A St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 2
HayuyHo-TexHunueckme sBegomocTtun CM6IMY. ®dusmnko-matematudeckme Hayku. 16 (2) 2023

Original article
DOI: https://doi.org/10.18721/IPM.16206

ELECTRIC AND THERMOELECTRIC PROPERTIES
OF COORDINATION POLYMER BASED
ON PHENAZINE LIGANDS AND SILVER

A. A. Tretyakov', V. M. Kapralova'=, I. Yu. Sapurina?,
N. T. Sudar', M. A. Shishov' ?

! peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia;
2 Institute of Macromolecular Compounds of RAS, St. Petersburg, Russia
= kapralova2006@yandex.ru

Abstract. The paper presents the results of an experimental study of the electric conductivity
and thermoelectric properties of a new coordination polymer (CP) based on phenazine ligands
(Phz) and silver (Ag) synthesized by a one-step method. This method produces phenazine
by oxidative dimerization of aniline under the action of AgNO, followed by release of metal
nanoparticles and subsequent self-organization of Phz with excess AgNO, into the CP. The used
method of the Phz-Ag synthesis was found to make possible obtaining CP with conductivity
of about 1300 S/cm commensurable with the modern record value for CPs. The obtained
experimental data led to the conclusion that the studied CP Phz-Ag possesses a metallic type
of conductivity. A physical mechanism of forming this property was put forward.
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AnHotamusa. B craTbe TpeAcCTaBiIeHBI PE3YJIbTaThl 3KCIEPUMEHTAIBHOTO MCCIIeTOBAHMUS
9JIEKTPOTIPOBOTHOCTHU M TEPMOBJIEKTPUIECKUX CBOMCTB HOBOTO KOOPAMHAIIMOHHOTO MOJIMMepa
(KIT) na ocnHoBe ¢ena3uHoBbix juraHaoB (Phz) wu cepebpa (Ag), CUHTE3UPOBAHHOTO
OTHOCTAAUWHBIM METOIOM. DTOT METO/ ITO3BOJISIET MOIyJYaTh (DeHA3WH ITyTeM OKUCIUTEIbHOMN
OMMEpU3auuu aHunuHa non geiicteueM AgNO, ¢ BbleleHMEM HAHOYACTUI MeTaula U
nocienyroueit camoopranusauneit Phz ¢ usobitkom AgNO, B KII. YcTaHOBIEHO, uTO
MCMHOJb30BaHHbINM MeToa cuHTe3a Phz-Ag mnosBossier moaydyath KII ¢ nmpoBoaMMOCTbIO
npumepHo 1300 C/cM, 4TO COM3MEPUMO C COBPEMEHHBIM peKOpAHbIM 3HadeHueMm mis KIT.
IToxyyeHHBIE SKCIIEpUMEHTAIbHBIC TaHHBIC TTO3BOIMIN 3aKIIOUNTh, 9YTO HOBBINM KII obnamaet
METaJUIMYECKUM TUIIOM TipoBoauMocTH. [IpemtoxeH ¢uzmdeckuii MexaHu3M (GopMUpPOBaHUS
9TOr0 CBOMCTBA.

KimoueBbie ciioBa: TMOJMMEPHBI KOMIIO3UT, (DEHA3WHOBBINA JUTAHI, KOOPAMHAIIMOHHBIN
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Introduction

In recent years, considerable attention has been paid to the study of coordination polymers
(CPs), which are organized metal-organic frameworks [1—4] consisting of organic ligands and
transition metal atoms or ions. Organic ligands contain various functional groups (carboxylate,
pyridine, azole, etc.) that include electron-donor atoms (O, N, S), which, due to donor-acceptor
bonding, provide the ligand interaction with the transition metal. CPs are capable of forming
one-, two-, or three-dimensional crystalline structures, the design of which is very diverse.

The electrical conductivity of CP varies over a wide range. Most of them are dielectrics with
conductivity of 107—10"* S/cm, but there are known CPs with significant conductivity of semi-
conductor and metallic types [3]. For example, the specific conductivity of a CP based on ben-
zene-hexathiol ligands and copper, prepared as a film at the interface of two immiscible solvents,
is approximately 1500 S/cm [5].

© TpetpsikoB A. A., Kampamosa B. M., Canypuna W. 0., Cymapr H. T., llumos M. A., 2023. Usnarens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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Elucidating the reasons for the high conductivity of CP is an important physical task. As noted
above, CPs demonstrating metallic conductivity have now been synthesized. There is no band gap
in these CPs and the charge carriers fill the states up to the Fermi level [6]. However, so far, the
most effective way to increase the electrical conductivity of CPs is the inclusion of metal atoms
into the intermolecular space of these polymers, which can form conducting clusters that provide
the through conductivity of CP samples [7].

A variety of electrophysical properties of CPs determines a wide range of their practical appli-
cations. CPs can be used to produce porous materials with given physicochemical parameters of
the available intermolecular volume [5], so CPs can be applied as organic frameworks for lithium
storage in modern rechargeable batteries [8]. CPs with high electrical conductivity are considered to
be promising materials for fabricating conductive channels in field-effect transistors [9]. The possi-
bility of using CPs as detecting materials in new sensor devices is currently under discussion [10].

Thus, the synthesis of novel CPs with high conductivity and unique physical and chemical
properties seems to be an urgent task, and the study of the electrophysical properties of such
polymers is of significant scientific and practical relevance.

The authors of [11] developed a method for the one-step synthesis of a new CP based on
phenazine ligands (Phz) and silver (Ag). It involved the synthesis of phenazine by oxidative
dimerization of aniline under the action of silver nitrate and subsequent extraction of metal
Ag-nanoparticles. As a result, the self-assembly of phenazine ligands into a crystalline organo-
metallic framework occurred through interaction with an excess of AgNO,. In the Phz-Ag com-
bination silver performs two functions: silver ions serve as binding elements for the ligands, and
metallic silver clusters play the role of guest elements, which, according to the authors of [11],
will determine the high conductivity of the material.

This paper is aimed at finding out the nature of the conductivity of this CP synthesized by the
one-step mechanism, which can be based on the electric impedance and thermoelectric data for
this CP.

Materials and Methods

The synthesis of the Phz-Ag composition was carried out under normal conditions in the vol-
ume of the aqueous-organic phase as a unified process. It began with the formation of the Phz
molecule by oxidative dimerization of aniline under the action of silver nitrate AgNO, with the
subsequent release of two reduced silver atoms [12]. The relevant chemical reaction is as follows:

In parallel, the process of self-organization of Phz and excess AgNO, occurred with the

|
C H active H new C-N bond

3
N,
2AgNOs + @ @ ©: D + 2Ag + 2HNO:3
7 H

C-H active
new C-N bond H

formation of a crystalline organometallic matrix and saturation of the matrix with silver metal
nanoparticles. The resulting product was filtered out, washed with water, and dried under normal
conditions. When dried, it was a yellowish-brown powder.

A study of the product composition showed that its organic part (60% C, 13% N, 3.3%
H, 19.8% O) coincides well with the formula of the oxidized phenazine molecule containing
NO,-group as the counterion, and the silver content is 63—65 wt.%. The general formula of the
product can be represented as Ag, . (Phz* NO,").

The composition and morphology of the th Ag samples were examined using a Carl Zeiss
Supra 55 VP scanning electron microscope (SEM).

Fig. 1 shows SEM image of Phz-Ag CP. We can see (Fig. 1,a) that the aggregate structure of
the studied CP is characterized by the presence of thin two-dimensional plates (microcrystals)
with lateral size of 5—8 pum. Judging by the size of the end faces and transparency of the plates,
their thickness does not exceed 5—10 nm, indicating that the microcrystals consist of only a few
polymer layers. As the accelerating voltage of electron beam intensity increases (Fig. 1,b), silver
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nanoparticles (light objects) localized both between microcrystals and on polymer planes become
distinguishable. Ag particles are arranged in rows framing the edge of the polymer plates. Most Ag
particles are tens of nanometers in size.

The conductivity and the Seebeck coefficient of the samples were measured simultaneously on
the Netzsch SBA 458 Nemesis in the temperature range from 293 to 393 K. Electrical conduc-
tivity was measured using the four-point method. Specific electrical conductivity was determined
using samples pressed into tablets with a diameter of 16 mm and a thickness of 1.5—2 mm using
a hydraulic press. Three series of samples were made (three samples per each series) at different
compressing pressures. Sufficiently strong and measurable samples were already obtained at a
pressure of approx. 3 MPa.

b)

Mag= 40.00 KX wp=e2mm St
T - 20,00

Fig. 1. SEM images of Phz-Ag morphology taken in standard mode (a)
and at maximum electron beam intensity (b)

To measure the electrical impedance modulus Z and the phase angle ¢, we used impedance
meters E7-20 (in the frequency range from 25 to 5-10* Hz) and E7-29 (in the frequency range
from 5-10* to 1.5-107 Hz) imminence meters. Measurements were carried out at alternative volt-
age amplitude of 1 V using flat clamping electrodes made of polished copper.

Results and discussion

The table shows the average values of density p, conductivity ¢ and Seebeck coefficient .S mea-
sured at room temperature for the Phz-Ag samples made at different pressures. As follows from the
presented data, with increasing compression pressure the Seebeck coefficient tends to decrease insig-
nificantly, and the conductivity of samples increases in proportion to increasing pressure, however,
even at the highest pressure used in this experiment, the conductivity of Phz-Ag samples is ~500 times
lower than that of pure silver (6.7-10° S/cm). The density of the samples increases until the pressing
pressure exceeds 17.7 MPa. At higher pressures, its value seems to stabilize and is 2.4—2.5 g/cm’.
This density value corresponds to the theoretically calculated Phz-Ag density if we take the silver
density to be 10.5 g/cm? at 63 wt. % and the phenazine density to be 1.2 g/cm? at 37 wt. %.

Table
Dependence of Phz-Ag parameter values on pressure
Pressure, MPa p, g/cm? o, S/cm S, uV/K
38.0 2.440.1 1300+10 2.1£0.1
17.7 2.540.1 5504 1.9+0.1
1.9 1.9+0.1 30+1 2.840.1
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Fig. 2,a shows the temperature dependence of specific conductivity for two series of Phz-Ag
samples prepared at pressures of 1.9 and 17.7 MPa. It can be seen that with increasing tempera-
ture their conductivity decreases approximately by a linear law, i.e., do/dT = const, which allows
us to simply calculate the temperature coefficient of resistance (TCR), defined as

TCR = (1/p,)dp/dT,

where p, is the specific resistance of the studied samples at 7'= 296 K. It turned out that its values
are 1.6:1073 and 2.0-1073 K™!, for samples pressed at lower and higher pressures, respectively. The
TCR of pure silver is 4.3:-1073 K' [13], so the TCRs of Phz-Ag and Ag are values of the same
order, while the specific conductivities of these materials differ by 2—3 orders of magnitude.

Fig. 2,b presents the temperature dependence of the Seebeck coefficient for the studied sam-
ples. From the data presented, we can see that at room temperature, it is a small positive value,
and it increases linearly with temperature. The determined values of .S and the linear character of
the dependence S(7) for Phz-Ag correspond to .S and S(7) for pure silver [14].

a) b)
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Fig. 2. Temperature dependence of electrical conductivity (a)
and Seebeck coefficient (b) for the samples of Phz-Ag metal-organic
coordination polymer pressed at 1.9 MPa (/) and 17.7 MPa (2)

Thus, the decrease of the specific conductivity with increasing temperature, the value of the
TCR of Phz-Ag close to the TCS of silver, as well as the value of the Seebeck coefficient and its
temperature dependence give reason to assume that in the investigated Phz-Ag CP the metallic
type of conductivity is realized.

To clarify its features, impedance spectroscopy was used, which is sensitive to charge transfer
in heterogeneous systems including phase boundaries, electrode interfaces and microstructure
elements.

Fig. 3 shows the frequency dependences of the phase angle ¢ (a), the electrical impedance
modulus Z (b), and the impedance diagram (c) of the Phz-Ag CP sample compressed at 38 MPa.
It can be seen that in the entire frequency range studied 0 < ¢ < 90°. At a frequency of less
than 1 kHz the value of ¢ = 0°, and the electric impedance modulus is nearly independent of
frequency and equal to ~ 8 mOhm, i.e. the conductivity of the sample is ohmic and is ~125 S.
The frequency range from 1 to 100 kHz can be considered an intermediary. There is a sharp and
non-linear increase in ¢ and Z, and, as it follows from Fig. 3,c, the increase in Z with rising fre-
quency is mainly due to the increase in the imaginary part of the impedance ImZ. Finally, in the
high-frequency region, the value of ¢ stabilizes near 90°, but the value of Z grows linearly with
increasing frequency. This behavior of the Z(f) dependence in the high-frequency region indicates
the inductive type of conductivity, because Z = 2xfL, where L is the inductance of the sample.
Using this relation, we obtain that at frequencies above 100 kHz the value of L will be ~ 60 nH.
The linear, close to vertical shape of the impedance diagram of the studied sample indicates that
its conductivity is not related to any diffusion processes or to the influence of interphase boundar-
ies (in this situation, these are the boundaries of microcrystallites in contact with each other) [15].
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Fig. 3. Frequency dependences of electrical

impedance modulus Z (a), phase angle ¢

(b) and impedance diagram (c¢) of Phz-Ag

sample produced at a pressure of 38 MPa
(data at room temperature)

The electrical equivalent circuit of this sample
can be represented as a series-connected active
resistance and inductance.

Let us consider the possible reasons for the
appearance of metallic conductivity in the stud-
ied Phz-Ag CP samples, as well as the ohmic
and inductive nature of their conductivity in the
low- and high-frequency regions, respectively.
In our opinion, the formation of thin silver films
on the surface of microcrystals can be considered
as one of the reasons.

We noted above that there are conglomerates
of metallic silver ~10 nm in size on the surface
of Phz-Ag microcrystals. Therefore, the presence
of smaller silver clusters, not recorded by SEM,
but forming conductive metal films in the shape
of individual strips, seems very likely. Note that
the authors [15] point to the possibility of forma-
tion of silver interlayers also between individual
phenazine ligands that form a microcrystallite.
Here it should be emphasized that the conduc-
tive properties of metal clusters are retained even
when their size is reduced down to 1 nm [16]. It
is known that the conductivity of metallic films
formed from nanoscale clusters is significantly
lower than that of their bulk analogues. For film
thickness less than 40 nm, it is estimated to be
no more than 10* S/cm and weakly dependent
on the film thickness [17, 18]. With regard to the
considered situation, we can assume that during
pressing the plates of Phz-Ag microcrystals are
stacked laterally on each other, providing a good
overlap of the metal strips and a sufficiently high
level of conductivity. As the compression pres-
sure increases, the number of overlaps increases,
which leads to the emergence of conductive
wire-like microchannels piercing through the
polymer sample. Such channels can be consid-
ered as microwires connecting the opposite sides
of the tablet. They are characterized by a finite
value of conductivity and inductance.

Let us consider the possible causes of metallic
conductivity in the investigated Phz-Ag samples,
as well as the ohmic and inductive nature of
their conductivity, respectively in the low- and
high-frequency regions.

The most likely cause is the formation of thin
films of silver on the surfaces of the microcrys-

tals. It was noted above that conglomerates of silver metal about 10 nm in size are present
on the surfaces of Phz-Ag microcrystals. Therefore, the presence of smaller silver clusters that
are not fixed by SEM but form conductive metal films in the form of individual stripes seems
very likely. It should be noted that the authors of [16] point out that silver interlayers can
also occur between the individual phenazine ligands that form the microcrystallite. It should be
emphasised here that the conductive properties of metal clusters are retained when their size is
reduced down to 1 nm [17]. It is known that the specific electrical conductivity of metal films
formed from nanoscale clusters is significantly lower than that of their bulk counterparts. For film
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thicknesses below 40 nm, it is estimated to be no more than 10* S/cm and weakly dependent on
film thickness [18, 19]. In the situation under consideration, it can be assumed that during the
pressing process the plates of Phz-Ag microcrystals stack laterally on top of each other, ensuring
good overlapping of the metal stripes and a sufficiently high level of conductivity. As the pressure
increases, the number of overlaps also increases, creating conductive filament-like microchannels
that penetrate the polymer sample. Such channels can be thought of as microwires connecting
opposite sides of the tablet, and it is these that determine the conductivity and inductance of the
samples under investigation.

Conclusion

We carried out an experimental study of the effect of temperature on the specific conductivity
and the Seebeck coefficient of a novel phenazine-silver coordination polymer, which demon-
strates that the conductivity of this CP is of metallic nature. The conductivity value depends on
the pressure at which the Phz-Ag tablet is prepared, and reaches a value of ~ 1300 S/cm, which
is comparable to the highest CP conductivity value achieved to date. The metallic nature of the
conductivity is due to the release of atomic silver during the synthesis of CP, its deposition on the
surface of microcrystals and the formation of metallized strips on their surface. When the sam-
ples are pressed, electrical contact emerges between the individual microcrystals and conductive
channels are formed inside the CP sample.
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