
HAL Id: hal-03784299
https://hal.science/hal-03784299v1

Submitted on 21 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Perylene based PET fluorescent molecular probes for pH
monitoring

Ayedah Tariq, Ulysse Garnier, Rasta Ghasemi, Jean Pierre Lefevre, Cédric
Mongin, Arnaud Brosseau, Jean Frédéric Audibert, Robert Pansu, Alexandre

Dauzères, Isabelle Leray

To cite this version:
Ayedah Tariq, Ulysse Garnier, Rasta Ghasemi, Jean Pierre Lefevre, Cédric Mongin, et al.. Perylene
based PET fluorescent molecular probes for pH monitoring. Journal of Photochemistry and Photobi-
ology A: Chemistry, 2022, 432, pp.114035. �10.1016/j.jphotochem.2022.114035�. �hal-03784299�

https://hal.science/hal-03784299v1
https://hal.archives-ouvertes.fr


Journal of Photochemistry & Photobiology, A: Chemistry 432 (2022) 114035

Contents lists available at ScienceDirect

Journal of Photochemistry & Photobiology, A: Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

Perylene based PET fluorescent molecular probes for pH monitoring
Ayedah Tariqa,b, Ulysse Garniera, Rasta Ghasemic, Jean Pierre Lefevrea,d, Cedric Mongina, 
Arnaud Brosseaua, Jean Fréderic Audiberta, Robert. Pansu e, Alexandre Dauzeresb,
Isabelle Leraya
a Université Paris-Saclay, ENS Paris-Saclay, CNRS, PPSM, 91190 Gif-sur-Yvette, France
b Institut de Radioprotection et de Sureté Nucléaire, IRSN/PSE-ENV/SEDRE/LETIS, BP 17, 92262 Fontenay-aux-Roses Cedex, France 
c Université Paris-Saclay, ENS Paris-Saclay, CNRS, IDA, 91190 Gif-sur-Yvette, France 
d Conservatoire National des Arts et Métiers, 292 rue Saint-Martin, 75003 Paris, France 
e Universite Paris-Saclay, ENS Paris-Saclay, CNRS, LUMIN, 91190 Gif-sur-Yvette, France

Check for 
updates

ARTICLE INFO ABSTRACT

Keywords: 
Fluorescent probe 
pH sensor 
Optical fiber sensor 
Optode 
Hydrogel

New perylene-based pH probes have been synthesized and utilized for the development of pH optodes. These 
amine-functionalized perylene-based probes display high molar absorption coefficients in the visible range and 
protonated forms are characterized by fluorescence quantum yields close to unity. By deprotonation, a strong 
fluorescence quenching occurs due to an efficient PET-type mechanism. These molecules have been immobilized 
in two types of polymer (PVA-GA and HydroMed D4). Photophysical studies of these materials revealed het- 
erogeneity in the distribution of the molecules inside the polymer matrix. Finally, optodes have been developed 
for the measurement of pH between 8 and 10 with promising photostability and sensibility results.

1. Introduction

pH value is one of the key parameters for a wide range of applications 
such as biomedical studies, environmental water quality control or 
materials ageing monitoring. In biology, pH measurement is an essential 
parameter for monitoring bacterial growth [1] or for diagnosis of 
numerous pathologies such as Alzheimer’s [2] or certain cancers [3]. If 
the use of pH-meters based on proton-selective electrodes has proven to 
be efficient in many fields, in some cases they are not usable (intense 
electric field, remote measurements and pH measurement at the 
micrometer scale). In this context, optical methods and in particular, 
those based on fluorescence variation, have many advantages in terms of 
response time, low cost and possibility of use in extreme environments 
by means of fiber optics [4].

Therefore, several optical sensors have already been reported in the 
literature for in situ pH measurement [5]. These optical sensors are 
based on the exploitation of fluorescent probes embedded in polymer 
matrices. The nature of the fluorescent probes determines the sensitivity 
and photostability of the final optical sensors. Numerous pH sensors are 
based on BODIPY [6] or naphthalimide fluorophores [7-9] but with 
some drawbacks in terms of brightness. In this context, perylene based 
fluorophores are very attractive because of their high photostability

[10]. The large majority of fluorescent pH probes are derived from 
perylene diimide. Although they have remarkable photophysical prop- 
erties, these compounds are not stable in alkaline conditions.

In the course of our recent ongoing program directed on the design of 
pH optodes operating in high pH media, we have decided to focus our 
attention on perylene based amine fluorophores. Indeed, Pandith et al. 
recently described the synthesis and photophysical studies of 3-amino 
substituted perylene. In particular they described the synthesis of a 
compound bearing an imidazole function for the recognition of salicylic 
acid derivatives [11]. In this context, we have decided to evaluate the 
ability of perylene based amines to act as fluorescent probes for pH 
measurement. In the present work, we herein report the synthesis, the 
photophysical characterization, and the acido-basic properties of three 
perylene based alkylamine fluorescent probes. In addition, we describe 
the development of a pH optode setup and the ability to use these 
molecules for efficient pH monitoring as well as the impact of the 
embedding strategy on their physicochemical, sensitivity and photo- 
stability properties.
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2. Experimental section

2.1. Reagents and general techniques

All reagents were purchased from Sigma-Aldrich and were used 
without further purification. NMR spectra were recorded on a JEOL-FT 
NMR 400 MHz spectrometer using CDCl3, CD3OD or DMSO-d6 as solvent 
and tetramethylsilane as internal standard. Data are reported as follow: 
chemical shift in ppm (ô), multiplicity (s = singlet, d = doublet, t = 
triplet, m = multiplet), number or protons. This work has benefited from 
the facilities and expertise of the Small Molecule Mass Spectrometry 
platform of ICSN (Centre de Recherche de Gif - https://www.icsn.cn 
rs-gif.fr).

2.2. Synthesis of the probes

N-(perylen-3-ylmethyl)octan-1-amine (1): 3-formylperylene [12] 
(285 mg, 1.02 mmol), 1.7 mL of octylamine (10,2 mmol, 10 equiv.), 5.2 
mg of paratoluene sulfonic acid (0.03 mmol, 0.03 equiv.) and 30 mL of 
toluene was placed in a three-neck round-bottomed flask equipped with 
a Dean-Stark trap. The reaction mixture was stirred under reflux for 4 h 
and then cooled, diluted with ethanol (half of the volume of toluene) and 
cooled to 0 °C with an ice bath. Solid NaBH4 (2 equiv.) was added to the 
stirred mixture while maintaining the temperature below 15 °C and then 
the stirring was continued for 12 h at room temperature. After addition 
of water, the reaction mixture was extracted with dichloromethane. The 
organic phase was washed with a saturated solution of NaHCO3 and 
water. The organic phase was dried over MgSO4 and concentrated. The 
product was isolated by precipitation in MeOH to afford 232 mg of pure 
compound 1 (58 %).

1H NMR (400 MHz, CDCl3) 8 8.21-8.11 (m, 4H, Pery), 7.93. (d, J =
8.7 Hz, 1H),7.66 (dd, J = 7.8 Hz, J2.8 Hz, 1H), 7.53-7.43 (m, 4H), 4.15 
(s, 2H), 2.75 (t, J = 7.33 Hz, 2H), 1.57-1.53(m, 2H), 1.38-1.25(m, 10H), 
0.88 (t, J = 6.9 Hz, 3H),

13C NMR (100 MHz, CDCl3) 8 135.44, 134.70, 133.05, 131.84, 
131.38, 131.29, 130.72, 129.16, 128.56, 127.90, 127.75, 126.97, 
126.77, 126.63, 123.46, 120.35, 120.27, 120.13, 119.90, 51.60, 49.96, 
31.94, 30.01, 29.62, 29.40, 27.48, 22.77,14.22.

C 29H 31 N.
HRMS: C29H31N - 393.2454 [M + H]+.
HRMS: Calculated for: C29H31N -[M + H]+ 393.2457 found 

393.2454.
N-methyl-N-(perylen-3-ylmethyl)octan-1-amine (2): 170 mg

(0.43 mmol) of 1 was dissolved in 20 mL of 1,2 dichloroethane. 915 mg 
of NaBH(OAc)3 (4.32 mmol, 10 equiv.) was added to the mixture and 
0.5 mL of formaldehyde solution (37% wt in H2O) was added slowly 
over a period of 30 min. After 14 h of reaction, the solution was diluted 
with 25 mL of dichloromethane and the organic solution was washed 
with a saturated solution of NaHCO3 and water. The organic phase was 
dried over MgSO4 and concentrated to give 140 mg of pure compound 
(60 %).

1H NMR (400 MHz, CDCl3) 8 8.23-8.14 (m, 5H, Pery), 7.70 (d, J =
7.8 Hz, 2H), 7.56-7.45 (m, 4H), 3.84 (s, 2H), 2.50 (t, J = 7.33 Hz, 2H), 
2.26 (s, 3H), 1.62-1.30(m, 2H), 1.38-1.25(m, 10H), 0.88 (t, J = 6.9 Hz, 
3H),

13C NMR (100 MHz, CDCl3) 8 134.67 133.75, 131.51, 131.41, 
130.67, 129.12, 128.51, 128.2, 128.0, 127.65, 127.58, 127.01, 126.61, 
126.34, 124.7,2 120.19, 120.15, 119.93, 119.60, 119.10, 61.07, 58.15, 
42.36, 31.90, 29.54, 27.54, 24.93,22.70, 14.111.

HRMS: Calculated for C30H33N -[M + H]+ 407.26080 found 
407.262275.

2,2'-((perylen-3-ylmethyl)azanediyl)bis(ethan-1-ol) (3): 3-for- 
mylperylene (400 mg, 1.42 mmole), 1.35 mL of diethanolamine (14.2 
mmol, 10 equiv.), 7.4 mg of paratoluene sulfonic acid (0.042 mmol, 0.03 
equiv.) and 45 mL of toluene was placed in a three-neck round-bottomed 
flask equipped with a Dean-Stark trap. The reaction mixture was stirred

under reflux for 4 h and then cooled. 20 mL of ethanol was added to the 
mixture and 142 mg of NaBH4 (2 equiv.) was added to the stirred 
mixture while maintaining the temperature below 15 °C and then the 
stirring was continued for 12 h at room temperature. After addition of 
water, the reaction mixture was extracted with dichloromethane. The 
organic phase was washed with water, dried over MgSO4 and concen- 
trated. The product was isolated by silica gel column chromatography 
with CH2Cl2 / MeOH/NEt3 (90/9/1) to afford 210 mg of pure compound 
3 (40 %).

1H NMR (400 MHz, CDCl3) 8 8.27-8.02 (m, 5H, Pery), 7.7 (d, J = 7.8 
Hz, 2H), 7.57-7.42 (m, 4H), 4.11 (s, 2H), 3.62 (t, J = 5.2 Hz, 4H), 2.83 
((t, J = 5.2 Hz, 4H).

13C NMR (100 MHz, CDCl3) 8 134.70, 134.13, 133.54, 131.91, 
131.40, 131.33, 131.16, 129.30, 128.61,128.54, 127.98,
126.91,126.71, 126.66, 123.76,120.49, 120.27, 119.69, 60.09, 59.00, 
56.38.

HRMS: Calculated for C25H23NO2 - 369.1729 [M + H]+ found 
369.1729.

2.3. Polymers

PVA-GA matrix. PVA (85,000 - 124,000 g/mol) was dissolved in 
dimethyl sulfoxide - DMSO - at 75 °C, by continuously stirring with an 
overhead stirrer (Heidolph Overhead Stirrers) during one hour in order 
to obtain a homogeneous solution with a PVA weight ratio of 10%. The 
corresponding fluorescent probe was added and stirred in the PVA so­
lution at room temperature, to a weight ratio of 0.45 mg for every 10.0 g 
of solution. 0.4 mL of an aqueous GA solution (50% by mass in water) 
was added to obtain a PVA-GA doped solution. The viscous solution was 
spread on a high density polyethylene HDPE sheet with a 200 |rm wire 
bar applicator and a TQC automatic film applicator (TQC Sheen). The 
obtained sheet was placed in a desiccator alongside 50 mL of 6 M HCl 
solution in order to catalyze the reticulation and form chemically cross- 
linked hydrogels. After 48 h of reticulation under reduced pressure, the 
PVA-GA cross-linked hydrogel was washed three times with deionized 
water to remove any acid and DMSO traces. Doped hydrogels were dried 
at room temperature and rehydrated for one hour prior their utilization. 
The thickness of dehydrated PVA-GA films was measured with a digital 
micrometer (Mitutoyo MDC-25MX) and averaged on ten samples. The 
average thickness of hydrated films was 86 ± 5 |rm.

Hydromed D4 matrix. HydroMed™ D4 (AdvanSource Bio- 
materials) was dissolved in tetrahydrofuran THF by stirring with a 
magnetic stirrer during one hour at room temperature in order to obtain 
a homogeneous solution with a HydroMed™ D4 ratio of 10%. The 
corresponding fluorescent probe was stirred in to a weight ratio of 0.5 
mg for every 11.0 g of solution. The mixture was drop casted in a 
custom-made polytetrafluoroethylene - PTFE - mold. The solvent was 
removed in a two-step process: first a slow evaporation step was con- 
ducted by placing the mold on a hot plate at 50 °C, followed by a 
complete evaporation in a desiccator under vacuum for two hours. The 
thickness of hydrated HydroMed™ D4 films was measured with a digital 
micrometer (Mitutoyo MDC-25MX) and averaged on ten samples. The 
average thickness of HydroMed™ D4 films was 161 ± 5 |rm.

Emission and absorbance spectra were recorded in quartz cuvettes at 
room temperature on a FluoroMax series 4 spectrofluorometer (HORIBA 
Scientific) and on a Cary series 5000 UV-Vis-NIR spectrophotometer 
(Agilent Technologies), respectively. Solid-state fluorescence quantum 
yields were measured using an integrating sphere (F-3018 from Horiba 
Jobin-Yvon, internal diameter 102 mm) mounted on a Fluorolog 3 from 
HORIBA Scientific.

Fluorescence of the samples is recorded using an inverted micro­
scope for epifluorescence (TE2000-U, Nikon) (figure SI1). The samples 
are positioned at the objective focal plane (CFI Plan Fluor 40X, N.A. 
0.75) and excited at 343 nm in a widefield mode using the THG of the 
native pulsed output of a femtosecond Yb:KGW laser (t-pulse 200, 
Amplitude Systemes, repetition rate 10 MHz, pulse width 400 fs).The
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emitted photons are collected with a time and space-resolved single 
photon camera - LINCam [13] Fluorescence decays of the sample are 
extracted from the entire field of view of the detector ca. 060 |rm. 
QA-Fluorescence Life time Imaging (FLIM) - LINCamIs a time and space 
single photon counting camera Quadrant Anode MCP-PM based photo- 
detector operating in TCSPC mode. Each photon is digitalized in a 12 
bits array in position and Time-Tagged-Time-Resolved (TTTR) with a 
time resolution of 10 ns and 50 ps respectively. Hardware, electronic 
interface and GUI are maintained by Photonscore, Germany; coupling 
optical setup, calibration, post processing and analysis tools software are 
managed in our team (Dr R. PANSU (LUMIN), J.-F. AUDIBERT (PPSM)).

2.4. Optode set up

An optode setup was developed in order to measure efficiently the 
pH of solutions (Fig. 1). Doped polymer matrices were cut and placed in 
a custom-made sample compartment consisting of a hollowed cylinder 
made out of black polyoxomethylene (DELRIN®) and mounted with a 
glass slide. An SMA connector has been added to ensure the connection 
of an optical fiber. Cut pellets of the selected doped matrix are directly 
installed on the glass slide and a hollowed cap maintains the sample in 
place while allowing a direct contact with the studied environment. A 
light emitting diode LED (Roithner LED405-30 M32), selected for its 
spectral band of radiation peaking at 405 nm, illuminates the sample 
through optical fibers. A pulsed signal was used in order to limit the pH 
probes photobleaching (pulse width: 650 |js, T = 13 ms, A = 4 Vpp, edge 
time: 5 ns) and a lock-in amplifier (7265 Dual Phase DSP Lock-In 
Amplifier Ametek Scientific Instruments) was connected to extract the 
signal. A dichroic mirror (414 nm edge Semrock FF414-Di01) was 
installed to split the excitation and the emission beam and then the latter 
is directed to a photomultiplier tube PMT (Hamamatsu 722-10) to 
ensure signal collection.

Complete emission spectrum of each doped matrix was acquired on a 
spectrofluorometer (FluoroMax-4, Horiba) fitted with a custom-made 
optical arrangement similar to the optode setup (Fig. 2). The optical 
arrangement consisted of a light emitting diode LED (Roithner LED405- 
30 M32, Xemission, max = 405 nm) mounted with a focalizing lens and a 
band pass filter centered at 405 nm, with a 10 nm bandwidth. An optical 
fiber connects the LED to a three-way optical cube equipped with a 
dichroic mirror (414 nm edge Semrock FF414-Di01) in order to split the 
excitation and emission beam. The sample compartment described 
previously is fitted with an optical fiber allowing excitation and signal 
collection through the dichroic mirror, the third optical fiber being 
connected to the spectrofluorometer to acquire the emission spectrum of

Fig. 2. Diagram of the optical setup developed to study the emission of 
hydrogels doped with perylene based pH probes.

the sample.

3. Results and discussion

3.1. Synthesis of the probes

The synthesis of the perylene based pH molecular sensors is pre- 
sented on Scheme 1. Compounds 1 and 3 are synthesized by reaction of 
3-formylperylene [12] with octylamine and diethanolamine (10 equiv.) 
in the presence of paratoluene sulfonic acid (0.03 equiv.) in toluene, 
followed by NaBH4 (10 equiv.) treatment [14]. Compounds 1 and 3 were 
obtained in 58 and 40% yield, respectively. Methylation of compound 1 
was performed by reductive amination with formaldehyde [15] to 
obtain compound 3 in 60% yield. Compounds 1, 2 and 3 have been 
characterized by 1H / 13C NMR and HRMS analysis.

3.2. Photophysical properties

The photophysical properties of the perylene derivatives were 
studied in a DMSO/water mixture. Due to the high hydrophobicity of the 
perylene core, the maximum proportion of water was limited to 20% v:v 
to ensure complete solubility and satisfactory results. The photophysical 
characteristics are given in Table 1. The absorption of the perylene de- 
rivative displayed three well-defined intense absorption bands attrib- 
uted to S1 ^ S0 (nn*) transition. For example in the compound 3, (Fig. 3)
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1. C8H17NH2, 
APTS, Toluene 
110 °C, 4 h

2. NaBH4, 
Toluene/EtOH 
R.T., 12 h, 58 %

O

H

1. Diethanolamine, 
APTS, Toluene 
110 °C, 4 h

2. NaBH4, 
Toluene/EtOH 
R.T., 12 h, 40 %

h^v^^oh

3

CH2°H(OAC)371%2

R.T. 14h, 603’%’ dichloroethane

Scheme 1. Synthesis scheme of perylene based pH probes.

Table 1
Photophysical properties of perylene dyes in DMSO/water mixture (8:2 v/v). Absorption maxima (Àabs), molar absorption coefficients (e), emission maxima (Àem), 
fluorescence quantum yields (OF), and fluorescence lifetimes (t) for the acidic and basic forms. The basic form was generated by addition of [OH-] at 10-3 mol.L-1,

Compound ^abs(nm) e (M 1.cm 1) Xem (nm) Op(NH+) OpN t(NH+)
(ns)

t(N)
(ns)

1 394, 419, 445 451, 480, 514 0.88 0.17 - -
2 396, 419, 446 34 800 454, 484, 516 0.71 0.02 4.77 0.2
3 397, 420, 446 36 650 455, 486, 517 0.82 0.07 4.76 0.14

Fig. 3. Normalized absorption (blue line) and emission (red line) spectra of 3 
DMSO/water mixture (8:2 v/v); Àexc = 405 nm; [3] = 5.8 pM).

the absorption bands are located at 446, 420 and 397 nm, respectively. 
The emission spectra of the compound in the acid form is the perfect 
mirror image of the absorption band with a small Stokes shift (10 nm)

attributed to the LE emission state. The brightness of the dyes in the acid 
form (defined as the product of the molar absorption coefficients and 
fluorescence quantum yields - Brightness = e(Xexc) x OF) is excellent: 
24,700 and 30,050 for 2 and 3, respectively. Time-resolved fluorescence 
measurements were performed by single-photon counting with pico- 
second Ti:Sa laser excitation at 405 nm. The fluorescence lifetimes of the 
acid forms which have been determined by non linear-curve fitting by 
considering biexponential time decay,are in a range of 4.8 ns to 5.2 ns 
(Table 1), which is typical for perylene fluorophores [16]. A strong 
quenching of the emission is observed upon deprotonation of the dye 
because of an efficient PET process occurring from the alkylamino group 
to the perylene core. In the case of 2 and 3, the quenching efficiency is

Table 2
pH sensing properties of perylene dyes in solution (DMSO/water mixture (8:2 v/ 
v)) and embedded in polymer films PVA-GA or Hydromed D4 (pKa and fluo­
rescence quenching (Imax/Io), response time t9o of the obtained sensor.

Compound DMSO/water
(8:2 v/v)

PVA-GA HydroMed D4

pKa Imax pKa Imax Ï90 pKa Imax t90

I0 I0 (s) I0
Imax/
I0

(s)

1 9.78 ±
0.02

0.33 - - -

2 11.31
± 0.02

0.06 7.36 0.63 148 6.39 0.88 335

3 11.36
± 0.02

0.09 7.02 0.67 163 5.84 0.79 257
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equal to 10 and it is lower for 1 due to the presence of the secondary 
amine since the energy difference is lower.Table 2.

Such effect can be easily explained by considering the Rehm-Weller 
equation (2).

led to a pKa of 9.78.

I? —
IFMin + IFMax * 10

PH PKa
10( ^ + 1

(1)

AG0 — F [E°(D+/D) - E°(A/A-) - AEoo(A) ] (2)

where F is the Faraday constant.

E0 (D + /D) is the oxydation potential of the amine moiety 

E° (A/A'~) is the reduction potential of the perylene moiety

For the probe 1, we noticed that the fluorescence decrease upon 
deprotonation is about 75%. However, for molecules 2 and 3 variations 
occur over a narrow pH range. Aggregation of the perylene probes may 
be at the origin of this effect as already shown by Lee et al. [19-20]. A 
process of energy transfer in these aggregates can induce the observed 
amplified inhibition of fluorescence.

- AEoo(A): Energy of the perylene moiety expressed in eV

By considering the oxydation potential of the amine moiety of 0.96 V 
and the reduction potential of perylene of _-1.67 V [17], 2.76 ev 
AE00(A), it is noticed that this reaction is highly exergonic. In contrast, 
with the secondary amine with an oxidation potential of 1.3 V the Gibbs 
free energy change (AG) is lower.

The lifetime of the neutral form is significantly shorter and a decay 
time of 140 ps has been found in the case of the compound 3. The 
radiative and nonradiative rate constants are related to the corre- 
sponding emission quantum yield and lifetime by kr — Of/tf and knr — 
(1-Of)/tf. As expected, for the neutral form of the perylene dyes, an 
increase of the non-radiative decay rate knr is observed by comparison 
of the acid form (6.6 109 s~1 for N and 3.7 106 s~1 for NH+).

3.3. pH sensingproperties in solution

The pH sensitivity of perylene dyes 1, 2 and 3 were investigated in a 
DMSO/water mixture (8:2 v/v). As expected under basic condition, the 
formation of the amino group induces a strong inhibition of the emission 
(Fig. 4). Referring to the Henderson-Hasselbalch equation, it is possible 
to link the pH to the ratio of protonated/deprotonated probe concen­
trations (Eq. (1)). Thus, three parameters were defined: IFMax is the 
maximum intensity of fluorescence observed when the probe is fully 
deprotonated, and IFMin will be linked to the fully protonated state. As 
the probe is distributed in a solid matrix and not dissolved in solution, an 
additional factor dpH is introduced to take the distribution of pKa into 
account [18]. Thus, plotting the intensity at 525 nm against the calcu- 
lated pH and fitting the data with Eq. (1) using the software Origin Lab 
2018, with a Levenberg Marquardt iteration and a least square method

3.4. Investigation of the photophysical properties of doped polymer films

In order to perform in situ pH measurements, perylene derivatives 2 
and 3 were immobilized in polymer matrices. Hydrophilic polymers 
were chosen to ensure efficient diffusion of the hydroxyl ions and two 
polymers were selected: (i) PVA-GA which we had previously reported 
for a naphthalimide-based optode [5] and (ii) HydroMed D4, a 
commercially available polyurethane hydrogel consisting of hydrophilic 
and hydrophobic domains which is widely documented in the literature 
for pH optodes [6]. The concentration of the dye for each polymer was 
set at 1 pmol.g~1.

As shown in Fig. 5 for compounds 2 and 3, a broadening and red- 
shifting of the emission spectra is observed in the polymer matrix. 
This effect can be explained by the formation of dye aggregates in the 
polymer. It should be noted that this effect is more pronounced for the 
D4 polymer than for PVA-GA, which can be explained by a better sol- 
ubilization of the perylene dyes in PVA-GA polymeric chains. Time- 
resolved fluorescence measurements have been performed to get more 
information on the organization of the fluorophores in the polymer 
(Fig. 6). As expected, time-resolved fluorescence profiles show multi- 
exponential decays. Satisfactory fits can be obtained by considering 3 
exponentials with corresponding decay times of 0.4 ns, 3.5 ns and 6 ns 
for 2 and 3 in HydroMed D4 (table 2SI). The short decay times are in 
good agreement with those obtained in solution for the acid and neutral 
perylene dyes and the longest component could be attributed to the 
formation of perylene aggregates. [21].

The fluorescence changes upon deprotonation of polymer films 
containing dyes have been studied for dye 2 and 3 in PVA-GA and 
HydroMed D4. An example of the evolution of the emission spectra is 
displayed in Fig. 7 for 3 in PVA-GA and Fig. 8 for 2 in Hydromed D4. The 
pKa values and the quenching efficiencies are given in Table 2. As

Fig. 4. Effect of NaOH addition on the emission spectra of 1(a)) [5.8 pM] and 3(b) [1.7 pM] in DMSO/water 8:2 (v/v), Zexc — 405 nm; Inset: Evolution of the 
fluorescence intensity upon pseudo pH variation, and fitting using eq. (1).
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405 nm).

Fig. 6. Fluorescence decays (Àexc = 405 nm) of 3 in PVA-GA at pH 4 and pH 11 
(Àem = 470 nm).

previously reported for PET based amino fluorescence probes [22], a 
significant decrease of the apparent pKa is observed because of strong 
interaction between the matrix and the dyes. It should also be noted that 
the efficiency of fluorescence quenching is not 100% and at most it 
reaches 40% in the case of 3 in PVA-GA. This may be due to a partial 
accessibility of the fluorophores for the hydroxide anions in the polymer 
matrix due to a dispersion of the dyes in hydrophobic domains. This 
effect is more pronounced in the case of HydroMed D4, where polymer 
chains are composed of co-polymerized hydrophobic and hydrophilic 
blocks, compared to PVA-GA [23].

Thus, we envisioned performing FLIM experiments to unveil the 
presence microdomains but unfortunately, the spatial resolution of the 
experimental setup does not allow to get clear images of these potential 
domains. Regarding the decays, as observed in stationary fluorescence 
experiments, a quenching of the average time decay was observed.

Fig. 7. Emission spectra of 3 in PVA-GA upon pH titration; inset: evolution of 
the integrated fluorescence upon pH variation.

3.5. Photostability and reversibility

The reversibility and time response of the films is a key parameter for 
the design of an optode. For PVA-GA and HydroMed D4 films with an 
average thickness of 86 ± 5 pm and 161 ± 5 pm respectively, short 
average response times of tg0 = 155 s and t90 = 405 s respectively were 
obtained when shifting from pH = 4 to pH = 9 (Fig. 9). Repeating this 
cycle for several times on polymer samples gave comparable results thus 
indicating the reversibility and reproducibility of the signals. As ex- 
pected for the polymer containing perylene, thin films have shown a 
very good photostability for prolonged LED exposure in acid and basic 
pH (Fig. 9).

4. Conclusion

In this work, novel perylene-based chromophores bearing amine 
functions were synthesized and chosen for their suitable excitation/ 
emission wavelength ranges and remarkable photostability as alkaline
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Fig. 8. Emission spectra of 2 in HydroMed D4 upon pH titration; inset: évo­
lution of the integrated fluorescence upon pH variation.

Fig. 9. Fluorescence intensity of compound 3 entrapped in PVA-GA as function 
of pH, at room temperature, Àexc = 405 nm. Data acquired on the optode setup, 
adjacent averaging (10 pts). A change of optical index upon change of buffer 
solution has been overlooked by introducing breaks in the x-axis.

pH probes. The probes were immobilized in two types of polymer PVA- 
GA and HydroMed D4 and their pH sensing abilities were demonstrated 
in solution. Extensive photophysical studies were carried out to prove 
the heterogeneity in probes distribution in the polymers. A small pro­
portion of excimer was found and changes in the photophysical prop- 
erties were found to be dependent on pH. We were able to show that a 
large proportion of trapped probes were not accessible to pH changes. 
Specific interactions between the probes and the matrices lead to a

consequent shift in the pH range that can be studied with the developed 
optodes. An efficient pH optode setup was developed and doped poly­
mers showed very good photostability upon continuous irradiation, with 
short response time ranging from 150 s for the compound 2 entrapped in 
a PVA-GA matrix, to 335 s for the same compound entrapped in a thicker 
HydroMed D4 matrix.
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