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Abstract: New polymeric phthalocyanine moieties (M = 2H, Zn, Ni, Cu, and Co) were synthesized via polytetracy-
clomerization reaction of o-bis[3-(3,4-dicyanophenoxy)propyloxy|benzene (3), which can be obtained by the reaction of
4-nitrophthalonitrile with o-bis[(3-hydroxypropyl)oxy|benzene. Aggregation and disaggregation behavior of the poly-
meric phthalocyanine (5) was studied with some alkali and earth alkali metal cations. Measured intrinsic viscosities of
the polymeric phthalocyanines exhibited a substantial decreasing tendency with dilution of the solution. Thermogravi-
metric analysis was performed under air by using DSC and DTG/TGA techniques and indicated that these polymers
have good thermal stability. AC and DC electrical conductivities of the polymeric phthalocyanines were investigated
in the frequency range 100 Hz—1 MHz within the temperature range 298-343 K. AC/DC conductivities of the samples
were found to be between 10 ™% and 107 S cm ™! at ambient temperature under argon atmosphere. The structures of
new synthesized compounds were characterized by using microanalysis; various spectroscopic methods such as UV-Vis,

FT-IR, 'H NMR, and '3C NMR spectroscopy; and MS spectra.

Key words: Polymeric phthalocyanine, metallophthalocyanines, aggregation, AC/DC electrical conductivities, thermal
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1. Introduction

1, 4

Low-molecular weight phthalocyanines’? and their polymeric derivatives®* are attracting great attention be-

cause of their high thermal and chemical stability,® high gas sensitivity,®” excellent semiconducting beha-

1,2,6,7 and biological importance due to their similar molecular structure to metalloporphyrins.’?® The

0

vior,

attention to the usage of phthalocyanines is increasing in many fields such as dyestuffs,? electric conductors,®

3411 electrochemically active layers,'? cathode materials in Li-batteries,® pho-

15,16

catalysts, 2 electrocatalysts,
tovoltaic or photogalvanic elements, 4 and sensitizers for photodynamic therapy of cancer (PDT).

Metal-free and metallophthalocyanines containing single phthalocyanine cores are mostly prepared via
cyclotetramerization reaction of phthalic acid derivatives, such as o-benzonitrile or phthalic anhydride deriva-
tives or 1,3-diminiisoindoline derivatives, under different reaction conditions in the absence or presence of metals

or metal salts, in high yields.'” However, polymeric phthalocyanines bearing multiple phthalocyanine cores can

be synthesized via polycyclotetramerization under appropriate reaction conditions using bifunctional monomers

*Correspondence: abilgin@kocaeli.edu.tr
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as precursor, like 1,2,4,5-benzenetetracarbonitrile and other various sulfur, arylenedioxy-, alkylenedioxy-, and
oxy-bridged diphthalonitrile derivatives and other nitriles or tetracarboxylic acid derivatives.'®~2° The poly-
meric phthalocyanines were found to have higher conductivity, better catalytic properties, and better thermal
stability than monomeric phthalocyanine analogues. 2! =24 Furthermore, they possess large and accessible surface
areas and are of great technological importance for adsorption and heterogeneous catalysis.2® The insolubility
of polymeric phthalocyanines in water and common organic solvents restricts their usage in some fields and
makes their structural investigations difficult. 24

We have previously presented several types of peripherally tetra- and octa-substituted hydroxyl-functiona-

26,27 and peripherally mixed nitrogen- and oxygen-donor moieties,?® only

lized monomeric phthalocyanines
sulfur linkage moieties,?® and lariat ether3® substituted polymeric phthalocyanines.

In this article, the preparation and properties of new polymeric phthalocyanines bearing peripherally
1,2-bis[(3-oxapropyl)oxa]benzene derivatives is described. Using a bisphthalonitrile fused flexible unit is an
advantage for the preparation of polymeric phthalocyanines with high molecular weight.2?3! The AC and DC
electrical conductivity of the polymeric phthalocyanines was measured by using a sandwich form cell in argon
atmosphere. The intrinsic viscosity behaviors of the prepared polymers were examined at ambient temperature.
The visible electronic spectra of compounds 4-8 were investigated in pyridine with different concentrations.
Aggregation or disaggregation properties of polymer 5 with some alkali and earth alkali metals were also studied.
Thermoanalytic techniques such as DSC and DTG/TGA were used to investigate the thermal properties of
compounds 3-8. The structures of the novel compounds were identified with microanalysis, UV-Vis, FT-IR,
NMR, and MS spectral data.

2. Results and discussion

2.1. Synthesis and characterization

0-Bis[(3-hydroxypropyl)oxy]benzene (1) was synthesized according to the literature®?33 by the reaction of
catechol and 3-chloro-1-propanol in EtOH, by modifying the relevant procedures (Scheme). The yield (81%)
of 1 was higher than that obtained by the known procedures (60% or 65%).32:33 The mass spectral data of 1
showed a peak of m/z = 251.2274 corresponding to [M + Na + 2]*. The microanalysis of 1 was in accordance
with the theoretical calculation. The 'H NMR spectrum of 1 in CDCl3 shows signals at § = 6.86-6.82 (m, 4H,
ArH), 4.11 (t, J = 5.7 Hz, 4H, ArOC H,), 3.80 (t, br, J = 5.0 Hz, 4H, OCH, CH,CH, OH), 1.99 (p, J = 5.9
Hz, 4H, OCH,C H; CH, OH), and 1.68 (s, br, 2H, OH) ppm. Furthermore, the signal at 1.68 ppm related to
the protons of O—H groups was replaced with deuterium with the treatment of D5 O, and a new signal appeared
resulting from HOD at 4.67 ppm. In the '*C NMR spectrum, compound 1 exhibits the primary alcohol
carbon atoms at d= 61.13 ppm (CHyOH) and the other aromatic and aliphatic carbon atoms were observed
at 148.34 (ArC0O), 121.32 (ArCH), 112.97 (ArCH), 67.80 (ArOCHs>), and 31.73 (OCHoCH, CH2 OH) ppm,
respectively. In the IR spectrum of 1, both O-H and H-O- - --H stretching vibrations appeared at 3400 and
3342 cm !, respectively.

0-Bis[3-(3,4-dicyanophenoxy ) propyloxy|benzene (3) was prepared by the nucleophilic aromatic substitu-

tion reaction34—36

of 4-nitrophthalonitrile with compound 1 in the presence of dry Ko CO3 as a base catalyst
and dry DMF. The ESI™ mass spectrum of 3 showed the molecular adduct of Na and K in addition to the M +
1 peak. In the 'H NMR spectrum of 3, the OH protons observed at 1.68 ppm in compound 1 disappeared and

new signals related to aromatic bisphthalonitriles appeared. Additionally, the other protons signals of 3 were

1136



: OH
OH

BILGIN et al./Turk J Chem

NaOH

95% C,HsOH

mﬂ CN
(\ Ax(g)
+ 2 & on 4>0 + 2
85°C UH O,N CN

X,

Scheme. Synthesis of the bisphthalonitrile 3 and compounds 4, 5, 6, 7, and 8.
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slightly shifted except for the signal belonging to (NC)2 ArOC Hs. The nitrile carbon atoms (C7, Cg) of the
compound appeared at 116.25-115.60 ppm in the *C NMR spectrum of 3. The presence of the C=N group

at 2227 cm ! in the IR spectrum of 3 supported the proposed structure. The obtained microanalysis data for
3 are in compliance with the calculated data.

Compound 4, (H2Pc),,, was synthesized with a mixture of 3, DBU, as base catalyst and amyl alcohol

at 160 °C under inert conditions. In order to analyze the polymerization degree, model compound 4a was
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prepared by the conversion of the nitrile end groups of 4 to the imido end groups using a minimal amount
of 40% H2SO4 in a short time due to degradation of the metal-free polymer. When the IR spectrum of 4a
was compared with that of 4, the peak at 2227 cm ~! corresponding to the C=N groups of 4 had disappeared
and new peaks at ~1770-1716 cm~! and at 3396 cm ~' corresponding to the carbonyl and imide groups had
appeared, respectively. These findings support the transformation of the cyano groups into imido groups. The
inner core N-H stretching and pyrrole ring vibration bands, which are typical for metal-free phthalocyanines,
were also observed at 3285 and 1045 cm ~! for 4 and 3278 and 1040 cm ~! for 4a.37:38 Weak absorptions for
~C=N- at 1645 cm ! for 4 and at 1652 cm~! for 4a were also detected. Microanalyses for 4 and 4a were

satisfactory.

Synthesis of metal containing phthalocyanine derivates (5-8) was described in the Experimental section.
Co-containing polymeric phthalocyanine was prepared in both the presence and absence of catalyst and the
yield of 8 (84%) in the presence of catalyst was significantly higher than that in the absence of catalyst (49%).
The IR spectra of 5-8 were similar with small differences. The imido carbonyl groups caused by the presence
of water during the synthesis were observed at ~1771-1705 cm~!'. On the other hand, the IR spectrum of 4
was different because of the inner core N-H vibrations.?® In the IR spectrum of 4, the cyano end groups were
observed at 2224 cm ~!. Furthermore, there was a small shift to lower wavelength in many of the IR bands
of the metal-free phthalocyanine with respect to the metal analogues.?%:29:3940 In the FT-IR spectra of the
complexes, ligand stretching vibrations independent from the metal and metal-N stretching vibrations could
not be observed in the region of 400-100 cm ~!. This can be attributed to the recording of the IR spectra of

the samples in KBr pellet forms, which have vibrations in the same region.*!

Various methods are used to determine the polymerization degree of polymers. Here, as used in a few
cases,*? polymerization degree of the polymeric phthalocyanines was determined by the comparison method
of IR absorption of end groups with those of suitable bridging groups due to the difficulty in solubility of
the polymeric phthalocyanine. For this purpose, the ratio of absorption intensities of the Ar—O—-CH4 etheric
groups at around 1225 cm ' to the absorption intensities of the asymmetric C=0 groups of the imides at
around 1713 cm ~! was calculated [compound/log111205 /11713: 4a/1.07, 5/1.66, 6/2.03, 7/1.63, 8/1.11]. The
polymerization degrees follow the order: 6 > 5 > 7 > 8 > 4a.

Typical UV-Vis absorption spectra were obtained for the polymeric phthalocyanines (4-8) in pyridine and
conc. HoSO4 (Table 1). At the slightly lower wavelengths (Table 1), a shoulder corresponding to aggregated
or nonaggregated species in conc. H9SO,4 and pyridine appeared for the polymeric phthalocyanines (4-
8). The UV-Vis spectrum of the metal-free phthalocyanine (4) was taken in 25% HoSO4 instead of conc.
H5SO,4 because of the slow decomposition caused by hydrolysis in conc. H3SOy4, which can be seen in
Figure 1 as a diminished absorption coefficient at longer wavelengths. On the other hand, the polymeric metal
phthalocyanines (5-8) were stable. When HoSO4 was used instead of pyridine, both a significant bathochromic
shift and a decrease in absorption intensity were observed. This can be attributed to degradation and weak

protonation of the meso nitrogen atoms at the inner phthalocyanine core.

The UV-Vis spectra of 4 are shown in Figure 1. The characteristic split Q-bands due to 7 — 7 * transition
of this fully conjugated 18-7 electron system 274344 for the metal-free phthalocyanine (4) were observed at Apax
= 709 and 677 nm with shoulders at 642 and 613 nm in pyridine, which indicates the nonaggregated species. It
is known that the nonaggregated metal-free phthalocyanines with Dsy;, symmetry exhibit 2 intense absorption
bands at about 700 nm.**~*® For compound 4, the main Q band was broadened and shifted to the higher
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energy region about 261 nm in a solution of 25% H2SO4. The ratio of the intensities of the UV (Soret band
transition) to the Vis (Q-band transition) spectra was calculated and found to be Iy /Iy;s < 1 (Table 1). This

result means that the structures of 4-8 were homogeneous and no poly(isoindoline) co-units appeared during

the synthesis.

Table 1. Wavelength and absorption coefficients of the UV-Vis spectra of the polymers.

Compound | M | Solvent Mnm)/log (¢) \R/?Stioa UV-
) oy | Pridine 709 (2.72), 676 (2.71), 642° (2.44), 613 (2.31), 398 (2.43), 328 (3.11), 307 (2.52) | 0.93
25% H,S04° | 970 (3.08), 840° (2.02), 742 (2.05), 373 (1.90), 310 (2.05), 278 (2.38), 248 (2.68) | 0.87
5 7 Pyridine 687 (3.57), 617° (3.02), 348 (3.61), 319 (3.67) 1.03
H2SO4 853 (3.98), 747° (3.44), 376 (3.09), 312 (4.11), 250 (3.81) 0.96
p Ni Pyridine 680 (2.61), 613°(2.22), 386 (2.42), 333 (2.63), 308 (2.20) 0.84
H,SO,4 830 (4.10), 736° (3.67), 423 (3.57), 306 (4.04), 243 (4.15) 1.01
. cy | Pyridine 686 (3.37), 616° (3.00), 336 (3.57), 310 (2.82) 0.84
H,SO04 863 (4.06), 759° (3.53), 427 (3.50), 380 (3.60), 305 (3.90), 243 (4.15), 218 (4.11) |1.01
8 Co Pyridine 665 (3.17), 599° (2.81), 334 (3.23), 309 (2.64) 0.83
H2SO4 826 (3.84), 738°(3.58), 415 (3.39), 297 (4.07), 238 (4.05) 1.05

“TIntensity ratio of absorption B bands at A = 218-319 nm and Q bands at A = 665-970 nm (C = 2 x 10™* g/L in
conc. H2804 and 2 x 10™* g/L in pyridine). °C = 1.25 x 107* g/L in 25% H2SO4 for 4. Shoulder.

0.26 -
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——b:4in 98% HySOy4
——:4in 25% HySOy

0.13
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0.00

T T T T T T T
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Figure 1. UV-Vis spectra of 4 in pyridine (C =2 x 10™* g/L), in 98% H2S04 (C = 1.25 x 10~* g/L), and in 25%
H2804 (C =125 x 107* g/L).

Aggregation can be explained as an overlapped stacking of phthalocyanine units by intermolecular
interactions to form dimeric and oligomeric species from monomeric ones. It depends on factors such as polarity
of solvent, temperature, concentration of solution, central metal ions, and the nature and position of the
substituents. 45! The concentration dependent aggregation behavior of 4-8 in pyridine was investigated using
UV-Vis spectroscopy (Figures 2a—2e and 3a—3e). When the concentration of 5-8 was increased, no new bands

and no shift of the Q band were observed (Figure 2a-2d).5! Therefore, we could not determine from Figures
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Figure 2. Absorption spectra of 5 (a), 6 (b), 7 (c), 8 (d), and 4 (e) in pyridine at different concentrations. (Inset: Plot
of absorbance versus concentration at 687, 679, 686, 665, and 709 nm for compounds 5, 6, 7, 8, and 4, respectively).

2a—2d whether there was an aggregation or not. For this reason, A/¢C versus wavelength was plotted for 5-8

and is given in Figures 3a—3d (where A: optical density, ¢: optical path length, and C: concentration, g/L).
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Figure 3. A/{C vs. wavelength spectra of 5 (a), 6 (b), 7 (c), 8 (d), and 4 (e) in pyridine at different concentrations.

The extinction coefficients and the intensities of the Q-bands were different as a consequence of aggregation
with the increased concentrations of 5-8.4°751 When the UV-Vis spectra of 4 were examined, the increases
in the Q-band intensities were not in the same ratio (Figure 2e). The intensity of the band at 676 nm was
higher than that of the band at 709 nm up from 3.3 x 1075 g/L to 1.0 x 10~* g/L concentration range. 249
This may be due to the presence of deprotonation of the metal-free phthalocyanine from (HyPc),, to (HPc)
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and/or (Pc)2~ with increasing concentration of pyridine, which can be explained by the transformation of Dy,
symmetry to Dy, symmetry (Figure 2e).%? Maximum extinction coefficients belonging to the monomer Q-band
absorptions are significantly increased with the increasing concentration of 4 (Figure 3e). Figure 3e shows a
broader absorbance at the concentrations corresponding to the large decrease in monomer extinction coefficient
at 709 nm, indicating the appearance of species with overlapping.®® Absorbance versus concentration graphs
were examined to determine whether compounds 4-8 obey the Lambert—Beer law or not (Figures 2a—2e). In
Figure 2e, a deviation from the Lambert-Beer law for 4 was observed at the studied concentrations due to the
deprotonation of 4 at high pyridine concentrations. The metallophthalocyanines compounds (5, 6, 8) are nearly
compliant with the Lambert-Beer law at the given concentration range. However, the copper phthalocyanine
(7) obeys the Lambert-Beer law, except at concentrations higher than 1.0 x 10~* g/L.

The aggregation and disaggregation properties of 5 in pyridine (6.7 x 102 g/L) were studied by means
of the changes in the visible spectra after the addition of metal salts such as LiCl, NaNOg3, KNO3, MgSOy4,
CaClg, Sr(NO3)2, and Ba(NOg3), at different concentrations in methanol. First of all, the effect of increasing
methanol concentration on the visible spectrum of 5 in pyridine was examined and no significant differences
were observed except for the dilution effect. Then, when Nat, Lit, Sr2*, and Ba?* solutions in methanol
were added, there was a slight fall in the intensities of the QQ absorption bands at 687 and 618 nm without any
shift and no optical change. This observation can be ascribed to the weak or no interaction of the peripheral
O atoms to Nat, Lit, Sr2t, or Ba?" ion in addition to the dilution effect. Despite the diminishing effect of
methanol on the intensities of the Q absorption bands, a dramatic change in the visible spectrum of 5 owing to
disaggregation was observed when Ca?" solutions in methanol were added. Furthermore, the intensity of the
main Q-band of 5 was slightly shifted from 685 to 687 nm. On the other hand, in the case of K™ and Mg?2*
addition, confusing changes were obtained in the UV-Vis spectra of 5. When K™ solutions in methanol were
added, there was an increase in Q-band absorption until 0.2 mL due to the disaggregation of 5. However, the
intensity of the Q-bands was significantly reduced after this concentration. Unlike KT addition, a decrease in
the intensity of the Q-band until 0.1 mL for Mg?* addition was found. After this concentration, the intensity
of the Q-band was increased due to disaggregation.

The measured intrinsic viscosities of freshly prepared solutions of 4-8 in conc. H5SO,4 were similar.
The 75, /C values against polymer concentration graphs were plotted and extrapolated to zero concentration to
find out the intrinsic viscosities. The viscosities of all polymeric phthalocyanine (4-8) showed an almost linear
reduction with increasing solvent concentrations. This observation may be explained by the decomposition of

polymers and weakly protonation of the meso nitrogen atoms in the core of each phthalocyanine unit.

2.2. DSC and DTG/TGA measurements

Thermal properties of 3-8 were investigated by DSC (Figures 4 and 5) and TGA/DTG (Figure 6). All
the phthalocyanines (4-8) exhibited both endothermic and exothermic DSC thermograms in the studied
temperature range.*® Broad endothermic peaks in DSC thermograms between 50 and 100 °C are ascribed
to the alcohol and water desorption during the synthesis or the adsorbed humidity or air gases’ desorption
during storage of the samples.?8** While compounds 3 and 4 exhibit melting points at 115 and 330 °C
(Figure 4), respectively, no melting point is observed for the metallophthalocyanine polymers (5-8). The main
degradation step is visible between 350 and 450 °C with about 22%-84% weight loss for all samples (3-8) in
the TGA/DTG measurements. The initial decomposition temperature is reduced in the order of 4 > 8 > 5
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> 6 > 7 > 3 (Table 2). The most rapidly degraded metallophthalocyanine was Cu-containing polymer (7)
within the studied polymeric phthalocyanines. However, the other phthalocyanine polymers had good thermal

stabilities under air atmosphere and within these temperature ranges.
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Figure 4. DSC thermograms of 3 and 4. Figure 5. DSC thermograms of 5-8.
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Figure 6. TGA/DTG thermograms of 3-8.

Table 2. Thermal properties of the bisphthalonitrile and its polymeric phthalocyanines.

. PN Initial decomposition | Main decomposition
Compound | Tg (“C) | Melting point (°C) temperature ?OC) temperaturep(oC)
3 - 115 252 378
4 130 330 318 408
5 133 - 300 385
6 124 - 275 404
7 129 - 255 394
8 123 - 306 407

2.3. Conductivity measurements

The AC and DC electrical conductivities of 4-8 were determined in argon atmosphere in pellet form 1.3 cm in
diameter and 0.10-0.25 c¢m in thickness coated with aluminum by a vacuum coating system (Univex 300) to form

electrodes. The AC and DC conductivity values at different frequencies (1 MHz to 100 Hz) and temperatures
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(298 to 343 K) were calculated using the dielectric permittivity and the dielectric loss factor. In order to describe
the electrical and dielectric properties of the samples, complex impedance, Z*, measurements were conducted.
The relationship between the functions can be given as:

Z* =7 —j7"=1/(jwCoe*) and e* = &' — je”, (1)

where j =/ —1, Z’ is the real impedance, Z" is the imaginary impedance, £* is the dielectric permittivity
of the sample, w is the angular frequency of the measured field, and C, is the capacitance of the empty cell,
which is given as

Co =cgA/L (2)

In that, A, ¢, and ¢y are active area, distance between the plates, and the vacuum permittivity, respectively.
From the real part (Z’) the film resistance was found to calculate the AC conductivity of the samples according

to the following equation:
4
= 3
=T A 3)

A typical complex impedance spectrum for compound 7 at 298 K is given in Figure 7. As seen from Figure 7
a single semicircle corresponds to a single relaxation response of the material. This spectrum suggests that in

this sample electrode polarization phenomena are absent and the electronic conductivity is predominant.?®

7000 —

6000 - = (7
| _
5000 - a " .
o . .
4000 4 L]
g .
Xy 3000 . .
! 1 [ ]
n [ ]
20004 m .
] a
I .
10004 =
0

T T T T T T 1
0 2000 4000 6000 8000 10,000 12,000 14,000
2/(Q)

Figure 7. Impedance spectrum of 7 at 298 K.

I1-V characteristics and DC conductivity of the samples were measured with a Keithley 617 electrometer
in argon atmosphere. The electrical conductivities of the samples were calculated according to Eq. (3). The
DC conductivity data of 4-8 with temperature are plotted in o versus 1000/T (Figure 8) according to the
following Arrhenius equation:

o =ogexp(—E,/2kT), (4)

where o is the specific conductivity, o is the conductivity as T approaches infinity, F, is the activation energy,
k is the Boltzmann’s constant, and 7' is the absolute temperature. The temperature dependent increase in the
DC conductivity may be due to the increase in thermal mobility of the charge carriers and free volume. The
thermal activation energy and extrapolated values of compounds are listed in Table 3, which were calculated

from the observed slope with the aid of the Eq. (4). Polymeric phthalocyanines were found to have a higher
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conductivity than their low molecular weight analogues. This observation may be due to the extension of
planarity in the polymer structures that might facilitate greater interaction of the 7 orbitals of the neighboring
phthalocyanine skeletons, thus providing a pathway for charge carriers.?® The Cu phthalocyanine (7), at 298 K,
gave the highest o (3.43 x 107° S/cm) and the lowest E, (0.40 eV). This result may be due to the variations
in the intermolecular interactions between polymer chains, which may lead to the increase in conductivity in
the Cu phthalocyanine case.®” The electrical conductivity of the phthalocyanine is generally related to the 7
electrons of the phthalocyanine core and is owing to thermal excitation of 7 electrons from the highest filled
orbitals to the lowest empty m orbitals. The energy difference between these 2 orbital levels for monomeric
phthalocyanine is in the range of 1.5-1.7 eV.%® The presence of an extended structure in a polymer reduces the
band gap, which governs the intrinsic electrical properties.?? The energy values are much lower in the polymeric

phthalocyanines (4-8) because of the extended conjugated structure (0.40-0.81 eV) as seen in Table 3.
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Figure 8. Conductivity versus temperature plot of polymeric phthalocyanines (4-8).

Table 3. Electrical conductivity and intrinsic viscosities of the polymeric phthalocyanines at room temperature.

Sample no. | opc (S/cm) | og (S/cm) E, (eV) %%ﬁﬁ?ggﬁcosm}/
4 268 x 1077 | 5.27 x 1073 | 0.72 1.62
5 2.97 x 107% | 0.88 0.71 2.21
6 4.64 x 1079 [ 0.58 0.56 2.08
7 3.43 x 107° | 0.08 0.40 2.20
8 2.72 x 1077 ] 0.68 0.81 2.56
The AC conductivity is given by the following equation:
ocAc = 2mege” f tan b, (5)

where tan ¢ is the dielectric loss. The loss factor is generally used to characterize the dielectric loss of the
materials, which can be defined as the rate of the imaginary part (¢”) to the real part (&’) of the complex
dielectric constant,

tand = ¢” /¢ (6)

A plot of AC conductivity as a function of frequency at 298 K is shown in Figure 9. It can be seen from Figure
9 that the AC conductivities of 4-8 are nearly independent of the frequency at low frequencies and there is
no significant alteration except for 6. On the other hand, the AC conductivities are strongly dependent on the

frequency at frequencies above about 10% or 10° Hz and there is a clear increase with frequency.?®5 This is
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in good agreement with the theory of AC conduction in amorphous samples suggesting for polaron transport

or other hopping modes that the AC conductivity will increase droningly with the increased frequency of the
applied field. 60:61
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Figure 9. Frequency versus AC conductivity graph at 298 K for polymeric phthalocyanines (4-8).

In conclusion, the synthesis and characterization of o-bis[(3-hydroxypropyl)oxy]-benzene (1), o-bis[3-(3,4-
dicyanophenoxy )propyloxy|benzene (3), and the polymeric phthalocyanines 4-8 are presented. The polymers
(4-8) were synthesized by the reaction of o0-bis[3-(3,4-dicyanophenoxy)propyloxy]benzene and the suitable
reactants under appropriate conditions. The structures of the new synthesized compounds were characterized by
using microanalysis, various spectroscopic methods such as UV-Vis, FT-IR, ' H NMR, * C NMR spectroscopy,
and MS spectral data, and DSC and DTG/TGA techniques. The optical spectra of 4-8 in pyridine were obtained
at different concentrations. Aggregation tendency was observed for 5 with increasing amounts of methanol,
NaNOj, LiCl, Sr(NOjs)s, and Ba(NO3)s, whereas disaggregation tendency with the addition of CaCl, was
observed. Moreover, the aggregation tendency of 5 showed complex behavior with increasing concentrations of
KNOj3 and MgSO,. The intrinsic viscosities of 4-8 were found to be between 1.62 and 2.56. The most rapidly
degraded metallophthalocyanine was Cu-containing polymer (7), whilst the other phthalocyanine polymers had
good thermal stabilities under air and within the studied temperature ranges. The electrical conductivity
measurements showed that polymeric phthalocyanines are of semiconductor nature. The activation energies of
the polymeric phthalocyanines are in the range of 0.40-0.81 V.
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3. Experimental

3.1. Materials

3-Chloro-1-propanol, catechol, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), sodium hydroxide (NaOH), phos-
phorus pentoxide (P2O5), hydrochloric acid (HCI), ethanol (EtOH), methanol (MeOH), magnesium sulfate
(MgSO4), sodium nitrate (NaNO3), lithium chloride (LiCl), barium nitrate (Ba(NO3)3), potassium nitrate
(KNO3), strontium nitrate (Sr(NOg)sz), calcium chloride (CaCls), ammonium molybdate, dimethylsulfoxide
(DMSO), chloroform (CHCl3), tetrahydrofuran (THF), dimethylformamide (DMF), pyridine, petroleum ether
(PE), n-hexane, toluene, amyl alcohol, ethylene glycol, N, N-dimethylethanolamine (DMEA), acetone, and
diethyl ether (Et2O) were obtained from commercial suppliers. Anhydrous metal salts such as Zn(CH3COO)q,
NiCly, CuCly, CoClsy, and K5 CO3 were used after drying procedures according to the literature.52-66 4-
Nitrophthalonitrile was synthesized as described in the literature.3* All the solvents were purified by conven-
tional procedures.®” All the synthesized products were dried under vacuum over P, O3 at 100 °C unless other-
wise indicated. The metal analyses of the polymeric metal complexes were conducted as described previously. 2%
Metal ion contents in the polymeric metal complexes were determined by atomic absorption measurements after

the required processes.

3.2. Techniques

Elemental analysis was carried out using an Elementar Vario MICRO Cube instrument. 'H and *C NMR
spectra were obtained by a Varian UNITY INOVA NMR spectrometer (500 MHz and 125 MHz, respectively)
with CDCl3, dg-DMSO, and D5 O as solvents and tetramethylsilane as an internal standard. Fourier transform
infrared (FTIR) spectra were captured on a Shimadzu FTIR-8201 PC spectrophotometer at the spectral range
4000-400 cm ~! with samples in KBr pellets. UV-Vis measurements were recorded on a dual beam at ambient
temperature on a model T80 + UV-Vis spectrophotometer using quartz cuvettes with a 1-cm path length.
An Ubbelohde viscometer was used to measure the intrinsic viscosities of freshly prepared dilute solutions of
the polymeric phthalocyanines in conc. H3SO4 at room temperature. An Autolab 30 Voltammetry-FRA 2
frequency analyzer and Keithley 617 electrometer were used to record the AC/DC conductivity analysis between
100 Hz and 1 MHz. Mass spectra were obtained on a Bruker Daltonics Microflex mass spectrometer (Bremen,
Germany) and a Bruker Daltonics MicroTOF mass spectrometer with orthogonal electrospray ionization (ESI)
source. Melting points were determined using an electro thermal digital melting point apparatus (Barnstead
Electrothermal TA9100) and are uncorrected. The metal amount in each complex was determined using
an atomic absorption spectrophotometer (Unicam 929 AAS). Thermogravimetric experiments (DTG/TGA)

1

were performed using a TA Q500 thermobalance. Materials were scanned at 10 °C min~+ and the working

temperature range was between 25 and 900 °C. Differential scanning calorimetry (DSC) measurements of

samples were performed using a TA Q2000 with a heating rate of 10 °C min~! from 25 to 440 °C.

3.3. Monomer synthesis

3.3.1. 0-Bis[(3-hydroxypropyl)oxy|benzene (1)

Finely pulverized NaOH (2.80 g, 68 mmol) and 95% EtOH (23.75 mL) were put into a 250-mL 3-necked vessel
and mixed at 45 °C for 3 h under argon. After the temperature was reduced to 30 °C, 3-chloro-1-propanol (12

mL, 139.4 mmol) and catechol (3.04 g, 27.4 mmol) were added to the reaction medium. The reaction mixture

was stirred for 48 h at 85 °C while the reaction progress was monitored by thin layer chromatography (TLC)
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[7:2:1 CHCl3:PE:MeOH]. At the end of the reaction, the cooled reaction mixture was transferred into a beaker.
Next 50 mL of EtOH and 10 mL of aqueous solution of NaOH (10%) were added to the beaker content with
stirring. The solvent was then evaporated under vacuum using a rotary evaporator. The cooled residue was
extracted with Et2O (4 x 50 mL) and the separated organic layer was treated with distilled water (2 x 15
mL). The collected organic layer, after drying over anhydrous MgSO,, was evaporated in vacuo to yield a
white powder. n-Hexane (105 mL) was added dropwise to the dissolved white powder in acetone (15 mL) at
ambient temperature for recrystallization. Then the recrystallized yield was collected by suction filtration in
a Buchner funnel and dried under vacuum at room temperature. Yield: 5.06 g (81%). Mp: 51-53 °C. Anal.
Caled. for C12H1304 (226.12): C 63.70, H 8.02%; found: C 63.36, H 8.32%. FT-IR (KBr, cm~1): 3400
(-OH), 3342 (H-O- - --H), 3080 (=CH aromatic), 2962, 2933, 2871 (-CH4 aliphatic), 1593 (aromatic -C=C-),
1510, 1479, 1465, 1454, 1398, 1331, 1257 (Ar-O-CHy), 1220, 1124, 1056 (Primary alcohol, C-O), 989, 956,
746. 'H NMR (CDCl3, &, ppm): 6.86-6.82 (m, 4H, ArH), 4.11 (t, J = 5.7 Hz, 4H, ArOCH>), 3.80 (t,
br, J = 5.0 Hz, 4H, OCH,CH,CH,OH), 1.99 (p, J = 5.9 Hz, 4H, OCH,CH;CH>OH), 1.68 (s, br, 2H,
OCH2CH2,CH,OH). ¥C NMR (CDCl3, §, ppm): 148.34 (ArCO), 121.32 (ArCH), 112.97 (ArCH), 67.80
(ArOCH,), 61.13 (CH2OH), 31.73 (OCH,CH, CH, OH). MS (MICRO-MS, m/z): caled. for [M + Na + 2]+
251.1259; found [M + Na + 2]* 251.2274.

3.3.2. 0-Bis[3-(3,4-dicyanophenoxy)propyloxy|benzene (3)

0-Bis[(3-hydroxypropyl)oxy|benzene (1) (2.26 g, 0.01 mol) and 4-nitrophthalonitrile (2) (3.49 g, 0.02 mol) were
mixed in 10 mL of dry DMF in a 100-mL reaction vessel and degassed 3 times with argon at room temperature.
Finely pulverized Ko CO3 (4.19 g, 0.03 mol) was added to the solution at 30-min intervals at 50 ° C and stirred
for 5 days while monitoring reaction progress by TLC (7:3 CHCl3:PE) as a mobile phase. The cooled mixture
was transferred into a 300-mL beaker containing 100 g of crushed ice and conc. HCI (5 mL) mixture and the
obtained suspension was stirred for about 2-3 h. The precipitated green solid was filtered off and dried over
P20O5 in a vacuum oven at 50 °C. Then the green product was recrystallized from MeOH (70 mL) at 50 °C
for purification. The hot mixture was filtered to yield the purified 3 and then dried over P05 in a vacuum

oven at 50 °C.
Yield: 2.96 g (62%). Mp: 115 °C.Ry: 0.50 (7:3 CHCl3:PE). Anal. Caled. for CosHoaN4O4-0.5H2 O

(487.17): C 68.97, H 4.76, N 11.50%; found; C 68.65, H 4.63, N 11.82%. FT-IR (KBr, cm~1): 3114, 3074, 3043
(=CH aromatic), 2941, 2885 (-CH aliphatic), 2227 (-C=N), 1596 (aromatic -C=C-), 1564, 1506, 1473, 1406,
1334, 1323, 1255 (Ar-O-C), 1124, 1087, 1047, 840, 748. 'H NMR (ds-DMSO, &, ppm): 7.98 (d, J = 8.5 Hz,
2H, ArH), 7.70 (s, 2H, ArH), 7.41 (d, J = 8.5 Hz, 2H, ArH), 6.99 (s, br, 2H, ArH), 6.88 (s, 2H, ArH), 4.28
(t, br, J = 5.0 Hz, 4H, ArOC Hs), 4.10 (t, br, J = 5.0 Hz, 4H, ((NC)2 ArOC H,), 2.15 (p, br, J = 4.8 Hz, 4H,
OCH,CH,;CH20). C NMR (dg-DMSO, 6, ppm): 161.77 (Cy4), 148.29 (C12), 135.68 (Cg), 124.71 (C14),
121.34 (C5), 120.09 (C3), 116.25-115.60 (C7, Cg), 114.38 (C13), 112.55 (C2), 105.91 (C1), 65.91 (C11), 64.90
(Cy), 2829 (C1g). MS (ESI-MS) m/z = 479.3, 501.2, 517.1 caled. for [M + 1]*, [M + Na]*, [M + K] *.

3.4. Polymer synthesis
3.4.1. Synthesis of polymeric metal-free phthalocyanine (4)

A mixture of (0.479 g, 1.0 mmol) 3 and 4.0 mL of dry amyl alcohol was stirred in a standard Schlenk tube and
degassed. After the reaction temperature was raised to 90 °C, 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) (0.15
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mL, 0.16 g, 1.0 mmol) was added to the Schlenk tube, followed by further degassing. The reaction mixture

was heated to 160 °C and stirred for 24 h. The cooled residue in the Schlenk tube was transferred into a flask
with EtOH at room temperature. The solvent was removed under vacuum using evaporator. The precipitated

product was triturated with 30 mL of EtOH/distilled Ho O (1:1 v/v). After being filtered by vacuum filtration
using a sintered glass funnel, the raw product was treated with EtOH/HO mixture, Et50O, and acetone,
consecutively. The pure dark green product was dried under vacuum until dryness.

Yield: 0.39 g (81%). Mp: 330 °C. Anal. Calcd. for (C112HooN16016)n (1914.67) (for C=N end groups):
C, 70.21; H, 4.73; N, 11.70%; found: C, 69.86; H, 5.15; N, 12.13%. FT-IR (KBr, cm~1): 3285 (N-H), 3093,
3032 (=CH aromatic), 2921, 2855 (~CH3 aliphatic), 2224 (-C=N), 1645 (-C=N-), 1614 (aromatic —-C=C-),
1558, 1506, 1489, 1456, 1339, 1225 (Ar-O-C), 1114, 1091, 1045 (N-H), 821, 742.

3.4.2. Synthesis of polymeric zinc phthalocyanine (5)

To a 25-mL reaction flask (0.479 g, 1.0 mmol) 3, 5.0 mL of dry amyl alcohol and Zn(CH3 COO), (0.184 g, 1.0
mmol) were loaded and degassed twice. DBU (0.15 mL, 0.16 g, 1.0 mmol) was slowly added to the reaction flask
after heating to 90 ° C. The reaction mixture was stirred at 160 ° C for 24 h. After cooling, a minimal amount of
Et2 O was added to the flask, followed by mixing for 45 min. The precipitation was filtered off using a sintered
glass Buchner funnel and purified with washing with EtOH/pure H2 O (1:1 v/v), EtOH, H5 O, n-hexane, and
Et2O. The final dark green solid (5) was dried under vacuum until dryness.

Yield: 0.46 g (90%). Mp: > 300 °C. Anal. Calcd. for (C112HgaN120247Zn),, (2052.56) (for imide end
groups): C, 65.45; H, 4.51; N, 8.18; Zn, 3.18%; found: C, 65.83; H, 4.90; N, 8.01; Zn, 2.94%. FT-IR (KBr,
em~1): 3331 (imide N-H), 3062 (=CH aromatic), 2931, 2875 (-CH3 aliphatic), 1769 (sym. C=0), 1713 (asym.
C=0), 1647 (-C=N-), 1597 (aromatic -C=C-), 1489, 1467, 1253, 1224 (Ar-O-C), 1120-1045, 964, 833, 759,
746.

3.4.3. Synthesis of polymeric nickel and copper phthalocyanines (6, 7)

To a 25-mL reaction flask (0.479 g, 1.0 mmol) 3, 5.0 mL of dry DMEA, and anhydrous NiCl, (0.150 g, 1.0
mmol) or anhydrous CuCls (0.135 g, 1.0 mmol) were loaded and degassed 3 times. Next the temperature of

the reaction medium was raised to 90 °C and
DBU (0.15 mL, 0.16 g, 1.0 mmol) was slowly added dropwise to the reaction vessel. The reaction was

continued with stirring at 170 °C for 24 h. The cooled reaction content was transferred into a flask with EtOH.
The solvent mixture was evaporated by a rotary evaporator under reduced pressure to give green products.
Afterwards, the crude green products were suspended with EtOH/distilled HoO (1:1 v/v), filtered off, and
purified by washing with MeOH, CHCl3, DMF, H5 O, and Et5 O, consecutively. Final green (6) and dark green
(7) products were dried under vacuum until dryness.

Compound 6

Yield: 0.43 g (84%). Mp: > 300 °C. Anal. Calcd. for (C112HgaN12024Ni),, (2046.57) (for imide end
groups): C, 65.66; H, 4.53; N, 8.20; Ni, 2.86%; found: C, 65.26; H, 4.79; N, 7.76; Ni, 3.18%. FT-IR (KBr,
em~1): 3398 (imide N-H), 3065 (=CH aromatic), 2951, 2910, 2864 (—~CH, aliphatic), 1771 (sym. C=0), 1715
(asym. C=0), 1651 (-C=N-), 1593 (aromatic —-C=C-), 1463, 1229 (Ar-O-C), 1120-1045, 823, 740, 549.

Compound 7

Yield: 0.45 g (~88%). M.: > 300 °C. Anal. Caled. for (C112HgaN12094Cu),, (2051.56) (for imide
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end groups): C, 65.51; H, 4.52; N, 8.18; Cu, 3.09%; found: C, 65.12; H, 4.27; N, 8.60; Cu, 3.47%. FT-IR (KBr,
em~1): 3410 (imide N-H), 3132, 3046 (=CH aromatic), 2949, 2869 (-CHz aliphatic), 1767 (sym. C=0), 1705
(asym. C=0), 1647 (-C=N-), 1608 (aromatic -C=C-), 1587, 1472, 1385, 1236 (Ar-O-C), 1122-1054, 954, 836,
732, 514.

3.4.4. Synthesis of polymeric cobalt phthalocyanine (8)
A 25-mL reaction flask was charged with (0.479 g, 1.0 mmol) 3, 5.0 mL of dry ethylene glycol, and anhydrous

CoCly (0.130 g, 1.0 mmol) and degassed by argon several times; then 40 mg of ammonium molybdate as a
catalyst was added. After the reaction suspension was refluxed at 220 °C with stirring under argon for 24 h,
10 mL of EtOH was slowly added to the cooled reaction flask, followed by stirring for 30 min. The solvent
was removed under vacuum and EtOH/distilled H2 O (1:1 v/v) was poured onto the resulting green product.
To obtain pure product, the precipitated green product was filtered and treated with EtOH/distilled Ho O (1:1
v/v), MeOH, DMF, PE, H5O, and Et5O. The desired product was dried under vacuum until dryness.

Yield: 0. 43 g (84% when catalyst used) and 0.21 g (49% when catalyst not used). Mp: > 300 °C. Anal.
Caled. for (C112HgaN12024Co),, (2047.56) (for imide end groups): C, 65.65; H, 4.53; N, 8.20; Co, 2.88%;
found: C, 65.93; H, 4.69; N, 8.52; Co, 3.14%. FT-IR (KBr, cm ~!): 3396 (imide N-H), 3037, 3016, 3007 (=CH
aromatic), 2957, 2936, 2876 (—-CH; aliphatic), 1771 (sym. C=0), 1716 (asym. C=0), 1650 (-C=N-), 1606
(aromatic -C=C-), 1542, 1496, 1488, 1387, 1232 (Ar-O-C), 1120-1047, 964, 827, 744, 642.

3.5. The conversion of cyano end groups of the polymeric metal-free phthalocyanine into imido
groups (4a)
The conversion of cyano end groups of the polymeric metal-free phthalocyanine into imido groups was per-

formed according to the literature with small changes in the purification part.20:28:30 The polymeric metal-free

phthalocyanine with imido end groups was dried under vacuum after the appropriate purification steps.

Yield: 0.19 g (~90%). Mp: > 300 °C. Anal. Caled. for (C112HgsN12024), (1990.65) (for imide
end groups): C, 67.53; H, 4.76; N, 8.44%; found: C, 67.78; H, 4.37; N, 8.69%. FT-IR (KBr, cm~!): 3396
(imide N-H), 3278 (N-H), 3068, 3042 (=CH aromatic), 2970, 2945, 2840 (—~CH4 aliphatic), 1770 (sym. C=0),
1716 (asym. C=0), 1652 (-C=N-), 1610 (aromatic -C=C-), 1560, 1519, 1506, 1480, 1421, 1337, 1236, 1227
(Ar-0-C), 1166, 1113, 1090, 1040 (N-H), 995, 959, 824, 735, 632.
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