Photoconductivity of Intrinsic Semiconductor Phthalocyanine-
Based Covalent Organic Polymer with Benzimidazole Linkage
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Novel phthalocyanine-based benzimidazole linked conjugated
covalent organic polymer (NiPc-COP1) have been synthesized with
multiple randomly ordered crystalline morphology. This unique
alignment leads to significantly enhanced panchromatic light-
absorption capability, thus high photoconductivity with high
photoresponce speed.

The photoconductive polymers are a class of functional solid-
state materials which, can trigger significant photocurrent
generation by the absorption of photons and have attracted
substantial attention due to their successful application in
optical and electronic devices.!™> The design of efficient
photoconductive polymers requires electron-rich intrinsic
semiconductive and photoconductive building blocks with the
modular assembly that allows the formation of multiple
conducting pathways (through-bond and through-space charge
The through-bond charge transport can be
reached with extended m-conjugated polymer with efficient
through space transport
requires to form short long-range p-orbital overlap in the
stacking direction.27:8 In that regards, the 2D polymers with
columnar assemblies, so called 2D covalent organic framework
(COF), has emerged as ideal platforms for constructing
photoconductive devices since fulfil both descript criteria, but
has the shortcoming of requiring elaborate structural design

transport).®

charge delocalization whereas

and considerable synthetic effort.®-1> Moreover, the studies
also report that such design also increases photoresponsive
speed of polymers compare to disordered 2D m-conjugated
polymers.”

However, one should note that, while 2D columnar assembly
increase conductivity of generated electricity due to additional
conductive pathways, at the same time it causes a reduction of
electric generation due to limited absorption of photons by
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Scheme 1. Synthesis of NiPc-COP1

absorbents.16 On the other hand, 2D disordered m-conjugated
polymers may have higher light absorption and consequently
high electric generation but also would have low conductivity
and low photoresponsive speed due to lack of additional
conductive pathway. Thus, it is rather challenging to design
photoconductive with high conductivity, high
electricity generation and, let alone high photoresponsive
speed. We hypothesized that a randomly ordered 2D fully m-
conjugated polymer could possess sufficient m-stacking to led

devices

to through space transport and necessary surface area to led
strong light absorption to generate electricity. Consequently,
device prepared based on this strategy could exhibit high
intrinsic electrical generation and photoconductivity with high
photoresponsive speed without considerable synthetic effort.
The photoconductive polymers can be built upon the
incorporation of highly electron-rich intrinsic semiconductive
such as
the

and photoconductive building blocks,
porphyrin and phthalocyanine (Pc),
baCkbone.2'11’13_15'17_19

pyrene,

into polymer
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Figure 1. a) FT-IR of NiPc-COP1, octaaminoPc and 1,4 dialdehyde benzene. b) Survey scan XPS profiles of NiPc-COP1. c) TGA of NiPc-COP1 and octaaminoPc

Among these building blocks, Pcs are a class of planar
aromatic organic compounds that have attracted considerable
attention due to their unique properties such as semi-
conductivity, photoconductivity, photochemical reactivity, and
chemical stability.12.20.29,30,21-28

To date, significant effort has been put into design and
synthesis Pc-based devices with high conductivity. Most of the
current strategies to obtain Pc-based polymers in literature are
mainly based on dynamic covalent chemistry reactions such as,
boronic acid condensation, boronate ester formation with
octa-hydroxy Pc.1013,182031-34 These polymers are not
conjugated yet possess moderate conductivity due to m-
stacking induced conduction path. Lately conjugated and
columnar stacked 2D Pc-COF based on imine formation were
reported and has been proven to exhibit high intrinsic
conductivity.?” However, examples of such high-performance
conductive Pc-based structures are somewhat limited, so the
further development of new polymers is a high priority.

Herein, we report the first example of benzimidazole linked
phthalocyanine-based conjugated crystalline covalent organic
polymer (NiPc-COP1, Scheme 1) and highlight its electron-
transporting property and prominent photoconductivity.
NiPc-COP1 was synthesised as a dark green microcrystalline by
condensation reaction of Ni(ll) octa-amino phthalocyanine
with 1,4-benzene-dialdehyde precursor under solvothermal
condition as shown in Scheme 1 (The synthesis details are in
ESI). Fourier-transform infrared (FT-IR) spectroscopy of NiPc-
COP1 (Fig. 1a) showed the appearance of characteristic
stretching bands of the imidazole system (-NH, -C=N) at 3329
and 1610 cm?, while stretching bands of C=0 and -NH; groups
from octaamino-NiPc and 1,4-benzene-dialdehyde were
absent, indicating the formation of benzimidazole linkages.
The X-ray photoelectron spectroscopy (XPS) survey spectrum
in Figure 1b, confirmed the presence of C, N, and Ni elements
in NiPc-COP1. An unexpected O 1s peak might be due to the
absorbed H;0 molecule on the NiPc-COP1 surface. The high-
resolution scans of the Cls spectrum revealed emission lines
with binding energies of 285.3, 286.5, and 288.7 eV, which
were ascribed to the C=C, C=N, and n-nt* species, respectively
(Fig. S1). The study of N1s spectrum showed mainly three
peaks at binding energies of 400, 401.5 and 402.9 eV, which
were attributed to C-N-H, C=N-C and C=N-Ni, respectively. The
existence of C-N-H peak and higher ratio (65:12) of the
uncoordinated C=N compared to the coordinated C=N-Ni
indicated the formation of benzimidazole linkage during the
NiPc-COP1 synthesis (Fig. S2). Furthermore, two peaks at 856.8
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eV and 874.2 eV are due to Ni 2p3/2 and 2p1/2, respectively
and another satellite peak at~864.7 eV indicates the existence
of Ni2* state in NiPc molecule, as shown in figure S3.27.35.36
Thermogravimetric analysis (TGA) shows that NiPc-COP1
exhibit excellent thermal stability up to 500°C with only slight
weight losses (%5) (Fig. 1c). Extremely stable structures lay a
good foundation for further study in applications of NiPc-
COP1.

Elemental mapping by energy dispersive spectroscopy (EDS)
exhibits the elements C, N, and Ni (Fig. S4), which is consistent
with the compositions of our NiPc-COP1. Scanning electron
microscopy (SEM) studies reveal that exhibit a block-like
morphology for NiPc-COP1 (Fig. S5). Dynamic light scattering
(DLS) analyses showed two particle populations with an
average colloidal particle size in the range between 1 and 10
um for NiPc-COP1, suggesting a polydisperse nature (Fig. S6).
The stability of colloidal systems of NiPc-COP1 was evaluated
with zeta potential measurements in water (pH = 7.4) (Fig. S7).
The zeta potential of NiPc-COP1 shows a negative zeta
potential value (-23.5) which indicate a stable state of their
colloidal systems. The Powder X-ray diffractometry (PXRD)
profile of NiPc-COP1 contains the low angle diffraction peak in
vicinity of 26 = 4.5 — 6.0° which is characteristic for expected
large unit-cell parameters (Fig. S8). The experimental PXRD
profiles of NiPc-COP1 revealed the formation of the multiple
randomly ordered crystalline structures, probably due to
multiple isomers of benzimidazole linkage with nearly equal
total energy (Fig. S9, Table S1). NiPc-COP1 exhibited typical
type-Il reversible adsorption—desorption isotherm curves with
a Brunauer-Emmett-Teller surface area of 23,9 m2g (Fig. S10).
The pore-size distribution is found to be mesoporous in the
range of 3—35 nm (Fig. S11). These relatively low values are
likely due to randomly ordered morphology of NiPc-COP1.

Octaamino-NiPc E;: 1.74 eV
NiPc-COP-1 (Exp.) E;: 1.46 eV

(ll'«'n)2 (a.u)

hv(eV)
Figure 2. Optical band gap measurement of octaamino-NiPc and NiPc-COP1
by Tauc plotting of the DRS.
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The optical band gap of NiPc-COP1 in solid state has been
studied with diffuse reflectance spectroscopy (DRS) using the
relational expression proposed by Tauc, Davis, and Mott and
calculation details are given in ESI.37-3% The Tauc plot derived
from the first jump in the spectrum yields a narrow bandgap at
ca. 1.46 eV corresponding to the S¢-S; transition Q band of Pc
core and shown in Figure 2. As expected, introducing the
benzimidazole linkage into COP systems decrease the optical
bandgap of NiPc-COP1 due to the extension of conjugation
and enhances its capability to harvest light at lower energies.
Moreover, the narrow bandgap of 1.46 eV, suggesting that
NiPc-COP1 is a semiconductor.

To study the electrical and photoconductivity of NiPc-COP1, a
film with a thickness of 100 nm was growth on Au/SiO2/Si
substrates as described in ESI. The measurements were
performed with two different electrode structures which are
sandwich and parallel contact (Figure 3). The parallel contact
electrode was used to determine electrical behaviour of
surface of NiPc-COP1 whereas sandwich contact used for
electrical of bulk system. The temperature-
dependent electrical conductivity of NiPc-COP1 with a
constant voltage of 10 V at a step rate of 1 K between 30 K and
300 K was performed. The conductivity of NiPc-COP1 increases
almost linearly with increasing temperature (Fig. 4a), which
indicates its semiconductive nature. The conductivity of NiPc-
COP1 is found to be 2.978x10° (S/cm) with 0.29 eV the
energy (for ESI) at
temperature.*®42 NiPc-COP1 based device exposed to light
from a xenon light source (A = 600 nm) to investigate its
photoconductivity. Interestingly, with the parallel contact
electrode, device showed ohmic behavior and didn’t exhibit
photoconductivity, whereas with sandwiched contact, the
device showed diode-like behavior and resulted in a significant
increase in current from 2.7 pA (dark current) to 4.5 pA
(photocurrent) with irradiation (Fig. 4b, 4c).

Furthermore, the wavelength dependence of the
photosensitivity of NiPc-COP1 was also studied, the device was

exposed with light passed through a monochromator with 50
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Figure 5. a) Wavelength-dependent on-off switching of photocurrent of NiPc-COP1
at a bias voltage of 10 V and b) change in the current under 650 nm irradiation.

nm steps from 500 nm to 1000 nm. As shown in Figure 5a, on
irradiation, the NiPc-COP1 device showed a sharp rise in the
current at an applied voltage of — 10 V. The device showed a
very quick response and recovery to each wavelength with
approx. 1s, as seen in Figure 5b. The highest photo-responses
(Al=llight-ldark) were observed as 1.1, 1.3, 1.3, and 1.1 pA for
wavelengths of 550, 600, 650, and 700 nm, respectively (see
Figure S12). As the results indicate, the fabricated NiPc-COP1
device exhibits panchromatic photoconductivity and is highly
sensitive to the near-infrared photons. Moreover, generated
photocurrent is one of the highest values among Pc based
polymers and frameworks and can be reversibly switched with
almost no deterioration. 2.7,18,20,22,43

In summary, we developed a crystalline
benzimidazole linked conjugated 2D phthalocyanine-based
covalent organic polymer. The 2D NiPc-COP1 adopt randomly
ordered alignment and exhibit semiconductivity and
significantly enhanced light-absorption capability and can
extend the absorbance to 1000 nm. Although the monolayer
of NiPc-COP1 is not photoconductive, the bulk NiPc-COP1
exhibit high panchromatic photoconductivity, a quick response
to light, and offer a repetitive photoswitching of the electric
current. These results show that randomly ordered 2D NiPc-
COP1 can indeed exhibit high photoconductivity with high
photoresponse speed which suggest this unique alignment is
provide suffice pathways for carrier transport and avoid
considerable synthetic effort to obtain the ideal stacking order
2D eclipsed COFs. Therefore, we believe that these findings
will prove to be of key importance to the future design of
photoconductive devices and applications.
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