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HIGHLIGHTS

e Anthraquinone  functional  zinc
phthalocyanine sensor was utilized
for ultra-trace amount of water
detection in organic solvents.

e The Sensor was used for water
sensing through voltammetric and
fluorometric methods with detailed
mechanistic explanations.

e The sensor displays very low LOD
value and fast response time, and has
high stability during experiments.
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ABSTRACT

Anthraquinone functional zinc phthalocyanine sensor platform was utilized for ultra-trace amount of
water determination in THF and DMF. Using the fluorometric method, the water content in THF was
determined with a LOD of 2.27 x 10 M and a response time of 1 s. The sensor is based on the
mechanism of aggregation depended on quenching of emission. Although the aggregation is known as an
undesirable property in the application of phthalocyanine, this property has been successfully applied in
the quantification of water content in THF. By using the shift of the third reduction wave of the sensor,
the water content in DMF was measured with a LOD value of 5.64 x 10~/ M. The voltammetric response
mechanism is based on the hydrogen bonding depended shifting of the reduction potential of quinone
moiety on phthalocyanine. Redox potentials of phthalocyanine are used as a calibrant for accurate
quantification of water content in DMF. Water molecules (n and m) and equilibrium constants (K' and K?)
for the formation of hydrogen bonding for the first and third reduction processes were calculated as 1.18
(n), 104 (m) and 19.3 (K"), 1.6 x 10" (K?) M~(™) which demonstrated why the third reduction process
was chosen to set the calibration plots.
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1. Introduction

Water is considered a significant impurity and contaminant for
many organic solvents. Determination and measurement of trace
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amount of water are vital for environmental monitoring, food
processing, pharmaceutical, biomedical, and petroleum-based fuels
[1,2]. Karl Fischer is a well-known method for determining the
water content in organic solvents. Although the method has the
capability of low detection limit, it brings along some disadvan-
tages; the usage of toxic chemicals (i.e., imidazole, I, and SO,),
needing a long measurement time, and interference from other
typical coexisting species [3]. The sensing instruments for water
determination can be varied, and there are many examples in
literature, such as holographic sensors, optical changes-based
sensors, polymer-coated platinum electrode sensors, and IR water
sensors [4—7]. With the advancement of optical innovation, the
fluorescent sensors turn into a very attractive subject in a broad
scope owing to their high sensitivity and selectivity, advantageous
activity, fast response, and low cost. For the water detection in the
organic solvents, some organic fluorescence molecules have been
developed in recent years. In this manner, the construction of new
fluorescence probes for water quantification in organic solvents
continues to be an interesting subject for researches [8—10].
Phthalocyanine (Pc) molecules have unique spectral and elec-
trochemical characteristics due to their macrocyclic, deep conju-
gated molecular structure. After first synthesized in the early 20th
century, it has been found that there are a lot of applications such as
sensors, photodynamic therapy agents, catalysts, and organic
semiconductors. Moreover, chemical modifications of peripheral/
non-peripheral position and changing of the central metal atom
in the Pc center give many different types of Pc complexes with
various features, permitting the fine-tuning of intended physico-
chemical characteristics [11—17]. With the effect of aggregation, Pc
molecules become very sensitive against polar solvents especially
aqueous solvents. Metallophthalocyanines (MPc), especially with
miscellaneous groups at the peripheral position of Pc core which
expands T electrons in the planar macrocycle ring, tend to highly
aggregate in solution, resulting in diminishing the fluorescence
quantum yield and photosensitizing ability [18,19]. Although the
aggregation properties of Pc molecules and their negative effects in
many applications are well-known in the literature [20,21], the
applicability of this property such as water determination in sol-
vents has not been evaluated. On the other hand, Pc molecules
exhibit very rich redox chemistry which is very effectively utilized
in many electrochemical applications such as electrocatalyst
[22,23] and electrochemical sensors [11,24,25]. However, until now,
the electrochemistry of Pc molecules has never been used in water
determination in organic solvents. Similar to Pc, quinones, another
important class of compounds, also exhibit rich electrochemical
behavior due to their carbonyl functional groups [26,27] which can
be reversibly reduced to mono-anionic and di-anionic species in
organic solvents. In our previous study, the quinone derivatives
carrying ferrocene unit enabled us to determine the water content
in organic solvents by creating hydrogen bonds with the reduced
oxygen atoms of quinone and water molecules [28]. In this study,
we focused on quantification of water content in organic solvents
(THF and DMF) using a chemosensor based on the mechanism of
aggregation depended on quenching of emission (ADQE) for fluo-
rometric method, and hydrogen bonding depended shifting of the
reduction potential of quinone moiety on the Pc molecules for
voltammetry. To realize this objective, we utilized the Pc molecule
(AQ)4-ZnPc containing Pc skeleton and anthraquinone (AQ) moi-
eties with a highly planar structure and deeper 7 electron conju-
gation, leading to high aggregation and rich electrochemistry.
Although there are some dual-channel water sensors based on
optical methods such as absorption and fluorescence methods
[9,10,29,30] (AQ)4-ZnPc is the first sensor used for water detection
based on fluorometric and voltammetric methods. Kim et al. were
published a very useful and comprehensive review about sensors
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for water recognition in organic solvents based on various mech-
anisms such as aggregation-induced emission (AIE), intramolecular
charge transfer (ICT), excited-state intramolecular proton transfer
(ESIPT), aggregation based monomer—excimer/exciplex switching,
water-induced interpolymer m-stacking aggregation with
comparing the sensor capability of the different studied probes
[31]. Among all of these sensing mechanisms, (AQ)4-ZnPc has a
distinct sensing platform based on the ADQE mechanism. Although
Pc molecules were effectively used in sensor applications owing to
their high stability, rich photochemical properties, and long-
wavelength emissions, (AQ)4-ZnPc was utilized for the first time
as a Pc-based sensor to determine the trace amount of water in
organic solvents. In this study, the purpose of the AQ is to utilize its
electroactive properties for electrochemical analysis of trace
amount of water in DMF by using the shift of the second reduction
wave of the AQ units in the Pc. This shift is due to the formation of
the hydrogen binding between the dianionic species of AQ and
water molecules. On the other hand, the reason of using AQ moiety
is to extend flatness like structure of the phthalocyanine to increase
the intensity of aggregation for spectroscopic analysis. The square
wave voltammetric (SWV) method was successfully applied for a
trace amount of water detection in DMF, where the second electro-
reduced species of anthraquinone units and the first electro-
oxidized/second electro-reduced Pc of sensor (AQ)s-ZnPc were
used as water receptor and internal standard, respectively. The new
sensor (AQ)4-ZnPc with improved analytical performances is one of
the most favorable sensors used for a trace amount of water
detection in THF and DMF.

2. Experimental section
2.1. Chemicals

DBU (1,8-diazabicyclo[5.4.0]lundec-7-ene), dimethyl sulfoxide
(DMSO), phthalimide, anhydrous zinc acetate, 2-
hydroxyanthraquinone, 1-hexanol, methanol (MeOH), ethanol
(EtOH), molecular sieves (3 A), silica gel, dichloromethane (DCM),
tetrahydrofuran (THF), hexane, diethyl ether (Et;O), benzene,
toluene, 1,4-dioxane, acetone, dimethylformamide (DMF), and
acetonitrile (ACN) were purchased from commercial suppliers.
Starting from phthalimide, 4-nitrophthalonitrile (1) was prepared in
three-step according to the known procedure [32]. Anthraquinone
substituted  phthalonitrile (2) was obtained using 2-
hydroxyanthraquinone and (1) in the presence of Na,CO3; under
argon atmosphere at 45 °C considering the procedure of a nucleo-
philic aromatic substitution reaction [33]. Synthesizing of tetra
anthraquinone zinc phthalocyanine (AQ)4-ZnPc was conducted with
zinc acetate and (2) with DBU base under argon atmosphere at
160 °C according to literature method [34].

2.2. Apparatus

The UV—Vis studies were performed by Agilent 8453 spectro-
photometer with 1 cm path length cuvettes at 25 °C. The fluores-
cence studies were carried out by a Varian Cary Eclipse
fluorophotometer (Aex = 605 nm). Square Wave Voltammetry
(SWV) and Cyclic Voltammetry (CV) were studied by Princeton
Applied Research Model 2263 potentiostat with a computer. A
three-electrode system with a solid cell stand was utilized for SWV
and CV measurements in DMF, where glassy carbon (GC) (3.0 mm
diameter) disc, a platinum wire (PW), and Ag/AgCl were used as
working, counter, and reference electrodes. By using high purity
argon, the presence of oxygen was removed from the solution of
(AQ)4-ZnPc before starting the experiment. The solution of (AQ)s-
ZnPc was maintained from the air by the argon atmosphere during
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the measurements. The solid electrodes were polished on alumina
(<10 pM) slurries on BAS feltpad, and then rinsed with distilled
water and then EtOH.

2.3. Measurement procedure

To get ultra-dried solvent, the purchased electrochemical
gradient THF was distilled over sodium-benzophenone drying
system, and held in a cell that contains fresh 3 A molecular sieve
which was regenerated in an oven at 573 K, and allowed to cool for
three days under an argon atmosphere in the glass apparatus
[28,35]. Using this method, we were able to obtain ultra-dry THF
containing about only 0.8 ppm water (measured by Karl-Fisher). For
fluorometric titration experiments, 3.5 mg of (AQ)4-ZnPc was dis-
solved in THF (10.0 mL), and used as stock solution. Afterward, a
titration experiment was performed at 9.0 x 10~ M concentration
of (AQ)s-ZnPc. This concentration was chosen according to the
linear calibration curve of the probe in aggregation studies based
on the relation between concentration to fluorescence intensity
(Fig.S1). Every titration and aggregation measurements were per-
formed in a freshly prepared (AQ)4-ZnPc solution to prevent the
solution from moisture. The titrations were performed in 7.0 ml
(1.0 cm diameter) of the test tube by adding water via microliter
syringe with installing over septum. Moreover, utilizing this simple
closed system, either diffusing of moisture from the air into the
solution could be prevented, or successfully measurements without
the need for a system that is not always available, such as glovebox
were performed during the measurements time (the water content
was always controlled by Karl-Fisher during experiments).

The purchased electrochemical grade DMF was dried with a 3 A
molecular sieve in a glass container under a vacuum desiccator for 4
days. For analysis, similar to fluorometric titration, water was
added by microliter syringe sequentially into the electrochemical
cell containing 2.0 x 103 M probe. The spectrophotometric and
voltammetric titration experiments have been done for 3 times.

2.4. Fluorescence quantum yield of (AQ)4-ZnPc

The fluorescence quantumyield (®g) can be shortly explained as
the ratio of the number of photons emitted by the fluorescence
molecule to the number of photons absorbed by the molecule. In
this study, to calculate the @ of (AQ)4-ZnPc fluorophore molecule
via Williams's equation, non-substituted ZnPc was chosen as a
reference because of its similar absorption and emission charac-
teristics with the probe molecule [36]. After carrying out all
necessary absorption and emission reading in THF, we calculated
the quantum yield of (AQ)4-ZnPc as 0.18. It is worth mentioning
here, unless ultra-dried THF is used in the studies, the @ has
dramatically decreased because of polarity dependent-aggregation
of Pc compounds.

3. Result and discussion
3.1. Spectral properties and response mechanisms

The UV—Vis spectrum of (AQ)4-ZnPc exhibits characteristic
Soret (B-band) at 349 nm and Q-band with more intense at 673 nm
(Fig.S2a). The fluorescence spectrum of (AQ)s-ZnPc displayed an
intense emission band at 683 nm when excited at 605 nm (Fig.S2b).
These bands are well-known properties of Pc molecules having
deep 18-7 electron conjugation system, leading to the strong w-m*
electronic transitions.

Aggregation behavior of Pc is delineated as a coplanar union of
the Pc rings, which is a result of changing from mono form of the
macrocyclic ring to dimer and higher order. It is mainly interested
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with type of solvent, substituents, and metal cations as well con-
centration and temperature [37,38]. It is a common knowledge that
the absorption and emission wavelengths are very sensitive to the
environmental factors like solvent polarity [39]. Moreover, in the
presence of polar or aqueous solvents, the aggregation band in the
absorption spectrum of Pc becomes very obvious at just the left side
of Q-band [40]. Thus, the absorption spectrum of (AQ)s-ZnPc is
consistent with this solvent polarity effect and solubility in the
context of aggregation in THF, 1,4-dioxane, DMSO, and DMF sol-
vents in Fig. 1. The aggregation band of (AQ)4-ZnPc in DMSO is
higher than its Q-band absorption due to the face-to-face stacking
of the Pc molecules. Exceptionally, although the same strong ag-
gregation behavior of (AQ)4-ZnPc is expected for DMF solvent, its
aggregation is lower than even 1,4-dioxane because DMF can be
axially coordinated by Zn metal center, preventing the -7 stacking
of the Pc molecules and better solubility in DMF [41]. Moreover,
THF has the highest main Q-band absorption band due to its low
polarity and good solubility. However, the differences observed in
the aggregation of (AQ)4-ZnPc in the solvents are also probably due
to a combination of coordination ability of the solvent, solvent
polarity, and solubility of the compound. To observe the aggrega-
tion effect of water on (AQ)4-ZnPc in THF, the UV—Vis spectra of
(AQ)4-ZnPc were recorded by changing the amount of water in THF.
It can be obviously seen from Fig. 2 that the increases in the
absorbance of the aggregation band of (AQ)4-ZnPc are proportional
to the amount of water in THFE. Moreover, when adding other
organic solvents/contaminants such as ACN, furan, phenol, aniline,
and alcohol as like 15% to total amount of THF solution of the (AQ)s-
ZnPc, same polarity and 7 - 7 stacking induced aggregation of Pc
resulted in UV—Vis spectrum (Fig. S3). Interestingly, aniline has
caused to red shift of Q-band of the (AQ)4-ZnPc while the phenol
has no significant change in wavelength of Q-band. The probable
reason may be the basicity of aniline. MeOH and ACN are two sol-
vents that are drastically decreased Q-band of the (AQ)4-ZnPc
while, water has caused mostly increased aggregation band of the
(AQ)s-ZnPc.

The UV—Vis spectra of (AQ)4-ZnPc without water and with 15%
water in THF (inset in Fig. 2) show isosbestic points at 657 nm and
684 nm, indicating formation of aggregated products. The UV—Vis
spectra of (AQ)4-ZnPc in THF with 0—0.245 M water were also
measured to understand UV—Vis sensitivity performance of the
probe. As seen from Fig. S4, the Q-band of the probe is slightly
decreased in THF with 0—0.245 M water. However, our analytical
studies were realized using highly sensitive fluorescence spec-
troscopy as discussed below. To further prove the aggregation
dependence of the quenching mechanism of the probe, MALDI-TOF
mass analysis in dry THF and THF containing 15% water was per-
formed. Fig. 3a shows the peak corresponding to only monomeric
(AQ)4-ZnPc3H™ probe molecule in dry THF. However, Fig. 3b il-
lustrates the mass results that accordance with the calculated mass
value of the monomeric, dimeric, and trimeric structures of the
(AQ)4-ZnPcH ™ which were formed due to the aggregation of (AQ)s-
ZnPc molecules.

We also carried out an experiment that demonstrated the
temperature effect on fluorescence emission (Fig. S5). As a result of
gradual increased temperature, the fluorescence intensity started
to elevate, which might be resulted from preventing aggregate
dimer or higher order Pc complexes thanks to the temperature
effect.

3.2. Spectral changes in different solvents
Aggregation effects of various solvents on (AQ)4-ZnPc in THF

were monitored by the fluorescence intensity changes (Figs. 4 and
S6). The graphs are extracted from adding 20.0 pL different solvents
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Fig. 1. The UV—Vis spectra of (AQ)4-ZnPc in dried DMSO, DMF, 1,4-dioxane, and THF. [(AQ)4-ZnPc] = 9.0 x 10~¢ M.
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Fig. 2. The UV—Vis spectra of (AQ)4-ZnPc recorded by changing the amount of water in THF. Inset: The UV—Vis spectra of (AQ)4-ZnPc without water and with 15% water in THE.
[(AQ)4-ZnPc] = 9.0 x 106 M. The UV—Vis spectra were taken after waiting for more than 1 min for each measurement to attain an equilibrium.

into the 7.0 mL (AQ)4-ZnPc solution in THF that was freshly pre-
pared for each experiment (Fig. 4). Considering the quench effect of
solvents, it is easily understood that the solvent polarity causes the
aggregation of the Pc molecule. MeOH, DMF, DMSO, and water
cause to decrease dramatically fluorescence intensity. This property
of Pc molecules is well-known literature information [42]. As seen
from Fig. 4, the most prominent aggregation effect was observed for

water as expected. However, when benzene and toluene solvents
are taken into account, the polarity effect is not enough to explain
the quenching, which it can be elucidated considering the molec-
ular structure of solvents. While benzene has a planar structure,
toluene has one sp> hybrid methyl group that deviates flatness of
the Pc molecule. Moreover, the planar benzene facilitates the w—m
stacking of the Pc molecules which impels to aggregation
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Fig. 3. The MALDI-TOF spectra of a) (AQ)4-ZnPc in dry THF b) (AQ)s-ZnPc in THF containing 15% water (the experiment was performed without matrix).

phenomenon. Besides, aniline and phenol have slightly decreasing
effect of emission due to their polarity of amine and hydroxyl group
character. However, the quenching of emission was slightly
occurred by furan. On the other hand, DMF and DMSO are the two
solvents that have axial coordination ability to the metal center of
phthalocyanines [41]. We know from our previously published
works that this ligand ability can differ depending on the metal and
substituents of the phthalocyanine in the aspect of solubility and
other intermolecular interactions [11,25]. For our probe molecule,
considering the anthraquinone moiety and zinc metal, DMF is co-
ordinated into zinc metal from axial position but this case was not
formed for DMSO as observed for other zinc phthalocyanines in our
previous studies. Because the UV—Vis spectrum of the (AQ)4-ZnPc
in DMSO exhibits very strong aggregation band compared to DMF
solvent, which may prevent axial coordination of DMSO to zinc
metal center of the phthalocyanine probe.

3.3. Quantification and detection limits

The spectral responses of (AQ)4-ZnPc probe were examined by
titrating with water in THF. The emission wavelength was recorded
at 683 nm when the excitation wavelength was applied at 605 nm.
Fig. 5a shows fluorescence intensity changes vs. increasing amount
of water in THF. Fig. 5b displays the titration curve in the range of
0—4.84 x 1072 M (0—980 ppm) water. The titration values of the
sensor were fitted x- and y-axis, indicating molar concentration of
water and intensity, respectively (Fig. 5b). Related quantification
equation was given below.

Quantification Equation: y = —3047.14x + 899.23 (R*> = 0.997) (1)

Moreover, Limit of Detection (LOD = 3¢/Slope) was measured as
2.27 x 1074 M (4.6 ppm) for seven parallel determination of blank
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Fig. 4. The effect of the solvents (20 ul added) on the intensity of the emission of 9.0 x 10~% M (AQ)4-ZnPc in THF.

solution. This detection limit value is significantly low when
compared to the previous studies in Table S1.

3.4. Stern-Volmer relationship

The mechanism of fluorescence quenching can be occurred as
static or dynamic. The static quenching is normally connected with
complexation between the ground-state of fluorophore and the
quencher while the dynamic quenching arises from interaction
between the quencher molecule and fluorophore at the short-lived
excited state [43].

The fluorescence quenching of sensor (AQ)s-ZnPc can be
explained by Stern-Volmer equation in the presence of water.
Io\l = 1 + Ky[Q] (2)
Where Iy is the emission intensity of the fluorescence in absence of
water, | is the emission intensity in the presence of water, Ky is the
quenching constant and [Q] is the concentration of the quencher.
The linear behavior of the plot of Stern-Volmer indicates that a
dynamic quenching mechanism takes place between fluorophore
and water molecules (Fig. 6a). The quenching constant K, that
equals to the slope of the graph was calculated to measure the
sensitivity of the sensor against to water molecules in THF, and
found as 3.95 M. This value is about two times higher than N-
heteroaryl-1,8-naphthalimide fluorescent sensor that designed by
Zhang et al. [9].

The response time of the sensor against water in THF was
measured by taking continuously spectrum using automated mode
of the device at near of the 683 nm during 140 s and the response
time found as 1 s (Fig. 6b), which is the best value within the known
fluorometric water sensors.

Table S1 illustrates the previous and our studies that were
performed for trace amount of water detection in THF along with
their LOD values and response mechanisms. As an example, a N-
heteroaryl-1,8-naphthalimide derivate organic dye that is sensitive
to solvent polarity was designed to track water in organic solvents.
The probe molecule that works via ICT mechanism can detect water
with 0.020%(wt) LOD in THF solvent [9]. A diketopyrrolopyrrole-

based probe (DPP1) that has two characteristic response mecha-
nisms ESIPT and AIE was synthesized to detect water in organic
solvents. When the probe was reacted with fluoride anion to obtain
(DPP1-F), the resulting system detects the water for 5 s with
0.0072% (wt) LOD in THF solvent [44]. A hydroxyl-containing pol-
yimide based film that activated with fluoride anion to detect water
was fabricated. The probe that works colorimetric and ratiometric
can detects water for 3 s with 0.0015% (wt) LOD in DMF solvent
[45]. Our study of fluorometric method, the linear range, limit of
detection (LOD), and response time of sensor (AQ)s-ZnPc were
measured as 0—0.245 M, 0.00046 %wt LOD, and 1 s, respectively. By
the study of voltammetric method, the linear range, LOD, and
response time of (AQ)s-ZnPc were measured as 0—1.64 M,
1.07 x 1078 (%wt), and 1 min, respectively. To the best of our
knowledge, sensor (AQ)4-ZnPc is one of the most promising probe
for water detection from the points of view such as response time,
limit of detection and well-known chemical class of probe
molecule.

3.5. Real sample experiment in three different THF solvents

To display the effectiveness and applicability of the probe, three
real sample analysis were conducted showing the RSD and recovery
value. First of all, the water content of three different THF solvent
were measured using Karl-Fisher titration. After that, three
different (AQ)4-ZnPc probe solutions were prepared using the THF
solvents in 7 ml test tubes as indicated in the measurement pro-
cedure. Table 1 illustrates the RSD and recovery values of the probe
for 25, 505, and 895 ppm water content at which corresponds the
beginning, middle, and final points of the calibration curve. Ob-
tained values reveal that the sensor can be effectively applied as a
sensor for water content measurement in THF solvents.

3.6. Quantification of water content in DMF by square wave
voltammetry (SWV)

In this part of study, the sensor property of (AQ)4-ZnPc was
studied by SWV to quantify water content in DMF. First, electro-
chemistry of (AQ)s-ZnPc and 9,10-anthraquinone (AQ) was



M.S. Yildirim, Y. Alcay, O. Yavuz et al.

Analytica Chimica Acta 1198 (2022) 339531

(a) 900 8,
800 - ol
8
f;\ 27001
: i z
& 600 §600~
>
j: 500+
172}
E 400 0.00 005 010 015 020 025
E [H,0] mol/L
!
200
0-

640 660 680 700 720 740 760 780 800

Wavelength (nm)

- -2
900 4 i 0-4.84 x 10-~ mol/LL (b)
\\

o " R2=0.997
& 8501 N\
> N
= "N
S Cu
*qé 800 e
= Ca

750 \.\

000 001 002 003 004  0.05

[H,0] mol/L

Fig. 5. (a) Fluorescence spectral changes of (AQ)s-ZnPc (9.0 x 1075 M) depending on addition of increasing amount of water in THF 0—0.245 M (0—4980 ppm water), (b) linear

calibration graph for 0-4.84 x 10~2 M (0—980 ppm) water.

comparatively studied by the CV in the identical experimental
condition in order to elucidate redox mechanism of (AQ)4-ZnPc. As
expected, AQ exhibits reversible one-electron reduction wave,
producing monoanion (semiquinone radical, AQ*"). The half-wave
potential of this process (E(1)1/2) was observed at —0.82 V with
0.11 V of the peak separation between anodic and cathodic peaks
(AEp) and 0.90 of the ratio of the anodic peak to cathodic peak (Ipa/
Ipc). The further reversible reduction process with one-electron is

evolved at more negative side at —1.49 V of V E(z)”z with 0.10 V of
AEp and 0.91 of Ip,/Ipc to generate dianion (the second reduction
product, AQ?~) by 0.100 V. s~ ! scan rate (Fig. 7a). On the other hand,
[(AQ)s-ZnPc] displayed three reversible reduction and two oxida-
tion processes in the presence of Ag/AgCl electrode. The oxidation
processes are arising from the Pc macrocycle because the AQ unit
and zinc metal into the cavity of the Pc ring do not exhibit an
electro-oxidation process. The first and second oxidation processes
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Fig. 6. (a) Stern-Volmer graph of Io/I vs. [H,0] in THF, (b) the response time of the sensor against water (15 uL) in THF.

Table 1
Real sample results for determination of water in THF samples.
Sensor Added (M) Recovery (%) RSD
(AQ)s-ZnPc 0.0012 (25 ppm) 97 5
0.02491 (505 ppm) 98 0.4
0.04391 (895 ppm) 99 1.7

are represented as the redox couple (AQ)s-ZnPc/(AQ)s-ZnPc™ and
(AQ)4-ZnPc/(AQ)s-ZnPc>* in Scheme 1. The E°¥V; 5 and E(%?); 5 of
these processes were calculated as 0.57 V with 0.06 V of AE, and
0.96 of Ip/lpa, and 0.85 V with 0.07 V of AE; and 0.86 of I,/
respectively. Also, reduction waves corresponding to the four
anthraquinone units attached to [(AQ)4-ZnPc] dominate the
reduction side of (AQ)4-ZnPc. When the CVs of the AQ and (AQ)s-
ZnPc were compared it was obviously seen that the first and third
reduction processes of (AQ)4-ZnPc belong to singly reduced (AQ*™)
and doubly reduced (AQ2™) four anthraquinone units on (AQ)s-
ZnPc molecule, represented as (AQ*)s-ZnPc and (AQ)Z -ZnPc” in
Scheme 1, which displayed at —0.77 V of E");, with 0.072 V of
AE, and 0.90 of Ipa/lpc, and —1.39 V of E"43);, with 0.13 V of AE,
and 0.92 of I,a/Ipc, respectively. These reduction potentials are not
significantly affected relative to those of AQ molecule. The second
reduction wave observed at —0.99 V of E("®4%); 2 with 0.06 V of AE,,
and 0.90 of Ipa/Ipc is based on the Pc ring ((AQ" )4-ZnPc/(AQ" ™ )s-
ZnPc™), which has a lower current density than those of the
reduction processes of AQ, The difference between E(OX”]/Z and

86-

(a)
43-
£
5
431
o
_86_

AQ/AQ2" AQ/AQ™
20 -15 -1.0 -05 00 05 1.0

Potential / V vs. Ag/AgCl

E(rEdz)”z corresponding to the Pc ring (1.52 V) is consistent with

those to ZnPcs [11]. Interestingly, we could not observe further
reduction processes related with the Pc ring, probably due to highly
negatively charged of (AQ)4-ZnPc molecule.

When the voltammogram belonging to (AQ)s-ZnPc is examined
to elucidate the electron transfer mechanism, it is understood that
the current of the anodic peak corresponding to the third reduction
wave is smaller than that of the first reduction wave (Fig. 7b). The
current loss is likely due to the complexation of the neutral form of
(AQ)4-ZnPc with the third-reduced product (AQ?~)4-ZnPc™ or the
adsorption of the third reduced products to the surface of the
electrode. Our previous study on the ferrocene-derived naph-
thoquinone supports this situation [28]. Scheme 1 represents the
mechanism of the electron transfer reaction of (AQ)4-ZnPc in the
absence and presence of water in DMF in the electrochemical cell.
In Scheme 1, the reversible interactions between sensor (AQ)s-
ZnPc and water molecules are illustrated through the anion radical
and polyanion type of each anthraquinone unit of the Pc.

Fig. 8a shows the SWV of (AQ)s-ZnPc where water is sequen-
tially added into DMF. Blue line belongs to the SWV of (AQ)4-ZnPc
at 1.65 M water in DMF. Depending on increasing amount of water,
the first and third reduction potentials (E4") and E93), respec-
tively) corresponding to (AQ* )4-ZnPc and (AQ?)4-ZnPc¢” species
shifted to more positive region. However, the first oxidation and
second reduction potentials (E©*V and E™92) respectively)
belonging to the Pc ring (AQ)4-ZnPc' and (AQ® )4-ZnPc ™) main-
tained their potential values even at high water concentration. The

(AQ)4-ZnPc/(AQ) 4-ZnPc?
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N
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Fig. 7. (a) The CVs of AQ and (b) (AQ)4-ZnPc in DMF solution with 0.1 M TBAP. W.E: GCE with 3.0 mm diameter and scan rate: 0.100 V. s~! scan rate.
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Scheme 1. The mechanism of the electron transfer reaction of (AQ)s-ZnPc in the absence and presence of water in the electrochemical cell.

shift observed for the reduction of AQ units on the Pc ring was
attributed to the stabilization of the reduction products (AQ® ™ )s-
ZnPc and (AQ%~)s-ZnPc via the hydrogen bonding formed with
the interaction of the reduced products and water in DMF as
described for some quinone and naphthoquinone reduced species
by different research groups [26,46—49].

The third reduction potential (E"93)) was more shifted to pos-
itive side (0.24 V) than the first reduction potential E4") (0.0189 V)
for the same quantity of water (1.65 M) in DMF because the further
reduced anthraquinone moieties on the Pc ring which have
extremely negative charge on the carbonyl oxygen effectively favor
the formation of the hydrogen bonding with water. The first
oxidation and second reduction potentials (E©°") and E42)) based

on the Pc macrocycle display no potential change as the concen-
tration of water increases. In the approach of the voltammetric
method based on the potential shift, this critical property of the Pc
was utilized as an internal standard to accurately determine of
water content in DMF.

To investigate the electrochemical behavior of the (AQ)4-ZnPc in
different organic contaminants/solvents, additional experiments
were performed by adding 15 pl of these solvents in (AQ)4-ZnPc
probe DMF solution. While the highest potential shift was observed
by adding water, alcoholic solvents like EtOH and MeOH were
caused similar shifting effect on the second reduction peak (Figs. S7
and S8). The results are consistent with the proposed electro-
chemical sensing mechanism with water via hydrogen bonding
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Fig. 8. (a) The SWV changes of (AQ)4-ZnPc in DMF solution with 0.2 M TBAP. Red line: no water in DMF; dash black line: step by step water addition into DMF. Blue solid line: the
final water addition into DMF (1.65 M); solid black line: the background SWV of the solution without the sensor. The concentration of (AQ)s-ZnPc = 2.0 x 10> M, W.E: GCE with
3.0 mm diameter. Step Height: 2.00 mV; Pulse PH/PW: 0.025 V for 0.01 s; Scan rate: 0.100 V s, (b) the plots corresponding to the E; of the first oxidation (pink triangle), the first
reduction (blue triangle), second reduction (red circle), and the third reduction (black square), waves vs. concentration of water in DMF. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

interaction between carbonyl group of anthraquinone and alcohols.
Even though other solvents have no significant effect on the second
reduction peak, DMSO shifts the second reduction peak as 30 mV.

The plots of the cathodic peak potentials for the first oxidation,
first reduction, and third reduction waves vs. increasing water
concentration in DMF are represented in Fig. 8b where it is seen
that the E™93) values shifts to anodic side with step by step addi-
tion of water into DMF, but the E®") and E™92) values play no
potential changes in the identical experimental condition. It is
concluded that the hydrogen bonding formed with the interaction
of the water molecules and reduced products (AQ")4-ZnPc and
(AQ?*")4-ZnPc is the redox-dependent interactions (Scheme 1).
The equilibrium constants (K" and K®) and the average number of
the binding water molecules (n and m) related with the monoanion
radicals and polyanion products are calculated via equations (9)
and (12) for the first and third reduction processes (in Supporting
Information, calculations in electrochemical sensing).

Thus, in Fig. S9b, the graph of E™);; vs. log[H,0] can be
drawn. Its slope is equal to 2.303 (m-n) RT/4F, and m value were
calculated as 10.4 and K value is equal to the intercept of the
graph and its value has been found as 1.6 x 10" M~ (™),
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The above-mentioned internal standard concept was applied
here for the first oxidation and reduction potentials of the Pc
molecule. It is understood that (E®®42);, -E43), 5y and (XD, -
Ered3), 12) could be applied for accurately determine water content
in DME. Fig. 9 shows the calibration plots of (E®®42); , - E(*ed3); ) ys.
log[H,0] and (E(OXUUZ - E(red3)1/2) vs. log [H20].

From the graphs shown in Fig. 9a and b, the linear calibration
lines with R?> = 0.984 and R? = 0.985, respectively were obtained.
Thus, one can enable an accurate determination of water content in
DMEF with a LOD value (LOD = 3a;/Slope) of 6.02 x 10~/ M over the
calibrated values (E(redz)l/z - E(re‘B)”z) or with a LOD value of
5.64 x 1077 M over the calibrated values (E(°X1)1/2 - E(re‘ﬂ)]/z). Using
sensor (AQ)4-ZnPc, if a single SWV is recorded, the water content in
DMF can be determined accurately with the calibration graphs
without the need for an external calibrant molecule.

4. Conclusion
For many chemical reactions and electrochemical studies car-

ried out in organic solvents, the presence of trace amounts of water
is considered as impurity and reaction disruptive. Therefore,
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Fig. 9. (a) The calibration plots of (E™%2); , - E®43), ) vs. log[H,0] and (b) (E°*";; - EI®93); ) vs. log [H,0]. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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construction of new sensors with improved analytical perfor-
mances such as low LOD, response time, and photochemical sta-
bility of fluorophore is needed to accurately quantification of water
content in the solvent medium. Herein, a new sensor platform
based on the anthraquinone functional zinc phthalocyanine (AQ)s-
ZnPc was utilized for quantification of water content in the solvents
of THF and DMF. The sensor developed in this study has some
important advantages; i. the sensor has photochemical stability
during the experiments, ii. the sensor allows water determination
to be conducted by both fluorometric and voltammetric methods,
iii. the sensor has the shortest response time when compared to the
sensors known in the literature for water determination, iv. the
aggregation property of Pc molecules was applied for determina-
tion of water in THF, v. the redox chemistry of the Pc ring was first
time used as a calibrant for water quantitation in DMF. In summary,
the combination of anthraquinone and phthalocyanine molecules
provided superior analytical performance in determining trace
amounts of water in THF and DMF. The study will shed light on the
design of new Pc compound combining with varying functional
molecules with different properties for sensor or different
applications.
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