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New imidazole tetrasubstituted oxo-titanium phthalocyanine 1 was synthesized by tetramerization reac-
tion of imidazole substituted phthalonitrile in the presence of titanium(IV) butoxide. N-alkylated imida-
zole tetrasubstituted oxo-titanium phthalocyanine 2 was prepared by N-alkylation reaction of compound
1 with iodomethane in basic medium. Afterwards, as a result of the quaternization reaction of compound
2, water-soluble oxo-titanium phthalocyanine 3 was prepared. The synthesized compounds were charac-
terized by UV-Vis, FT-IR, '"H-NMR, MALDI-TOF MS and elemental analysis. The spectral properties, surface
morphologies in powder form and thin films, colorimetric pH sensing properties and aggregation behav-
iors of the synthesized compounds were investigated. We also used the UV-Vis spectroscopy technique
to experimentally find the optical band gap of compound 1 with the best thin-film surface properties. In
this context, transmittance, absorption and band gap energy of compound 1 thin film were investigated.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Phthalocyanines are organic semiconductor materials with ex-
cellent stability to heat, light, moisture and oxygen. Their absorp-
tion spectra have strong absorption bands (Q- and B-bands) in
the 400 nm and 800 nm range caused by the m-m* transitions
of the 18m electron conjugate system. The characteristic Q band
of phthalocyanines is due to the transition of the Pc ring from
the Highest Filled Molecular Orbital (HOMO) to the Lowest Filled
Molecular Orbital (LUMO) m—m*, while the characteristic B band
is due to the deep m—rm* transitions [1]. In addition, phthalocya-
nine compounds attract attention in many applications due to their
strong absorbance at high wavelength, high fluorescent quantum
yields and long wave excitation and emission maxima, especially
in the near infrared region (NIR) [2-4]. Increasing the conjugation
of phthalocyanines with substituted groups in their structure may
shift the absorption of phthalocyanines further into the red re-
gion. However, this reduces the solubility of the molecule. For this,
it may be preferable to use a metal such as titanium (Ti), which
causes the Q-band to redshift a little more in the structure. It
is also known that oxo-titanium phthalocyanine compounds show
rich spectroscopic and photophysical properties [4]. The spectro-
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scopic study of metallophthalocyanines gives very useful informa-
tion about charge transfer between the central metal and the ph-
thalocyanine ligand. Optical band gap of the organic semiconduc-
tors is an important issue, for applications such as light emitting
diode (LED), organic photovoltaic devices (OPV) and the photody-
namic therapy (PDT) as a photosensitizer [5]. One of the easiest
ways to determine the optical energy band gap of the material
is to use the absorption spectra [5]. On the other hand, there is
increasing interest in the development of basic electronic devices
such as pH sensitive sensors and molecular switches. In the lit-
erature, there are many studies on the pH sensing properties of
imidazole derivatives [6-11]. In the past years, we have carried
out studies in our laboratory on the synthesis of different imida-
zole substituted phthalocyanine derivatives and the investigation of
their electrical, electrochemical and gas sensor properties [12-14].
When we look at the literature, we see that imidazole substituted
phthalocyanine compounds have been examined in a few reports
[15-25]. In our study, imidazole tetrasubstituted oxo-titanium ph-
thalocyanine compound was synthesized as a successful pH sens-
ing molecule and its derivatives were prepared by N-alkylation and
quaternization reactions. To the best of our knowledge, the col-
orimetric pH sensing properties of synthesized imidazole substi-
tuted phthalocyanine compounds were observed for the first time
in this study. The spectral properties of the prepared compounds
were also investigated.
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2. Experimental
2.1. General

All solvents used in the reactions were dried by special meth-
ods and over molecular sieve [26] and all reactions were car-
ried out under argon gas. The imidazole substituted phthaloni-
trile derivative, which is the starting material, was synthesized ac-
cording to the literature [12]. UV-Vis spectra were recorded on a
Shimadzu UV-1800 UV-Vis spectrophotometer. Optical characteri-
zation was carried out using Cary 5000 UV-Vis-NIR spectropho-
tometer. Fluorescence spectra of compounds were taken with Shi-
madzu RF 5301 fluorescence spectrophotometer. 'H-NMR spectra
were measured on a 400 MHz NMR spectrometer. FT-IR spec-
tra were measured by preparing a KBr pellet on an AT1 Unicam-
Mattson 1000 spectrometer. The surface morphology of powder
form and thin films of compounds were examined with a TES-
CAN® MIRA3 XMU scanning electron microscope. Melting points
were determined with the Electrothermal 9100 melting point de-
tector.

2.2. Synthesis of compounds

2.2.1. Compound 1

A solution of a mixture of imidazole substituted phthaloni-
trile (100.0 mg, 0.26 mmol) and titanium(IV) butoxide (18.0
mg, 0.052 mmol) in N,N-dimethylformamide (DMF):pentanol (1:3)
(2 mL) was heated at 180°C in the presence of 1,8-diaza-
bicyclo[5.4.0Jundec-7-ene (DBU) for 20 hours. The resulting mix-
ture was precipitated with ether (10 mlL), filtered and dried.
The green solid was washed sequentially with methanol (MeOH)
(2 x 5mL) and acetone (3 x 5mL) and dried in vacuum. The result-
ing dark green solid was soluble in tetrahydrofuran (THF), DMF and
dimethyl sulfoxide (DMSO). Yield: 64% (52.0 mg). M.p.: >300°C.
TH-NMR (400 MHz, DMSO-dg, 25°C), (§: ppm): 13.4 (br s, 4H, Im-
NH, disappeared on D,0 addition); 9.0-7.0 (br m, 52H, Ar-H). UV-
Vis (DMSO) £max/nm (loge, dm3mol~Tcm—1): 705 (5.35), 638 (4.46),
350 (5.22). FT-IR (KBr pellet) v (cm~'): 3165; 3093; 1621; 1489;
767; 694. MS (MALDI-TOF) m/z: 1596 [M+H,0+H]*. Anal.Calc. for
CgoHsgN16S40Ti: C, 70.04; H, 3.58; N, 14.21; S, 8.13%. Found: C,
70.21; H, 3.75; N, 14.39; S, 8.46%.

2.2.2. Compound 2

Compound 1 (100.0 mg, 0.06 mmol) was dissolved in DMF (3
mL), iodomethane CHsI (34.0 mg, 0.25 mmol) was added, and then
stirred in the presence of potassium carbonate (K,CO3) (41.5 mg,
0.30 mmol) for 8 hours at room temperature. The reaction sol-
vent was evaporated under reduced pressure, and then the crude
residue was dissolved in chloroform (CHCl3) and filtered. The so-
lution was concentrated and precipitated by adding n-hexane, fil-
tered and dried in vacuum. The dark green solid was soluble in
CHCl3, acetone, MeOH, THF, DMF and DMSO. Yield: 79% (92.0
mg). M.p.: >300°C. "TH-NMR (400 MHz, CDCl3, 25°C), (§: ppm):8.8-
7.0 (br m, 52H, Ar-H), 1.5 (s, 12H, Aliphatic-H). UV-Vis (DMSO)
Amax/nm (loge, dm3mol~'ecm~1): 701 (5.11), 635 (4.35), 359 (4.86).
FT-IR (KBr pellet) v (cm~1): 2864; 1608; 1486; 765; 696. Anal.Calc.
for CogHgqN16S40Ti: C, 70.51; H, 3.95; N, 13.72; S, 7.85%. Found: C,
70.60; H, 4.07; N, 13.90; S, 7.91%.

2.2.3. Compound 3

A mixture of compound 2 (50.0 mg) and iodoethane (CH3CH,I)
(01 mL) was stirred in THF (1 mL) at room temperature for
10 hours. The resulting mixture was precipitated with ether,
filtered and dried. The dark green solid was soluble in H,O.
Yield: 83% (45.0 mg). M.p.: >300°C. UV-Vis (H,0) &max/nm (loge,
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dm3mol~lem~1): 713 (4.71), 668 (4.30), 372 (5.34). FT-IR (KBr pel-
let) v (cm~1): 2929; 2856; 1644; 1599; 1488; 765; 698. Anal.Calc.
for Ci94HggN16S40Tily: C, 55.33; H, 3.75; N, 9.93; S, 5.68%. Found:
C, 55.97; H, 3.99; N, 10.11; S, 5.88%.

2.3. Preparation of organic thin films

To prepare the thin films, firstly the compounds were separately
dissolved in THF. Then, the prepared solutions were dropped on
the glass surfaces and dried at room temperature.

2.4. Fluorescence measurements

Fluorescence quantum yields were calculated according to the
following equation by taking fluorescence measurements of ph-
thalocyanine solutions prepared using spectroscopic grade DMSO
as solvent:

FAsian?
FStd ngtd

where F and Fgy are the areas under the fluorescence emission
curves of the compound and the ZnPc standard, respectively. A
and Agyq are the absorbance of the samples and ZnPc standard at
the excitation wavelength, respectively, n and nsq are the refrac-
tive indexes of solvents used for compound and ZnPc standard, re-
spectively. Unsubstituted ZnPc was used as standard (®f = 0.18 in
DMSO) [27].

P = Pp(Std)

3. Results and discussions
3.1. Synthesis and characterization

The synthesis routes of compounds 1-3 are shown in Fig. 1. As
summarized in the figure, substituted oxo-titanium phthalocyanine
1 was synthesized as a result of the tetramerization reaction of
the phthalonitrile derivative by utilizing the template effect of the
metal. Then, N-alkylated substituted oxo-titanium phthalocyanine
2 was synthesized by the alkylation of the imidazole-NH group on
the substituents of compound 1 in basic medium. Finally, water
soluble oxo-titanium phthalocyanine compound 3 was synthesized
by the quaternization reaction of compound 2 with iodoethane. In
addition, the fact that compound 3 is easily soluble in water in-
dicates that the quaternization reaction has taken place. The syn-
thesized compounds were purified by utilizing the solubility differ-
ences in different solvents. The purified compounds 1-3 were ob-
tained in very high yields of 64%, 79% and 83%, respectively. Com-
pounds were characterized by UV-Vis, FT-IR, TH-NMR, MALDI-TOF
MS and elemental analysis.

In the FT-IR spectrum of compound 1, it was observed that
the sharp -C=N characteristic vibration band, which appeared at
2233 cm~! of the phthalonitrile compound used in the synthesis
of compound 1, disappeared. This indicates that the tetrameriza-
tion reaction took place and the product was formed. Also, broad
peaks in the range of 3165-3093 cm~! belonging to the imidazole-
NH groups are observed in the FI-IR spectrum of compound 1.
These peaks disappeared in the FT-IR spectrum of compound 2 as
a result of the N-alkylation reaction. These peaks were also not ob-
served in the FT-IR spectrum of compound 3. In addition, peaks of
2864 cm~! and 2929-2856 cm~! of alkyl groups were observed in
the FT-IR spectra of compounds 2 and 3, respectively. This confirms
that the N-alkylation and quaternization reactions have taken place
[12,13].

In the 'H-NMR spectra of compounds 1 and 2, aromatic-H
peaks were observed as wide multiplet peaks in the range of 9.0-
7.0 ppm. In the 'H-NMR spectrum of compound 1, the peak be-
longing to the imidazole -NH group was observed broadly at 13.4
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Fig. 2. SEM image of inside and outside of compound 1.

ppm, while this peak disappeared in the 'H-NMR spectrum of
compound 2. This difference observed in the spectra proves that
the N-alkylation reaction takes place over the -NH group. In addi-
tion, the peak of the -CH; group observed at 1.5 ppm in the 'H-
NMR spectrum of compound 2 indicates that the N-alkylation re-
action has taken place [12,13]. The integral ratios of the peaks are
also compatible with the structure of the compounds. The elemen-
tal analysis results of the compounds 1-3 are in agreement with
the theoretically calculated values.

3.2. SEM images

SEM investigation was conducted at 10kV and 10 mm working
distance with Tescan Mira3 XMU (Brno, Czechia). Gold coating was
done with magnetron sputtering device named as Q150RES for 3
min. to be 5 nm of gold surface. The powder form SEM image of
compound 2 was seen in Fig. 2. As the crushed inner side of com-
pound 1 was evaluated, the sudden precipitation produces many

inner bubbles, seen as pores; moreover, the brittle structure as
seen from inside as well as outside by low energetic cracks and
layer-like structure is evident (Fig. 2). Since the compound is crys-
tallized to a high extent, the brittle morphology is as expected.
This also gives material, a high melting or degradation tempera-
ture which is known as up to about 400°C.

The powder form SEM image of compound 2 was seen in
Fig. 3. The powders were precipitated separately possibly due to
the bonding difference. Since the N-H bonding has been exchanged
by N-CHj, the intramolecular and intermolecular agglomeration
may be difficult, as a result, individual precipitation may occur. The
better the dissolution possibility can be said better the film char-
acteristic.

The thick film morphology of compound 1 is seen in Fig. 4.
As seen clearly, there are some places of agglomeration due to
spin coating viscosity but by higher magnification, clear surfaces
with drying cracks are evident. The coating quality is high and the
roughness is seen as very low due to regular grain size distribution.
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Fig. 3. SEM image of compound 2 and high magnified of powder as above.

Fig. 4. Thick film characteristic of compound 1 (A) and compound 2 (B) with magnified views.
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Fig. 5. The transmittance (A) and absorption (B) spectrum of compound 1 thin film.
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Fig. 6. Determination of the band gap of compound 1 thin film.

The films are very smooth and the interface between glass and
compound 1 is very strong. Besides, films of compound 2 are also
smooth but with some deficiencies as agglomeration compound 2.
It is thought that the dispersed and precipitated particles in com-
pound 2 compared to compound 1 are attracted by high interac-
tion energy and accordingly the molecules tend to stack. The inter-
action is thought to be a w-m stacking with van der Waals forces
that will precipitate by interfering with film formation.

According to these results, we can say that thin films of com-
pound 1 have the potential to be used to fabricate organic semi-
conductor devices.

3.3. Spectral properties

The study of optical properties is very important as they pro-
vide information about the electronic structures and optical transi-
tion types of a material [28]. There are two types of energy bands

2,000

1,500 B

Abs.

1,000 —

0,500 B

0,000 : :
300,00 400,00 500,00 600,00 700,00 800,00
nm.

Fig. 7. UV-Vis spectra of compound 1 in different concentrations in DMSO.

(Q-band and B-band) of phthalocyanines, which show interesting
optical properties due to their conjugated ring structure. The opti-
cal band gap was determined by UV-Vis spectroscopy of the thin
film of compound 1, which tends to form the smoothest thin film.
In order to determine the optical properties of compound 1, optical
transmission and absorbance spectra of the thin film of the com-
pound were taken in the wavelength range of 300-800 nm at room
temperature (Fig. 5). The transmittance spectra of the compound 1
thin film revealed Q and B absorption bands around 620-720 nm
and 328 nm, respectively. Both Q-band and B-band arise primarily
due to the m-m* transitions and the lowest allowed n-m* tran-
sition might also be found in the B-band [29]. The transmittance
value for compound 1 is above 80% in the visible region.

The optical band gap of compound 1 was determined from
analysis of the absorption spectrum of the compound’s thin film
as described by the Tauc plot using the formula [5,30].

ahv = oo (hv — Eg)"
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where « is absorption coefficient, hv is the energy of the incident
photons and Eg is the value of the optical band gap energy (eV)
corresponding to the transitions denoted by the n value. o is a
constant that depends on the transition probability. The best linear
fit for semiconductors was found for n = 0.5, indicating the direct
transitions allowed in the material [5,31,32].

The absorption coefficients were calculated using the absorp-
tion data using the equation given below [32].

o = 1/dIn(T)

where “T” is the transmittance of the thin film and “d” is the thick-
ness of the film.

With UV-Vis spectroscopy, which is an easy and understandable
technique to determine the Eg of organic 7 conjugated systems,
and can be estimated according to the equation below [5].

E, = 1242/ kg,

where £, represents the threshold wavelength obtained from the
beginning of the absorption spectrum [5].
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Fig. 9. pH-dependent fluorescence spectra of compounds 1 and 2 in DMSO.

As seen in Fig. 6, extrapolating the Tauc plot to the abscissa
gives the value of the optical band gap [5]. According to the graph,
the Q-band optical band gap of compound 1 was determined as
1.67 eV and the B-band optical band gap was determined as 2.75
eV which makes these films attractive for photovoltaic applica-
tions.

Aggregation of phthalocyanines depends on the solution con-
centration, the types of metal ions, the nature of the solvent, and
the nature of the substituents [33,34]. It is desirable that phthalo-
cyanines do not aggregate because it reduces energy efficiency in
applications [33,35,36]. In this study, aggregation behavior of com-
pounds 1, 2 and 3 in different solvents (THF, DMF, DMSO) and
different concentrations (in DMSO) was investigated with UV-Vis
spectrophotometer in solution phase (Fig. 7). No significant aggre-
gation was observed in any of the compounds 1-3.

The fluorescent properties of compounds 1, 2 and 3 in solu-
tion were studied. Fluorescence quantum yields were calculated
from the measured emission spectra of compounds 1-3. Fluores-
cent quantum yields of compounds can be used to explain energy
transfers within the molecule [37]. The fluorescent quantum yields
for compounds 1, 2 and 3 are 0.51, 0.58 and 0.59, respectively,
while this value is 0.18 [38] for unsubstituted ZnPc. It was ob-
served that the fluorescence quantum yield increased significantly
with the binding of the imidazole groups to the phthalocyanine
ring and the modification of the alkyl groups to this molecule. Also,
it is thought that the energy transfers between the substituted im-
idazole groups and the phthalocyanine ring may result in an in-
crease in fluorescent quantum yields.

3.4. Colorimetric pH sensing properties

The pH dependent of compounds was investigated in DMSO so-
lution by using UV-Vis spectrum. Spectroscopic pH studies were
performed by using perchloric acid (HCIO4) and tetrabutylammo-
nium hydroxide (TBAOH) to the solutions of the compounds in
DMSO. pH values were measured with a glass electrode in elec-
tronic pH meter.

In Fig. 8, the color changes and UV-Vis spectral changes of im-
idazole substituted phthalonitrile, compound 1 and compound 2

in acidic (pH: 2.6) and basic (pH: 11.3, 14.6) regions in DMSO are
shown. Spectral changes are observed in the UV-Vis spectrum of
compound 1 when treated with acid and base (Fig. 8B). The same
effect is seen in the imidazole substituted phthalonitrile derivative
(Fig. 8A). As seen in the UV-Vis spectrum of compound 2 (Fig. 8C),
no spectral change is observed when treated with base. Compound
1 has spectral and color changes due to protonation and depro-
tonation in the acidic and basic regions, respectively, at the same
time, the pH-dependent spectral responses and color transforma-
tions of compound 1 in the acidic and basic regions are reversible.
Compound 2 has spectral and color changes only in the acidic re-
gions, it does not show any change in the basic region. Accordingly,
the pH-dependent spectral responses and color transformation of
compound 2 are only reversible in the acidic region.

Emission spectra at different pHs for compounds 1 and 2 are
shown in Fig. 9. As observed in the UV-Vis spectra, in the emission
spectra of compound 1 were observed the changes due to pro-
tonation/deprotonation, while in the emission spectrum of com-
pound 2 only observed the changes in the acidic region due to
protonation.

In fact, in the first step of this study, pH-dependent colorimetric
and spectral changes of compound 1 were observed. These changes
were thought to result from the protonation/deprotonation of the
substituted imidazole groups (Fig. 10) [15]. To prove this, we ex-
amined the same effect by blocking the nitrogen groups on the
imidazole groups. Therefore, we synthesized compounds 2 and 3.
We saw that when the nitrogen atoms in substituted imidazole
are capped with alkyl groups, the same effect could not be ob-
served, because protonation/deprotonation could not occur. As the
-NH group of substituted imidazole in compound 2 is alkylated,
it was observed that it was affected only by acids. In compound
3, it was observed that the substituted imidazole was not affected
by acid and base since both -NH and -N groups were alkylated.
This showed us that the spectral and color changes of compound 1
at acidic and basic pHs are due to the protonation/deprotonation
mechanism of the substituted imidazole groups. As a result, it
has been observed that compound 1 has colorimetric pH sens-
ing properties and fluorescent-based “off-on-off” type molecular
switch properties.
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4. Conclusions

In this study, imidazole substituted 1, N-alkylated imidazole
substituted 2 and water-soluble 3 oxo-titanium phthalocyanine
compounds were synthesized and characterized. All of the syn-
thesized compounds are soluble in organic solvents, and in addi-
tion, compound 3 is also soluble in water. The surface properties
of compounds 1 and 2 in powder form and thin films were inves-
tigated by SEM. Compound 1 was observed to have a very smooth
thin film structure in SEM images, thus it can be said that it has
the potential to be used to fabricate semiconductor devices. The
optical properties of compound 1 were studied (between 300 and
800 nm) in a UV-Vis spectrophotometer and the absorbance was
recorded as a function of photon energy. The Q-band and B-band
optical band gaps of compound 1 are determined as 1.67 eV and
2.75 eV, respectively. According to the optical band gap results, it
can be said that compound 1 has the potential to be used in ap-
plications such as light emitting diode (LED), organic photovoltaic
devices (OPV), and photodynamic therapy (PDT) as a photosensi-
tizer. The fluorescent properties of the compounds were examined
and the fluorescence quantum yields were calculated. Due to the
increase in fluorescence quantum yields, it has been explained that
there may be energy transfer between the substituted groups and
the phthalocyanine ring. This result shows that the synthesized
compounds may have the potential to be used in optical applica-
tions. The aggregation behavior of the synthesized compounds was
also examined and no significant aggregation was observed. In ad-
dition, spectral and color changes of compounds 1-3 at different
pHs were investigated. It was observed that compound 1 has a col-
orimetric pH sensor and fluorescent-based “off-on-off” type molec-
ular switch properties.
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