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In this study, metal and metal-free novel phthalocyanines containing peripheral and non-peripheral tetra 2-ben-
zylphenoxy groups were synthesized. The compounds were characterized by UV-Vis, FT-IR, H NMR, and
MALDI-TOF mass spectrometry as well as elemental analysis. These new phthalocyanines exhibited excellent
solubility in most organic solvents, and their redox behavior was investigated in different solvents such as
dimethyl sulfoxide (DMSO) and dichloromethane (DCM). The redox behavior of the peripheral and non-

peripheral phthalocyanine compounds 1a-c and 2a-c was determined by cyclic voltammetry and in situ spec-
troelectrochemistry. According to organic field-effect transistors (OFETs) measurements, the peripheral and non-
peripheral phthalocyanine-cobalt complexes which have higher mobility than others were utilized top-gate
bottom-contact OFETs fabrication. The output characteristics of the device show that its mobility is approxi-
mately 5 x 1072 ecm?/Vs with p-type accumulation.

1. Introduction

Phthalocyanines which include diiminoisoindoline units are a class
of pigments family in organic chemistry. These macrocycles have an 18-
n electron system, green-blue color, and chemical-physical stability. In
recent years, after the discovery of the phthalocyanine macrocycle,
many studies have been made in the literature on these compounds.
Their applications in many areas have been revealed by using the op-
tical, physical, and electrochemical properties of phthalocyanines. Some
application fields of phthalocyanines are photodynamic therapy [1,2],
electronic and optoelectronic applications [3-5], catalysts [6,71, liquid
crystals [8-10], and sensors [11,12].

The feasibility of these areas including electrocatalysis, electro-
chromism, and energy-producing devices is bound to their excellent
electron transfer properties. Therefore, the determination of the elec-
trochemical features of novel metallophthalocyanines (MPcs) has vital
importance in identification to the possibility of these usages in tech-
nological applications.
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The alignment of MPcs molecules to columnar molecular clusters is
achieved by the overlap between r-orbitals of adjacent molecules. As a
result of this alignment, one-dimensional wires are formed surrounded
by an insulating layer produced by aliphatic chains. Such films with a
columnar structure feature anisotropic charge-bearing mobility [13,14].
Their usage in the application areas given above is a result of the elec-
tronic character that these features have added to the structure. For
these mentioned applications, the regular structure, and smooth surfaces
of MPcs films play an important role in obtaining devices by improved
performance [15]. The specifications such as operating voltage and
field-effect mobility used to identify an OFET are controlled by the
reliability of the gate insulator and the density of charge traps at the
dielectric-semiconductor interface. Therefore, it is important to develop
a suitable gate dielectric with high capacitance and low leakage current
to achieve the desired OFET performance [16].

Herein, benzyl phenoxy substituted phthalocyanines were synthe-
sized by cyclotetramerization of phthalonitrile derivatives. After char-
acterizing the compounds with various methods, the molecular energy
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levels, and oxidation/reduction behavior of MPcs were determined by
density functional theory (DFT) calculations. Besides the optical and
electrical properties of the structures, contact angle values and surface
morphologies of thin films were investigated. It is aimed to use MPcs in
OFET applications due to their large charge carrier mobility as well as
their large exciton diffusion lengths along with the axis of columnar
stacks. Finally, the usage of MPc in OFET applications due to their high
load-bearing mobility and their large exciton diffusion lengths along the
axis of columnar stacks were investigated.

2. Experimental

Material, methods, equipment details, and some characterization
parameters were provided in the supporting information.

2.1. Synthesis

The compounds 1 and 2 were synthesized by nucleophilic aromatic
substitution and benzyl phenoxy substituted phthalocyanines (1a-c/2a-
c) were synthesized by cyclotetramerization of phthalonitrile de-
rivatives (1, 2) according to the procedure given in the literature [17].

2.1.1. General synthesis procedure for phthalonitriles (1-2)

2-Benzylphenol (1 g, 5.43 mmol) and 4-nitrophthalonitrile/3-nitro-
phthalonitrile compounds (0.94 g, 5.43 mmol) were stirred in 25 mL
anhydrous DMF. After stirring, anhydrous KoCO3 was slowly added to
the reaction. The mixture was stirred at 60-65 °C for 48 h. At the end of
this time, the reaction mixture was poured into ice water, then filtered
and dried. The crude product was purified by column chromatography
on silica gel using chloroform as eluent.

2.1.1.1. 4-(2-Benzyl phenoxy) phthalonitrile (1). Yield: 1.23 g (73.2%),
m.p.: 265-267 °C. Anal. Calc. For [C21H14N20] (Mw: 310.36 g/mol): C,
81.27; H, 4.55; N, 9.03%, found: C, 81.25; H, 4.53; N, 9.01%. FT-IR
(ATR): Vmax, cm ! 3026 (Aromatic C-H), 2910-2872 (Aliphatic C-H),
2232 (-C=N), 1598-1480 (Aromatic C—=C), 1248 (Ar-O-Ar). 'H NMR
(CDCl3, 6, ppm) 7.60 (d, J = 8.6 Hz, 1H), 7.41 (d, J = 7.9 Hz, 1H),
7.36-7.31 (m, 2H), 7.17-7.13 (m, 3H), 7.06-7.04 (m, 3H), 6.99 (d, J =
7.9 Hz, 1H), 6.96 (s, 1H), 3.91 (s, 2H). *C NMR (CDCls, 5, ppm) 161.65,
151.49, 139.09, 135.09, 133.85, 132.23, 128.81, 128.75, 128.45,
126.79, 126.36, 121.41, 120.72, 120.69, 117.35, 115.44, 114.93,
108.32 and 36.52.

2.1.1.2. 3-(2-Benzyl phenoxy) phthalonitrile (2). Yield: 1.08 g (64.1%),
m.p.: 278-280 °C. Anal. Calc. For [C21H14N20] (Mw: 310.36 g/mol): C,
81.27; H, 4.55; N, 9.03%, found: C, 81.26; H, 4.50; N, 9.02%. FT-IR
(ATR): Vmax, cm ! 3026 (Aromatic C-H), 2919-2846 (Aliphatic C-H),
2231 (-C=N), 1596-1483 (Aromatic C=C), 1249 (Ar—O-Ar). 'H NMR
(CDCls, 6, ppm) 7.40 (d, J = 8.5 Hz, 1H), 7.34-7.28 (m, 4H), 7.17-7.07
(m, 5H), 7.00 (d, J = 7.8 Hz, 1H), 6.65 (m, 1H), 3.98 (s, 2H). >C NMR
(CDCl3, 6, ppm) 160.78, 151.51, 139.17, 134.02, 133.95, 132.08,
128.91, 128.48, 128.42, 126.68, 126.44, 126.23, 121.17, 119.37,
116.88, 115.20, 112.74, 105.21 and 36.56.

2.1.2. General synthesis procedure for phthalocyanine compounds (1a-c/
2a-c)

A mixture of phthalonitrile compounds 1 or 2 (0.100 g, 0.32 mmol)
and metal salts [CuCly, NiCly, CoCly, (0.025 g, 0.19 mmol)] in N,N-
dimethylaminoethanol (3 mL) were stirred at 160 °C for 22 h under
argon atmosphere. After cooling to room temperature, the reaction
mixture was poured into the water to precipitate the blue-green product.
This crude product was washed several times with different solvents
such as hot water, hot acetic acid, methanol and purified by column
chromatography on silica gel using chloroform as an eluent.
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2.1.2.1. 2(3),9(10),16(17),23(24)-Tetrakis[2-benzylphenoxy]
phthalocyaninato copper (II) (1a). Yield: 0.050g (47.6%), m.p.:
>300 °C. Anal. Calc. For [Cg4HsgNgO4Cul: C, 77.31; H, 4.33; N, 8.59%,
found: C, 77.29; H, 4.30; N, 8.57%. UV-Vis (Dichloromethane): yax nm
(log £) 339 (4.82), 614 (4.54), 683 (5.19). FT-IR (ATR): vmax, cm 13027
(Aromatic C-H), 2956-2868 (Aliphatic C-H), 1582-1469 (Aromatic
C=C), 1230 (Ar-O-Ar). MALDI-TOF-MS m/z: calc. 1304.97; found
1305.13 [M]™.

2.1.2.2. 2(3),9(10),16(17),23(24)-Tetrakis[2-benzylphenoxy]
phthalocyaninato nickel (II) (1b). Yield: 0.036g (34.3%), m.p.:
>300 °C. Anal. Calc. For [Cg4Hs6NgO4Ni]: C, 77.60; H, 4.34; N, 8.62%,
found: C, 77.56; H, 4.33; N, 8.58%. UV-Vis (Dichloromethane): Ay,x nm
(log €) 351 (4.80), 614 (4.46), 682 (5.19). FT-IR (ATR): Umax, cm ! 3028
(Aromatic C-H), 2933-2867 (Aliphatic C-H), 1597-1483 (Aromatic
C=C), 1248 (Ar—O-Ar). MALDI-TOF-MS m/z: calc. 1300.12; found
1300.06 [M]*.

2.1.2.3. 2(3),9(10),16(17),23(24)-Tetrakis[2-benzylphenoxy]
phthalocyaninato cobalt (II) (1c). Yield: 0.053g (50.5%), m.p.:
>300 °C. Anal. Calc. For [Cg4Hs6Ng04Co]: C, 77.59; H, 4.34; N, 8.62%,
found: C, 77.55; H, 4.32; N, 8.60%. UV-Vis (Dichloromethane): 1.x nm
(log £) 330 (4.91), 610 (4.59), 675 (5.19). FT-IR (ATR): Umax, cm ™! 3026
(Aromatic C-H), 2945-2878 (Aliphatic C-H), 1582-1449 (Aromatic
C=C), 1229 (Ar-O-Ar). MALDI-TOF-MS m/z: calc. 1300.36; found
1300.16 [M]™.

2.1.2.4. 1(4),8(11),15(18),22(25)-Tetrakis[2-benzylphenoxy]
phthalocyaninato copper (II) (2a). Yield: 0.043g (41.0%), m.p.:
>300 °C. Anal. Calc. For [Cg4Hs6NgO4Cul: C, 77.31; H, 4.33; N, 8.59%,
found: C, 77.29; H, 4.30; N, 8.57%. UV-Vis (Dichloromethane): Aya.x nm
(log €) 327 (4.53), 631 (4.42), 703 (5.13). FT-IR (ATR): Umax, emt 3027
(Aromatic C-H), 2929-2858 (Aliphatic C-H), 1576-1451 (Aromatic
C=C), 1246 (Ar-O-Ar). MALDI-TOF-MS m/z: calc. 1304.97; found
1304.15 [M]™.

2.1.2.5. 1(4),8(11),15(18),22(25)-Tetrakis[2-benzylphenoxy]
phthalocyaninato nickel (II) (2b). Yield: 0.038g (36.2%), m.p.:
>300 °C. Anal. Calc. For [Cg4Hs¢NgO4Ni]: C, 77.60; H, 4.34; N, 8.62%,
found: C, 77.56; H, 4.33; N, 8.58%. UV-Vis (Dichloromethane): Aa.x nm
(log £) 331 (4.96), 630 (4.45), 700 (5.20). FT-IR (ATR): Umax, cm ! 3028
(Aromatic C-H), 2930-2866 (Aliphatic C-H), 1586-1488 (Aromatic
C=C), 1267 (Ar—-O-Ar). MALDI-TOF-MS m/z: calc. 1300.12; found
1300.06 [M] ™.

2.1.2.6. 1(4),8(11),15(18),22(25)-Tetrakis[2-benzylphenoxy]
phthalocyaninato cobalt (II) (2c). Yield: 0.048g (45.7%), m.p.:
>300 °C. Anal. Calc. For [Cg4HsgNg04Col: C, 77.59; H, 4.34; N, 8.62%,
found: C, 77.55; H, 4.32; N, 8.60%. UV-Vis (Dichloromethane): Ayax nm
(log €) 319 (4.75), 623 (4.49), 690 (5.13). FT-IR (ATR): vmax, cm ™~ 3027
(Aromatic C-H), 2936-2876 (Aliphatic C-H), 1578-1449 (Aromatic
C=C), 1246 (Ar-O-Ar). MALDI-TOF-MS m/z: calc. 1300.36; found
1300.09 [M]™.

2.2. Computational parameters

Optimized molecular geometries and molecular properties of the
novel phthalocyanines (1a-c and 2a-c) were determined using Density
Functional Theory (DFT) [18]. Molecular structures of investigated
phthalocyanines were optimized by Gaussian09 [19] in dichloro-
methane (DCM) and visualized by GaussView 5.0 [20]. For DFT, the
hybrid B3LYP functional (B3: Becke’s three-parameter nonlocal ex-
change functional [21,22], LYP: Lee-Yang-Parr’s correlation function
[23]) were used with the GEN basis set, 6-31G(d,p) for C, H, O, N atoms
and LANL2DZ for central metals (Cu, Ni, Co) was chosen. The solvent
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effect was investigated using the Polarizable Continuum Model (PCM)
[24,25] in the ground state as implemented in Gaussian09. To compare
the experimental and theoretical UV-Vis absorption spectra, the
time-dependent DFT method was used to measure the UV-Vis absorp-
tion spectra by B3LYP using the same basis sets in dichloromethane
(DCM). Total SCF density mapped with the electrostatic potential was
visualized at 0.02 isovalues and 0.0004 e/au® isodensity value for a
presentation of the charge distributions and reactive site of the
molecules.

2.3. OFET fabrication

Au source/drain electrodes with 30 mm channel width and 50 pm
channel length on glass substrate were obtained by a lithography
method. After the Au electrode deposition, the phthalocyanine layer is
spin-coated and then only the PMMA layer is created. Therefore, the
dielectric constant of the PMMA dielectric layer (€) is around 3.6 at
100Hz. Then polymethyl methacrylate (PMMA) was coated onto the
phthalocyanine layer at 1500 rpm. Phthalocyanines (1la-c and 2a-c)
were coated by the spin coating method at 1000 rpm. Aluminum was
evaporated on the PMMA layer as a gate electrode (~100 nm). Finally,
the fabricated device was characterized in an ambient atmosphere with
Keithley 4200 semiconductor parameter analyzer. Fabricated OFETs by
using interdigitated bottom contact-top gate geometry was given in
Fig. 1.

3. Results and discussion
3.1. Synthesis and characterization

Synthesis methods of the compounds 1a-c and 2a-c are shown in
Scheme 1. Commercially available 2-benzylphenol was used as a start-
ing compound. The phthalonitrile derivatives (1 and 2) were prepared
by the aromatic nucleophilic substitution reaction between 4-nitro-
phthalonitrile for 1 and 3-nitrophthalonitrile for 2 with 2-benzylphenol
in the presence of anhydrous potassium carbonate in N,N-dime-
thylformamide at 65 °C under argon atmosphere. The phthalonitrile
derivatives were purified by column chromatography using DCM as
eluent. The cyclotetramerization of these phthalonitrile derivatives into
metallophthalocyanines was accomplished with cobalt, copper, and
nickel salts in a Schlenk tube at 160 °C in DMAE under vacuum. After
well-purification, these novel compounds were characterized by 'H
NMR (for phthalonitrile derivatives), 3¢ NMR (for phthalonitrile de-
rivatives), UV-Vis, FT-IR, MALDI-TOF mass-spectroscopy, and
elemental analysis results.

In the FT-IR spectra of 4-(2-benzylphenoxy) phthalonitrile (1) and 3-
(2-benzylphenoxy) phthalonitrile (2), stretching vibration of nitrile
groups were observed at 2232 and 2231 cm™, respectively. All char-
acteristic vibration peaks (Aromatic C-H, Aliphatic C-H, Aromatic C=C,
and Ar-O-Ar) of compounds 1 and 2 were observed in the FT-IR spectra
of the compounds as quite clearly.

The data obtained from 'H NMR spectra were in good correlation
with the expected structures of synthesized 2-benzylphenoxy-phthaloni-
trile derivatives (1 and 2). In the 'H NMR spectra of compounds 1 and 2,

Al

PMMA

MPcs

Fig. 1. Schematic structure of the bottom-contact top-gate MPcs based OFET.
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the aromatic protons were observed in the range of 7.60-6.65 ppm. In
the aliphatic region, the methylene bridge protons were observed at
3.92 and 3.98 ppm for phthalonitrile 1 and 2, respectively. 13C NMR
spectra of the compounds 1 and 2 reveal 19 peaks containing 18 peaks
for aromatic carbon atoms observed between 160.78 and 105.21 ppm in
the aromatic region and 1 peak for methylene carbon atom at around 36
ppm.

In the FT-IR spectra of the phthalocyanine complexes (1a-c and 2a-
c), the stretching vibration peaks of the nitrile groups for phthalonitriles
1 and 2 were disappeared. Similar characteristic vibration peaks (Aro-
matic C-H, Aliphatic C-H, Aromatic C—=C, and Ar—O-Ar) were observed
for the studied phthalocyanines when compared to their phthalonitrile
precursors.

The UV-Vis spectra of phthalocyanine compounds (1a-c and 2a-c)
showed monomeric behavior in dichloromethane evidenced by a single
and narrow Q bands in the range of 675-683 nm for peripheral
substituted phthalocyanines (1a-c) and 690-703 nm for non-peripheral
substituted phthalocyanines (2a-c) (see Fig. 2). The Q-band absorptions
of the phthalocyanines (1a-c and 2a-c) were linked to transitions from
the highest occupied molecular orbital (HOMO) = levels to the lowest
unoccupied molecular orbital (LUMO) n* levels. B-bands of phthalocy-
anines in the UV region were observed between 319 and 351 nm due to
transitions from deeper = levels to the lowest empty molecular orbital
(LUMO) n* levels. The energy levels of the molecular orbitals are
affected by substituents in the non-peripheral part of the phthalocya-
nines, resulting in significant variations in the absorption spectra. Sub-
stituents in the phthalocyanine’s peripheral part had a smaller impact on
the Q band position. Substituents in the non-peripheral part were closer
to the phthalocyanine scaffold than in the peripheral part, resulting in
more aj, orbital (HOMO) instability and, as a result, a larger bath-
ochromic shift. These behaviours of B and Q bands were compatible with
the literature [26-28].

In the MALDI-TOF-mass spectra using the dithranol (DIT) matrix for
the phthalocyanines 1a-c, the presence of molecular ion peaks at 1300,
1304, and 1305 confirmed the proposed structures of these compounds.
On the other hand, the molecular ion peaks of non-peripheral
substituted phthalocyanines 2a-c, were obtained at 1304, 1300, and
1300. The elemental analysis results were also consistent with the
structures of all synthesized compounds.

3.2. Electrochemical properties

Electrochemistry of phthalocyanine compounds (1a-c and 2a-c) was
investigated using the cyclic voltammetry (CV) method in DCM/tetra-
butylammonium hexafluorophosphate (TBAPF¢) electrolyte system
using a glassy carbon working electrode. The potentials were calibrated
to the ferrocene redox couple Eq(Fc/Fc 7) = + 0.41 V to determine the
accurate HOMO-LUMO energy levels via oxidation and reduction po-
tential onsets of the compounds. The oxidation and reduction potentials
are summarized in Table 1.

Fig. 3 shows the CV responses of the phthalocyanine compounds in
both anodic and cathodic regimes. All compounds exhibited reversible
reduction potentials which are assigned to the metal center of the
phthalocyanine ring. Besides, the phthalocyanine complexes indicated
reversible oxidation potentials at potential values between 0.5 and 1.1
V. Unlike the other compounds, two reversible oxidation peaks were
observed till 1.1 V for 1a. Moreover, 2a showed two reversible reduction
peaks at a potential between 0 and -0.8 V according to Fig. 3. These
studied phthalocyanines showed reversible redox behavior between
—1.1 and + 1.1 V according to the oxidation/reduction behavior of all
studied phthalocyanines. The reversible redox behavior in a narrow
range is a great advantage for organic electronic applications.

Electrochemical bandgap (Egap, electrochem) Values of the compounds
were determined from the difference between oxidation and reduction
onset potentials. In addition, the optical band gap (Egap, optical) Was
calculated from the absorption edges of the compounds. Table 1 shows



M. Ozdemir et al.

Dyes and Pigments 200 (2022) 110125

M
Cu (1a and 2a)
Ni (1b and 2b)

Co (1c and 2¢)
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NS NS N

R 2a-c

Scheme 1. Synthesis of benzylphenoxy substituted phthalonitriles and their metallophthalocyanine complexes; (i) 4-nitrophthalonitrile, DMF, K5COs, rt; (ii) 3-nitro-
phthalonitrile, DMF, K>COs, rt; (iii) DMAE, Metal salts [CuCl,, CoCl,, NiCl,], 160 °C.
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Fig. 2. Comparison of the normalized absorption spectra of the synthesized phthalocyanines (1a-c, 2a-c) in dichloromethane solution (A) and on thin-film (B).
Absorption spectra of phthalocyanine 1a at different concentrations (1-10 pM) in dichloromethane (C). Absorption spectra of phthalocyanine 2a in different sol-

vents (D).

that the optical band gap values are higher than the electrochemical
bandgap (Eg) values. This can be due to optical and electrochemical
centers behaving independently from each other. Considering the
charge densities of the HOMO-LUMOs in the DFT calculations, the
charge distribution between the metal center and the ligand supports
this situation.

3.3. Thermal properties

In an application, it is necessary to know the thermal properties of
the substances to be used as materials. The thermal stability of the
metallophthalocyanines containing benzyl phenoxy (1a-c and 2a-c) was
determined by thermogravimetric analysis (TGA) (see Fig. 4) measure-
ments were recorded at a rate of 10 °C per minute from +25 to +900 °C

in an Noenvirpment. Looking at the decomposition temperature in the
first region, the composition of peripheral nickel phthalocyanine (1b)
began to degrade at a very low temperature compared to other studied
phthalocyanine compounds. The largest mass loss in the first region was
observed in non-peripheral cobalt phthalocyanine (1¢). In the non-
peripheral nickel phthalocyanine compound (2b), a linear decrease
was seen in the first region, and the peak was not calculated, it was
calculated in the second region. A single peak was observed in the pe-
ripheral cobalt phthalocyanine (1¢), while the peak observed in the
second region for the non-peripheral copper phthalocyanine (2a) is very
ineffective.

From all these results, it is observed that the thermal stabilities of the
metal phthalocyanines carrying the benzyl phenoxy groups (1la-c and
2a-c) are above 300 °C on average. The most stable thermal
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Cyclic voltammetry data, electrochemical and optical band gap energy Egap, electrochems Egap, optical, HOMO, and LUMO values of compounds.

Pcs Oxidation Peak Potential (V) Reduction Peak Potential (V) HOMO (eV) LUMO (eV) Egap, electrochemical (eV) Egap, optical (eV)
1a EZL =071 EQ? = 0.91 Eed = —0.79 —3.63 —4.80 117 1.56
EX! = 0.66 EY? = 0.83 Ed = —0.86
1b EY, = 1.01 Eed — —0.83 ~3.60 —4.64 1.04 1.60
El. =095 Eed — —0.88
1c EY, = 0.68 Eed = _0.19 -4.18 ~4.65 0.47 1.57
Ele =057 Erd = —0.30
2a Ep, =0.79 Eedl = —0.47 Ered2 — _0.66 -4.15 —4.82 0.67 1.46
EY, = 0.66 Eedl = 0,32 B2 = 058
2b EX, =0.89 Ered = _0.85 -3.55 ~4.82 1.27 1.54
EpX. = 0.65 Eed = 0.95
2¢ EZ, = 0.69 Bl = 027 -4.08 —4.72 0.64 1.57
Exc =054 Efd = —0.41
Initial decomposition temperatures, maximum decomposition temper-
1.5 atures, and remaining residue at 900° are given in detail on the graphics
1 12 gg in the supporting information (Figs. S22-533). The resistance of all
1.0 4 : . 2% synthesized phthalocyanine compounds above 300 °C shows that they

v T v T T T
-0.5 0.0 0.5 1.0
E(V)

Fig. 3. Cyclic voltammograms of compounds (1a-c¢, 2a-c) on the GCE in 0.1 M
TBAPFg/dichloromethane electrolyte solution at scan rate 100 mV/s vs Ag wire.

100

80 4

40
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20 4

T T T T T
400 500 600 700 800

Temperature (°C)

T T T
0 100 200 300 900

Fig. 4. TGA spectra for benzyl phenoxy-bearing metal phthalocyanines (la-c
and 2a-c).

characteristic was obtained for peripheral copper phthalocyanine (1a)
while the lowest stability was observed for peripheral nickel phthalo-
cyanine (1b). Glass transition temperatures for synthesized phthalocy-
anines were observed in the range of 176.18-176.85 °C (Figs. S22-33).

are quite stable. In addition, it was determined that 1a-c, which has a
peripheral structure, showed more thermally stable than non-peripheral
structures (2a-c).

3.4. Surface characterization

Surface characterization of drop-casted films for the studied phtha-
locyanines (1a-c and 2a-c) was carried out via Atomic Force Microscopy
(AFM) technique using tapping-mode height images. When the rough-
ness average values of the prepared polymer films are examined, it is
seen that the film roughness value for 1a is somewhat higher than the
other polymer films. Fig. 5 shows that the 1la layer has gyroid
morphology that the particles are interconnected with one another. It
was observed that the position of peripheral substituent and central
metal atom changed the morphology. For example, a rougher surface
was observed for the copper and nickel phthalocyanine complexes (1a
and 1b), while a smoother surface was obtained in the thin film of the
cobalt complex (1c). The non-uniform surface of the 1b can be due to the
planarity of the different peripheral substituents. Similar results were
observed for 2a-c. This proves that the central metal atom has a direct
effect on the morphology. In addition, TEM images of all compounds
were also taken as a supplement, and the crystalline morphologies of 1a,
2a, and 1c, 2c are seen in TEM images, as in AFM images (Fig. S35).

Polar materials are super hydrophilicity, while the substances above
90° are close to the hydrophobic character. The rough surfaces in the
AFM show a higher contact angle. Molecules with high contact angles do
not hold water. The contact angles of the copper (85.6° for 1a, 67.8° for
2a) and cobalt (82.3° for 1¢, 75.7° for 2¢) phthalocyanines are below
90° while the contact angles of the nickel phthalocyanines are over 90°
(103.4° for 1b, 94.9° for 2b) and the contact angles of the cobalt
phthalocyanines are below 90°. Nickel phthalocyanines are close to the
hydrophobic character. Copper and cobalt phthalocyanines showed
hydrophilic characters. Peripheral-substituted phthalocyanines (1a-c)
have higher contact angles than non-peripheral phthalocyanines (2a-c)
(Fig. S36).

3.5. Theoretical studies

Specific bond lengths and bond angles for phthalocyanines are given
in Table S2. The geometry optimization parameters of the peripheral
and non-peripheral cobalt, nickel, and copper phthalocyanine com-
pounds carrying benzyl phenoxy are different from each other due to the
difference of the metal in the cavity and the position of the substituents
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Fig. 5. AFM (tapping-mode height images) of phthalocyanines (1a-2c) films.

on the ring. The total energy of the system is very close to each other as
they are the same for peripheral and non-peripheral phthalocyanines in
terms of atomic number and type. Copper has more electrons than cobalt
and nickel, and it more chemically interacts with the phthalocyanine
ring. Thus, the energy level of the system for comparison is lower
compared to nickel and cobalt phthalocyanine counterparts. Since
nickel metal has more electrons than cobalt, it has created more in-
teractions. As the energy of the compounds increases in the negative
direction, their stability increases. Thus, the energy ranking is found as
Ecupe > Enipe > Ecope-

Metal-N bond length is different among the studied cobalt, nickel,
copper phthalocyanines. In the copper phthalocyanines (1¢ and 2c), the
Metal-N bonds (1.94 A) are shorter than the cobalt phthalocyanines (1a
and 2a) Metal-N bonds (1.97 f\), and longer than the nickel phthalo-
cyanines Metal-N bonds (1.92 fk). There was no change in the bond
lengths of the peripheral and non-peripheral phthalocyanines cavity and
the bond lengths were measured identically. The bond lengths between
the carbon of the isoindole moiety of the phthalocyanine ring and the
oxygen of the benzyl phenoxy compound remained the same when the
metals were changed. The O-C bond distance from the peripheral po-
sition is 1.38 A and the O—C bond distance from the non-peripheral
position is 1.37 A. In covalent bonds, the shorter bond means it is
more stable. The bond with the substituent at the non-peripheral posi-
tion is more stable than the bond of the substituent at the peripheral
position. The main skeleton of Cu, Ni, and Co phthalocyanines is planar.

Metals are fully seated in the phthalocyanine cavity. The bond between
the nitrogen and the metal atoms (N-Metal-N) is bi-directionally equal
and has an angle of approximately 180° (179.94°-179.73°). It bonded
with the carbon atom of the benzyl phenoxy substituent and the indoline
moiety of the phthalocyanine ring at around 120.50° in the peripheral
position at around 119.90° in the non-peripheral position. The direction
of the benzyl phenoxy group is around 97° in the peripheral position to
the planar phthalocyanine complex and around 111° in the non-
peripheral position.

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies of the benzyl phenoxy
containing phthalocyanines (1a-c and 2a-c) were calculated in DCM
(Fig. 6). The non-peripheral phthalocyanines showed narrower bandgap
values compared to peripheral phthalocyanines. The reason for this is
that the non-peripheral phthalocyanines have longer wavelengths of
n-n* transitions. When compared to metal differences, cobalt phthalo-
cyanines have the widest band range (—2.19 eV for 1c and —2.12 eV for
2c¢). Also, copper phthalocyanines have the narrowest bandgap (—2.13
eV for 1a and —2.06 eV for 2a). Since the absorptions of nickel and
cobalt phthalocyanines are at the same wavelength, the bandgap is
equivalent over the UV-Vis spectrum and the difference cannot be
determined. Theoretical and experimental values are compatible with
each other. The calculated electronic spectra of the la-c and 2a-c
compounds were compared with the experimental spectra in Fig. S38,
and the Q-band electronic transitions were described.
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Fig. 6. The molecular orbital energy diagram of phthalocyanines (1a-c and 2a-c) in dichloromethane.

The total electron density was studied in dichloromethane. Total SCF
Density mapped with electrostatic potential (ESP) was used to indicate
the total electron density (isoval = 0.0004 e/au®). The red color shows
the electronegative region, the green color shows the neutral region, and
the blue color displays the electropositive region. The nitrogen atoms in
the meso positions of the phthalocyanine compound and the oxygen
atoms bridging between the Pc ring and the benzyl group are strongly
electronegative due to their unpaired electrons. The inside of the ben-
zene rings of the substituent is electronegative due to electron conju-
gation and its acidic aromatic and aliphatic hydrogens are
electropositive. Nickel metal is more electronegative than cobalt and

copper, and in nickel phthalocyanine compounds. The center of the
cobalt and copper phthalocyanine compounds is either electropositive
or neutral. The electronegativity order of metals is ¥™ > y* > y°. The
obtained results show that the HOMO-LUMO levels comply with each
other when compared to the data obtained as a result of optical and
electrochemical measurements. This situation is also reflected in OFET
performances.

3.6. OFET characterization

MPcs molecules have shown n-n sequence. Due to overlapping
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Fig. 7. The output characteristic of phthalocyanines 1a-c and 2a-c.
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between m-orbitals of the adjacent molecule, the alignment of MPcs
molecules to columnar molecular clusters is secured and one-
dimensional wires are formed surrounded by an insulating layer pro-
duced by aliphatic chains. Therefore, the electrons can be shared be-
tween all the atomic centers’ molecules, which can lead to an increase in
carrier mobility [29,30]. Looking at the output (Fig. 7) and transfer
(Fig. 8) characteristics, the curves show the behavior of the traditional
phthalocyanine-based field-effect transistor. When negative bias to the
gate electrode, typical behavior for hole-enhancement mode (p-type)
was observed. Due to the p-type channel accumulation, it is expected
that the charge injection from metal electrodes into the organic semi-
conductor occurs. In hole-enhancement mode, Ips-Vpg exhibits linear
region at small Vpg and saturation region at high Vpg due to the pinch of
the channel.

Mono- and ball-type dinuclear Co(II), Zn(II), Cu(II) Pcs had been
reported. The charge transport properties of these MPc OFETs films had
been investigated as spin-coated active layers. The mobility value and
threshold voltage had been found as p = 4.4 x 10~2 cm?/Vs and 27.6 V,
respectively [31]. TiOPc films have been exhibited an n-type semi-
conducting behavior, which their electron mobility at room temperature
had 9 x 107® cm?/Vs [32]. The reported Pc-based OFETs have
field-effect mobilities ranging from 9 x 10~% cm?/Vs to 10 em?/Vs [33].
The mobilities have changed depending on the central metal atom, gate
dielectric, and deposition techniques and parameters. It is important
that Pc compounds with substituents on the ring system are essentially
soluble in organic solvents and are therefore amenable to solution pro-
cessing for deposition as thin films. It was found that the maximum
field-effect mobility of cobalt, manganese, and zinc phthalocyanine
complexes containing 4-pentylphenylethynyl substituents is 4.27 x
1073 em?/Vs [34].

The electric parameters were calculated using a standard analytic
theory of FET according to the following equation [35]:

Ips, sar :%H(VGS — V)

where Ipg o is the saturation source-drain current, Vry, is the threshold
voltage, Vs is the gate voltage, p is the field-effect mobility, W and L are
the channel width and length, respectively, C; is the insulator capaci-
tance per unit area.

Table 2 shows the OFET parameters obtained from Figs. 7 and 8. As
can be seen from Table 2, the peripheral and non-peripheral phthalo-
cyanine-cobalt complexes based OFETs have higher mobility with
approximately 5 x 102 cm?/Vs mobility than others. It is thought that
n-n stacking of phthalocyanine-cobalt complexes contributed to charge
accumulation and resulted in high mobility. I,,/Io¢ ratio is about 103 -

1E-5 5

T e 0 B8O A 0
Ves(V)

Fig. 8. Transfer characteristic of phthalocyanines (1a-c and 2a-c).
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Table 2
OFET parameter for the phthalocyanine (1a-2c).
Compound  Mobility On/ Vrh Igs(A) S (V/ NSmax
(em?/Vs) Off w) decade)
Ratio
1a 9.77 x 1072 10° 11 7 x ~0.22 5.23 x
107° 10°
2a 891 x 1072  10° 30 9 x ~0.23 7.46 x
107° 10°
1b 6.12 x 1074 10% 57 1x ~0.37 1.12 x
1078 108
2b 1.18 x 107* 102 52 1 x ~0.39 8.14 x
107° 10°
1c 2.32x 1072 10* 35 9 x ~0.27 1.22 x
107° 10°
2¢c 0.31x1072  10° 52 1 x ~0.28 1.41 x
107° 10°

10* for phthalocyanine-cobalt complexes which is quite a high value.
The threshold voltage (Vp), which can be caused by impurities in the
semiconductor, interface states, and charge traps, is an important
parameter for OFETs [36]. Subthreshold swing (S) is the inverse slope of
the drain current versus the gate voltage in a semilog plot (S = dVgs/d
(log(Ips)). It is often used to characterize the subthreshold regime by
indicating how rapidly the device switches from the OFF to the ON state.
A large value of S generally implies a large concentration of shallow
traps. Subthreshold swing has also been evaluated in order to extrapo-
late the maximum surface trap density (NSmax) according to the rela-
tionship NSmax~ [(S x log(e) x q/k x T)-1]1C/q, where k is the
Boltzmann constant, q is the elementary charge, T is temperature, and C
is the capacitance value [37]. For the phthalocyanines (1a-c and 2a-c),
subthreshold swing value has been measured as 390 mV/decade which
resulted in 8.14 x 10° charge density. Imperfect gate dielectrics, surface
conduction, bulk device transport, or a lack of semiconductor patterning
can lead to gate leakage and affect the performance of many circuits.
Leakage current as a function of gate voltage was as shown in Fig. S40.

4. Conclusion

In summary, the series of phthalocyanines based on the 2-benzylphe-
nol substituent and cobalt, nickel, and copper as central metals in the Pc
cavity were synthesized. Optical, electrochemical, spectroscopic, and
theoretical results show that the HOMO-LUMO levels and a blue shift
were observed for cobalt Pc complexes when compared to their coun-
terparts. Furthermore, optical band gap values were measured at
approximately 1.5 eV. The optical band gap of compounds was calcu-
lated at approximately 1.5 eV, while the electrochemical HOMO-LUMO
band gap values were observed below 1.0 eV. These values are not
compatible with the calculated theoretical data. This indicates that the
donor and acceptor units in the compound act independently of each
other. In addition, surface characterizations with AFM show that the
cobalt complex 1a has a self-organized proper distribution on the thin
film surface. This has been created a positive effect on OFET results.
These results show that solution-processed new 2-benzylphenoxy
substituted metallophthalocyanine films can be used as a semi-
conductor layer of p-channel OFET devices. In the OFET measurements,
it was seen that the peripheral and non-peripheral phthalocyanine-co-
balt complexes based OFETs have higher mobility than other counter-
parts. In addition to optical and electrochemical data, OFET results have
shown us that these compounds can also be used in solar cells.
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