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Abstract: Two BODIPY phenolic esters 1 and 2 were synthesized and their acid-catalyzed 
hydrolytic and esterase enzymatic stability was demonstrated. Their photophysical properties 
were investigated in solvents of different polarity. Their spectral properties are the typical of 
BODIPY dyes with narrow absorption and emission spectra in the visible spectral region and 
large molar absorption coefficients (≈ 500 nm, ε = 40000-50000 M-1cm-1). The derivative 
with methyl substituted BODIPY core 2 shows quantum yields of fluorescence one 
magnitude higher (Φf = 0.30-0.55) compared to the BODIPY without methyl groups. 
Solvents affect very weakly spectral properties, with more pronounced effect of the solvent 
polarizability than the solvent polarity. Both BODIPY dyes show pH responsive fluorescence 
in aqueous solution (pKa = 2.72±0.08 and 4.18±0.05), with quenching of fluorescence by 
protonation due to PET from the BODIPY to phenol, rendering them applicable for 
intracellular pH measurements. The feasibility of the PET in the protonated form of 1 was 

corroborated by electrochemical measurements and calculation of Δ���
� for PET, and (time-

dependent) density functional theory computations. This less frequently encountered 
quenching mechanism where the BODIPY is an electron donor provides new opportunities in 
the rational design of new generations of fluorescent sensors. The applicability for 
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intracellular measurements was demonstrated by confocal fluorescence microscopy on H460 
human cancer cell line. 

 

Keywords: BODIPY, fluorescence, pH sensors, photoinduced electron transfer 

 

Introduction 

BODIPY is a trade name1 for heterocyclic dyes, which are derivatives of 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene.2 This class of dyes comprises molecules with excellent photophysical 
properties, which are usually thermally and photochemically stable and well soluble in many 
organic solvents. Their excitation/emission spectra in the visible region, narrow emission 
bandwidths with high peak intensities, high fluorescence quantum yields (Φf) and molar 
absorption coefficients (ε > 50 000 M−1 cm−1) enable high signal to noise ratio in different 
sensing applications, which resulted in their widespread use and a huge number of 
publications.3 According to the SciFinder database the keyword “BODIPY” appeared in more 
than 10000 publications, and only in 2022 it was used more than 860 times. Thus, synthetic 
procedures for the preparation of BODIPY dyes4 and their tunable 
spectroscopic/photophysical properties have been several times reviewed.5 The photophysical 
properties are important, not only for the applications of BODIPY dyes in sensing,5 but also 
in photodynamic therapy for those derivatives that efficiently undergo intersystem crossing 
(ISC) and populate triplet excited states.6 

Intracellular measurements of pH are highly important as changes in acidity regulate a 
number of processes including enzyme functions, proliferation and apoptosis, ion transport or 
muscle contractions.7,8 Low compartmental pH values in lysosomes are sometimes connected 
to protein degradation,9 whereas misregulation of pH can be related to diseases such as 
cancer10 or Alzheimer.11 Therefore, it is desirable to prepare fluorescent pH sensors,12 and 
BODIPY dyes have been incorporated in a large number of them.5 The usual intracellular pH 
is in the range 6.8-7.2, although intracellular pH 4-7 has been reported, particularly in the 
investigation of lysosomes.13 Moreover, the use of pH sensors operating at pH 1-4 is 
important for the investigation of Escherichia coli or Salmonella species in highly acidic 
stomach environment, or disorders related to increased acidity in gastrointestinal system.14 

The pH sensing is mostly based on the photoinduced electron transfer (PET), where the pH 
sensing unit is dialkylaniline (Fig. 1),15 which can be directly connected to the BODIPY 
chromophore, at the meso-position (structure A),15 or linked by an alkyl,16 or a styryl spacer 
at the positions 3 or 8 of the BODIPY core (structure B).17 Moreover, pH sensing was 
accomplished by phenolic substituents at the meso-position (structure C),18 or at the positions 
3 and 8, connected directly or via styryl spacers (structure D).19 Further examples involve 
sensing by an imidazole (structure E)13b,20 or hydroxyquinoline group connected to the 
BODIPY.21  
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Fig. 1. Some known BODIPY pH probes.13-19  

In the pH fluorescence sensors with BODIPY, the sensing is mostly accomplished by PET 
where BODIPY is an electron acceptor, whereas anilines or phenols are electron donors. On 
the contrary, PET pH sensors where the BODIPY acts as an electron donor are scarce.14a 
However, BODIPY dyes undergoing charge transfer where BODIPY is an electron donor 
have been reported for nitro-BODIPY derivatives.22 Design of such inverted sensors is 
important as they provide alternative in the sensing. Thus, for the pH sensors for acidic media 
where the sensing is usually accomplished by the protonation of the aniline, increase of the 
pH results in the fluorescence quenching.16,17 Herein we describe fluorescent BODIPY 
sensors that work in the acidic media, and the sensing is based on PET from BODIPY to 
phenol. However, their fluorescence changes opposite to the aniline-BODIPY sensors; it is 
quenched in acidic media when the PET is enabled. Thus, these new sensors provide 
additional tools for the pH measurement, particularly when the pH increase should be 
monitored (which results in the increase of fluorescence). Note that with the ubiquitous 
amino-based BODIPY sensors that have superior performance,15,16,17 the pH increase results 
in the fluorescence quenching, which can be wrongly interpreted due to the bleaching of the 
dye or leaking of the dye from the cells. We describe synthesis of two pH probes 1 and 2 
(Scheme 1), investigation of their photophysical properties, proof of concept for the pH 
sensing and applicability in fluorescent staining of cells for confocal microscopy. The 
photophysical observations were rationalized by electrochemical measurements and 
computations based on the density functional theory (DFT) and its time-dependent formalism 
(TD-DFT). 

 

Results and Discussion 

Design and Synthesis 

Esters 1 and 2 were designed as pH probes where the phenolic moiety bears chlorines and 
cyano groups. Such a substitution was planned to decrease the high pKa value of the phenol 
(nonsubstituted phenol pKa = 9.98),23 and render it more applicable to real biological 
samples. Moreover, strong electron accepting groups change the photophysics (vide infra) of 
the typically phenol-substituted BODIPY molecules18,19 by making the phenol a good 
electron acceptor. The synthesis was accomplished in moderate yields from carboxylic acids 
3 and 4,24 which were activated by the use of HATU coupling protocol (HATU (1-
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[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 
hexafluorophosphate)25 in the presence of N-methylmorpholine (NMM) as a base (Scheme 
1). Such a simple synthetic methodology is advantageous for the inexpensive preparation of 
sensor molecules. 

 

 

Scheme 1. Synthesis of pH probes 1 and 2. 

For the use of esters 1 and 2 for sensing in acidic media and in cells it is important to 
investigate their hydrolytic stability in acidic solutions and in the presence of esterases. The 
stability in the acidic solution was probed by keeping the solution of the dyes (10 μM), in 
CH3CN-H2O (5:95 v/v) at pH 2 in the presence of phosphate (100 Mm), where HPLC 
analysis indicated no ester degradation over 48 h (see Fig S1 in the SI). The stability towards 
esterase activity was determined using pig liver esterase (PLE, EC 3.1.1.1). PLE is an 
ubiquitous carboxylesterase with high catalytic efficiency, often used as a catalyst for ester 
hydrolysis.26 Given the unavailability of analogue human esterase, we assumed that PLE 
would be an appropriate replacement for the stability experiments due to large scope of 
different ester substrates that can be hydrolyzed by PLE,26,27 as well as high catalytic 
efficiency and stability.26 Furthermore, PLE is often used as a model for the determination of 
hydrolytic enzymatic reactivity.28 The treatment of 1 and 2 with PLE over 24 h did not give 
rise to acids 3 or 4, indicating enzymatic stability of probes 1 and 2 (see Figs S2 in the SI). 

 

Photophysical Properties 

Photophysical properties of sensor molecules 1 and 2 were investigated in solvents of 
different polarity (Fig. S3-S13 in the SI). The spectral properties of sensors 1 and 2 are the 
typical of BODIPY chromophore3 with narrow absorption and emission bands in the visible 
region. The width at the half height of the absorption band in CH3CN is somewhat larger for 
1 (1500 cm-1) than for 2 (890 cm-1). A change of solvent has only minor effects on the 
spectra, more pronounced for the fluorescence than absorption (Fig. 2 and Fig. S8). The 
bathochromic shifts in the fluorescence spectra are due to the increase of solvent 
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polarizability rather than solvent polarity, as usually observed for BODIPY dyes.3 For the 
CH3CN solution of 1 and 2, the maxima of absorption (emission) are at 502 nm (527 nm) and 
500 nm (512 nm), and the Stokes shifts are 945 and 468 cm-1, respectively. Narrower spectra 
and smaller Stokes shift for derivative 2 with methyl substituents are in accordance with its 
less flexible structure and hindered rotation of the meso-phenyl substituent. The spectral 
properties generally indicate that excitation to the Franck Condon region and subsequent 
relaxation to the S1 minimum does not significantly perturb molecular geometry and 
molecular dipole moment, which is also supported by the computations (vide infra).   
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Fig 2. Fluorescence spectra of 2 in different solvents (λexc = 470-480 nm). 

The fluorescence quantum yields (ΦF) were measured using rhodamine B in CH3OH (ΦF = 
0.66) as a reference29 (Table 1). The ΦF does not show trends with respect to solvent polarity 
and the values are in the range 0.005-0.01 for 1. For 2, ΦF is larger by an order of magnitude, 
with the typical values in the range 0.30-0.55, and only for cyclohexane lower with ΦF = 
0.037. Such a lower ΦF is probably related to lower solubility of 2 in cyclohexane. Higher 
values of ΦF for the BODIPY with methyl substituents are due to hindered rotation of the 
phenyl substituent, which is the known mechanism for internal conversion (IC) in BODIPY 
molecules that leads to non-radiative relaxation.30 Moreover, methyl substituents hinder 
butterfly-like vibration of the BODIPY, thus hindering efficient IC.31 

Decays from the singlet excited state were measured by time-correlated single photon 
counting (Table 1 and Fig S14 - S29 in the SI). For 1, the decays were fit to a sum of two 
exponents with a larger contribution of component that has very short decay time (< 100 ps), 
which cannot be determined precisely on the setup used. Hence, ΦF for 1 is low, which is in 
accord with photophysics of similar molecules used as molecular rotors where the rate 
constant for non-radiative relaxation is higher than the one for radiative relaxation.30 The 
relative contribution of two decay components does not show trends with the change of 
solvent polarity. Therefore, these decay times cannot be correlated with the local excited state 
and the charge transfer state and their assignment remains elusive. For 2, the decays were fit 
to a sum of two exponents with similar values of decay times ≈ 1 ns and ≈1-3 ns. The relative 
contributions of decay components change from 3:1 to 1:1 without clear trends with polarity 
precluding their assignments. To verify that the decays that were fit to a sum of two 
exponential are not due to an artifact from the setup, we measured also decay for the 
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reference dye, rhodamine B in CH3OH,29 and obtained a single-exponential fluorescence 
decay, confirming that the setup was working properly. 

In addition to observing dual fluorescence for esters 1 and 2, the dual fluorescence was 
observed for their corresponding carboxylic acids 3, and 4, respectively (see Fig S29 in the 
SI). Such a dual fluorescence cannot be attributed to the deactivation from S1 and some 
higher singlet excited state. Namely, computations for 1 revealed (vide infra) that S1 is 
significantly separated in energy from higher excited states. Moreover, such a dual 
fluorescence is also not due to the existence of conformers that deactivate by different rate 
constants, as carboxylic acids 3 and 4 do not have such conformational possibility. The 
reasons for the dual fluorescence remain undisclosed.  

 

Table 1. Fluorescence quantum yields (Φf) and decay times (τ / ns) for 1 and 2 in solvents 
with different relative dielectric constant (εr).

32 

Comp. Solvent  Φf
 a τ / ns (%) b 

1 Toluene 
εr = 2.379 

(1.11 ± 0.09) × 10-2 < 0.1 (0.96) 
3.7 ± 0.3 (0.04) 

CH2Cl2 
εr = 8.93 

(1.14 ± 0.06) × 10-2 < 0.1 (0.93) 
3.3 ± 0.1 (0.07) 

EtOAc 
εr = 6.053 

(8 ± 3) × 10-3 < 0.1 (0.25) 
5.58 ± 0.02 (0.75) 

THF 
εr = 7.58 

(1.1 ± 0.1) × 10-2 < 0.1 (0.79) 
5.04 ± 0.06 (0.21) 

CH3CN 
εr = 35.94 

(4.8 ± 0.1) × 10-3 < 0.1 (0.94) 
3.4 ± 0.2 (0.05) 

DMSO 
εr = 46.45 

(1.11 ± 0.02) × 10-2 < 0.1 (0.80) 
1.7 ± 0.4 (0.07) 
4.2 ± 0.5 (0.13) 

CH3OH 
εr = 32.66 

(5.13 ± 0.02) × 10-3 < 0.1 (0.95) 
3.4 ± 0.2 (0.05) 

2 Cyclohexane 
εr = 2.023 

(3.7 ± 1.0) × 10-2 1.07 ± 0.01 (0.78) 
3.99 ± 0.06 (0.22) 

toluene (4.1 ± 0.1) × 10-1 1.05 ± 0.09 (0.21) 
1.86 ± 0.03 (0.79) 

CH2Cl2 (3.2 ± 0.2) × 10-1 1.48 ± 0.02 (0.75) 
2.8 ± 0.1 (0.25) 

EtOAc (3.77 ± 0.08) × 10-1 1.2 ± 0.1 (0.19) 
2.01 ± 0.04 (0.81) 

THF (4.4 ± 0.2) × 10-1 1.48 ± 0.05 (0.53) 
2.49 ± 0.07 (0.47) 

CH3CN (3.0 ± 0.1) × 10-1 1.58 ± 0.05 (0.80) 
2.4 ± 0.3 (0.20) 

DMSO (5.45 ± 0.09) × 10-1 2.49 ± 0.01  
CH3OH (3.06 ± 0.06) × 10-1 1.36 ± 0.07 (0.49) 

2.10 ± 0.08 (0.51) 
a Fluorescence quantum yields (Φf) were measured by use of Rhodamine B in CH3OH (Φf = 
0.66). b Decay times were measured by TC-SPC. Relative contribution of decay components 
is given in parenthesis. For 1, the main, short decay component < 100 ps could not be 
determined precisely on the setup used. 
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pH Sensing 

Since molecules 1 and 2 have free phenolic group, it should undergo 
protonation/deprotonation equilibrium around its pKa, and as it changes electronic properties 
of the phenolic substituent, it is anticipated that it would affect fluorescence properties of the 
BODIPY probes. To investigate the effects of pH, we performed fluorescence titrations for 1 
and 2 in aqueous solution (containing < 10% CH3CN). For both compounds, upon decrease 
of pH, the fluorescence was quenched (Figs. 3 and 4, and Fig S30 and S33 in the SI). The 
spectral changes were fit by multivariate nonlinear regression analysis by use of Specfit 
program33 to one step protonation equilibrium (Scheme 2), providing the pKa values of 2.11 ± 
0.02 and 3.62 ± 0.05, respectively.  
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Fig. 3. Dependence of fluorescent intensity at 490 nm (λexc = 470) on pH for the solution of 2 
(c = 4.71 × 10-6 M) in CH3CN-H2O (5:95 v/v) in the presence of 100 mM sodium phosphate 
buffer; black dots are experimental values and the red line is the calculated value based on 
one step protonation model and only one fluorescent species (computed logβ = 4.18±0.05). 
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Scheme 2. Protonation equilibrium of 1 and 2 resulting in the fluorescence quenching in 
acidic media by PET mechanism. 

To probe for the effect of ionic strength on the pH equilibrium, as well as on the effect of 
buffer on the pKa,

34 the pH titrations for 1 and 2 were also performed in the presence of pH 
buffer at constant concentration 50 or 100 mM to assure the constant ionic strength (Fig 4. 
and Figs S31, S34 and S35). Nonlinear regression analysis for 2 revealed the pKa of 4.18 ± 
0.05 (all estimated pKa values can be found in Table S1 in the SI). We also performed UV-
Vis pH titrations in the presence of 100 mM phosphate (Figs S32 and S36). In addition to the 
changes in the UV-near Vis region due to the protonation equilibrium at the phenol moiety, 
some changes were observed also in the visible region, in the band corresponding to the 
absorption of the BODIPY, and these changes were tentatively attributed to the formation of 
aggregates in the neutral solution (new band at 546 nm). However, processing data by non-
linear regression analysis revealed similar pKa values as from the fluorescence titrations. Note 
also that the aggregation may result in the multi-exponential fluorescence decays. 
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Fig 4. Fluorescence spectra of 2 (c = 4.12×10-6 M) in CH3CN-H2O (5:95 v/v) at different pH 
values (left) in the presence of sodium phosphate buffer (100 mM), and dependence of the 
fluorescence intensity at 510 nm on pH (right); black dots are experimental values and the red 
line is the calculated value based on one step protonation model and only one fluorescent 
species (computed logβ = 4.18±0.05). 

 

Changes of fluorescence for 1 and 2 upon protonation can be explained by PET quenching 
mechanism. In near-neutral and even slightly acidic solution, molecules are not protonated. 
The negative charge of the phenolate reduces electron accepting ability of the whole meso-
phenolic group substituted with strong electron withdrawing groups. Thus, in neutral media 
when the molecules are in the anionic form, the PET quenching mechanism from the phenol 
to the BODIPY moiety cannot take place. Lower values of the pKa compared to unsubstituted 
phenol are due to electron-withdrawing effects of the chlorine and cyano substituents. Upon 
protonation of the phenol moiety in acidic media, it becomes a strong electron acceptor 
allowing for the PET from the BODIPY to the phenol, which leads to the quenching of 
fluorescence.  
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Note that sensors 1 and 2 exhibit increase of fluorescence with the increase of pH, contrary to 
most of the known BODIPY sensors sensitive in acidic media, with similar pKa values.15,20 
The observed increase of fluorescence intensity upon increase of the pH is approximately 
double, which represent a significantly smaller difference in sensitivity compared to the 
reported amino BODIPY sensors working in acidic media.15,16,17 However, different sensing 
mechanism where fluorescence is increased with pH (and not quenched, as hitherto 
reported15) represents additional tool when intracellular increase of pH should be monitored. 
Namely, quenching of fluorescence may be caused by the process of interest, as well as due 
to undesirable bleaching of the dye. 

To additionally verify the acid-induced PET quenching mechanism we performed SPC 
measurements for the solution of 2 at different pH values (for decays see S27 and S28 in the 
SI). In neutral solution the decay was fit to a sum of two exponents with τ = 0.8 ± 0.1 ns and τ 
= 2.9 ± 0.1 ns, whereas in more acidic solution at 50 mM HCl the decay was faster with τ = 
0.6 ± 0.1 ns and τ = 2.6 ± 0.1 ns. From longer decay times, which were more precisely 
determined, the quenching by intramolecular PET was calculated k = 4.0 × 109 s-1. Note that 
this rate constant is comparable to the value of non-radiative rate constants for similar 
BODIPY compounds (kNR > 109 s-1),30 and therefore, the quenching of fluorescence by 
protonation induced PET is inefficient. Thus, sensors 1 and 2 do not have excellent 
performance as ON-OFF sensors with a significant (>10×) increase of fluorescence intensity, 
as previously reported amino-BODIPY derivatives.15,16,17 Additional verifications for the PET 
process were obtained by electrochemical measurements and computations. 

Electrochemical measurements 

To verify if the proposed PET can take place between the BODIPY and phenol, the 
electrochemical measurements were conducted at pH values 2 and 7, and the Gibbs free 

energy for the PET (Δ���
�) process was estimated (Eq. S3 and S4 in the SI). For compound 

1, two reduction and two oxidation waves were observed, whereas for 2, three oxidation and 
reduction processes were detected (see Figs S37 and S38 and Table S2 in the SI). The 
reported oxidation potential of the BODIPY with methyl groups at the positions 2, 4, 6 and 8 
in CH3CN is 0.88 V vs Fc/Fc+ (corresponding to 1.31 V vs Ag/AgCl (3M KCl)),35 or in CH2Cl2 1.21 V 
vs S.C.E. (corresponding to 1.24 V vs Ag/AgCl (3M KCl)),36 whereas the reduction potential in CH3CN 
is -1.48 V vs Fc/Fc+ (corresponding to -1.05 V vs Ag/AgCl (3M KCl)),35 or in CH2Cl2 -1.24 V vs S.C.E. 
(corresponding to -1.21 V vs Ag/AgCl (3M KCl)).36 Accordingly, we assign the observed anodic 
potential for molecules 1 and 2 at pH 7 at 1.38 and 1.22 V vs Ag/AgCl (3M NaCl), respectively to 
the oxidation of the BODIPY chromophore. The reduction of the BODIPY occurs at -1.18 V 
vs Ag/AgCl (3M NaCl) for both compounds. In the cyclic voltammograms of 2, three reduction 
peaks were observed. Based on the pH dependence of the reduction waves, and published 
values for the reduction of chlorinated phenols,37 the peaks at -1.07 V corresponds to the 
reduction of phenol (at pH 2), whereas the phenolate is reduced at -1.50 V vs Ag/AgCl (3M NaCl). 

From these electrode potentials Δ���
� for 2 was estimated at -9.03 kJ mol-1 at pH 2 

(exergonic) and 29.96 kJ mol-1 at pH 7 (endergonic). Thus, the electrochemical 
measurements also support the PET from the BODIPY to the phenol at pH 2, whereas upon 
deprotonation at pH 7 the PET becomes unfeasible. 

 

Computational results 
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Since the S1 state is crucial for the photophysics of the studied pH sensors, we next examine 
the vibronic sublevels on the example of the BODIPY molecule 3. Fig S40 in the SI shows 
the computed vibrationally resolved S0 → S1 spectrum convoluted by the Gaussian profiles 
with the half-width-at-half-maximum parameters of 400 and 30 cm-1. The former broadening 
corresponds closely to the experimental conditions whereas the latter exposes the underlying 
vibronic transitions. 

The computed Franck-Condon-Herzberg-Teller (FCHT) vibronic envelope matches the 
spectral features of the S1 band well (Fig S40 in the SI). Unlike the vertical TD-DFT 
transition (vide supra), the position of the 0-0 transition is very close to the band peak; the 
red-shift required to align the two is less than 0.1 eV. The strongest vibronic progressions are 
found close to the 0-0 transition and concern the facile torsion of the meso-phenyl substituent 
(42 and 81 cm-1; Fig S41 in the SI). Further on, the vibronically most important modes 
concern the deformations of the pyrrole rings, viz. the out-of-plane puckering (187 cm-1; Fig 
S41 in the SI) and the in-plane symmetric stretching of the N-B-N bonds (1165 cm–1; Fig 
S41). The changes in the dipole moment and the geometry between the S0 and the S1 minima 
are minor (e.g. bonds in the pyrrole rings differ by up to 0.015 Å). In particular, the planarity 
of the BODIPY skeleton is fully retained. This is in line with the observed photophysical 
properties (vide supra). 

Considering there are no excited states lying sufficiently close to S1, the observed dual 
fluorescence may be attributed to the emission from higher vibrational levels of the S1 as was 
also argued in the original study on this phenomenon.39 The rich vibronic spectrum of 3 
indicates that many of these levels (or combinations thereof) become significantly populated 
in the S1 state. However, the strongest vibronic transitions by far, and hence the vibrational 
levels that possibly give rise to the dual fluorescence, are those that involve the rotation of the 
meso-phenyl substituents on the BODIPY core (Figs S40 and S41). Incidentally, this 
particular rotary motion is crucial for the design of the BODIPY-based light-driven molecular 
motors.40 

Photoinduced Electron Transfer 

In evaluating the feasibility of the PET process, we assume that it may take place if the 
energy gain on accepting the electron by the electron acceptor (EA) moiety offsets the energy 
invested for ionizing the electron donor (ED) moiety in its S1 state; in other words, PET is 
feasible if the electron affinity of EA outweighs the ionization potential of ED in S1. The 
solvent phase ionization potentials and electron affinities predicted by the three density 
functionals are collected in Table 2. 

Table 2. The ionization potential in the S1 state and electron affinity (in eV) of the ED and 
EA moieties of 1 computed with three different density functionals. 

 ED EA Difference 

Method  Neutral Anionic Neutral Anionic 

B3LYP 3.23 –3.19 –2.50 0.04 0.73 

PBE0 3.18 –3.18 –2.48 0.00 0.70 

M06 3.23 –3.19 –2.50 0.04 0.73 
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The three tested methods give closely similar results. From here, the key finding is that the 
PET from the S1 state of 1 should be thermally readily accessible in case of the neutral form 
of the phenolic moiety but largely disfavoured, by 0.7 eV (16 kcal mol-1), in case of the 
anionic form. These differences lend full support to the hypothesis that the PET mechanism 
from the S1 state is instrumental in the observed quenching of fluorescence in the neutral 
form of 1 and 2. Interestingly, owing to the strong electron accepting substituents on the 
phenol ring, the significantly negative electron affinity is retained also in the anionic form of 
EA (Table 2). While this indicates that accepting one more electron by phenolate would still 
be energetically favourable, the resulting energy gain becomes insufficient to counterbalance 
the ionization potential of the BODIPY moiety in the S1 state. Thus, the computational results 
suggest that 1 and 2 are finely tuned for their function as the pH sensors. 

 

Cell Imaging 

To probe applicability of the compounds as intracellular sensors, the uptake and intracellular 
distribution of the tested compounds were analyzed using confocal fluorescence microscopy. 
Experiments were conducted on H460 lung cancer cells, which were treated with compounds 
1 and 2, as well as with Hoechst nuclear counterstain. Confocal microscopy images suggest 
that compounds are mainly localized in the cell cytoplasm and do not enter the cell nucleus 
(Fig 6, Fig S42 in the SI). 

Effect of the solution pH on the fluorescence signal of compound 2 in vitro was tested using 
Floid Cell Imaging Station. H460 cells were fixed, treated with compound 2 and the medium 
pH was changed from 3.8 and then to 3.2, while the cells were visualized. One can clearly see 
stronger fluorescence of cells at pH 3.8 then at 3.2 (Fig S43 in the SI), which is in line with 
the pH titrations. Note that such acidic conditions are very harsh to cells and caution should 
be taken with conclusions as cells start to be damaged. 
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Compound 2 Hoechst 33342 Merged 
1a 2a 3a 

   
1b 2b 3b 

   
Fig. 6. Confocal microscopy images of H460 cells incubated with Hoechst 33342 (6 µM, 30 
min) and compound 2 (10 µM, 30 min), and fixed with paraformaldehyde (4% PBS, 15 min). 
1a,b – emission of compound 2, λex: 500 nm, λem: 505-535 nm, 2a,b – emission of Hoechst, 
λex: 405 nm, λem: 410-490 nm, 3 – merged 1 and 2. Scale bar is 10 μm. 

 

Conclusion 

Two BODIPY-phenol conjugates were synthesized and their photophysical properties and 
applicability in pH sensing were demonstrated. They are sensitive in the acidic pH in the 
region 2.5-4.5 around their pKa and show increase of fluorescence upon increase of pH, 
contrary to previously reported acid-sensitive BODIPY pH sensors. The sensing is based on 
PET from BODIPY to phenol, which is also different to usual BODIPY sensors. The 
feasibility of the PET mechanism in the protonated form of the sensor 1 is fully supported by 
electrochemical measurements and the computational results. This new approach in the 
design of fluorescent sensors shows proofs of principle and could be used and improved in 
the design of next generations of BODIPY sensors applicable for different intracellular 
measurements. The improvement could be made by designing molecules where the rate 
constant of PET would be higher than the rate constant for the non-radiative relaxation, thus 
enabling higher difference in the fluorescence intensity between the ON and OFF forms. 
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Experimental and computational methods 

General 

All chemicals and solvents used were analytical or HPLC grade and commercially available. 
Reactions were monitored using thin layer chromatography (TLC) on silica gel plates (Silica 
gel 60 F254, Merck, Germany) and by reverse-phase high performance liquid chromatography 
(RP-HPLC) on a HPLC Agilent 1260Infinity II with DAD detector. The HPLC was 
performed on an analytical column Phenomenex LC 150 × 4.6 mm, LUNA 3μm C18(2) 
100Å. For the elution the following method was used: linear gradient from 100% phase B to 
100% phase A for 30 min, flow rate 0.8 mL/min, monitored at 366 nm and 500 nm. The 
solvent system was methanol (A) and 0.1% TFA in methanol/water (1:1; B). The compounds 
were detected on TLC plates under UV light at 254 nm and 366 nm and on HPLC. The 
products were purified on silica gel column chromatography on silica gel 60 (0.040 – 0.063 
mm) (Milipore, Germany) and on preparative liquid chromatography plates (PLC; Silica gel 
60 F254, 1mm and 2 mm, Merck, Germany). Determination and characterization of product 
structure was carried out by nuclear magnetic resonance (NMR) and high resolution mass 
spectrometry (HRMS). The NMR spectra were recorded on Bruker Avance III HD 600 
MHz/54mm Ascend equipped with 5mm three-channel inversion TCI cryo-probe Prodigy 
with Z-gradient spiral (model CPP1.1 TCI600S3 H&F-C/N-D-05 Z XT) under the frequency 
of 300 MHz (1H) and 151 MHz (13C) in CD3OD under the room temperature. The spectra 
were processed in the program MestReNova version 0.2-5475, Mestrelab Research S,L; 2009 
and analyzed according to one dimensional (1H and 13C) spectra. Chemical shifts (δ) are 
expressed according to deuterium solvent. High throughput mass spectrometry analysis was 
recorded on an Agilent 6550 Series Accurate-Mass-Quadrupole Time-of-Flight (Q-TOF). 
Melting points were determined using a Mikroheiztisch apparatus and were not corrected. 
Compound names were generated by ChemDraw Professional (version 20.0.0.41) which 
follows the IUPAC conventions. 

 

General procedure for the preparation of esters 1 and 2 

A mixture of BODIPY acid 3 or 4 (1 eq.) and 4,5-dichloro-3,6-dihydroxyphthalonitrile (1-3 
eq.) was dissolved in DMF (10 mL). HATU (1.1 eq.) and NMM (1.1 eq.) were added and the 
reaction mixture was stirred at rt overnight. The solvent was evaporated. To the residue ethyl 
acetate (30 mL) and 10% aqueous citric acid (30 mL) were added and the product was 
extracted with ethyl acetate (3×30). The organic extracts were dried over anhydrous Na2SO4, 
filtered and the solvent was removed on a rotational evaporator. The product was purified on 
a column of silica by use of 20% MeOH/CH2Cl2 as eluent, followed by a preparative TLC on 
silica gel by use of 20% MeOH/CH2Cl2 as eluent. 

 

10-(4-((2,3-Dichloro-5,6-dicyano-4-hydroxyphenoxy)carbonyl)phenyl)-5,5-difluoro-5H-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (1) 

The compound was prepared from a mixture (408 mg) of 3 (82 mg, 0.263 mmol) and 4,5-
dichloro-3,6-dihydroxyphthalonitrile (326 mg, 1.42 mmol) in DMF (10 mL), in the presence 
of HATU (110 mg, 0.289 mmol) and NMM (32 μL, 0.289 mmol). The reaction after 
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chromatographic purification afforded pure product 1 (27 mg, 0.052 mmol, 20%) in the form 
of red solid. 

mp °C >350 °C; 1H NMR (600 MHz, CD3OD): δ = 8.43 (d, J = 8.1 Hz, 2H), 8.02 (s, 2H), 
7.87 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 3.9 Hz, 2H), 6.67 (d, J = 3.4 Hz, 2H); 13C NMR (151 
MHz, CD3OD): δ = 167.6, 164.8, 146.7, 146.3, 140.7, 136.8, 135.9, 133.8, 133.3, 132.8, 
132.2, 131.5, 131.1, 120.3, 117.3, 114.1, 109.0, 99.9; HRMS: C24H11BCl2F2N4O3 ([M - H+]) 
found: 521.0227, calculated: 521.0197. 

 

10-(4-((2,3-Dichloro-5,6-dicyano-4-hydroxyphenoxy)carbonyl)phenyl)-5,5-difluoro-
1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium-5-uide (2) 

The compound was prepared from a mixture (500 mg) of 4 (325 mg, 0.883 mmol) and 4,5-
dichloro-3,6-dihydroxyphthalonitrile (175 mg, 0.764 mmol) in DMF (10 mL), in the presence 
of HATU (369 mg, 0.972 mmol) and NMM (107 μL, 0.972 mmol). The reaction after 
chromatographic purification afforded pure product 2 (15 mg, 0.026 mmol, 27%) in the form 
of red solid. 

mp °C >350 oC; 1H NMR (600 MHz, CD3OD): δ = 8.41 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 
Hz, 2H), 6.11 (s, 2H), 2.51 (s, 6H), 1.46 (s, 6H); 13C NMR (151 MHz, CD3OD): δ = 167.6, 
164.9, 157.4, 144.5, 142.6, 141.6, 136.9, 133.7, 133.3, 132.4, 132.0, 130.5, 130.0, 122.6, 
117.3, 114.1, 109.0, 99.9, 14.8, 14.6. HRMS: C28H19BCl2F2N4O3 ([M - H+]) found: 577.0864, 
calculated: 577.0823. 

 

UV-Vis and fluorescence measurements 

UV-Vis measurements were performed on a PG T80/T80+ instrument in different solvents, 
which were all of spectroscopic grade purity. The fluorescence spectra were measured using 
an Edinburgh FS5 spectrofluorometer in different solvents at rt (25 °C). For fluorescence 
measurements absorbance of the solutions at the excitation wavelength was <0.1 and before 
measurement the solutions were purged with Ar for 20 min. Measurements were performed 
using slits corresponding to the bandpass of 5 and/or 10 nm for the excitation and the 
emission. Fluorescence quantum yields were determined using Rhodamine B in methanol (Φf 
= 0.66) as a reference.29 The relative quantum yields of fluorescence (Φf) were obtained by 
averaging the values calculated from the measurements at different excitation wavelengths 
(510, 520 and 540 nm) (see Eq. 1 in the ESI). Fluorescence decays were measured using TC-
SPC on an Edinburgh FS5 spectrofluorometer. A pulsed laser λ = 445 nm was used for the 
excitation and the pulse duration was 20 ps. The decays were measured over 1023 channels 
with a time increment of ≈ 20 ps per channel. The decays were collected at 520 nm until they 
reached 3000 photons in the peak channel. Instrument response function (IRF) was obtained 
by use of suspension of silica gel in H2O. Fitting parameters (lifetime, τ, and pre-exponential 
factors, α) were determined by minimizing the reduced χ2 value (see Eq. 2 in the ESI).  
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Fluorescence pH titrations 

An Erlenmeyer flask (25 mL) was charged with a solution of 1 (c = 3.35 × 10-5 M) or 2 (c = 
1.86 × 10-5 M) in CH3CN-H2O (1 : 9 - v/v). The pH of the solution was measured by use of a 
pH meter (Mettler Toledo, Seven Multi) and adjusted to the value 7-8 by use of NaOH (pH = 
9.84). After pH measurement, a part of the solution was transferred to a quartz cell (2.5 mL). 
The fluorescence measurements were performed on an Agilent Cary Eclipse fluorometer and 
the slits was set to the bandpass of 10 nm for 1 (5 nm for 2) for the excitation and the 
emission monochromator. The emission spectra were obtained by exciting at 470 nm, and by 
recording emission in the range 480-700 nm. After the spectrum was taken, the solution was 
returned to the Erlenmeyer flask. To the solution aliquots of HCl (c = 1.08 × 10-3M - 1M) 
were added, and after each addition, the pH was measured, as well as the emission spectra. 
The measurements were conducted at 25 °C. The data was processed by multivariate 
nonlinear regression analysis by fitting to a one-step protonation model with the Specfit 
software. 

For the measurement in the presence of buffers, a set of quartz cells (2.5 mL) were charged 
with a solution of 1 (c = 4.26×10-6 M) or 2 (c = 4.12×10-6 M) in the CH3CN-H2O (9:1 - v/v) 
mixture in the presence of phosphate buffer (H3PO4-NaHPO4, c = 0.10 M) at different pH 
values (pH 2-7). Prior to the fluorescence measurements, the pH of the solution was 
measured using the pH meter.  

 

Investigation of hydrolytic and enzymatic stability 

A solution of 2 (≈10-5 M) in CH3CN-H2O (5:95, v/v) at pH 2.23 in the presence of phosphate 
100 mM was kept over 48 h and analyzed by HPLC. For details see Fig S1 in the SI. 

A mixture of BODIPY esters 1 and 2 (≈1 mg) was dissolved in 3 mL 10% DMSO 50 mM 
Tris-SO4 buffer pH 7.5 and PLE (10 mg, 5U, immobilized on Eupergit C, Fluka) was added. 
The reaction mixture was stirred overnight at 37°C. The progress of the reaction was 
monitored by HPLC (for details see Fig S2 in the SI). 

 

Cell Imaging 

Confocal microscopy 

H460 cells were seeded on round microscopic coverslips placed in 24-well-plates (50000 
cells per well) and grown at 37°C for 24 h. The cells were incubated with Hoechst 33342 (6 
µM, 30 min) and rinsed with DMEM. The cells were then incubated with compounds (10 
µM, 30 min). Dishes were rinsed with PBS, paraformaldehyde (4% PBS) was added and cells 
were incubated for 15 min. The coverslips were rinsed with PBS, placed on the microscopic 
slides and stored at -20°C. The uptake and intracellular distribution of the tested compounds 
were analyzed under a Leica TCS SP8 X confocal microscope (Leica Microsystems, 
Germany). 
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Fluorescence microscopy 

H460 cells were seeded in 24-well-plates (50000 cells per well) and grown at 37°C for 24 h. 
The cells were incubated with compounds (10 µM, 30 min), washed with PBS, 
paraformaldehyde (4% PBS) was added and cells were incubated for 15 min. The dishes were 
rinsed with PBS and 1 mL of the PBS was left in the well. The cells were then analyzed 
under Thermofisher Floid Cell Imaging Station (Thermofisher) using green filter. PBS was 
then discharged and the cells were washed with pH 3.8 buffer solution, 1 mL of the pH 3.8 
buffer solution was left in the well and the cells were analyzed under Floid Cell Imaging 
Station. The same was repeated with the pH 3.2 buffer solution. 

Cyclic voltammetry 

Cyclic voltammetry measurements were carried out using the computer-controlled 
electrochemical system ‘PGSTAT 101’ (Eco Chemie, Utrecht, the Netherlands), controlled 
by the electrochemical software ‘NOVA 1.11’. A three-electrode system (BioLogic, Claix, 
France) with glassy carbon electrode (GCE) of 3 mm in diameter as a working electrode, 
Ag/AgCl (3 M NaCl) as a reference electrode and a platinum wire as a counter electrode were 
used. All potentials were expressed versus Ag/AgCl (3 M NaCl) reference electrode. Stock 
standard solutions of compounds 1 and 2 (c ≈ 2×10-3 mol/L) were prepared from dry pure 
substances in CH3CN (p. a.). For the supporting electrolyte, NaClO4 (p.a., Kemika, Zagreb) 
was used. Buffer solutions of pH 1 and 2 were obtained from Kemika (Zagreb). Water was 
deionised by the Millipore Milli-Q system to the resistivity ≥18 MΩ cm. Before each run, the 
glassy carbon (GC) working electrode was polished with diamond suspension in spray (grain 
size 6 μm) and rinsed with ethanol and deionized water. 

The supporting electrolyte (0.1 mol dm-3 NaClO4), adjusted to the desired pH value, was 
placed in the electrochemical cell and the required aliquot of the standard stock (≈ 1×10-3 M) 
analyte solution was added. Before each experiment, the solution in the electrochemical cell 
was first degassed with high-purity nitrogen for 5 min, and the nitrogen blanket was 
maintained thereafter. Cyclic voltammetry on the GC electrode was performed for 
compounds 1 and 2 using a potential step increment of 2 mV and a scan rate of 500 mV s-1. 
Cyclic voltammograms were taken in the potential range from -1.5 V to 1.5 V. All 
experiments were performed at rt and each individual measurement was repeated three times. 

 

Computational Methods 

The Gaussian 16, revision C.01, quantum chemistry code was used in all the computations.41 
The minimum geometries of the neutral and anionic form of 1 were optimized using the 
B3LYP density functional42,43 (based on the VWN formula III)44 and the Pople-styled 6-

31G(d,p) basis set.45 The water solvent (the relative permittivity at 298 K,  = 78.3553) was 
described fully implicitly via the polarizable continuum model (PCM),46 and the dispersion 
interactions were taken into account via Grimme’s DFT-D3 atom-pairwise corrections.47 At 
the optimized geometries (the coordinates and harmonic frequencies are given in the SI), the 
absorption spectra of 1 were computed via time-dependent density functional theory (TD-
DFT) using the range-separated hybrid functional CAM-B3LYP.48 This functional retains the 
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accuracy of the parent B3LYP for valence excited states while significantly improving on the 
description of charge transfer and long-range excited states.48 For the TD-CAM-B3LYP 
computations the basis set was augmented to 6-311+G(d,p)45 while keeping the PCM 
formalism and DFT-D3 corrections. In total, 20 singlet and 20 triplet roots were computed 
(Tables S3 and S4). The Cartesian coordinates and harmonic frequencies of all the stationary 
points referred to in the text are collected in Table S6. 

To facilitate modelling the intramolecular PET in these large systems, we split the ester 1 into 
the acid BODIPY (electron donor, ED) and phenol(ate) (electron acceptor, EA) moieties and 
consider them separately. Their structures are shown in Scheme 1; ED is equivalent to 3 
while EA is the neutral or anionic form of the -Cl and -CN substituted phenol reactant from 
step (2). The ionization potential of ED in the first singlet excited state (S1) was approximated 
as the difference in the energies of the relaxed singly ionized doublet S0 state and the singlet 
S1 state computed at the S0 optimized geometry. The latter energy was obtained using the 
TD-DFT formalism within the space of the 4 lowest roots. The electron affinity of EA was 
approximated as the difference in the energies of the relaxed doublet anion (doublet dianion 
in case of the phenolate) and the relaxed singlet S0 state of EA. To better support our 
conclusions, we here compare the predictions of three different hybrid functionals: 
B3LYP,42,43,44 PBE049 and M06.50 Each previously exhibited good performance in the DFT-
PCM setting.51 All the DFT optimizations on the ED and EA moieties were carried out in the 
PCM framework46 employing the DFT-D3 corrections47 and the 6-311+G(2d,p) basis set.45 

Finally, to examine in detail the fine structure of the key lowest band of the BODIPY moiety 

3 (Scheme 1), we computed the energies and intensities of the vibronic S0  S1 transitions in 

the harmonic Franck-Condon-Herzberg-Teller (FCHT) approximation using the full 
Duschinsky transformation.52 To this end, the ground state and S1 state minima and harmonic 
vibrational frequencies were computed at the same level, viz. (TD)-CAM-B3LYP-
D3(+PCM)/6-311+G(2d,p). The maximum quantum number for the individual modes and the 
maximum quantum number for the combination bands were set to 30 and 20, respectively. 

 

Supporting Information 

Supporting information contains detailed experimental procedures, UV-vis and fluorescence 
data, Fluorescence pH titration, Computational data, confocal fluorescence images of H460 
cells and copies of 1H and 13C NMR spectra. The Supporting Information is available free of 
charge on the website.  
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