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a b s t r a c t

This work reveals spectral characterization of newly synthesized metal-free (Pc-1) and Zn(II) (Pc-2)
phthalocyanines (Pcs) in conventional solvents and two solid matrices; ethyl cellulose (EC) and polyvinyl
chloride (PVC). Fluorescence lifetime (�F) and fluorescence quantum yield values (�F) of the Pcs were
calculated in tetrahydrofuran (THF), dimethylsulfoxide (DMSO) and solid matrices of EC and PVC. The
vailable online 11 December 2008
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respective protolytic forms were characterized by absorption and emission spectra as well as apparent
pKa values. The immobilized metal-free phthalocyanine exhibited strong and pH-dependent fluores-
cence due to a protolytic equilibrium within a large pH range yielding three different pKa values. The
Zn-II phthalocyanine also exhibited optical emission based response to proton in the pH range of 2.0–9.0.
Upon exposure to proton, reversible relative signal changes for PVC-doped Pc-1 and Pc-2 were approx-

ective
the dy
IR dye
luorescent pH indicator

imately 90 and 95%, resp
proton sensing ability of

. Introduction

Due to their promising optical and electrical properties, phthalo-
yanines (Pcs) are capable of forming organic conductors [1],
rganic light-emitting diodes [2], field effect transistors, organic
hotovoltaics [3], optical-chemical sensors [4–11] and tumor-

ocalizing photosensitizers [12,13]. Excellent photostabilities, high
uorescence quantum yields (�F), long-wavelength excitation
axima and strong absorptions between 550 and 700 nm make

he Pcs promising indicators in design of optical-chemical sensors.
etal-free or metal Pcs have been used as chemical-sensing agents

or determination of O2 [4], NO2 [5–8], alcohol vapors [9] volatile
rganic compounds [10] and amines [11].

The phthalocyanines, along with their metal complexes, absorb
ight of longer wavelengths; beyond 650 nm. It should be noted that,
pectral region from 600 to 1000 nm is frequently referred to as the
ery near-infrared region (VNIR) and is very useful for optical prob-

ng of biological material, and optical-chemical-sensing purposes
14,15]. Phthalocyanines have remarkable photostability and offer
ossibility to be modified by substitution and flexibility in struc-
ure, which facilitates designing of their physical, optoelectronic
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akultesi, Kimya Bolumu 35160, Tinaztepe Buca, Izmir, Turkey.
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ly. Presence of polyvalent metal ions in test medium did not restrict the
es.

© 2008 Elsevier B.V. All rights reserved.

and chemical characteristics The offered phthalocyanines meet the
requirement of exhibiting very near-infrared region (VNIR) excita-
tion or emission wavelengths with a high sensitivity to pH in a large
range.

In this work, the absorption and emission based spectral char-
acterization of the metal-free (Pc-1) and Zn(II) phthalocyanine
(Pc-2) was performed in different organic solvents, in plasticized
ethyl cellulose (EC) and polyvinyl chloride (PVC). Detailed spec-
troscopic probing of the acid–base properties was also performed.
The employed phthalocyanines; Pc-1 and Pc-2; have advantages
of long-wavelength excitation, high quantum yield, photostability,
strong and pH-dependent fluorescence signal, high relative signal
change and large dynamic working range. Their response range to
proton covers the pH scale from 2.0 to 8.0. As far as we know, this
is the first report of the measurement of the pH dependency for
employed phthalocyanines, in solution, plasticized EC and PVC.

They are expected to be promising molecular probes for very
near-infrared luminescence pH sensing studies, and to be par-
ticularly useful for applications such as labeling of biomolecules,
biodistribution and tumor-photosensitizing.

2. Experimental
2.1. Reagents

Metal-free and Zn(II) Pcs were synthesized according to the
method described in Ref. [16]. Chemical structures of the employed

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kadriye.ertekin@deu.edu.tr
dx.doi.org/10.1016/j.jphotochem.2008.12.009
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Fig. 1. Chemical structures of the metal-free (Pc-

olecules were shown in Fig. 1. The polymer membrane com-
onents, polyvinyl chloride (PVC) (high molecular weight), ethyl
ellulose (EC) and the plasticizer, bis-(2-ethylhexyl) phthalate
DOP) were obtained from Merck and Fluka. Potassium tetrakis-
4-chlorophenyl) borate (KTClPB) was from Aldrich. Chloroform
CHCl3), tetrahydrofuran (THF), and dimethylsulfoxide (DMSO)
ere of analytical grade. Solvents for the spectroscopic studies
sed without further purification. Tetrabutylammonium hydroxide
TBAOH, 0.1 M, in isopropanol), trifluoroacetic acid and perchloric
cid (HClO4) were purchased from Merck. Buffer solutions were
repared with disodium hydrogen phosphate/sodium hydroxide
or pH 12.0, sodium dihydrogen phosphate/sodium hydroxide for
H 7.0, and phosphoric acid/sodium hydroxide for pH 2.0. Millipore
ure water was used throughout the studies.

.2. Instrumentation

Absorption spectra were recorded using Shimadzu 2101
V–visible spectrophotometer. Steady-state and fiber optic fluores-
ence measurements were recorded by using Varian Cary Eclipse
pectrofluorometer. The wavelength resolution of the fluorescence

pectrometer and UV–vis spectrophotometer used to measure
pectra are <1.5 nm and 0.01 nm respectively. A home-made black
eflon flow-cell and a bifurcated fiber coupler were used for pH-
ensing measurements. The excitation light was carried to the cell
hrough one arm of the bifurcated fiber and the emission light
Zn(II) (Pc-2) octa-(tosylamido) phthalocyanines.

was acquired through the other. The tip of bifurcated fiber optic
probe was interfaced with the sensing membrane fixed on the top
of the flow chamber as shown in Ref. [17]. The sample or buffer
solution was driven into the 300 �L flow-cell by a peristaltic pump
(Four channels Ismatec Reglo Analog) at a flow rate of 2.2 mL min−1.
Tygon tubing of 2.06 mm inner diameter was used with the peri-
staltic pump. pH of the solutions was measured with a digital pH
meter (WTW), which was calibrated with standard buffers of pH
4.0, 7.0 and 10.0. All measurements were performed at room tem-
perature (25 ◦C) and under atmospheric pressure.

2.3. Preparation of sensing membrane

The PVC based polymer membrane was prepared to contain
120 mg of PVC, 240 mg of plasticizer (DOP), 1.5 mg of Pc-1 or Pc-
2, and 3.5 mg of potassium tetrakis-(4-chlorophenyl) borate and
1.5 mL of THF. The EC based polymer membrane was prepared to
contain 100 mg of EC, 200 mg of plasticizer (DOP), 1.5 mg of Pc-1
or Pc-2, 3.5 mg of potassium tetrakis-(4-chlorophenyl) borate and
1.5 mL of THF.

The resulting cocktails were spread onto a 125 �m polyester sup-

port (MylarTM) in order to obtain sensor films. The films were dried
in ambient air of laboratory. Then thin films of approximately 5 �m
were obtained on the Mylar support. The polyester support was
fully transparent and exhibited good adhesion to PVC and EC. Each
sensing film was cut to 1.2 cm × 3.0 cm size, fixed diagonally into



S.Z. Topal et al. / Journal of Photochemistry and Pho

F
(

t
t
c

3

3

f
i
E
P
a
P

s
3
f
f

T
U

C

P

P

ig. 2. Absorbance spectra of molecules, (I) Pc-1 and (II) Pc-2 in different solvents:
a) chloroform, (b) THF and (c) DMSO.

he sample cuvette for the steady-state measurements. For flow
hrough measurements, the sensor films of 30 mm diameter were
ut and placed into the flow-cell containing 300 �L buffer solutions.

. Results and discussion

.1. Absorption based spectral characterization

Spectral characterization of metal-free and Zn(II) Pcs was per-
ormed with recording absorption, excitation and emission spectra
n the solvents of CHCl3, THF, and DMSO and in solid matrices of
C and PVC. Fig. 2 shows gathered absorption spectra of Pc-1 and
c-2 in the employed solvents. UV–vis spectroscopy related data;
bsorption maxima; �Abs and molar extinction coefficients of the
cs were shown in Table 1.
The employed Pcs exhibited typical electronic spectra with
trong absorption bands: an ultraviolet Soret (B) band around
50 nm and a visible Q band around 700 nm. In case of metal-
ree phthalocyanine, the Q band split into two which arises
rom its lower symmetry (D2 h) compared with that of metal-

able 1
V–vis spectrum related data of Pc-1 and Pc-2 in the solvents of CHCl3, THF, DMSO and i

ompound Solvent/matrix �1
abs

�2
abs

�3
abs

c-1

CHCl3 351 637 686
THF 352 648 681, 710
DMSO 354 534 740
EC 348 503 707
PVC 357 639 688

c-2

CHCl3 351 640 682
THF 358 659 687
DMSO 364 523 721
EC 355 640 692
PVC 354 641 686
tobiology A: Chemistry 202 (2009) 205–213 207

phthalocyanine (D4 h). The Pc-1 exhibited the typical split Q bands
at 681 and 710 nm in THF. However, the Pc-1 yielded two Q bands
in chloroform; a monomeric Q band around 680 nm and a blue
shifted dimeric band around 640 nm; corresponding to protonated
species. The single Q band of Pc-1 in DMSO was shifted to red 30
and 103 nm with respect to the intense component of Q band in THF
and CHCl3, respectively. The non-split Q band of Pc-1 observed in
DMSO can be attributed to the deprotonation of the central pyrolle
nitrogens due to the basicity of the solvent. The 103 nm of red shift
observed in DMSO with respect CHCl3 also arises from deprotona-
tion of octa-tosylamido moiety of the phthalocyanines. The spectral
shifts seen for Pc-2 in the employed solvents were parallel to the
shifts observed for Pc-1 and can be explained in the same way (see
Fig. 2, Table 1).

All these spectral diversities observed in DMSO can be attributed
to the solvatochromism and basicity of the solvent [16].

Absorption spectra of the immobilized Pc-1 and Pc-2 in EC and
PVC were also investigated. Split Q bands of Pc-1 and Pc-2 appeared
at 688 and 630 nm, and, 686 and 625 nm in PVC, respectively. How-
ever, different results were observed in EC; the split Q bands of Pc-1
and Pc-2 disappeared and two single bands appeared at 707 and
692 nm, respectively. Upon immobilization in PVC, while the inten-
sity of monomeric Q band decreasing, dimeric Q band increased
and became more effective. Among the employed media, the high-
est molar extinction coefficients were observed in THF and EC (see
Table 1).

3.2. Emission based studies

Four pyrrole rings of the phthalocyanines corresponding macro
cycle have fully conjugated aromatic �-electrons which are respon-
sible from intense fluorescence of the Pcs. Table 2 reveals the
excitation and emission spectra related characteristics (emission
maxima, excitation maxima, Stoke’s shift, fluorescence quantum
yield and fluorescence lifetime) of Pc-1 and Pc-2 in the employed
solvents and solid matrices. In all cases, dyes were excited around
665–720 nm and emission spectra were recorded. In agreement
with literature [18], metal-free Pc (Pc-1) exhibited long-wavelength
emission maxima in the solvents and solid films with respect to cor-
responding Zn(II) Pc (Pc-2) which can be attributed to the charge
transfer transitions between the ring and the metal cation.

It should be noted that, preferred excitation wavelengths for bio-
logical fluids, including urine, blood, serum or plasma is 600 nm or
greater. The Pc-1 and Pc-2 excited at 679 and 665 nm in THF and
682 and 665 in PVC which are proper for test-kit applications for
blood and serum.

In all of the employed matrices, the Stoke’s shift values of the

phthalocyanines calculated from spectral data were high enough
for spectral resolution. Stoke’s shift is important for fluorescence
and optical-sensing studies because the high Stoke’s shift value
allows the emitted fluorescence photons to be easily distinguished
from the excitation photons, leading to the possibility of very low

n solid matrices of EC and PVC.

εmax (�1
abs

) (×104) εmax (�2
abs

) (×104) εmax (�3
abs

) (×104)

9.5 13.9 5.3
1.0 4.1 16.2, 16.9
8.2 3.4 11.9
7.7 2.5 7.9

11.0 12.2 5.1

7.4 12.7 3.8
8.9 7.2 22.8
6.8 1.5 10.2
3.3 4.1 16.9

11.9 15.5 5.8
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Table 2
Fluorescence spectra related data of Pc-1 and Pc-2 in the solvents of CHCl3, THF, DMSO and in solid matrices of EC and PVC (�em

max: maximum emission wavelength in nm;
�ex: maximum excitation wavelength in nm; ��ST: Stoke’s shift in nm; �F: quantum yield and �F: fluorescence lifetime in ns).

Compound Solvent/matrix �em
max �ex �F �F ��ST

Pc-1

CHCl3 715 675 Very low – 40
THF 715 679 0.33 1.23 36
DMSO 780 720 0.03 0.07 60
EC 718 683 0.23 0.33 35
PVC 718 682 0.03 0.06 36

Pc-2

CHCl3 707 660 Very low – 47
THF 694 665 0.25 1.44 29
DMSO 748 680 0.15 0.71 68
EC 698 665 0.15 0.41 33
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were also shifted to red. The Pc-2 in THF exhibited similar spectral
response to proton ions (see Fig. 3II).

pH-dependent emission spectra of Pc-1 and Pc-2 in THF were
given Fig. 4. The emission peak of Pc-1 at 715 nm decreased upon
742 (acidic)

PVC 698
746 (acidic)

ackground signals. All of the Pcs, exhibited Stoke’s shifts exceed-
ng the minimum of 30 nm recommended for easy visualization and
ensitive detection in most of the employed media (see Table 2).

.3. Fluorescence quantum yield and lifetime calculations

Fluorescence quantum yields (�F) of the Pc-1 and Pc-2 were cal-
ulated employing the comparative William’s method [19], which
nvolves the use of well-characterized standards with known �F
alues. For this purpose, the UV–vis absorbance and corrected emis-
ion spectra of different concentrations of reference standard, the
c-1 and Pc-2 were recorded respectively. Unsubstituted Zn-Pc was
sed as reference standard whose fluorescence quantum yield is
.18 in DMSO. Integrated fluorescence intensities were plotted ver-
us absorbance for the reference standard, Pc-1 and Pc-2. Slopes of
he plots were proportional to the quantity of the quantum yield
f the studied molecules. The quantum yield values were corrected
y multiplying with a correction factor of (1.0�F/0.18) in order to
onvert to absolute value considering the �F of the standard 1.0.

Fluorescence quantum yields (�F) were calculated according to
he following equation where ST and X denote standard and sample,
espectively. Grad is the gradient of the plot and n is the refractive
ndex of the solvent or polymer matrix material [19].

F = �ST

(
GradX

GradST

)(
n2

x

n2
ST

)

he Pc-1 and Pc-2 exhibited quite high quantum yields in THF, EC
nd PVC in their neutral form. The �F values of Pc-1 and Pc-2 were
ound to be 0.33 and 0.25 in THF, respectively. The quantum yield
alue of Pc-2 in PVC in an acidic environment was found to be 0.28
t 746 nm which is 5.5-fold of �F of Pc-2 in EC. Calculated quantum
ield values reveal that the Pc-2 dye fluoresce better in immobilized
VC matrix in acidic environments than that of other employed
edia (see Table 2).
Fluorescence lifetimes (�F) were determined using Photochem-

AD program which uses the Strickler–Berg equation [20].
luorescence lifetimes of the Pc-1 and Pc-2 were determined as
.23 and 1.44 nanoseconds in THF, respectively (see Table 2). The
ongest fluorescence lifetimes were measured in EC and acidic PVC
or Pc-2.

.4. Spectroscopic probing of acid–base properties of Pc-1 and
c-2 in THF
The knowledge of acidity constant (pKa) is of fundamental
mportance in order to provide information on chemical reactiv-
ty range of the indicator dyes. For this reason, the absorption and
mission based pH dependencies of Pc-1 and Pc-2 were investi-
665 0.13 0.36 77
665 Very low
665 0.28 5.54 33

gated in THF. pH-dependent absorption spectra of Pc-1 and Pc-2
in THF were given in Fig. 3. The Pc-1 exhibited a response to pro-
ton ions in direction of signal decrease from pH 3.4 to 5.5. From pH
5.5 to 13.6, direction of the signal inversed and split Q band of the
Pc-1 was disappeared. With increasing pH, Q band spectra of Pc-1
Fig. 3. (I) pH-dependent absorption spectra of Pc-1 and (II) Pc-2 in THF.
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Fig. 4. pH-dependent fluorescence emission spectra of Pc-1 and Pc-2 in THF. (I)
Fluorescence spectra between pH 1.1 and 6.8 (pH 1.1, 1.9, 3.0, 4.1, 6.0, 6.4, 6.6, 6.7,
6.8) at 715 nm. Inset spectra: between pH 7.1 and 11.0 (pH 7.1, 7.9, 8.9, 9.6, 11.0) at
7
5
8

e
r
w
d
p
t
d
w
T
c

respectively. From Fig. 6, it can be concluded that Pc-1 exhibited

F

67 nm and (II) Fluorescence spectra between pH 1.2 and 7.7 (pH 1.2, 2.4, 3.8, 4.2,
.0, 5.6, 6.6, 6.7, 6.8, 7.0, 7.7) at 696 nm. Inset spectra: between pH 8.1 and 13.5 (pH
.1, 8.7, 9.3, 9.9, 10.7, 11.0, 11.4, 12.5, 13.5) at 740 nm.

xposure to proton ions between pH 1.1 and 6.8. The spectral
esponse to proton in the pH range of 7.1–11.6 observed at 767 nm
as negligible (see inset of Fig. 4). From the inflection point of the
issociation curve, the pKa value of the Pc-1 was determined as
Ka = 6.9. Similarly the Pc-2 exhibited a decreasing signal response
o proton ions in the pH range of 1.2–7.7 at 696 nm. The pH-

ependent response observed at 740 nm between pH 8.1 and 13.5
as omitted (see inset of Fig. 4). The pKa value of the Pc-2 in

HF was found to be 6.8 from the inflection point of dissociation
urve.

ig. 5. Absorption based response of (I) Pc-1 and (II) Pc-2 in PVC film at different pH valu
Fig. 6. (I) Fluorescence excitation and emission spectra of the Pc-1 in PVC films at
different pH values: (a) 14.0–9.0, (b) 8.5, (c) 8.0, (d) 7.5, (e) 7.0, (f) 6.5–5.0, (g) 4.5, (h)
4.0, (i) 3.5, (j) 3.0–1.0 and (II) emission based sigmoidal response of Pc-1 to pH.

3.5. Spectroscopic probing of acid–base properties of Pc-1 and
Pc-2 in PVC

The absorption behavior of PVC-doped phthalocyanines exhib-
ited diversities with respect to the absorption spectrum recorded
in THF. Absorption based pH response of PVC-doped Pc-1 and Pc-
2 were shown in Fig. 5. While the immobilized Pc-1 exhibiting an
isobestic point at 660 nm, the Pc-2 yielded a new absorption peak at
740 nm in acidic environments. pH-dependent excitation and emis-
sion spectra of Pc-1 exhibited an increasing response to proton
from pH 12.0 to 1.0. The excitation–emission spectra and related
dissociation curves of Pc-1 and Pc-2 were shown in Figs. 6 and 7,
two distinct and one weak inflection points corresponding to the
pKa values of 3.5, 7.2 and 8.4. Therefore, PVC-doped Pc-1 dye can
be effectively used for the pH sensing purposes in the pH range of
2.5–4.5 and 6.2–8.2.

es: (a) 10.0, (b) 9.0, (c) 8.0, (d) 7.0, (e) 6.0, (f) 5.0, (g) 4.0, (h) 3.0, (i) 2.0 and (j) 1.0.
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Fig. 9. (I) Fluorescence excitation and emission spectra of the molecule, Pc-1 in EC

F
(

ig. 7. (I) Fluorescence emission spectra of the molecule, Pc-2 in PVC films at dif-
erent pH values: (a) 12.0–5.0, (b) 4.5, (c) 4.0, (d) 3.6, (e) 3.5, (f) 3.0, (g) 2.5 and (h)
.0–1.0 and (II) emission based sigmoidal response of Pc-2 to pH.

Fig. 7 reveals emission based spectra of PVC-doped Pc-2. pH
ependency of Pc-2 was investigated at 746 nm in pH range of
2.0–1.0. The analytical signal was the increasing emission inten-
ity between pH 2.0 and 4.0. In contrast to Pc-1, the pKa value of
c-2 in PVC was found to be 3.3 from the inflection point of the
issociation curve (see Fig. 7II).

The immobilized Pc-1 and Pc-2 reversibly responded to H+ ions
n PVC. Protonation reaction was faster than deprotonation process
or both of the molecules.

.6. pKa calculations of Pc-1 and Pc-2 in EC

pH dependency of metal-free and Zn(II) phthalocyanines in EC
as very similar to the pH response observed in THF. At neutral pH

alues, the absorption spectrum exhibited the typical splitting Q

and structure of low symmetry species, attributable to the neutral
cH2 possessing D2 h symmetry. The splitting of the Q band for Pc-1
isappeared depending on degree of the deprotonation of pyrolle
itrogens (see Fig. 8).

ig. 8. Absorption based responses of the Pc-1 and Pc-2 to pH in EC films. Pc-1: (a) pH 12
a) pH 12.0, (b) 10.5, (c) 9.0, (d) 8.0, (e) 7.0, (f) 6.0–4.0, (g) 3.0, (h) 2.0 and (i) 1.0.
films at different pH: (a) 12.0, (b) 10.5, (c) 9.0, (d) 8.0, (e) 7.0, (f) 6.0, (g) 5.0, (h) 4.0,
(i) 3.0 and (j) 2.0–1.0 and (II) emission based sigmoidal response of Pc-1 to pH.

Fluorescence spectra of Pc-1 in EC between pH 1.0 and 11.0
and emission based sigmoidal response (pH versus (I − Io)/Io) were
shown in Fig. 9I and II, respectively. pKa values for EC doped Pc-1
were determined as pKa1 = 3.6, pKa2 = 6.5 and pKa3 = 8.7 from the
inflection points.

Fluorescence spectra of Pc-2 in EC between pH 1.0 and 11.0
and related emission based sigmoidal response were similar to the
response of Pc-1. The pKa values of Pc-2 were found to be pKa1 = 2.5

(slight), pKa2 = 5.6 and pKa3 = 9.0 from the inflection points. The Pc-
1 and Pc-2 reversibly responded to H+ ions in EC. The EC doped Pc-1
and Pc-2 dyes can be effectively used for the pH sensing purposes
in the pH range of 3.0–9.0.

.0, (b) 10.5, (c) 9.0, (d) 8.0, (e) 7.0, (f) 6.0, (g) 5.0, (h) 4.0, (i) 3.0 and (j) 2.0–1.0. Pc-2:
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Fig. 10. Response curve and regeneratio

The Pc dyes exhibited three different distinct inflection points
nd corresponding pKa values when doped into PVC or EC
ogether with lipophilic anionic additive; potassium tetrakis-(4-
hlorophenyl) borate. Incorporation of stoichiometric amount of
nionic sites such as KTClPB with polymer is essential for a func-
ional ion sensing for proper uptake of protons into the membrane.
he formation of three different pKa values for Pc-1 in EC can be
ttributed to the successive deprotonation of inner pyrolle nitro-
ens, deprotonation of the outset octa-tosylamido nitrogens and
hen protonation of the external nitrogens. On the other hand,
cidity of two octa-tosylamido nitrogens linked to a benzene ring
re probably different. Nevertheless deprotonation of inner pyrolle
itrogens and deprotonation belong to one of the octa-tosylamido
itrogens are likely very close so one pKa value found belong to
hese.

The KTClPB containing thin film forms of plasticized membranes
llow ion transport through the membrane and provide enough
ccessibility for proton ions.

.7. Interpretation of acid–base behavior of the phthalocyanines

The metal-free phthalocyanine; Pc-1 contains four pyrolle
itrogens, all of which are theoretically capable of undergoing pro-
onation/deprotonation reactions (see Fig. 1). The protonation or
eprotonation state of the pyrrole-imine moiety affects the absorp-
ion spectrum, namely the number, location and strength of the Q
ands. This can be attributed to the partial charge transfer from the
itrogen atoms to the phthalocyanine �-electron system under for-
ation of a stabilized cation which can be represented with lots of
ifferent resonance structures. In our experiments, Q band of Pc-
was observed single in alkaline solutions, indicative of the D4 h

ymmetry of the fully deprotonated species Pc2−, this change is
ttributed to reversible deprotonation of the central imine groups
21]. At low pH values, the spectrum exhibits the typical split Q band
formance of PVC-doped Pc-1 and Pc-2.

structure of low symmetry species, attributable to the neutral H2Pc
possessing D2 h symmetry. This behavior can also be explained on
the basis of the pyrrole nitrogen atoms being very acidic, because
of the electron-pulling effect of the tosyl groups.

As special for Pc-2, it is well known for zinc phthalocyanines,
protonation of external nitrogen in acidic medium lead to lowering
of symmetry, resulting in splitting and bathochromic shift of the Q
band (see Fig. 5).

Studies by our group showed that the stepwise protonation of
the deprotonated both phthalocyanines in basic medium resulted
with successive blue shifts of the Q band, with the protonated
species absorbing about 60 nm of the red of both unprotonated
Pcs (see Fig. 3). These protonated species were fluorescent and
their emission spectra exhibited similar blue shifts extending to
50–60 nm (see Fig. 4).

Both of the dyes discussed above contain available active centers
for proton attacks and are appropriate for using as pH probes. When
they are immobilized in EC and PVC along with anionic additive;
potassium tetrakis-(4-chlorophenyl) borate; Pc-1 and Pc-2 become
H+ selective molecular probes. In these systems, H+ ions are selec-
tively extracted into the optode membrane by the anionic additive
meanwhile potassium ions diffuse from the membrane into the
aqueous phase due to the mechanism of ion-exchange.

3.8. Performance studies of sensor films

The response performances of the pH sensor slides were eval-
uated in terms of reproducibility, reversibility and response time.
The response characteristics of Pc-1 and Pc-2 were investigated

with fiber optic probe in a flow system. The fluorescence intensity
change upon switching the pH from 12.0 to 1.0 was recorded for
PVC-doped Pc-1 and Pc-2 (see Fig. 10). Sensor membranes of Pc-1
and Pc-2 were found to reach 90% of the signal intensity change
(�90) in 21.6 ± 1.5 and 13.9 ± 1.6 min respectively (n = 10 cycles).
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Fig. 11. Metal ion responses of PVC-doped Pc-1 (at 715 nm) and Pc-2 (at 746 nm),
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espectively. Results were plotted as relative fluorescence changes (I − Io)/Io, where
was the fluorescence intensity of the sensor membrane after exposure to ion-
ontaining solutions and Io is the fluorescence intensity of the sensor slide in ion-free
uffer solution.

The average regeneration times for Pc-1 and Pc-2 were found
o be 18.9 ± 2.1 and 13.4 ± 1.4 min. Regeneration recoveries of Pc-1
nd Pc-2 were approximately 100% even after 10 cycles.

The reported response and recovery times include the dead vol-
me of the tubings, rather than the true response time of the sensing
omposition. Additionally, the response time can be improved by
djusting the film thickness of sensor slides and the flow rate of the
uffer solutions. In our case, average film thickness was found to
e 5 �m. The film thickness can be reduced and shorter response
imes can be reached.

All these results for Pc-1 and Pc-2 imply that reproducibility,
eversibility and relative signal changes of the proposed sensor
or pH measurements are satisfactory. In EC matrix based stud-
es very similar reproducibility performance was obtained for both
yes. In all of the employed media; in THF, PVC and EC; the
rotonation–deprotonation behavior of the Phthalocyanine dyes
as reversible.

.9. Effect of the ionic strength and cross-sensitivity to metal
ations

The effect of ionic strength on the sensor membranes of Pc-1 and
c-2 was investigated using phosphate buffer solutions of pH 5.0
hose ionic strengths were adjusted to 0.1 or 1.0 mol L−1 with NaCl.

he employed range covers most of the clinical and biotechnical
pplications. Fluorescence intensity of PVC-doped Pc-1 and Pc-2
id not give any significant change with increasing ionic strength

p to 1.0 mol L−1.

The interference effects of a number of common species on the
uorescence determination of pH were also investigated by expo-
ure to 10−3 M solutions of Zn2+, Hg+, Sn2+ Ca2+, Bi2+

, Na+, Ni2+,

[
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Co2+, Cu2+, Pb2+, Al3+, Cr3+, Mn2+, K+, Fe2+ and Fe3+ for Pc-1 and
Pc-2. Fig. 11 reveals fluorescence emission based response of Pc-1
and Pc-2 to the metal cations. The interference experiments were
performed in 10−2 M acetic acid buffered solutions at pH 5.0. Except
that of Co2+, for common polyvalent metal ions, relative errors of
less than 5% were obtained. This was considered tolerable. The Pc-1
and Pc-2 in PVC exhibited good selectivity towards hydrogen ions
with respect to other co-existing interferences, which made it feasi-
ble for practical applications. It should be noted that, spectroscopic
responses to metal ions are dependent on many factors, including
pH, temperature, viscosity, and the presence of other ions. At very
low pH values, the alkali metal cations Na+ and K+ act as H+ ions and
disturbs the signal of Pc-1 and Pc-2 by taking place of proton. The
relative response of phthalocyanines to acetate and chloride were
very slight, <0.5% at neutral pH’s.

4. Conclusion

The advantages of working with fluorophores emitting beyond
650 nm are well known. We believe that the offered phthalocya-
nines will be potential candidates for practical applications like the
development of a photodynamic therapy agent with increased sen-
sitivity and selectivity. The knowledge of pH-dependent spectral
changes of the metal-free and metal-phthalocyanines both in solu-
tion phase and in immobilized form is of fundamental importance
in order to provide information on their chemical reactivity range.
Here, we have reported pH dependency and photopysical charac-
teristics of fluorescent phthalocyanine dyes; Pc-1 and Pc-2 which
signal to protons at the red end of the visible spectrum.
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