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We report the synthesis and characterization of a 2D semiconductive and photoconductive coordination
polymer. [Zn(TPPB)(Cl,)]-H,O (1) (TPPB NLNYLN? N*-tetrakis(4-(pyridin-4-yl)phenyl)benzene-1,4-
diamine) consists of a TPPB redox-active linker with bis(triarylamine) as the core. It consists of two redox
sites connected with a benzene ring as a bridge. Thus, this forms an extended conjugation pathway
when the TPPB ligand is coordinated with the Zn?' metal ions. The single crystal conductivity
measurement revealed conductivity of 1 to be in the range of 0.83 to 1.9 S cm™. Band structure analysis
predicted that 1 is a semiconductor from the delocalization of electronic transport in the network. The
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Introduction

2D coordination polymers (C. P.) are one of the emerging
layered materials that offer unprecedented structure diversity
and physical properties. They exhibit in-plane charge delocal-
ization and efficient m-conjugation, resulting in high charge
carrier mobility." Despite the non-porous nature of 2D C. P., by
judicious selection of organic linkers and transition metal ions,
these materials potentially offer distinctive electronic
properties.”™*

A few examples of conductive 2D C. P. with a single crystal
structure exist.>” Most are obtained as crystalline powders.>***
The lack of single crystal structures has restrained our knowl-
edge of structure-property relationships with atomic
precision.”*™ Powder X-ray diffraction and quantum calcula-
tions are used to predict the structure of 2D C. P.; the combined
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Incorporating a bis(triarylamine)-based redox-active linker could lead to a new
semiconductive scaffold material with photocatalytic applications.

approach offers limited structural information. It provides
vague insights into atomic positions, stacking layers, and
geometric parameters.” In this paper, we successfully obtained
single crystal structure data that precisely describe the packing
and bonding.

The incorporation of redox-active linkers, like
dithiolenes,"***>** semiquinones/cathecolates,”*?* diimines,*
and naphthalenetetracarboxydiimide® into the network has
resulted in the network possessing intriguing electronic prop-
erties. Another family of redox-active linkers, which is triaryl-
amine, has received little attention. In view of this, a new redox-
active linker with an electron-donating nature, a bis(triaryl-
amine) derivative was designed - N',N',N*,N*-tetrakis(4-(pyr-
idin-4-yl)phenyl)benzene-1,4-diamine (TPPB), and incorporated
with the metal ion, Zn** (Fig. 1a). Triarylamine is well-known for
its electron-donating nature and has been used widely as a hole
transport molecule in optoelectronic materials.?*** The TPPB
ligand consists of two redox centers bridged with a benzene ring
with para substitution. This forms an extended m-conjugated
pathway. The current application of the TPPB ligand in the
coordination framework mainly describes the variation of the
crystal structure.**

By incorporating a redox-active TPPB linker with conjugated
organic moieties into the network, we envisage that electron
transfer and transport dominate the assembled network. This
further urges us to investigate the photocurrent properties of
a coordination polymer. By definition, the current is monitored
as a function of the applied voltage for a conjugated 2D network

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) The synthetic scheme, (b) powder X-ray diffraction patterns
of simulated and as-synthesized 1, and (c) scanning electron micros-
copy (SEM) image of 1.

between two leads.*® The applied voltage modulated the elec-
tronic states.

Herein, incorporating the TPPB linker with Zn®" metal ions
afforded a 2D coordination polymer. The electrochemical
analysis observed electronic communication between two
redox-active sites with two reversible oxidation waves. Scan rate-
dependent analysis verified that the dominant mechanism is
charge-hopping.  Two-probe  single-crystal  conductivity
measurements revealed conductivity to be in the range of 0.83
to 1.90 S cm . Band structure analysis confirms that the sem-
iconductive behavior arises from the strong delocalization of
electrons between the triarylamine linkers. The photocurrent
displayed a linear relationship between the current and optical
intensity. As predicted by the valence band maximum (VBM)

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

and conduction band minimum (CBM), a spatial charge
distribution caused by holes and electrons resulted in slow
charge recombination and a long carrier lifetime.

Results and discussion

Our molecular design for producing a semiconductive and
photoconductivity crystal structure came directly from
a bottom-up self-assembly process: the self-assembly process
between TPPB ligands embedded with a first-row transition
metal, Zn*>* (Fig. 1a). We focused on N',N',N* N*-tetrakis(4-
(pyridin-4-yl)phenyl)benzene-1,4-diamine (TPPB) as a redox-
active organic linker. This molecular design was inspired by
the good m-conjugation and electron donor abilities of bis(-
triarylamine). For the TPPB linker, two redox centers are con-
nected through a bridging benzene ring with para-substitution.
The key concepts of para-conjugation have been adopted in
organic chemistry to design conjugated materials; it helps to
tune effective electronic communication in an extended T-
conjugated system.*® The electronic communication between
two redox sites can be observed in the electrochemical experi-
ment. It gave rise to two reversible oxidation waves.*” The
strategy of direct integration of the TPPB ligand with Zn>" metal
ions afforded a two-dimensional network. To date, several
coordination polymers have been reported using the same
organic core as the linker;*** however, charge transport
behavior in the 2D coordination polymer has remained
unexplored.

The single crystal of 1 was obtained by reacting the TPPB
linker, Zn(NO;),, DMF, water, concentrated hydrochloric acid,
and acetonitrile at 80 °C (Fig. 1a). Powder X-ray diffraction
(PXRD) (Fig. 1b) confirmed the integrity and crystallinity of 1.
An orange prism single crystal (Fig. 1c and S51) was obtained,
[Zn(TPPB)(Cl,)]-H,O (1). Single crystal X-ray diffraction analysis
revealed that 1 crystallized in the orthorhombic phase with
a Ccca space group. Each Zn>" metal ion is coordinated with two
nitrogens from the pyridine and two chloride ions (Fig. 2a).

Coordination of Zn>* metal ions with the TPPB linker
resulted in hexagonal channels when viewed under a single
network (Fig. 2b and d). A continuous m-conjugated backbone
allows efficient charge transport based on this single network. 1
is a densely interpenetrating framework, as illustrated in
Fig. 2¢; it forms a non-porous coordination polymer. The Bru-
nauer-Emmett-Teller (BET) surface area by N, adsorption
analysis at 77 K confirmed the non-porous nature of 1. The BET
surface area is 12.83 m* g ' (Fig. S71). Furthermore, PLATON®
calculation gave a void accessible of 12. 1%. We performed the
thermal gravimetric analysis (TGA) to investigate the thermal
stability of 1. As shown in Fig. S4b,} the initial weight loss
indicates the liberation of water. After 530 °C, 1 decomposed
gradually.

Redox chemistry

It is well-established that incorporating redox-active linkers into
coordination frameworks resulted in an electron hopping
mechanism within a regular array of fixed sites,**** as evidenced

Chem. Sci., 2023, 14,1320-1328 | 1321
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Fig. 2

by the electrochemical methods. Charge transport in the
framework can be considered as the diffusion of electrons.**
The incorporation of a redox-active TPPB linker into the Zn-
framework allowed us to investigate the electrochemical
behavior of 1 by cyclic voltammetry.

Solid-state cyclic voltammetry (CV) analysis of 1 (Fig. 3) in
0.1 M n-BuyNPF¢/CH,Cl, shows two reversible waves between
0.28 V and 0.7 vs. Fc/Fc" from consecutive one-electron oxida-
tion of each of the two triarylamine redox sites (Fig. 3). The
obtained values matched well with those recorded for the TPPB
linker (Fig. S8t). The results confirmed that the electron-
donating nature of the triarylamine-based units was retained
in 1. Theoretically, an ideal case of a fully reversible wave will
have a peak separation of 59 mV/n at 25 °C, where n is the
number of electrons involved. Due to uncompensated ohmic
drops in the electrochemical setup (vide infra), it is impossible
to observe the peak separation magnitude. In the conventional
experiment, reversibility is defined at approximately 120 mV/n.*
Based on this assumption, the first two electrochemical waves
in 1 are reversible. For the first and second oxidation, we
observed a nonzero peak separation of E, = 90 mV at both
waves.

Upon changing the scan rate from 25 mV s ' to 100 mV s~ ',
a statistically linear relationship curve fitted between the peak
current i,. and the square root of the scan rate (Vs *)" for the
first (* = 0.99, inset of Fig. 3) and second oxidation (* = 0.97,

1322 | Chem. Sci,, 2023, 14, 1320-1328
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(a) Coordination environments of 1, (b) a single network, (c) a dense interpenetrating framework, and (d) topology of a hexagonal channel.

inset of Fig. 3).** From the plot of the second oxidation wave 7,
vs. (V s ")"2, a curvature was observed. Both the current
responses obey the Randles-Sevcik equation.*® The electron
transfer process in 1 is followed by a diffusion-limited effect via
electron hopping between the TPPB linkers and counterions
from the electrolytes.
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Fig. 3 Scan rate dependent cyclic voltammetry of 1 at scan rates from
25mV s 1to 100 mV s~ Inset: plots of current vs. (scan rate)’? for the
first oxidation wave (black) and second oxidation wave (red).
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UV-vis optical properties

We examined the absorption properties of TPPB ligands and 1
(Fig. 4a). The TPPB ligand exhibited a broad band at 370 nm; it
can be assigned to 7 to 7* transitions of the aromatic moieties
within the TPPB ligand. The solid-state diffuse reflectance
absorption spectrum of 1 encompasses a broad range from
300 nm to 680 nm. Absorption of 1 is red-shifted compared to
that of the TPPB ligand. The lone pair electrons from the
nitrogen formed a conjugated bond with the neighboring
benzene and pyridine ring, forming a m-extended conjugation
system. The main absorption band of 1 is predominantly from
the TPPB ligand. From the Tauc plot, the band gap of 1 was
estimated at approximately 2 eV (Fig. 4b).

Theoretical calculations

To gain an in-depth insight into the electronic properties of
compound 1 at the atomic level, we carried out quantum-
mechanical first-principles density functional theory (DFT)
calculations on its crystal structure. The fundamental electronic
characteristics such as the band-gap, band structure, band-edge
features, and density of states (DOS) of compound 1 are given in
Fig. 5. As depicted in Fig. 5a, the electronic band structure
displays a band-gap energy of 1.86 eV, indicating that 1 is
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Fig. 4 (a) Diffuse reflectance UV-visible spectra of 1 and the TPPB
ligand, and (b) Tauc plot to estimate the optical band gap.
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a semiconductor with a moderate band gap. Furthermore, the
band lines originating from the constituent atoms of 1 were
obtained by analyzing the DOS. It reveals the conduction band
minimum (CBM) and valence band minimum (VBM) generated
by the electronic states of C and N, indicating that the organic
linker, TPPB is critical to the electronic feature of 1 (Fig. 5b).
Analysis of band-decomposed charge density provided a more
detailed view of the VBM and CBM. We observed a high-degree
of orbital overlap in the p orbitals of C and N. Specifically, the
holes in the VBM are distributed over the benzene rings
(Fig. 5¢), whereas the electrons in the CBM pass through the C
and N atoms of (4-(pyridin-4-yl)phenyl)amine (Fig. 5d). This
implies the delocalization of 7 electrons in the VBM. Such
a different appearance of the charge carriers at band edges
means a spatial separation between electrons and holes,
thereby preventing the fast recombination of charge carriers.
The present theoretical results indicate that 1 is a semi-
conductor with a promising direct band-gap and spatial charge
carrier separation.

Conductivity properties

After gathering sufficient experimental and theoretical
structural information about 1, we sought to investigate the
electrical properties of 1. The conductivity of 1 was measured
using a two-probe single-crystal measurement. The conductivity
measurements were conducted in three batches of crystals (Table
S2t). Good quality crystals with a few micrometer sizes and no
visible crack were selected and transferred onto the chip template.
The two edges of the microcrystal using platinum as the contact
metal were deposited by the focus-ion beam (FIB)*** (inset,
Fig. 6a). We obtained the conductivity value from 0.83 to 1.9 S
ecm ™' (Fig. 6a, S9a and bt). From the temperature-dependent
experiments (Fig. 6b), it is observed that the incremental
temperature increased electrical conductivity, indicating that 1
possesses semiconductive characteristics. The Arrhenius plot
resulted in a linear relationship with an activation energy of 18
meV (Fig. 6¢). The defects and charge hopping barriers may
contribute to the discrepancy between the optical band gap (2 eV)
and the experimental activation energy (18 meV)."

Photoconductivity

Photoconductivity is the process of the absorption of energy
from light or the excitation of charge carriers from a lower
energy state (HOMO) to a higher energy state (LUMO).*® The
charge carriers are free to mobilize until they return to the
HOMO. An ordered and regular packing arrangement of 1
makes the movement of charge carriers feasible. From the
density of states (DOS) analysis, an intermediate energy band
gap of 1.86 eV was observed, which helps to promote the
electron transfer from the valence band to the conduction band
during excitation (Fig. 5a). The UV-visible diffuse reflectance
spectrum (Fig. 4a) exhibited a broad absorption band near the
visible region from 300 nm to 680 nm. Photoconductivity
measurements were conducted to investigate the sensitivity of 1
towards light-induced current transport based on single crystals
at potentials of 0 Vto 1 V.

Chem. Sci., 2023, 14, 1320-1328 | 1323
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(a) Calculated band structure and (b) density of states of 1. Along the [100] crystallographic plane of 1, the 3D iso-surface (upper panels)

and 2D contour map (bottom panels) of the (c) valence band minimum (VBM) and (d) conduction band minimum (CBM), respectively.

The photocurrent responses were recorded in visible ranges,
including 405 nm, 532 nm, and 633 nm (Fig. 7a) in optical
power ranges of 2-50 mW. The photocurrents follow a linear
relationship with light intensity. The optimal photoresponse
was observed at A = 405 nm with a photocurrent as high as 0.4
LA at 2000 W m~> (Fig. 7b).

Responsivity and photoconductivity gain are two essential
parameters in the discussion of photoconductivity. The term
photoresponsivity indicates the photocurrent generated per
unit of excitation power.*® The value of photoresponsivity is
obtained by multiplying the photoconductance by the square of
the electrode spacing and dividing by the absorbed radiation
power. The formula to calculate the responsivity value is R = 7,/
P, where R is responsivity, P is the incident optical power on the

1324 | Chem. Sci, 2023, 14,1320-1328

effective area of a photoconductor, and i, represents the
photocurrent. An optimal responsivity was observed at 88 AW ™~
with a wavelength of 405 nm and an optical intensity of 40 W
m~? (Fig. 7¢).

One of the important criteria for photoconductivity is the
photocarrier transport efficiency in a photoconductor. This can
be determined using photoconductive gain (I') (detailed
treatment in the ESIt). The gain value is the circulating number
of charge carriers that pass through a photoconductor per unit
of time before recombination.*® It is convenient to think of the
photoconductive gain in terms of the number of charge carriers
that pass between the electrodes per second. The gain value at
269 A W' was obtained at A = 405 nm and I = 40 W m >
(Fig. 7d). It is noteworthy that the obtained value is higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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405 nm at different optical powers, (c) responsivity, and (d) photoconductive gain at the different excitation wavelengths.

compared to that of the well-known inorganic semiconductors
(Table S31) such as ZnS nanobelts (I' ~0.5 A W '),¥ ZnO
nanospheres (I' ~5 A W !),* and Nb,O; nanobelts (I' ~6 A
Wfl).49

The carrier lifetime was measured using time-resolved
photoconductivity. Lifetime is one of the critical parameters
for determining photocarrier transport efficiency, as the time-
excited electrons stay in the LUMO before being terminated
by recombination. As defined by the different charge
distributions (Fig. 5¢ and d) of the TPPB linkers, spatial
separation between electrons and holes prevents the fast
recombination of charge carriers. The calculations are in good
agreement with the lifetime experiments. We obtained the

© 2023 The Author(s). Published by the Royal Society of Chemistry

carrier lifetime (t) values by curve fitting using the time-
dependent stretched exponential function (detailed treatment
in the ESIT). The lifetime value was 8.8 s at A = 405 nm (Fig. 8a).
For 532 nm and 633 nm (Fig. S11b and dt), the lifetime value is
8.6 s and 6.6 s, respectively. The lifetime of 1 is several orders of
magnitude longer than that of conventional inorganic
semiconductors such as silicon (t = 1-10 ps)** and GaAs (r < 1
ns).** For semiconductor nanomaterials which exhibited
a similar electron-hole spatial separation like 1, a relatively long
lifetime was obtained, such as ZnO nanofilms (r = 8-100 s),*>
TiO, nanorods (z = 0.1-100 s),”* GaN nanowires (t > 10 s),>* InSe
nanosheets (1 = 10-500 s),** and MoSe, nanosheets (t = 5-20
s).°® Carrier lifetime achieved stabilization at a higher optical

Chem. Sci., 2023, 14,1320-1328 | 1325
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Fig. 8 (a) Fitting curve of the lifetime at A = 405 nm with an intensity of
2000 W m~2 and (b) carrier lifetime at different excitation wavelengths.

intensity, as illustrated in Fig. 8b. Owing to its ultra-long carrier
lifetime, 1 is of great interest as a promising photocatalyst.

Conclusions

This paper demonstrates that a semiconductive 2D coordination
framework could be achieved by incorporating a triphenylamine
derivative as a linker. Synthesis of the TPPB linker using Suzuki
coupling is a straightforward method with a high yield (>80%). A
redox-active TPPB linker promotes a m-conjugated pathway
coupled with a densely interpenetrated network. Experimental
studies and electronic band structure analysis confirmed the
semiconductor behavior of 1. A moderate band gap and
photoconductivity are correlated, as we observed a linear
relationship in the occurrence of photocurrent when optical
power increased. The broad absorption spectrum in the visible
region indicates that the value of photocurrent is in the range of
0.4 pA. A long carrier lifetime was observed in 1; the fitting time
is 8.8 s before the charge recombination. 1 possesses a long
carrier lifetime, this property may be of further interest as
a potential candidate for photocatalysis. We anticipate that our
approach of using a bis(triarylamine) ligand will open up new

avenues for in-depth investigation in semiconductive

1326 | Chem. Sci, 2023, 14, 1320-1328
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coordination polymers through further innovation and manip-
ulation of different ligands.
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synthesis of materials, physical characterization, conductivity
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bridge Crystallographic Data Centre under deposition number
2173865.
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