fixed and a mid-range KOH concentration (250 μM, greenish 
solution in Fig. 3(c)) was used to fit the absorbance maxima relating to 
HB+. The reported maxima are in good agreement with the DFT results 
(Tables 1 and 2), which show the same blueshift as a function of 
deprotonation. All the absorbance peak centers and standard deviations 
were then fixed and the rest of the absorbance spectra were fit accord-
ingly by allowing only the intensity prefactors to vary. We finally 
assumed that the H2B2+, HB+, and B concentrations are proportional to 
the area under the absorbance spectra, which allows one to extract the 
estimated concentration of all three states for any OH– concentration. 
This method is supported by the DFT results, which showed virtually the 
same absorption oscillator strength for all of the pyridine protonation 
states (Table 1).

In order to better understand the dynamics and equilibrium of this 
double-deprotonation reaction, an equilibrium model was developed to 
describe the system and compare the calculated concentrations of the 
doubly-, singly-, and unprotonated species with experimentally- 
estimated values. The equilibrium concentrations of the doubly pro-
tonated state [H2B2+], the singly protonated species [HB+], the unpro-
tonated species [B], hydroxide ions [OH− ], and water [H2O] are denoted 
as such in the following expressions. The equilibrium constants k1 and k2 
for the first and second deprotonation reactions are given by: 

k1 =
[HB+][H2O]

[H2B2+][OH− ]
(2a) 

k2 =
[HB][H2O]

[HB+][OH− ]
(2b) 

Moreover, several mass balance equations must hold for these re-
actions, given the initial dye concentration, C(H2B2+)0 and the initial 
concentration of OH– added to the solution C(OH–)0, according to: 

[OH–] = C(OH–)0 – ([HB+] + [B])                                                (3a)

[H2O] = [HB+] + [B]                                                                  (3b)

Fig. 3. (a) Normalized fluorescence and absorbance spectra of B⋅2HCl solutions (in EtOH) taken under UV illumination with an Ar+ ion laser. Fully deprotonated 
samples are indicated by (OH–) in the legend; (b) Fluorescence decays for 100 μM B⋅2HCl in EtOH with different concentrations of KOH (OH–) with the bi-exponential 
fits denoted by black lines; The image at the bottom is a photograph of a set of 11 vials with varying concentrations of OH– (from KOH, in μM) as shown. The 
concentration of B⋅2HCl was 250 μM in EtOH, in all 11 vials.
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C(H2B2+)0 = [H2B2+] + [HB+] + [B]                                            (3c)

Rearranging these expressions to solve for [H2B2+], [HB+], and [B], 
one obtains the following set of coupled equations: 

[H2B2+] =
[H2B2+]0

1 +
k1 [OH− ]

[H2O]
+

k1k2 [OH− ]
2

[H2O]2

(4a) 

[HB+] =
k1⋅[H2B2+]⋅[OH− ]

[H2O]
(4b) 

[B] =
k1k2⋅[H2B2+]⋅[OH− ]

2

[H2O]
2 (4c) 

These equations were numerically fit to the concentration data with 
a dynamic solver written in Mathematica to obtain [H2B2+], [HB+], and 
[B], (the concentrations of doubly-, singly- and un-protonated dye as a 
function of the initial C(OH–- effectively, the concentration of KOH 
added). In addition, we included a free “background water” term, C 
(H2O)0, in the calculations in case of any water initially present in the 
(nominally) anhydrous EtOH used in the experiments. The latter is 
trivially achieved by letting [H2O] = [HB+] + [B] + C(H2O)0 in Eqs. (3) 
and (4). To fit the model results to the estimated concentrations of the 
three dye species, the two equilibrium constants and C(H2O)0 were 
chosen as the fitting variables.

The resulting data and model fit show reasonable agreement 
considering the uncertainties in the experimental concentration calcu-
lations (Table 3; Fig. 5(a)). The model captures the general trends of all 
three species. Several conclusions can be drawn from this result: first, 
the equilibrium constant is higher for the first deprotonation than it is 
for the second one (k1 = 138 vs. k2 = 7) but the two processes still cannot 
be treated independently. Second, the best-fit initial water concentra-
tion, C(H2O)0, turned out to be zero. This was considered surprising; 
although nominally anhydrous EtOH was used in the experiments and 
the container was carefully sealed when not in use, some humidity is 
accumulated during the experiments. This suggests either that the water 
builds up quite slowly or its effect is masked by the uncertainties in the 
measurements. Third, the fully protonated H2B2+ (initially 250 μM) was 
nearly completely used up by the time ~300 µM of KOH was added to 
the solution. One may also note that the fit for the singly-protonated 
state (Fig. 5(a), green curve) is fairly poor at high C(OH–); this is 
likely because the fitting of the absorbance data is less reliable when 
there is very little HB+ present (note that the HB+ is the only protonation 
state whose absorbance cannot be isolated and fit independently).

As previously mentioned, fluorescence is more practical than 
absorbance for sensing applications. Ideally, for base-sensing one wants 
to track the emission color shift as a function of OH– present in the so-
lution, like in Fig. 3(c). To demonstrate the base-sensing capability of c- 
P4VB⋅2HCl (equivalently, H2B2+) in the simplest manner and without 
requiring specialized equipment, we analyzed the red and blue color 
channels from photos of the fluorescent vials taken with a consumer 
camera, with the initial idea that H2B2+ would contribute to the red 
channel and B to the blue one. One might then assume the ratio of the 
blue and red image intensities given by the signal S = IB/IR is simply 
proportional to [B]/[H2B2+] (i.e. the ratio of unprotonated to fully 
protonated dye) from Eqs. (4a) and (4c). However, several additional 
factors must be considered when modeling the color in the images. First, 
the blue and red channels have overlap as can be clearly seen when 

Fig. 4. (a) Absorbance spectrum for H2B2+, and the associated double-Gaussian 
fit. (b) The same as in (a), but for the deprotonated c-P4VB (B). (c) Absorbance 
spectrum and associated multi-Gaussian fit for the sample with 250 µM KOH.

Table 1 
Calculated spectral properties of the various protonation states: total energies 
(Etot), emission wavelength (λem) with corresponding oscillator strengths (fem), 
absorption wavelengths (λ|,|1 and λ|,|2) with corresponding oscillator strengths 
(f|,|1 and f|,|2).

λem(nm) fem λ|,|1(nm) f|,|1 λ|,|2(nm) f|,|2

Pristine 520 1.79 389 1.36 305 0.44
1-proton left 583 1.69 439 1.27 334 0.45
1-proton right 581 1.67 438 1.25 332 0.46
2-protons 608 1.62 459 1.27 346 0.61

Table 2 
Calculated (DFT) and experimental transition wavelengths for c-P4VB⋅2H2+, c- 
P4VB⋅H+, and c-P4VB. The mean values represent the average of the right- and 
left-protonated states (see the Supporting Information).

H2B2+

(S1) 
(nm)

H2B2+

(S0) 
(nm)

HB+ (S0) 
(nm)

HB+ (S1) 
(nm)

B (S0) 
(nm)

B (S1) 
(nm)

Measured 357.1 ±
0.3

456.7 ±
0.3

340.9 ±
15.8

444.1 ±
3.6

328.9 
± 0.1

403.4 
± 0.1

DFT 346 459 333 
(mean)

438.5 
(mean)

305 389.5
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comparing the fluorescence spectra to the transmission data for the Sony 
Bayer filter (Fig. S9). Moreover, the width of the emission spectra will 
further cause some of the red emission to appear in the blue channel and 
vice-versa. Second, there is inevitably a vertical offset representing the 
ratio of the background signals (in comparison to the pure [B]/[H2B2+] 
ratio) in the channel ratio data that must be incorporated into the 
response function. Finally, and somewhat more subtly, the camera 
response to small initial changes in the concentrations of the fluorescent 
dye species was noticeably different from the spectrometer response to 
the absorbance changes. While the absorbance and fluorescence spectra 
changed fairly significantly at certain wavelengths (Figs. S8 and S10), 
the color seen in the fluorescence images was almost the same at lower C 
(OH–) (Fig. 3(c)). Thus, we included a delay factor in the response 
function to account for this sensing difference. Incorporating these 
modifications, the final equation to model the observed IB/IR ratio in the 
fluorescence images like those in Fig. 3(c) is: 

S = B/R = A
[B] + b⋅[H2B2+]

[H2B2+] + c⋅[B]
+C (5) 

where b and c account for the amount of overlap in the blue and red 
channels, C is the ratio offset, and A is a scaling parameter. The delay 
factor, D, is incorporated via a modification to Eq. 3(a) according to 
[OH–] = (C(OH–)0 – D) – ([HB+] + [B]), which is substituted into Eq. (5)
though its common dependencies on [H2B2+] and [B] (Eq. 4).

The resulting numerical fit, with A, b, c, C, and D as the fitting 

parameters acceptably tracks the signal S = IB/IR ratios from the cuvette 
images (Fig. 4(b)). The signal response in the images is a sigmoidal 
function with an initially negligible slope that becomes steep in the re-
gion between approximately 300 and 400 μM C(OH–) and maximizes at 
340 μM, where the slope was computed by finding the derivative dS/dC 
(OH–) using the central difference formula (Fig. 5(c)). The uncertainties 
in the signal, δS, were found by finding the standard deviation from five 
different samples at the same C(OH–) concentration, which turned out to 
be proportionally smaller than the volume dilution errors, δC(OH–), 
which are shown as horizontal error bars. If we treat the smallest 
detectable change as being equal to 3δS/m, where m is the slope of the 
response function, then at the optimum concentration the smallest 
detectable change on C(OH–) is 1.36 μM for the fluorescence images 
taken with a Sony a6400 consumer camera.

As one can see from the signal curve in Fig. 5(b), the sensitivity at low 
concentrations is essentially zero. This is because the fluorescence 
changes are very small at low C(OH–). However, if we simply examine 
the fluorescence spectra (Fig. S4), take the ratio of the wavelengths λ500/ 
λ590 as the signal, linearly interpolate between 0 and 50 μM C(OH–) to 
find the sensitivity, and linearize the data to find 3σnoise, then the lowest 
detectable base concentration becomes 4.3 μM and the smallest 
detectable change is 7.9 nM at the peak of the sensitivity. Clearly, the 
limit of detection and the smallest detectable change in C(OH–) is 
dependent on the measurement method; moreover, because of the 
sigmoidal response function it is optimum at intermediate OH– con-
centrations and poorest at low concentrations.

Table 3 
Model concentrations (in micromolar) of c-P4VB⋅2HCl, c-P4VB⋅HCl, and c-P4VB as a function of C(KOH) in an anhydrous EtOH solution.

C(OH–) 0 50 100 150 200 250 300 350 375 400 450

H2B2þ 250 200 150 101 54 16 3 1 2 1 0
HBþ 0 49 97 139 170 159 101 67 57 50 39
B 0 1 3 9 26 75 146 182 192 200 211

Fig. 5. (a) Calculated concentrations [H2B2+], [HB+], and [B] as a function of the amount of hydroxide added to the solution, along with the associated model fits 
from Eq. 4(a-c). The fitting parameters were k1 = 138, k2 = 7, and C(H2O)0 = 0. (b) The signal S = IB / IR from the fluorescent vials imaged in Fig. 2(c) and the 
corresponding model fit (Eq. (5). The fit parameters were A = 1.24, b = 0.346, c = 0.609, C = − 0.172, and D = 107 μM. The vertical error bars come from the 
uncertainties in the Gaussian fits and are much smaller (similar in size to the data points) than the (horizontal) dilution errors. (c) The slope (sensitivity) of the signal 
model in (b). (d) The effect on the modeled signal curve of increasing the initial dye concentration C(H2B2+)0 from 100 to 800 μM. As the dye concentration increases, 
the curve shifts to become sensitive to higher and wider range of solution C(OH–).
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Next, the effect of the ambient temperature on the fluorescence was 
investigated. Initially, we supposed that deprotonation might be 
preferred at higher temperatures. The results in Fig. 6 clearly support 
this idea, where, for all C(OH–) concentrations the fluorescence shifted 
toward shorter wavelengths as the temperature increased from 21 ◦C to 
90 ◦C. This experiment used butanol as the solvent because of its higher 
boiling point; however, a similar trend can be observed in EtOH at lower 
temperatures (20–40 ◦C) (see the Supporting Information). As can be 
seen by a comparison to Fig. 4, the signal reached a higher value than 
would have been expected for 250 µM C(OH–) – in fact, the signal is so 
high that there is insufficient OH– present in the solution to produce it. 
Even without any base present, the sample in butanol evolved a blue 
fluorescence indicating almost complete thermally-induced deprotona-
tion at 90 ◦C (Fig. 6). This was fully reversible upon cooling the sample 
back to room temperature.

One can find a rough estimate of the protonation energy simply by 
examining the fluorescence. The fluorescence spectrum of the H2B2+ at 
50◦ (without added KOH) most closely resembled the room-temperature 
150-μM KOH sample in Fig. 3(c), which has concentrations of 101, 139, 
and 9 μM for [H2B2+], [HB+], and [B], respectively, according to the 
model Fig. 5. If we assume that the same concentrations are obtained by 
dissociation upon heating in the absence of KOH, then according to the 
reactions H2B2+ ⇌ HB+ + H+ and HB+ ⇌ B + H+ the dissociation 
constants, k, with the above concentrations are 7.7 x 10–5 and 3.6 × 10–6 

μM for the first and second deprotonations, and from ΔG◦ = –RT⋅ln(k) 
one obtains corresponding Gibb’s free energy changes ΔG◦, of 25.4 and 
33.6 kJ/mol. The positive free energy (and comparatively high effective 
pKa) means that the reactants are favored in the deprotonation reaction. 
In other words, the proton “sticks” quite well to the binding sites on the 
dye, and deprotonates quite little in an acid-neutral BuOH solvent. These 
correspond to an effective binding energy of 0.26 eV and 0.35 eV and a 
pKa of 4.1 and 5.4 for the two deprotonations, respectively, in butanolic 
solutions. The calculated pKa of 5.4 is, perhaps coincidentally, close to 
pKa for pyridine in water of 5.2–5.3, as listed in numerous chemical 
databases. The effective binding energy is lower than one would expect 
for a covalent protonation of the nitrogen atoms, in agreement with the 
donor–acceptor bond character, and also possibly because of solvent 
interactions like solvation or charge stabilization. Despite the roughness 
of these estimates, which comes only from the fluorescence, the values 
obtained are comparable to those for the protonation of similar dyes (e. 
g., [34]).

The structure of c-P4VB is related to that of the diarylethenes and 
especially to the distyrylbenzenes [35,36]. The diarylethenes represent a 
large class of photochromic dyes [37,38,39] that are of interest because 
of their use as photochromic switches [40], typically involving revers-
ible open vs. closed-ring bonding reconfiguration [41] and correspond-
ing visible color change upon exposure to light. Some of these 
compounds are known to be photochemically reactive, undergoing a 

photoinduced cis–trans isomerization, and also to show solvatochrom-
ism [42]. An advantage of the diarylethenes is their excellent photo-
chemical stability. Interestingly, P4VB can be seen as a derivative of 
these structures that fortuitously maintains the excellent stability under 
prolonged irradiation, but instead of photochemical switching it un-
dergoes a double-protonation reaction with an extremely large change 
in the fluorescence emission wavelengths. Both the fully protonated and 
unprotonated form (H2B2+ and B) were quite photostable. Exposing 
solutions to UV light at up to 250 mW/cm2 for up to one hour did not 
cause any noticeable decrease or change in the luminescence. The c- 
P4VB does show a positive solvatochromism, with its emission peak 
shifting monotonically from 480 to 495 nm on going from water to EtOH 
to toluene (see the Supporting Information).

The optical characterization described above was done in EtOH or 
BuOH because both forms of the dye (protonated vs. unprotonated) have 
a high solubility. To illustrate more common potential applications of c- 
P4VB, we next functionalized to c-P4VB with N-hydroxysuccinimide 
(NHS) as shown in the experimental section. We then performed simple 
color tests for 5 mM NHS-c-P4VB dye in aqueous HEPES buffer solution 
(pH 6.8). In water, both forms of the dye (unprotonated vs. protonated) 
were sensitive to the additions of acid or base but with a large concen-
tration delay, consistent with the buffering action of the solution 
(Fig. 7). Thus we conclude that, although the solubility limit was in the 
range of 50–100 μM, P4VB can work in aqueous solutions, which should 
permit the development of several possible applications.

To demonstrate one such application, a set of A549 cell cultures were 
labeled with unprotonated NHS-c-P4VB, using methods described in the 
experimental section. We found that the NHS-c-P4VB appeared to 
preferentially labeled the nuclear region at or around the nuclear en-
velope and slightly inside the nucleus also with the characteristic elec-
tric blue color of P4VB (Fig. 7(c)). For a direct comparison, we show 
similar images taken with mitotracker red dye (see the Supporting In-
formation). Images taken at 479 nm and 576 nm emission wavelengths 
showed that, indeed, the dye is much brighter at the shorter wavelength, 
consistent with only a low level of protonation. This clearly shows that 
NHS-c-P4VB has applications as a dye for biological imaging including 
protonation/deprotonation effects of ligands on intracellular structures. 
We imagined that information on intracellular pH might be obtained by 
examining the ratio of the intensities in the 479 and 576 nm images, as 
shown in Fig. 7(e). Indeed, while the interpretations at this stage are 
tenuous, we observe that the background level is just slightly but uni-
formly and consistently higher outside the nuclei than inside, which 
would indicate a very slightly lower pH in the cytosol. This initial result 
would be consistent with the pH gradient observed across the nuclear 
membrane of mammalian cells [43] and suggests that P4VB could illu-
minate the nuclear pH, which is typically assumed to simply be the same 
as it is in the cytosol [44].

Given that it is possible to dissolve the NHS-functionalized version of 

Fig. 6. (a) Photographs of a set of samples with 100 μM [H2B2+] in butanol taken at temperatures of 21 and 90 ◦C, respectively. The added KOH concentrations in µM 
for each vial are shown in white across the middle. (b) The corresponding fluorescence spectra of the sample without any KOH added (the leftmost vial in the images) 
over the entire set of temperatures. The fluorescence shifted from red-orange (red line) to blue as the temperature increased from 20 to 90 ◦C, indicating increasing 
deprotonation with increasing temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the dye in aqueous buffer, we next attempted to find the pKa values for 
the two protonations for this situation as well, via titration of HCl 
(measured with a pH meter) into the aqueous buffer combined with 
absorbance and fluorescence spectroscopy. Unfortunately, it was quite 
difficult to perform the multi-Gaussian fitting on the absorbance data in 
this case due to the lower solubility than for the previous situation, 
which caused the absorbance spectra to be weak and noisy; however, 
fortuitously we found that the singly protonated fluorescence was in this 
case nearly completely quenched (see the corresponding spectra in the 
Supporting Information). In other words, the unprotonated electric blue 
fluorescence decreased to nearly zero with decreasing pH, and then the 
double-protonated orange fluorescence increased as the measured pH 
decreased further. This type of behavior is well-documented in certain 
polyprotic weak bases like 2,2′ bipyridine [45], carnosine (with three 
widely-separated pKa values) [46], and phenanthroline [47] Thus, we 
could treat the protonation reactions sequentially as a first approxima-
tion, in which the blue-emitting unprotonated dye initially converted to 
a nearly quenched singly-protonated state before the orange-emissive, 
doubly-protonated one could be observed. Measuring the pH with a 
pH meter and modeling the two cases independently with the Hill 
equation [48,49,50] leads to pKa1 = 6.3 and pKa2 = 4.3 in aqueous 
buffer (note that the pKa symbols are reversed from earlier, since this 

represents protonation rather than deprotonation). This means the first 
proton “sticks” more strongly than the second one does in aqueous so-
lutions. Of course there are also uncertainties in the experiment and the 
assumptions used to extract the pKa values, but they appear not unrea-
sonable for the protonation of the pyridine groups.

We finally comment on the advantages and limitations of B and 
H2B2+ as a fluorescent acid-base sensor. Obviously, one limitation is that 
sensing must be done at a known temperature for which the dye has 
been calibrated. This is likely a common issue for most, if not all, 
deprotonation-based fluorescent sensors, although this issue has been 
little discussed in the sensing literature. Second, the double- 
deprotonation of the pyridine groups makes it much more difficult to 
model the equilibrium dynamics than would be the case for a single 
reaction. Isobestic points, for example, are not readily observable due to 
the simultaneous existence of the two pyridine-related protonation 
states. Moreover, the singly protonated state, c-P4VB⋅HCl, is impossible 
to isolate and its effects on the fluorescence and absorption are masked 
by the c-P4VB⋅2HCl and c-P4VB species. Finally, the sensitivity to small 
changes in C(OH–) is weakest near a concentration of zero, which limits 
the minimum base concentration that can be detected.

Despite these limitations, however, there are several important ad-
vantages offered by c-P4VB⋅2HCl compared to the relatively few pre-
vious fluorescent base sensors. First, the two-step reaction enables 
operation to higher C(OH–), as long as other factors such as dye con-
centration are equivalent. The relatively large sensing range found in 
practice is likely due, in part, to the double de-protonation requirement 
which requires at least twice as much OH– to complete it, in comparison 
to the more common single-protonated dyes. Like SNARF, it utilizes the 
ratiometric method, which is well understood to give a significant 
advantage over fluorescence-quenching-based sensing. The fluorescence 
shift from orange to electric blue is also larger than that for any other 
fluorescent base sensor, to the best of our knowledge. These factors also 
improve the minimum detectable change in C(OH–) and the limit of 
detection, although this is dependent on the measurement method. The 
ratio method is, moreover, insensitive to any potential photobleaching, 
which was negligible in the present case anyway. We found it to be 
soluble in diethyl sulfoxide (even mixed with buffer), which is 
commonly used for cell labeling and imaging. Finally, the synthesis is 
quite simple and can it be applied to aqueous solvents and biological 
imaging.

4. Conclusions

This work reported on a base sensor that has, to our knowledge, the 
widest fluorescence spectral shift reported to date. Sensing was obtained 
via a double de-protonation reaction that takes place on two nearly 
equivalent highly-accessible pyridine groups situated at each end of the 
molecule. The absorption peaks for the doubly and unprotonated dye 
were determined by measurement, while the singly-protonated state 
absorption spectrum could not be isolated and had to be estimated by 
multiple peak fitting. The results agreed well with DFT calculations of 
the molecular energy levels. To obtain the relevant sensing parameters 
such as the equilibrium constants and binding energies, the equilibrium 
reactions were solved numerically and compared to the experimental 
estimates of the concentrations of the three different dye protonation 
states as a function of the OH– concentration. In addition to showing a 
large fluorescence color shift, c-P4VB⋅2HCl works up to higher C(OH–) 
than previous fluorescent dyes that could be found in the literature, at 
similar dye concentrations. Images taken with a simple consumer cam-
era could be used to quickly estimate the concentrations of the various 
dye species present, and the amount of a strong base in ethanolic solu-
tions could be directly obtained from fluorescence images or spectra. 
While considerable improvement can be obtained by using spectro-
scopic data, the ease of measurement using simple photographic imag-
ing suggests that c-P4VB⋅2HCl might be useful for a variety of practical 
base-sensing applications including fluorescence imaging of cells.

Fig. 7. Color changes for protonated (a) and unprotonated (b) NHS- 
functionalized cP4VB in HEPES buffer solution. The corresponding fluores-
cence spectra are shown in the Supporting Information. (c) Confocal micro-
scopy images of NHS-c-P4VB-labeled A549 cancer cells with nuclei in the centre 
and actin filaments surrounding them. The cells exhibit increased elongation 
due to the presence of stress fibers formed along the lines connecting adhesion 
points to the cover slip surface. (d) 479 nm emission image; (e) 576 nm 
emission image; (f) ratio image. Images have been contrast enhanced for 
viewing (the 576 nm emission image would otherwise appear completely dark 
on the page).
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