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Abstract

Correct measurement of the pH in highly acidic environments is still a challenge. In such conditions most of the pH indicators
suffer from instability in air or leaching from host matrices due to the solubility considerations. In this work, two different
fluorescent probes were used along with silver nanoparticles (AgNPs) and ionic liquid (IL) in the polymeric matrices for sensing
of the pH in harsh conditions. The pH sensitivities of the probes were tested after exposure to strong acid vapors by steady-state,
lifetime based and kinetic mode measurements. The sensing materials were fabricated in form of thin films and electrospun
nanofibers. The ionic liquid; 1-butyl-3-methylimidazolium tetrafluoroborate was exploited as additive to enhance the stability as
well as response towards pH. Spectral changes were tested in a large scale; between pH 3.00—12.00. Utilization of the dyes in
ethyl cellulose and polymethyl methacrylate along with AgNPs in form of electrospun fibers resulted in many advantages such as
enhanced long term stability, sensitivity and improvement in all sensor dynamics. Sensing characteristics of the offered designs

were tested after exposed to vapors of HCI, H,SO4 and HNO;, respectively.

Keywords Optical pH sensor - Strong acids - Fluorescence - AgNPs - Silver nanoparticles - Electrospinning

Introduction

pH is probably one of the most intensively controlled parame-
ters in industrial field, environmental studies, medical and bio-
technological research. pH measurements can be used directly
in the control of water quality, intra-cell research, in the moni-
toring of the air quality of workplaces, or it is sometimes the
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underlying technology in the measurement of many parameters
like dissolved carbon dioxide, blood gases or glucose. On the
other hand, fumes of the acids are very corrosive and their
inhalation may lead to tissue destruction, gastritis, chronic bron-
chitis and lung damage even at low concentrations. For this
reason, accurate, reliable and reproducible measurement of the
pH is extremely important. However, correct measurement of
the pH in highly acidic environments is still a challenge.
Nowadays, fluorescence-based optical chemical sensors utiliz-
ing proton sensitive molecules have been emerged as a good
alternative to the electrochemical approach. Some of them are
still a part of ongoing research and some have been commer-
cialized. However, the photo-stability and long-term stability of
the pH probes is controversial and their ability to measure the
pH is limited by the acidity constant or solubility considerations.
Therefore, new effort is necessary to overcome these problems.

Conceptual basis of optical pH sensor design relies on ab-
sorption, or, more frequently emission based measurements
[1-9]. Solutions of the well-known commercially available
pH indicators of Bromophenol Blue, Methyl Orange,
Bromothymol Blue, Phenolphthalein, Curcumin, Alzarin
Yellow, Alizarin Red, Fluorescein and carboxyfluoresceins,
HPTS (pyranine) dyes, SNARF indicators and many others
have been used to detect the pH [10]. In most of the former
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studies and in some of the recent ones the pH sensitivity of the
indicator dyes has been tested and evaluated in the solution
phase. Obviously the solution phase studies provided valuable
information for the scientists in understanding of the
protonation-deprotonation equilibria and other pH sensing dy-
namics. In the last three decades, combination of the indicator
chemistry with the polymeric or glassy materials has been a
promising development for the solid state optical chemical
sensors [11-16]. As a consequence, a number of emission
based experimental studies have been performed in the differ-
ent forms of the solid state including thin films, fibers and
nano-sclae materials. Except that of instrumentation, the indi-
cator chemistry of such optical chemical sensors are mainly
composed of a polymeric matrix material, a pH sensitive ion-
ophore, more specifically a fluoroionophore, or a combined
form of the ion carrier and dye; that acts as a fluorescent probe.
Aside from instrumentation, probably, the most challenging
aspect of an optical sensor design is the planning of the indi-
cator chemistry which covers proper choice of pH sensitive
indicator and compatible matrix material where the reagent
dye can be adsorbed, covalently or electrostatically
immobilized, or simply encapsulated that is also permeable
to the analyte. Fluorescein and derivatives [1, 9, 14] porphyrin
molecules, Hydroxy-3,6,8-pyrenetrisulfonate (HPTS), ion
pair form of HPTS [3-8], Prussian blue and N-substituted
polypyrroles, a combination of Ruthenium(II)-4,7-diphenyl-
1,10-phenanthroline(Ru(dpp),) and fluorescein [13], perylene
bisimide (PBI) [15] and rhodamine dyes [16], coumarin de-
rivatives [17], benzimidazo[2,1-a]Jbenz[de] isoquinoline-7-
one-12-carboxylic acid based fluorescent probes [18] and car-
bazole dyes [19] have been used as indicators in the design of
the solid-state pH sensors.

In order to perform an efficient immobilization and long
term stability of the indicator in the support matrix, the pH
sensitive dye must be soluble and stable in the chosen mate-
rial. Commonly used polymeric matrix materials in the sensor
design include, polymethyl methacrylate [1], polydimethyl
siloxanes, and polytetrafluoro ethylenes, polymers for molec-
ular imprinting, organic conductive polymers, hydrogel-
plasticizer emulsions [2, 4, 6, 9] substituted polypyrroles
[11, 12], polyvinyl chloride and cellulose derivatives such as
ethyl cellulose [19]. The sol-gel process and different types of
glassy materials also provide relatively suitable support matrix
for the immobilization of pH-sensitive reagents. Recently,
with advances in materials fabrication and better understand-
ing of the dynamics of the nano-scale materials, these are
being used in optical sensor design as matrix materials or
encapsulation moiety for the indicator dye. Understanding of
the availability of nano-scale materials is a comparatively nov-
el development in this area and future applications of the nano
materials look like promising. A short summary of the recent
pH sensors indicating the sensitive dye, matrix material and
some other sensor characteristics including sensitivity

@ Springer

information, working range, detection limit, response time
and stability is given in Table 1.

In this work, two different fluorescent pH indicators have
been encapsulated in polymeric matrices along with ionic liquid
and metallic nano-particles. pH induced sensitivities and stabil-
ities of the (N'E,N”E)-N' N2-bis((E)-3-(4-(dimethylamino)
phenyl)allylidene) ethane-1,2-diamine (SDA), and (E)-
N'-((E)-3-(4-(dimethylamino) phenyl)allylidene)-N*,N*-
dimethylbenzene-1,4-diamine (SDC) have been investigated in
ethyl cellulose (EC) and poly (methyl methacrylate) (PMMA)
matrices, respectively. The polymers were chosen due to excel-
lent proton permabilities, resistant characteristics to water and
harsh conditions, protecting abilities of the indicator dyes from
alterations providing an appropriate micro environment for
them, and, tailoring abilities on electrospinning conditions. On
the other hand, it is known that presence of the conducting
metallic species like silver is effective on emissive spectral prop-
erties of nearby fluorophores. The excited fluorophores may
transfer their energy to the surface plasmons of the close prox-
imity metal particles, which subsequently re-radiate and in some
cases enhance the detection ability of the molecular probe. In
this work, we utilized the silver nanoparticles (AgNPs) along
with ionic liquid as additives for the fabrication of polymeric pH
sensitive mesoporous structures and electrospun micro or nano-
fibers. The pH induced sensitivities of the utilized pH dyes;
(SDA and SDC) have been investigated by our working group
in PVC and EC matrices, in thin film form earlier [20].

In this work, the two fluorescent probes have been pro-
posed for the pH measurements challenging the interference
effects of vapors of strong acids and other potential
interferents. The sensing ability of the indicators has been
tailored considering the environments occupied by acid va-
pors. To the best of our knowledge this is the first study uti-
lizing the fluorescent pH probes of SDA and SDC along with
the additives of AgNPs and ionic liquid in the form of
electrospun nano or meso-scale polymeric fibers. Presence
of the nano-scale metallic silver and ionic liquid within the
matrix provided a better resolution in response and an extra
immunity towards the potential interferents extending the
shelf-life of the sensor materials up to 18 months.

Experimental
Reagents

Poly (methyl methacrylate) (PMMA) and bis-(2-
ethylhexyl)phthalate (DOP), were purchased from Merck and
Fluka, respectively. Ethyl cellulose (with an ethoxy content of
46%) and potassium tetrakis-(4-chlorophenyl)borate (PTCPB)
were from Aldrich. Absolute ethanol (EtOH), tetrahydrofuran
(THF), dichloromethane (DCM), and toluene (To) were of ana-
lytical grade and used without further purification. NaBH, and
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AgNOj; were purchased from Merck. 1-Butyl-3-
methylimidazolium tetrafluoroborate was supplied from Fluka.
Acid solutions were prepared with hydrochloric acid and
potassium chloride (for around pH: 2.0), disodium hydrogen
phosphate/citric acid (for around pH: 5.0), potassium
dihydrogen phosphate/sodium hydroxide (for around pH:
7.0), and boric acid (H3BO3)/ sodium hydroxide / potassium
chloride (KCl) for the alkaline pHs in carbon dioxide-free
water. Millipore water was used throughout the studies.
Solutions of metal cations were prepared from respective met-
al nitrates, sulphates or chlorides and diluted with 5.0 x
107 M buffers of demanded pH. The pH values of the solu-
tions were checked using a digital pH meter (Orion) calibrated
with original standard buffer solutions. All of the experiments
were carried out at room temperature; 20+ 1 °C. Quinine
Sulphate (in 0 .5M H,SO,4; ® =0.546) was used as reference
dye for the quantum yield calculations of the SDA and SDC.
Synthesis of the dyes has been performed following the liter-
ature information published earlier by Nesterov et al. [21].
(N'E,N?E)-N',N%-bis((E)-3-(4-(dimethylamino)
phenyl)allylidene) ethane-1,2-diamine (SDA): 'H NMR:
SDA: (CDCl;, 400 MHz, d): 2.98 (s, 12H, NCHj3); 3.76 (s,
4H, NCH,); 6.6; 7.3 (d,J ¥4 2.3 Hz, 8H, Me,N-CgHy); 6.7 (dd,
J Y4 4 Hz, 2H, Me2NC6H4-CH]CH); 6.8 (d, J Y% 4 Hz, 2H,
Me,NCgH,-CH=CH); 7.96 (d, J % 2.1 Hz, 2H, CH=N). '*C
NMR: SDA (CDCl3,400 MHz, d): 164.55 (CH=N); 151.06;
142.25; 128.78; 112.32 (C aren); 124.44; 124.10 (C=C);
62.10 (NCH,); 40.45 (NCH3). m.p.: SDA: 195-198 °C.
(E)-Nl-((E)-3-(4-(dimethylamin0) phenyl)allylidene)-
N4,N4-dimethylbenzene-1,4-diamine (SDC): '"H NMR:
SDC: (CDCl3, 400 MHz, d): 2.96; 3.00 (s, 12H, NCHy); 6.7
(m, 4H, Me,NCgH4C; Me,NCgHyN); 6.95 (m, 2H,
Me,NC¢H4eCH] CH); 7.16 (d, J % 2.2 Hz, 2H,
MezNC6H4N); 7.38 (d, 14 2.2 Hz, MezNC6H4C); 8.25 (d,
JVi2 Hz, CH] N)."*C NMR: SDC: (CDCIs, 400 MHz, d):
157.97 (CH] N); 151.17; 149.36; 128.97; 124.94; 124.65;
122.20; 113.24; 112.36 (C aren); 142.78 (C] C); 41.01;
40.45 (NCH,). m.p.: SDC: 238-240 C°.
Schematic structures of the employed pH probes are shown in
Fig. 1.

Instrumentation

Steady-state florescence and lifetime measurements of the pH
sensitive dyes were performed by a spectrofluorometer from
Edinburg Instruments (FLS920). During lifetime measure-
ments the samples were excited with a xenon lamp or a diode
laser and the data were acquired on the principle of time corre-
lated single photon counting (TCSPC). The excitation and
emission slits were set to 2.5 nm throughout the measurements.
The Instrument Response Function (IRF) tests were performed
by water suspension of colloidal silica (LUDOX 30%, from
Sigma Aldrich). The decay time data were processed by

@ Springer

Me:2N \ / NMe:
\/~—\./
N N
SDA
Me:2N \
\NO NMe:
SDC

Fig. 1 Schematic structures of the SDA and SDC dyes

iterative convolution and the reduced chi-square values were
less than 1.2. A programmable syringe pump (Top-5300) and a
high voltage power supply (Gamma High Voltage ES30) were
used for preparation of the electrospun fibers or mats. The
surface morphologies of the fibers and films were controlled
using scanning electron microscope (SEM) instrument (FEI
QUANTA FEG 250). Size distribution analysis of the AgNPs
was performed with a Zeta sizer instrument (Malvern
Instruments Ltd.), in dispersed sol form, in water.

Preparation of Silver Nanoparticles

Silver nanoparticles (AgNPs) were synthesized follow-
ing the literature information by Solomon [22]. 30 mL
of 1.0 mM AgNOj; was added slowly into the 90 mL of
2.0 mM sodium borohydride in an ice bath under con-
tinuous stirring. A large excess of sodium borohydride
was added to be sure to be reduced all of the ionic
silver. Prior to the separation, when the AgNPs were
in the sol form, the plasmon resonance of the silver
yielded an absorption peak centered at 400 nm which
corresponds to the average particle size of 40 nm (See
Fig. 2-1 and II). Size of the produced AgNPs was also
controlled by size distribution analysis approach. The
centrifuge (6000 RPM) method at 5 °C was used to
separate the silver nanoparticles. After centrifugation at
room temperature, we applied two consecutive washing
processes with THF. After a 20 min. of sonification, the
AgNPs were kept under THF for further studies.

Preparation of the Electrospun Fibers and Thin Films

Composition of the utilized sensing materials and addi-
tives were shown in Table 2. Polymethyl methacrylate
(PMMA) ethyl cellulose (EC) and other additives along
with indicator dyes were dissolved in tetrahydrofuran, in
25 mL of glass vials. All of the constituents were mixed
under magnetic stirring. The resulting transparent and
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Fig. 2 I: Size distribution analysis results of AgNPs II: Absorption
spectra of different concentrations of AgANPs in form of yellow sol

homogeneous mixture was spread onto a polyester sup-
port (125 pm, Mylar TM type) by knife coating tech-
nique or exposed to high voltage for the electrospinning
procedure. The ionic liquid or silver doped formulations

exhibited better response and excellent spinning ability
under high voltage with respect to the additive-free
ones. Therefore, in the further studies we utilized the
IL and silver doped forms, intensively. In order to per-
form the electrospinning, the homogeneous composite
was placed in a 10 mL plastic syringe equipped with
a 21G: 0.80 x 38 mm metallic needle. The syringe was
placed on the programmable syringe pump and the elec-
trodes of the high voltage power supply were clamped
on the metallic needle and the aluminum substrate. The
feed rate of the composite and the applied voltage were
2.0 mL/h and 26 kV, respectively. The electrospun fi-
bers or mats were deposited on the surface of the alu-
minum substrate.

The SEM images of the electrospun materials under vari-
ous magnifications were shown in Fig. 3. Both, the Ag-free
and Ag-doped electrospun materials made up of PMMA or
EC, exhibited similar porous structures. Usage of the PMMA
resulted with formation of more fiber-like structures. Presence
of the AgNPs in the matrix, enhanced formation of fibers in
the PMMA (See Fig. 3¢ and d ). This type of fibrous-structure
of the electrospun membrane provides higher surface area
with respect to the continuous thin films.

Acid Induced Studies and Immunity Tests

In this work, the acid-base sensitivity tests of the pH probes
were performed in two different ways. The acidity constants
of the immobilized SDA and SDC have been calculated after
exposure to certain concentrations of the buffer solutions in
the pH range of the 2.50-12.00. The thin film or fiber forms of
the test materials were immersed into the buffer solutions until

Table 2 Composition of the

exploited sensing agents Matrix(mg) Additives
Ionic liquid (mg)  Plasticizer potassium tetrakis- ~ AgNPs (mg)  Dye
(DOP) (mg) (4-chlorophenyl)
borate (mg)
PMMA((240 mg) 48 192 5 - 2 mg SDA
PMMA((240 mg) — 192 5 - 2 mg SDA
PMMA(240 mg) 48 192 5 2 2 mg SDA
EC(240 mg) 48 192 5 - 2 mg SDA
EC(240 mg) - 192 5 - 2 mg SDA
EC(240 mg) 48 192 5 2 2 mg SDA
PMMA(240 mg) 48 192 5 - 2 mg SDC
PMMA((240 mg) - 192 5 - 2 mg SDC
PMMA((240 mg) 48 192 5 2 2 mg SDC
EC(240 mg) 48 192 5 - 2 mg SDC
EC(240 mg) - 192 5 - 2 mg SDC
EC(240 mg) 48 192 5 2 2 mg SDC
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Fig. 3 SEM images of SDA
containing electrospun materials
under x500 magnification a: Ag
free, b: Ag doped EC based mats;
c: Ag free, d: Ag doped PMMA
based materials

the equilibrium reached and spectral response were recorded
for each pH value. The acidity constants were calculated by
using non-linear fitting algorithm of Gauss—Newton—
Marquardt method (See Eq. 1) [23].

(Ix—1Ib)

pKa = pH + log = (1)

where [, and [, are emission intensities of acidic and
basic forms and Ix is the emission at a pH near to the
pKa. Table 3 reveals the acidity constants of the Ag-free
and Ag-doped thin films or electrospun mats of the SDA
and SDC, respectively. The second group tests were per-
formed after exposure to high concentrations of strong
acid vapors of the same test material in a closed desic-
cator. This group of tests were named as “acid immunity
tests” We exposed the sensor slides to the different con-
centrations of acid vapors in a closed desiccator with an
internal volume 5 L by placing 40 mL of acid (contained
in the 50 mL beaker). The vapors were obtained by
evaporation of different acids at room temperature. The
mean laboratory temperature was 20 °C (0 .7°C)
throughout the experiments. Concentrations of the acid
vapors were calculated using their partial vapor pressure
at 20 °C (HCIL: 10.6 mmHg, H,SO4: 36 mmHg and
HNOj;: 48 mmHg). The partial pressures were also con-
verted to percent composition (% v/v) for all of the acids
and were found to be 1.39, 4.73 and 6.32% (v/v in air)
for the HCI, H,SO, and HNOj, respectively.
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Results and Discussion

Spectral Properties of the Dyes

Chemical structures of the utilized pH probes were
shown in Fig. 1. Absorption, excitation and emission
spectra of the SDA and SDC, were recorded in the
solvents and in the polymeric matrices of EC and
PMMA. The UV-vis spectroscopy related data of the
dyes were shown in Table S1. The SDA and SDC ex-
hibited efficient absorbance and high molar extinction
coefficients around 400 nm in all of the test moieties.
Fig. S1 and S2 reveal large absorption bands extending
from 330 to 545 nm and from 320 to 600 nm for the
SDA and SDC, respectively. The excellent absorption
abilities of the dyes make their excitation possible for
a large spectral range. However, herein we have chosen
the 390 nm as the excitation wavelength where both the
AgNPs and the dyes can be excited at the same time.
Absorption maxima, intensities and molar extinction co-
efficients of the dyes exhibited significant variations
when embedded in polymeric matrices along with the
ionic liquid and/or AgNPs. Figure 4 reveals excitation-
emission spectra of the SDA in THF, EC and PMMA,
respectively. The SDA exhibited red shift both in the
excitation and emission wavelength when embedded in
the solid matrices. The emission maxima of the SDA
exhibited 65 nm of red shift (from 468 to 533 nm) from
the THF to the EC. In the PMMA, the emission
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Table 3 Acidity constants of the

SDA and SDC before and after SDA pKa (acid-free) pKa (after acid-exposure)
exposure to high concentrations Thin Film Ag- free pKa; =5.00 -
of strong acid vapors pKa, =11.22
Thin Film Ag- doped pKa; =5.56 -
pKa, =10.75
Electrospun mats Ag- free pKa; =5.93 -
pKa, =11.76
Electrospun mats Ag- doped pKa; =5.54 -
pKa, =11.60

Electrospun mats Ag- free - HCV
pKa; =3.25
pKa, =6.57

Electrospun mats Ag- doped - HCV
pKa; =3.80
pKa, =7.65

Electrospun mats Ag- free - HNO;/
pKa; =7.35
pKa, =—

Electrospun mats Ag- doped - HNO3/
pKa; =6.30
pKay =—

SDC pKa (acid-free) pKa (after acid-exposure)

Electrospun mats Ag- free pKa; =7.05 -

pKa, =—

Electrospun mats Ag- doped pKa; =7.93 -

pKa, =—

Electrospun mats Ag- free - H,SO.4/
pKa; =8.56
pKay =—

Electrospun mats Ag-doped - H,SO4/
pKa; =7.22
pKa, =—

maximum appeared at 10 nm further wavelength with
respect to the EC exhibiting a red shift of 75 nm (See
Fig. 4-1). Figure 4-II reveals spectral behavior of the
thin film and electrospun fibers of the Ag-free and
Ag- doped sensing materials. Spectral shifts extending
to 10 nm were observed due to the structural changes of
the matrix or the chemical variations arising from the
dopant. However, in both forms, presence of the AgNPs
within the matrix resulted with enhanced emission with
respect to the Ag-free formulations.

The excitation and emission spectral data of the all of the
sensing composites were recorded both in the absence and
presence of the IL. The IL provided extra stability for the
dyes due to the buffer-like chemical behavior which will be
explained into detail in further paragraphs. Therefore, fur-
ther studies were completely performed in the IL doped
moieties. Table 4 reveals emission based spectral character-
istics of the SDA and SDC in all of the matrices for the Ag-

free and Ag-doped forms in terms of the excitation and
emission wavelength, Stoke’s shift and quantum yield.
Excitation maxima of the SDA appeared at 388, 487 and
499 nm in the THF, EC and PMMA, respectively. As report-
ed earlier, the pH probes contain available active centers for
proton attacks and may be named as Schiff bases [20]. The
dyes display intramolecular charge transfer in the excited
state since the N,N-dimethylamino moiety is a more effec-
tive electron donating group with respect to the central ni-
trogen atoms of N1 and N2. Therefore, pH sensitivity
of the symmetric Schiff base of SDA can be attributed
to the successive protonation of the nitrogen atoms of
N1 and N2. The protonation of the excited states of the
dyes results in an increase in the luminescence intensity
in low pH solutions. Similarly, the acid-base chemistry
of the non-symmetric Schiff base, SDC can be assigned
to the stepwise protonation of the nitrogen moiety. In
both cases, at low pHs, protons are reversibly extracted
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Fig. 4 The excitation-emission spectra of the SDA I: a, a’: in THF; b, b’
in EC and c, ¢’: in PMMA. II: The excitation-emission spectra of the EC
doped SDA a, a’: Ag-doped thin film; b, b’: Ag-free thin film; c, ¢’:Ag-
doped fiber; d, d’: Ag-free fiber

into the EC or PMMA membranes by the lipophilic
anionic additive as had been explained in the published
work of Wolfbeis et al. [24].

Interaction of the AgNPs, Dyes and the Proton

In the present work interaction between the pH probes and the
AgNPs resulted with an unexpected enhancement in the emis-
sion based pH sensing ability of the dyes. In order to clarify
the mechanism behind this enhancement, steady-state and
time domain fluorescence measurements were carried out for
the solely AgNPs and dyes, and for the Ag-doped dyes in the
EC matrix, respectively.

Interaction of AgNPs with Proton

In colloids, AgNPs exhibit strong colors arising from electron
oscillations induced by incident light, which is referred to as the
plasmon absorption. We measured a strong emission band in
water dispersed yellow sols at 450 nm when excited at 390 nm
(See Supporting info, Fig. S3.). The AgNPs exhibited a narrow
Plasmon peak with an effective bandwidth of 19 nm. However,
when embedded in the EC matrix along with other additives,
both the excitation and emission bands are broadened, splitted
and blue shifted with respect to the sol form. The splitted exci-
tation and emission peaks appeared at 316 and 392, and, 450
and 504 nm, respectively. When the AgNPs are exposed to
highly acidic conditions, both the excitation and emission spec-
tra exhibited significant blue shift and difference in shape.
Figure 5 reveals normalized steady-state excitation and emis-
sion spectra of the EC doped AgNPs under neutral and acidic

Table 4 Emission based spectral

characteristics of the Ag-free and Dye  Matrix  Thin film/ AgNPs Amac(m) A SM(nm)  Stoke’s shift Quantum
Ag doped forms of the SDA and nanofiber (2 mg) (AA) (nm) yield (®r)
SDC in terms of excitation wave-
length (Acx), emission wavelength SDA  THF _ 388 468 80 0.361
(Aem), Stoke’s shift (AA) and Of: SDA EC TF 484 532 48 0.420
quantum yield. TF: thin film, NF: SDA EC TF 487 533 46 0.191
nano fiber
SDA EC NF 490 535 45 _
SDA EC NF 492 538 46 _
SDA PMMA TF 496 540 44 _
SDA PMMA TF 495 542 47 _
SDA PMMA NF 499 543 44 _
SDC  THF _ 422 478 56 0.431
SDC EC TF 594 651 57 0.501
SDC EC TF 598 656 58 0.278
SDC EC NF 598 655 57
SDC EC NF 604 656 52
SDC PMMA TF 606 654 48
SDC PMMA TF 608 657 49
SDC PMMA NF 610 655 45
SDC PMMA NF 613 660 47
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Fig. 5 Normalized excitation and emission spectra of the AgNPs in EC under
neutral and acidic conditions (pH = 7.1 and pH =2.3 acidified with HCI)

conditions, respectively. The spectral patterns observed in the
alkaline form were nearly same of the neutral form. From Fig. 5
it can be concluded that presence of the protons in the test
moiety has a distinct effect on the spectral characteristics of
the embedded AgNPs. Since the tests had been performed with
a HCI solution, the spectral shifts cannot be attributed to the
oxidation of the metallic silver atoms. Penetration of the proton
into the membrane by the ion exchange causes quenching of
the emission band observed at 504 nm indicating presence of
an interaction between the proton and collective oscillations of
the electron gas of excited plasmons.

Interaction of the SDA and SDC with the Acids

The reaction between the utilized Shciff-bases of SDA and SDC
and proton is a convenient protonation-deprotonation type of
interaction. As explained earlier, the Schiff bases become revers-
ibly working proton sensitive probes when embedded in the EC
along with the potassium tetrakis-(4-chlorophenyl) borate [20].
They may be tailored in form of thin films or electrospun fibers.
In these systems, H* ions are extracted into the polymeric phase,
attack towards the proton active centers, meanwhile potassium
ions diffuse from the membrane into the aqueous phase accord-
ing to the mechanism of ion-exchange. Following these succes-
sive and fast protonation steps, color of the embedded dyes turns
from pale red to orange and from yellow to dark purple for the
SDA and SDC, respectively. As a result, both the AgNPs and
the dyes are effective to response the pH. However, when they
are used together, they exhibit enhanced, repeatable and revers-
ible signal towards proton even in harsh conditions like the
work-places saturated with the acid vapors. On the other hand,
acidity constant is an indicator of the pH sensitivity of a fluo-
rescent probe. Herein both, the SDA and SDC exhibited distinct
emission based pH induced response for a quite large range of
the pH scale extending from 2.50 to 12.00. While the SDA
exhibiting two different acidity constants centered around 5.50
and 11.50, the SDC exhibited a sensitivity towards proton
around pH 7.50.

Why Do the SDA and SDC Work more Effective
along with the AgNPs?

When the pH probes and the AgNPs are used together, pH
sensing ability of the dyes enhanced distinctly. Mechanism of
the interaction between the fluorescent probes and silver nano-
particles has been determined from steady-state and lifetime
based measurements. First of all, the possibility of a spectral
overlap between donor and acceptor has been evaluated.
Figure 6 I and II reveal gathered excitation and emission
spectra of the SDA/AgNPs and SDC/AgNPs, respectively.
According to Fig. 6-1, both the excitation and emission spectra
ofthe SDA overlaps with the excitation and emission bands of
the AgNPs, when excited at the 390 nm. However, there is a
limited overlap between the emission band of the AgNPs and
the excitation band of the SDA. This limited overlap compar-
atively enhances the emission based response of the SDA.
However, in case of the SDC, emission band of the AgNPs
completely overlaps with the excitation band of the SDC
which means an energy transfer from the AgNPs to the SDC
(See Fig. 6-1I). These features make the AgNPs excellent po-
tential energy transmitter agents that allow us to use the plas-
mons along with the pH sensitive dyes in the polymeric matrix
for pH sensing efforts in a different way. One approach of
measuring fluorescence resonance energy transfer (FRET) is
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Fig. 6 Gathered excitation-emission spectra of the (I) SDA and AgNPs
(IT) SDC and AgNPs when embedded in EC matrix
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Fig. 7 The acid induced relative signal changes for the Ag-free and Ag-
doped thin films and electrospun fibers of the SDA in the pH range of
3.00-12.00. (I) Thin Film, (II) Thin films doped with AgNPs, (III)

to record the variation of the emission intensity of the acceptor
with varying amounts of the donor. Herein, we recorded emis-
sion intensities of the SDA and SDC (acceptors) versus in-
creasing amounts of the AgNPs. In both cases, we observed an
enhancement in the emission intensity of the dyes with in-
creasing amounts of the AgNPs up to a critical concentration
(2 mg AgNPs/kg polymer). However, after this critical value,
the fluorescence intensity of the dyes decreased due to self-
quenching

Lifetime Based Measurements

Lifetime measurements also give us valuable information
about on the mechanism of interaction between the
fluorophores and silver nanoparticles. The room temperature
time resolved fluorescence measurements of the EC embed-
ded AgNPs, SDA, SDA/AgNPs, SDC and SDC/AgNPs were
also carried out. The dyes were excited with a laser light
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source at 367 nm and the emissions were acquired at 504,
532 and 650 nm, for the AgNPs, SDA and SDC, respectively
(Laser with 250 p second pulse width).

According to the theory, the lifetime of the donor (AgNPs)
will decrease in the presence of the acceptor. Herein we mea-
sured lifetime of the EC embedded AgNPs and AgNPs / SDA
pair as 10.03 and 1.25 ns, respectively. Similarly, the AgNPs /
SDC pair exhibited a decay time of 1.27 ns. These findings
can be concluded as another evidence of the FRET from the
AgNPs to the dyes.

Effect of lonic Liquid on the pH Probes

Herein, we used room temperature ionic liquid (RTIL); 1-
Butyl-3-methylimidazolium tetrafluoroborate to enhance the
long term stability of the fluorophores. The RTIL containing
EC matrix provides an immunity and spectroscopically avail-
able microenvironment for the SDA and SDC. Probably, weak
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Lewis acid—base interactions taking place between the acidic
impurities and the anionic tetrafluoroborate counterpart of the
RTIL protects the dye [25, 26]. The excellent short term and
18 months of long term stability can be attributed to the pres-
ence of EMIMBF, within the matrix.

pH Induced Studies

pH induced response of the test materials have been investi-
gated both, under normal conditions and after exposure of the
test materials to the vapors of the strong acids of HCI, HNOj3
and H,SO,. Responses of the SDA and SDC towards acidity
were tested between pH 2.50 and 12.00 in the PMMA and EC
matrices. The tests were performed for the thin films and
electrospun fibers as well as the Ag-free and Ag-doped forms.
In all cases the pH probes exhibited better response towards
pH when doped in the EC matrix. Therefore, we used the EC
as matrix material in the further studies.

The thin film forms of the SDA exhibited a decreasing
spectral response in signal intensity from acidic to alkaline
pH values at 532 nm when excited at 390 nm. Similar spectral
behavior was observed for the nano-fibers at 535 nm. Figure 7

reveals pH induced response of the Ag-free and Ag-doped
thin films and electrospun fibers of the SDA in the pH range
0f 2.50-12.00. All of the test materials exhibited similar and
non-sigmoidal response for the studied pH range. The
electrospun fibers exhibited better response with respect to
the thin films, towards pH. When doped with the AgNPs,
while the thin films exhibiting an increase in acid induced
relative signal changes from 64 to 78% (See Fig. 7 I and III)
the Ag-doped electrospun mats exhibited an enhancement
from 63 to 89% (Fig. 7 Il and IV).

The SDC exhibited similar pH induced response to the
SDA when immobilized in the EC matrix. The emission max-
ima appeared at; 655 and 656 nm for the Ag-free and Ag
doped forms, respectively. Figure 8 reveals pH induced re-
sponse of the SDC in form of the electrospun mats between
pH 3.00-12.00. The pH dependent relative signal change was
enhanced from 58 to 79% in the Ag-doped forms (See Fig. 8-1
and II).

We also investigated effect of the variation of pH on the
decay times of the dye. The pH induced decay plots of the thin
film and electropun forms of the dyes in different pH buffers
mainly exhibited mono exponential decay behavior and

Fig. 8 pH induced response of a
the SDC in form of the 10.04 I
electrospun mats I: Ag-free, II:
Ag doped forms. I: (a): pH: 3.00, i 8.0 .
(b): 4.44, (c): 5.43, (d): 6.80, (e): = Ag free: NF
7.30, (f): 8.56, (g): 9,50, (h): 3 6.0
10.25. II: (a): pH: 3.00, (b): 4.44, < ’
(c): 5.43, (d): 6.48, (e): 7.30, (f): 8
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yielded slightly different decay times for the acidic, neutral
and alkaline moieties (pH =3.00, 7.00 and 12.00.). Table 5
reveals variation of the decay times in different buffers.
Therefore, we did not use the decay times as a calibration tool
for the further studies of the SDA and SDC dyes.

pH Induced Studies after Exposure to Vapors
of Strong Acids

pH sensing abilities of the SDA and SDC were also tested
with the calibration buffers after exposure of the test materials
to vapors of very strong acids of HCI, HNO3 and H,SO, to
simulate harsh conditions like industrial plants. This group of
pH sensitivity tests named as “acid immunity tests”.
Concentrations of the acid vapors were calculated considering
their vapor pressures at 20 °C (HCl: 10.6 mmHg, H,SOy:

Table 5 The pH induced decay times of the thin film and electropun
mats of the AgNPs, dyes and Dye/AgNp pairs in the acidic, neutral and
alkaline moieties (pH = 3.00, 7.00 and 12.00)

Dye Matrix Thin AgNPs
film/ (2 mg/kg
nanofiber Polymer)

Decay
Time (ns)

AgNPs  EC TF + 1.86 = 0.11 (48.2%)17.76

+1.16(51.8%)
pH = 12.00, 1.06
pH=7.00, 1.13
pH =3.00, 1.17
pH =12.00, 1.24
pH =7.00, 125
pH =3.00, 1.26
pH =12.00, 2.11
pH=7.00, 131
pH=3.00, 127
pH =12.00, 1.53
pH=7.00, 1.42
pH =3.00, 1.20
pH =12.00, 1.27
pH =7.00, 1.25
pH =3.00, 1.23
pH = 12.00, 1.26
pH =7.00, 1.27
pH =3.00, 1.32
pH =12.00, 3.11
pH=7.00, 1.58
pH = 3.00, 0.65

pH = 12.00, 0.58(61.8%),
4.39 (38.2%)

pH =7.00, 0.50(76.1%),
3.002(23.9%)

pH =3.00, 0.38(55.6%),
2.00(44.4%)

SDA  EC TF

SDA  EC TF +

SDA EC NF

SDA EC NF +

SDC EC TF

SDC EC TF +

SDC EC NF

SDC EC NF +
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36 mmHg and HNOs: 48 mmHg) which corresponds to the
partial pressures of 1.39, 4.73 and 6.32% in the air for the HCI,
H,SO,4 and HNOs;, respectively. The pH induced response of
the poisoned sensing materials was checked with steady-state
spectrofluorometric measurements. The acid induced re-
sponses of the SDA and SDC based electrospun mats were
shown in Figs. 9, 10 and 11. All of the tests were performed
both in the absence and presence of AgNPs. Figure 9 -I and I1
reveal pH sensing performance of the Ag-free and Ag-doped
SDA after exposure to HCI vapors.

Similar tests were also performed for the more aggressive
oxidizing acids of H,SO4 and HNO;_respectively. Due to the
higher vapor pressures, presence of the H,SO, and HNO;
resulted with higher acid concentrations (4.73 and 6.32%)
with respect to the HCI in the test moieties. Figure 10 reveals
acid sensitivity of the SDA after exposure to the nitric acid for
both, Ag-free and Ag doped electrospun fibers.

Spectral results observed for the H,SO, were similar to
HNO; but lower in terms of the relative signal drops with
respect to the results of the nitric acid. Same tests were applied
for the SDC doped materials. Emission based pH sensitivity of
the Ag-doped electrospun mats were shown in Fig. 11-I and II
which reveals effect of sulphiric acid exposure on the SDC for
both Ag-free and Ag-doped forms in a comparative manner. In
all cases we observed at distinct immunity against poisoning
effect of the acids on the emission ability of the SDA and SDC
for the Ag doped forms. Presence of AgNPs within the trans-
parent EC matrix resulted with enhanced luminescence, better
resolution and higher relative signal change on the pH sensi-
tivity of the test materials.

Response and Regeneration Performance of the EC
Doped Dyes in Form of Nanofibers

Response and regeneration performance of EC doped dyes
were tested with a variety of buffer solutions between
pH 2.00-12.00. Kinetic data were acquired with fiber optic
probe which is in contact with a flow system. During fiber
optic measurements the fluorescence intensity was monitored
and recorded versus time. pH determinations were carried out
pumping buffer solutions of desired pH. Each buffer solution
was pumped for 2 min at a flow rate of 2.2 mL min™" The tests
were performed with both thin films and electrospun fibers
fixed into a 350 uL homemade flow-cell. Structure of the
experimental setup was published in our previous work [23].
Both of the sensing materials responded reversibly towards
pH. However, in both cases a signal drift of approximately
10-17.5% was observed after 3rd cycle. The regeneration per-
formance of the tightly fixed thin films was better than that of
the nanofiber forms. The observed signal drifts can be attrib-
uted to the fluctuations in the flow system. Fixation of nano-
fibers in the flow cell or to study in lower flow rates may result
in better regeneration performance.
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Fig. 9 I: pH sensitivity of the of the SDA (in fiber form) in EC matrix
after exposure to HCI vapors (1.39% v/v in air), [:(Ag-free) Acx:380 nm
Amax:563 nm, pH: a:2.00; b:3.00; ¢:4.00; d:5.00; €:6.00; £:7.00; g:8.00;

Calibration Plots and pH Detection in Real Water
Samples

pH-induced calibration curves of the SDA and SDC has been
drown using the spectral data given in Fig. 7-IV and Fig. § —II,
for the pH range of 2.50-12.00 and 3.00-12.00 respectively.
The derived plots were shown in Fig. 12-I and —II. Herein we
used the intensity ratio of (I-10)/I0 which gives good straight

Wavelength (nm)

h:9.00; i:10.00. II:(Ag doped) Ae:380 nm Apax:574 nm, pH: a:2.00;
b:3.00; ¢:4.00; d:5.00; €:6.00; £:7.00; g:8.00; h:9.00; i:10.00

lines over the working range. In spite of the applied algorithm,
both, the SDA and SDC exhibited non-linear spectral response
described by y=—0.0018 x * +0.0443 x ?-0.3864x + 0,703
(R? =0.9926) and y=—-0.0006 x * +0.0107 x -0.1229x +
0.2823 (R* =0.9976) towards pH for the pH range extending
from 2.50 to 12.00. However, both the SDA and SDC exhibited
more linear spectral response and reasonable R? values between
pH =2.50-7.20 and 3.00-8.56 (See inset of Fig. 12-1 and II).
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Fig. 10 pH sensitivity of the of the SDA (in fiber form) in EC matrix after
exposure to HNOs vapors I: (Ag-free) Aex:370 nm A,.x: 533 nm, pH: a:
2.50; b:3.00; c:4.44; d:5.56; €:6.30; £:7.20; g:8.56; h:9.58; 1:10.25;

ji11.75. 1I: (Ag-doped) Aex:370 nm, Amax: 552 nm, pH: a: 2.50;
b:3.00; c:4.44; d:5.56; €:6.30; £:7.20; g: 8.56; h:9.58; 1:10.25; j:11.75
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To evaluate feasibility of the offered pH probes for
the detection of acidity, filtered and acidified real tap
water samples spiked with different concentrations of
hydrochloric acid were used. The samples provided
from the campus of University of Dokuz Eylul were
pre-treated by qualitative filter paper and 0.45 um filter
membrane to remove the solid suspensions and other
impurities. The pH values of the acidified tap water
samples were measured utilizing a pre-calibrated pH
meter equipped with a glass electrode and with the
SDA and SDC, respectively. Prior to the pH
measuerents, three point calibration of the instrument
(Orion Star A211) using automatic buffer recognition
of NIST has been performed. The tap water samples
were spiked with the 10, 50, 100, 150, 200 and
300 puL of 10> M of HCI solutions in 2.5 mL of
sample cuvettes. Three replicate measurements were per-
formed for each sample. Table 6 reveals the pH values
measured by the pH meter and the fluorescent probes
along with their standard deviations. In all cases, devi-
ation of the measurements performed by the fluorescent
probes were less then 5.00% with respect to the results
of the pH meter.

Cross-Sensitivity of the SDA and SDC towards
Potential Interferents

The cross-sensitivity of the SDA and SDC towards Na*, K*,
Ca**, Mg** and NH,*and many other polyvalent metal ions
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was investigated in separate solutions for three replicate mea-
surements. Among them interference effects of Ca2+, Mg2+,
Na*, K* and NH,* is quite important because these ions are
found to be almost all types of samples including biological
fluids, drinking water, river and sea water [27, 28]. Both the
SDA and SDC exhibited less than 5% relative signal change
when exposed to the 10~ M solutions of the conventional
ions in water samples with negligible standard deviations.
Similarly, emission based relative signal changes of Zn**,
Hg+, Hg2+, Sl’l2+, Ba2+, Ni2+, C02+, Cu2+, Pb2+, CI‘3+, Mn2+,
Fe** and Fe** were reported after exposure to 10> M solu-
tions. Except that of Mn** (14.3%), Fe** (11.6%) and
Cr’*(14.7%), standard errors were less than 5.0% for the
SDA. The SDC exhibited a fluctuation in response towards
Fe?*. Figure 13 reveals intensity based response of the dyes
towards the metal cations in phosphate buffered solutions at
pH 7.00. The most notable source of interference to the pH
sensitivity of the SDA and SDC is the quenching of the excit-
ed states by the cations of Zn>*, Cu**, Ag®, Hg*, Mn*", and
Fe** at neutral pHs for the SDA. The SDC exhibited less
intense relative signal change when exposed to the all of the
potential interferents with respect to the SDA in similar
conditions.

The cross sensitivity tests were also performed for the con-
ventional anions of F, CI', Br, NO, , NO; , PO437, SO427
and HCO5 . Among them only the bicarbonate caused 85%
quenching in the signal intensity which is an expected effect
and can be attributed to the variation of the pH to 8.00-8.50.
For the others the response was less than 4%.
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Fig. 12 pH induced calibration pH
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Conclusion and 543 nm and 590-660 nm for the SDA and SDC, respec-

In this work, two different fluorescent dyes were embedded in
polymeric matrices along with silver nanoparticles and an
imidazolium based ionic liquid. The chosen dyes exhibited
broad absorption bands covering most of the UV region,
and, bright emission characteristics centered between 480

tively. The long wavelength excitable dyes exhibited high
quantum yields varying between 0.19—-0.50 and large
Stoke’s shifts in the range of 45 and 80 nm. Herein, we inves-
tigated sensitivity of the two different fluorescent probes to-
wards pH simulating harsh conditions with the saturated va-
pors of the strong acids of HCl, HNO3 and H,SO,.

Table 6 Comparative pH measurement results of the tap water samples by different approaches after addition of certain amounts of 107> M HCI

solutions (for n=3)

Skiped Acid, pL pH of Tap water 25 C (Cond.:467 uS/cm,  pH of Tap water Deviation from pH pH of Tap water Deviation from pH
(1073 M HCI) pH =7.52) (pH meter) by SDA meter (%) by SDC meter (%)

10 5.39+0.19 5.27+0.09 —222 547+0.14 +3.79

50 4.69+0.12 4.74+0.11 +1.06 4.56+0.17 —2.77

100 439+0.21 429+0.27 —2.27 4.53+0.11 +3.19

150 422+0.13 421+0.16 —0.23 4.16+0.13 -1.42

200 4.09+0.08 4.01£0.08 +1.95 421+0.12 +2.93

300 3.92+0.09 3.86+0.08 -1.52 3.88+0.15 —-1.02

@ Springer



566

J Fluoresc (2019) 29:549-567

Fig. 13 Metal-ion response test 0.70
results for the EC embedded SDA 0.60
and SDC. Results are plotted as

relative fluorescence changes, (I- 0.50
Io)/To, where 1 is the fluorescence 0.40
intensity of the sensor membrane
after exposure to ion-containing
solutions and Io is the fluores-
cence intensity of the sensor slide
in ion-free buffer solution
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Generally, the pH sensitive dyes become irreversibly
poisoned when exposed to the vapors of strong acids
and lose their sensitivity towards pH. Here we provided
an extraordinary immunity on the pH sensitivity of the
fluorescent pH probes utilizing AgNPs and ionic liquid
together within the same matrix. We obtained high sen-
sitivity when used these additives in appropriate
amounts. We provided enhanced stability and securely
entrapped the dye molecules without any leaching from
the polymeric matrices. The offered composites can be
employed for pH measurements even in environments
occupied by concentrated acid vapors of well-known
strong mineral and oxidizing acids. We also tested the
fabricated materials with naked eye in plastic syringes
for practical applications, successfully.
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