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Abstract: A novel coordination polymer from phenazine ligands and silver was synthesized using a
one-pot method. A distinctive feature of this synthetic approach is that phenazine was produced at the
beginning of the process by oxidative aniline dimerization; then, phenazine ligands and an excess of
silver nitrate participated in self-assembly to form a planar crystalline organometallic structure. The
composition and morphology of the product were determined by chemical analysis, electron
spectroscopy, X-ray diffraction, scanning electron microscopy, and transmission electron microscopy.
It was demonstrated that the coordination polymer has a layered graphene-like structure. The specific
electrical conductivity of the material exceeds 1000 S/cm, which can be explained by the presence of
silver metal in the polymer. Silver metal is generated during the oxidation of aniline in stoichiometric
amounts and, as a guest element, is localized on the surface of polymer sheets in the form of nano-
deposits. All product components are biocompatible, contain silver in both metallic and ionic states,
and can serve as an alternative to the Ag/AgCl electrodes commonly used for encephalography.
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1. Introduction

Coordination polymers (CP) are hybrid organometallic compounds in which organic
ligands are combined with transition metal atoms/ions to form complex spatial architectures
[1,2] Metal-organic frameworks can have different spatial structures: three-dimensional, two-
dimensional (2D), and one-dimensional. Moreover, a metal-organic network can demonstrate
crystallinity and simultaneously have a large specific surface area [2]. The factors promoting
the appearance of the crystalline structure are the presence of repeating organic fragments
(ligands), which are similarly linked to each other at the expense of interaction with a metal,
and the regular spatial arrangement of such fragments (Figure 1). According to the BET
analysis, such materials' specific surface area values vary from tens to hundreds of m?/g; in
some cases, they can exceed 1000 m?/g [3]. Furthermore, since coordination polymers contain
significant free interatomic spaces, they can incorporate not only individual atoms but also their
clusters and even small molecules [4].
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Figure 1. Scheme of assembly of ligand-metal fragments. Reproduced from Ref. [1].

Various organic ligands are used in the synthesis of CP; as a rule, these are highly stable
aromatic compounds with conjugated © - electronic systems (substituted triphenylamines,
phenylenediimine, porphyrins, tetrathiafulvalene, phthalocyanines, etc.) [5,6]. The ligands
contain various functional groups (carboxylate, pyridine, azole, thiol, amino structures, etc.),
which include electron donor atoms (O, N, S). Electron donor atoms interact with a transition
metal due to the bonding between their p-orbitals and d-orbitals of the metal. It is believed that,
in addition to the p-d electronic interaction, a significant contribution to the bonding can be
made by the -1 and n-d electronic interactions, in which the n-electronic structure of the ligand
takes part [6,7]. Thus, spatial architecture and properties of a CP are determined by the rigidity
of the used aromatic ligand, ligand size, nature of the linking metal, and its location.

The properties and possible practical applications of CPs are as diverse as their
structures. The presence of catalytically active transition metals provides the activity of these
materials in catalysis [8,9]. Due to high permeability and large free volume, CP is used as a
sorbent [10]. The possibility of intercalation-deintercalation of large ions is exploited in
developing new power sources [11,12]. Electrical conductivity and satisfactory charge carrier
mobility inherent to coordination polymers enable one to use them in field-effect transistors
[13, 14]. New optoelectronic devices with the possibility of emission control are based on
various CPs with intense luminescence. [15,16]. Many new sensors have been developed in
which CP acts as detecting materials [17,18].

Many CPs exhibit paramagnetism and may be of interest to spintronics [19]. Theoretical
studies predict the possibility of the appearance of ferro- and ferrimagnetic CP [5,13,19-22]. In
addition, the introduction of the so-called "guest elements™ into the free space of the CP matrix
has a significant effect on the properties of materials and expands the possibilities of their
practical use. Thus, lanthanide ions (Eu®*), which demonstrate intense luminescence, have
been introduced into the CP containing luminescent ligands; this combination has made it
possible to create the material with emission wavelengths covering the region from ultraviolet
to near-infrared [23].

The CP with biosafety and biocompatible properties are of great interest for biomedical
and medical applications [24-26]. They are used as detection materials of biosensors [27], as
drug carriers and drug delivery systems [28-30], and as fluorescence tags for the diagnosis of
various diseases, including cancer [31-33]. The antimicrobial activity of CP against widespread
pathogens and fungal cell inactivation ability is intensively studied [34-39]. The possibility of
using CP for cancer treatment is being studied [40-42].

Electrical conductivity is one of the most important and practically significant
characteristics of CP. For the currently known CP, this parameter varies over a very wide range
(from 101* S/cm to 10° S/cm, i.e., covers 17 orders of magnitude) [3]. Most CP are dielectrics
and semiconductors with conductivity values not exceeding 10° S/cm. However, several
authors have obtained the CP that demonstrated a nonzero state density at the Fermi level and
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thus could be classified as metals [43]. The main way to increase the conductivity of a metal -
organic framework is the introduction of guest elements with pronounced electrical
conductivity. These are metals, their clusters, and conducting polymers that create percolation
of transport routes through the material [4]. It is believed that a matrix containing a conjugation
system can also participate in the transport of charge carriers [1].

The presence of redox-active metals at matrix sites can also contribute to transport by
increasing the number of charge carriers. The CPs with conductivity values higher than 102
S/cm are considered highly conductive [3,44]. Among the known CPs, the highest conductivity
(1500 S/cm) was found for the coordination polymer based on benzenehexathiol ligand and
copper. This material is obtained in the form of a film on the interface of two immiscible
solvents [44].

CPs with two-dimensional (2D) morphologies are of particular interest, characterized
by considerable spatial inhomogeneity. This is caused by the existence of strong covalent bonds
between atoms in the lateral direction and weak van der Waals interaction between the planes
[45,46]. This should lead to significant anisotropy of material properties. Coordination
polymers with a small number of layers and, in the limit, single-layer 2D polymers can have
nontrivial electronic properties and demonstrate quantum effects with the appearance of
unusual conducting, optical, and magnetic characteristics [1,47].

This work reports the one-pot synthesis of a new CP based on phenazine ligands (Phz)
and silver (Ag). The synthesis involved the preparation of phenazine by oxidative dimerization
of aniline under the action of silver nitrate and the subsequent release of metal nanoparticles.
In the end, the self-assembly of phenazine ligands into a crystalline metal-organic framework
occurred due to interaction with excess AgNOs. In the Phz-Ag composition, silver performs
two functions: silver ions serve as binding elements for the ligands, while the silver metal
clusters play the guest elements responsible for the high conductivity of the material. The Phz-
Ag polymer has a low-layer 2D organization; its conductivity exceeds 1000 S/cm. Both
components of CP: phenazine ligand and silver, are biocompatible and widely used in medicine
[48-52]. Considering the biosafety of the material and its high electrical conductivity, we can
predict the use of CP as a bioelectrode intended for contact with human skin.

2. Materials and Methods

Synthesis of the CP based on phenazine ligands and silver was carried out in an
aqueous-organic medium (H2O/isopropanol: 5/1) using aniline (0.1 M) as a precursor of
phenazine and silver nitrate (the molar ratio between components varied from 1/2.5 to 1/3.5).
Initially, the reagents were completely dissolved. Then, the reaction proceeded in the solution
under normal conditions; the air was constantly bubbled through the reaction medium. The CP
was obtained in the form of suspension that occupied the volume of the reaction medium. The
final product was isolated by filtration, washed with water, and dried under ambient conditions;
the dried product was a yellow-brown powder.

The silver content was determined by burning the organic component of the sample at
temperatures above 600°C in the air since silver is not oxidized by oxygen even at high
temperatures. Elemental analysis of the organic component (C, H, N) was performed using a
VARIO EL 11l Elemental Analyzer (Elementar, Germany). The oxygen content was calculated
as a residue.

The sample structure was investigated with the aid of a JEOL JEM 2000FX and a Carl
Zeiss Supra 55 VP electron microscope. Photoelectron X-ray spectroscopy was performed
https://biointerfaceresearch.com/ 30f 16
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using standards (C, N, O, Ag); the instrument's sensitivities to these standards were equal to
0.62, 0.11, 0.23, and 0.76, respectively.

Electronic absorption spectra were obtained using an SF-256 UV-vis spectrometer
(LOMO-Photonics) in the 200 — 1200 nm wavelength range. Samples (Phz-Ag, AgNOs) were
dispersed in water. The electronic spectrum of phenazine was obtained in ethanol (due to its
insolubility in water); polyaniline dispersion was studied in aqueous media at different pH
values. The oxidized form of phenazine was produced by oxidation with AgNOg3; the spectrum
was obtained in the agueous medium.

Conductivity was measured by the four-point van der Pauw method using a Keithley
237 power source and a Keithley 2010 Multimeter-Voltmeter; the samples were compressed
into pellets using a manual hydraulic press at a pressure of 600 MPa. Measurements were
carried out at room temperature.

The morphology of the products was investigated using a High-Resolution
Transmission Electron Microscopy (HRTEM, JEOL JEM-2100F, with a 200kV field
emission).

3. Results and Discussion
3.1. Synthetic strategy for CP and its implementation.

The top-down approach that involves crushing materials in preparing coordination
polymers is rarely used. As a rule, CPs are synthesized using the bottom-up technology based
on the self-organization processes of atoms, ions, and molecules. Organic ligands and transition
metal compounds are used as starting reagents. The electron donor atoms of a ligand interact
with the atoms/ions of a d-metal to form n-d orbitals. The resulting mobile fragments adjust to
each other, forming the organized organometallic structure. The synthesis can be performed at
the solid/liquid, liquid/ liquid, and solid/gaseous interfaces or in solution [53-55]. Synthesis in
solution is considered the most promising technique since it is simple and allows one to obtain
large quantities of CP [1]. The necessary conditions for successful CP assembly are the
mobility of reagents and the absence of molecular aggregation. However, there is a serious
technical problem related to the fact that large organic ligands (such as porphyrins,
tetrathiafulvalene, phthalocyanines, etc.) are expensive, poorly soluble, and not readily
available. Besides, the solvent for a transition metal compound rarely coincides with the solvent
for a ligand [6]. In our opinion, one of the solutions to this problem is to "start" the synthesis
of CP using simpler and more readily soluble organic molecules, which serve as precursors of
the selected organic ligands.

One of the synthetic pathways for large aromatic ligands is the oxidative activation of
the aromatic ring's C—H bond that provides the possibility of attaching a new functional group
[56-58]. Several recent studies have shown that silver compounds can be involved in
functionalizing a wide range of arenes with electron-donor and electron-withdrawing
properties. Silver salts taken in stoichiometric amounts with respect to an arene provoke
oxidative activation of the arene C—H bond. As a result, the arene is bound to the new group at
C — C and/or C — heteroatom bonds, and the aryl derivative is enlarged [59]. The formation of
silver metal nanoparticles accompanies the reaction. Oxidative C-H functionalization
catalyzed by transition metal salts is considered a new synthesis technology [60-62]. This
technology has been used to develop new reactions, such as trifluoromethylation [56] and
phosphorylation of aromatic molecules [54], C — H arylation/alkylation of quinones [58],
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dimerization/cyclization of aryl-substituted amines [56]. However, the mechanisms of these
processes are not well understood.

To obtain the phenazine ligand, we used a new synthetic method for phenazine
involving the dimerization of aniline under the action of silver salt [56]. This approach made it
possible to overcome the problem of poor solubility of the phenazine heterocycle. The authors
of [56] have shown that aniline's ortho C-H bond is activated under the action of Ag*
complexes combined with oxidizing agents (palladium salts, persulfates, oxygen). The authors
[56] believe that the C—H activation and formation of two new C—N bonds leading to the
appearance of phenazine heterocycle occur synchronously and require the participation of two
aniline molecules. According to the terminology of the authors, this is the "amination
cyclization-oxidation cascade" reaction [56] (Figure 2).

| C-H active H new C-N bon
N\H H# N # N\
L O IO
7 H N # N N
CHactive lll new C-N bond H

Figure 2. Scheme of phenazine synthesis by oxidative activation of the C-H bond of aniline under the action of
Ag* (oxidative cascade cyclization of aniline). Dihydrophenazine is formed as an intermediate product of the
synthesis.

Using a wide range of aniline derivatives, it has been shown that the formation of
phenazine under the action of Ag* and 1% Pd salt as a cocatalyst proceeds rapidly and with
high yields. In the case of unsubstituted aniline, the phenazine yield reaches 87%, and aniline
azo-dimer (10%) is formed as a by-product [56]. In the absence of a palladium catalyst, the
same reaction proceeds much more slowly. Phenazine formed in the reaction medium can
participate in further transformations, for example, in the process of CP assembly with the
participation of a transition metal salt. During the phenazine synthesis, a stoichiometry is
observed between the amount of oxidized aniline and reduced silver. In the synthesis products,
silver metal particles (Ag 20-40 nm) [56] were detected by X-ray photoelectron spectroscopy.
In our opinion, the appearance of reduced silver made it possible to solve the problem of
introducing a guest element into the CP.

Based on this information, we were able to develop a strategy for the one-pot
preparation of CP with the simultaneous introduction of silver nanoparticles into the polymer.
The synthesis proceeded in the solution and began with the oxidative dimerization of aniline
(An) under the action of AgNO3 with the formation of one phenazine molecule and two atoms
of reduced silver. The processes of self-organization of the products proceeded in parallel with
this reaction and included the binding of poorly soluble phenazine ligands with excess AGNO3
(formation of the CP), and saturation of the CP with the guest element in the form of silver
metal nanostructures.

2An + 2Ag* - Phz + 2Ag
Phz + AgNOs - CP (Phz-Ag)

Synthesis of the CP based on phenazine ligands and silver was carried out in the volume
of an aqueous-organic phase using inexpensively available reagents (aniline and silver nitrate).
According to [56,58], a saturation of the aqueous phase with oxygen increases the phenazine
yield since the presence of additional oxygen facilitates oxidation of the dihydrophenazine
intermediate to phenazine. The reaction medium became cloudy with time, and the content of
https://biointerfaceresearch.com/ 50f 16
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the yellow-brown suspension increased. Visible agglomerates precipitated on the bottom and
walls of the flask. After two weeks, the yield of coordination polymer was 30-35% with respect
to the weight of the initial reagents. The resulting product could be readily redispersed in water,
where it formed a stable colloid. The product formed the film with a gold metallic sheen at the
water/air interface and upon sorption on a smooth surface (Figure 3).

£

Figure 3. Phz-Ag film at the water-air interface.

3.2. Composition of the product.

The product's chemical composition was determined using elemental analysis (C, N, H
content), and the content of silver in Phz-Ag was estimated by burning the organic component
of the sample at temperatures above 600°C in air. The silver content in the synthesis products
is 63-65 wt.%, corresponding to approximately 3.5 Ag atoms with respect to the molar fraction
of the organic part. It should be noted that the burning method does not answer the question of
whether the composite contains silver in ionic or metallic form since ionic silver at
temperatures above 600°C also turns into silver metal. Therefore, the content of 63-65 wt.%
may correspond to the presence of silver in both metallic and ionic forms.

The organic constituent of the product was isolated by dissolving CP in hot ethanol
using a Soxhlet apparatus. Its elemental composition was determined after drying. It turned out
that the composition of the organic part (carbon 60-63%, nitrogen 12-14%, hydrogen 3-4%,
and oxygen residue 19-20%) coincided well with the formula of the oxidized phenazine
molecule (C 60%, N 13%, H 3.3%, O 19.8%) containing NO3 group as a counterion. The
density of the resulting composite compressed into a pellet under a pressure of 100 MPa was
equal to 2.2 g/cm?®. This is slightly lower than the theoretical density (2.5 g/cm?®) calculated
from the density of silver (10.5 g/cm?, theoretical content 63 wt.%) and the density of phenazine
(1.2 g/cm3, theoretical content 37 wt.%).

Per the stoichiometry of the redox process involving aniline and silver ions, the
oxidation of two aniline molecules to obtain one phenazine molecule should consume two
AgNOs molecules and give two atoms of reduced metal. Another 0.5 Ag ™ atom can be reduced
to metal due to the oxidation of one of the nitrogen atoms of each phenazine ring. In total, we
obtain 2.5 silver atoms per phenazine molecule. At the same time, the mass fraction of silver
in the composite is higher and amounts to 3.5 Ag atoms per phenazine molecule, which can be
explained by the presence of ionic silver in the composite. The presence of ionic silver in the
sample is confirmed by the appearance of the 295 nm band in the electronic absorption
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spectrum of Phz-Ag, which is characteristic of the spectrum of silver nitrate in water (Fig. 8).
The indirect confirmation of the presence of ionic silver was also obtained by X-ray
photoelectron spectroscopy. Thus, it was possible to estimate the approximate contribution of
silver metal, which turned out to be lower than the total silver content in the material. Thus, on
the basis of the obtained results, the product formula can be represented as [Agss (Phz" NOs~
)], where silver is contained partially in the metallic form and partially in the ionic state.

3.3. Morphology of the material.

Figures 4 - 6. show electron microscopy images of the obtained product. The SEM
studies (Fig. 4 a) revealed the particles in the form of thin two-dimensional plates with lateral
sizes of 5 - 8 microns. Judging by the size of the end face and the transparency of the particles,
it can be calculated that the thickness of such a plate does not exceed 5-10 nanometers. This
value indicates that the particles consist of only several polymer layers. With an increase in the
accelerating voltage of the electron beam (Figure 4b), silver nanoparticles (light objects)
localized 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, but there are
also larger crystals (several hundred nanometers in size). The polymer plates are heterogeneous
(motley color) and frequently have triangular shapes.

The transmission electron microscopy image (Figure 5a) reveals distinguished dark
silver nanoparticles on the periphery of the plate; the pattern of stripes on the plane of the
polymer particles can be seen (which was visualized in Figure 4b as a "motley color"). These
dark stripes correspond to silver metal. The uneven distribution of the metal over the surface
is possibly caused by the dipole-dipole attraction between neutral silver atoms (van der Waals
interaction) [63].

Vo B
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Figure 4. SEM images of the Phz-Ag sample: (a) the image obtained at standard measurement parameters; (b)
the image taken at the maximum accelerating voltage of the electron beam.

Figure 5 (a) presents a TEM image of two superimposed particles (the large
(foreground) object is shown in the lower right corner of the picture; the small (background)
object can be seen in the upper part of the image). The micrograph gives an insight into the
initial stage of the nucleation of microcrystals. The edge of the larger particle is a partially
rounded polyline. The particle began to acquire a hexagonal shape in accordance with the
symmetry of the aromatic rings (120 ° angle) from which it was formed. The smaller particle
retains a rounded shape with a smaller boundary length; this observation can be explained by
the necessity of minimizing thermodynamic losses related to excess energy of boundaries.
https://biointerfaceresearch.com/ 7 of 16
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Figure 5. (A) TEM image of Phz-Ag particles taken at the initial stage of formation of polymer microcrystals;
(B) the fragment indicated by the arrow shown at higher magnification; (C) the image of the fragment with
inverted contrast (the same magnification). (D) HRTEM image of a plane of the Phz-Ag crystal and (E) its

diffraction pattern.

Two sets of stripes are visible in the magnified image of the large particle (Figure 5b)
as well as in the same image presented with inverted contrast (Figure 5c¢). The stripes are
oriented at an angle of 120° in relation to each other, which is close to the bond angle inherent
to structural units (Phz-Ag). We believe that this structure appeared due to the superposition of
the lattices of polymer layers of two crystallites (the Moire patterns). It was not possible to
determine the spatial period of the stripes from TEM images since these thin 2D structures are
not flat; they can be inhomogeneously deformed or located at different angles to the electron
beam.

Figure 5d shows the image of Phz-Ag particles obtained using high-resolution
transmission electron microscopy. Spatial periodicity and hexagonal packing of structural
elements are present throughout the field. The spatial period is equal to about one nanometer
in all directions. The image includes areas with different contrasts; however, the orientation
and the ordered arrangement of elements are preserved. Therefore, the presence of contrast
cannot be attributed to domains with random orientation. Most likely, this is the effect of the
superposition of two or more polymer layers, whose structures differ slightly due to local
deformations. The inset shows the selected area electron diffraction pattern Phz-Ag, which
confirms the hexagonal symmetry of the structural elements of the material.

Energy dispersive X-ray analysis (EDX) made it possible to carry out the so-called
mapping of the Phz-Ag sample at x10 000 magnification and to visualize the elemental
composition of the product (distribution of elements over its surface, Figure 6). The table shows
the weight and atomic composition of the product at each point of the spectrum (In, Sn, and P
are constituents of the substrate). It can be seen that all the elements included in the synthesized
Phz-Ag are present at all points of the studied field. According to the EDX data, the ratio of C,
N, and O is somewhat different from the elemental composition of Phz-Ag. This is because
EDX is less accurate in quantitative analysis than chemical analytical methods since it relies
on specific standards, and its sensitivity to these standards should be considered. The most
accurate results can be obtained when determining the contents of heavy elements (in our case,
silver).

Silver is also distributed throughout the image. The silver content varies significantly
(from 60 to 2 wt.% at different points in the field). The maximum Ag content (63 wt.%) is
naturally observed when the electron beam is aimed at a large metal particle. However, the
average silver content calculated from the EDX data (23 wt.%) is significantly lower than that
https://biointerfaceresearch.com/ 8 of 16
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obtained by elemental analysis (63 wt.%). This difference is explained by the fact that EDX
does not take into account silver in the ionic form, and only silver metal is registered (which is
related to the nature of the standard). According to rough estimates, the content of ionic silver
reaches one-third of the total silver amount in the sample (20 wt.% in Phz-Ag).

0 mkm Electronic image

Figure 6. The electronic image of the Phz-Ag sample on conductive ITO substrate.

Table 1. Elemental analysis of the Phz-Ag sample on ITO substrate. Normalized weight/atomic percentages of
the product at each point of the spectrum are given (In, Sn, P are contained in the substrate).

Spectrum C N (0] Ag In Sn P

Ne 1 39/56  28/35 4.7/5.1 25/4 1.50/0.22 1.27/0.18 0.07/0.04
N2 45/61  28/32 3.6/3.7 21/3 0.98/0.14 0.32/0.04 0.22/0.11
Ne 3 20/49  15/32 0.5/1.0 63/17 1.20/0.31 -0.20/-0.05 -0.01/-0.01
Ne 4 46/69 17/23 1.8/2.1 25/4 4.52/0.71 4.00/0.61 0.06/0.04
Ne 5 57/70 21/23 5.5/5.0 12/2 1.10/0.14  0.77/0.09 0.33/0.15
Ne 6 33/56  22/33 1.8/2.3 38/7 1.91/0.34 1.37/0.24 0.12/0.08
Ne 7 42/60 26/32 2.8/3.0 26/4 1.25/0.19  0.43/0.06 0.13/0.07
Ne 8 39/62 16/22 8.7/10.2  19/3 6.88/1.13 8.84/1.40 0.14/0.09
Ne 9 46/70  14/18 5.8/6.6 21/4 4.94/0.77 5.78/0.87 0.01/0.01
Ne 11 42/62 14/18 13.9/15.2 3/1 9.91/1.51 15.10/2.22 -0.12/-0.07
Ne 12 58/79  13/15 2.6/12.7 2/0 8.25/1.15 14.72/1.99 0.22/0.11
Average 42/63  19/26 4.7/5.2 23/5 3.86/0.60 4.76/0.70 0.10/0.06
Standard 10/8 5/7 3.8/4.2 16/5 3.25/0.48 5.72/0.82 0.12/0.06
deviation

Maximum | 58/79  28/35 13.9/15.2  63/17 9.91/1.51 15.10/2.22 0.33/0.15
Minimum 20/50 13/15 0.5/1.0 2.02/0 0.98/0.14  -0.20/-0.05 -0.12/-0.07

3.4. Spectral analysis.

The electronic spectrum of the product (Figure 7 (1)) includes broad overlapping bands
in the 200 — 350 nm area and intense absorption starting at 400 nm and extending into the near-
IR range. The absorption in the 200 — 280 nm range corresponds to n-r and n-n electronic
transitions in benzene rings, and the small individual band with the maximum at 295 nm is
attributed to ionic silver (AgNO3) (Figure 7 (3)). The presence of silver nitrate in the resulting
product supports the idea of doping Phz-Ag with AgNOs. The peaks corresponding to
electronic transitions in individual molecules (aniline and phenazine) lie in the wavelength

region below 300 nm [64]; they were not observed in the spectrum of the coordination polymer.
https://biointerfaceresearch.com/ 90f 16
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Besides, the spectrum of the product does not contain the peak assigned to the oxidized form
of phenazine (Figure 7 (2)), which is the intermediate product of Phz-Ag synthesis.

18
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Figure 7. (a) Electronic absorption spectra samples: (1) Phz-Ag; (2) intermediate product of the synthesis
(phenazine in oxidized form); (3) aqueous solution of AgNOs. Samples were dispersed or dissolved in water at
pH 7. Figure 7(b) (1) aqueous dispersion of Phz-Ag at pH 7; (2) electronic absorption spectra of the aqueous
dispersion of polyaniline at pH 7 and (3) at pH 1.

The region above 400 nm (where the widest absorption band of Phz-Ag is observed) is
usually associated with a developed conjugation system containing charge carriers. Similar
broad absorption bands were observed in the spectra of electrically conductive conjugated
polymers (polyaniline, polypyrrole, polythiophene, PEDOT); they are attributed to the
excitation of charge carriers (positive polarons) [65,66]. Since the synthesis of Phz-Ag was
carried out by oxidative activation of the C — H bond of aniline with silver ions (oxidation
potential +0.7 V), it was necessary to check whether the product contains polyaniline (or is
completely composed of polyaniline). This polymer is also synthesized by oxidative
polymerization of aniline, albeit with the use of stronger oxidizing agents with potentials higher
than +1 V [67].

Figure 7b shows electronic spectra of aqueous dispersions of polyaniline taken at
different pH values; the spectrum of Phz-Ag aqueous dispersion (pH 7) is presented for
comparison. At pH 7, polyaniline shows the absorption band at 600 nm, corresponding to the
system with localized charge carriers (this form of polyaniline has low electrical conductivity
(108 S/ cm)). In an acidic medium (pH < 3), polyaniline becomes doped with acid, and its
electrical conductivity reaches 10° S/cm. The corresponding absorption band widens and shifts
toward the long-wave region [68,69]. Although the general pattern of the doped polyaniline
spectrum resembles the spectrum of Phz-Ag, some differences can be noted. In the doped
polyaniline spectrum, carrier absorption bands begin in the region around 600 nm, and their
intensity decreases after 800 nm (as opposed to that of the Phz-Ag band). In addition, spectral
characteristics of Phz-Ag do not depend on the medium's acidity, which is, on the contrary,
typical of polyaniline [70]. Based on the above studies, it can be concluded that the resulting
product contains neither free low molecular weight reagents nor polyaniline. The product is an
advanced conjugated structure that differs from polyaniline.

3.5. Conductivity.

Phz-Ag in the form of dry powder can be easily compressed; durable pellets were
obtained already at a pressure of 100 kg/cm?. The value of the specific electrical conductivity
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of the material at room temperature exceeds 10° S/cm. Measurements involving multiple
samples give values ranging from 1200 S/cm to 7160 S/cm depending on the used pressure.
High values of electrical conductivity of the samples are primarily associated with the presence
of silver metal and the formation of percolation paths over the metal dispersed in the polymer
matrix. However, the reason for the appearance of high conductivity in the material with a
relatively low content of silver metal remains unclear. The total mass fraction of silver in Phz-
Ag does not exceed 65%; therefore, its volume fraction cannot be higher than 17%. This value
represents the theoretical threshold above which we observe the formation of conductive paths
for spherical conductor particles homogeneously distributed in a non-conductive matrix.
However, it should be taken into account that the real volume fraction of the metal in Phz-Ag
is lower since a significant part of the silver exists in the ionic state.

To explain the low percolation threshold, it is necessary to reveal the distinctive pattern
of metal distribution in the polymer matrix. The electron microscopy data (Fig. 4 b, 5 a) make
it possible to see the "motley color” of polymer plates and the pattern of dark stripes on their
surface. It is supposed that the dark deposits are atomic layers of silver metal embedded in the
polymer structure. During pressing, the Phz-Ag plates are stacked flat on each other, ensuring
good overlapping of these metal strips. Even a small amount of silver metal (2-3 vol.%) creates
the strip structure on the polymer layers; therefore, this amount is sufficient to provide a low
percolation threshold and high conductivity. Another factor facilitating high conductivity is the
extended conjugation system [3,22] formed by phenazine ligands and includes charge carriers
in the form of oxidized nitrogen atoms doped with silver nitrate. We will attempt to confirm
this hypothesis in the following discussion of the possible structure of Phz-Ag.

3.6. Possible structure of Phz-Ag.

The results of the investigations described above enabled us to propose the structure of
the synthesized CP. The composition of the CP corresponds to [Ag 35 (Phz * NO3?)], where the
main structural element is the oxidized phenazine ligand. It is believed that in Phz-Ag, flat
phenazine ligands are butt-ended (like graphene) and form the polymer layer (2D conjugation
system). A part of nitrogen atoms embedded in the aromatic structure is oxidized and forms a
positive charge carrier (cation-radical). This structure can act as an organic conductor since it
possesses both transport paths (conjugation system) and charge carriers (cation-radicals). It can
be assumed that AgNOz molecules (considered bridges between organic ligands) are localized
between oxidized and neutral nitrogen atoms of different molecules. Nitrate anions stabilize a
positive charge carrier, while Ag* ions interact with lone electron pairs of neutral nitrogen
atoms. The hypothetical structure of the Phz-Ag layer is presented in Figure 8. The scheme
does not show the guest element (silver metal).

The plate-shaped Phz-Ag particle visible in TEM images consists of several polymer
layers bound by n-n-electron interactions. This structure can provide electron tunneling in the
direction perpendicular to the particle plane and strongly facilitates the transport of charge
carriers between individual plates. The metal-organic matrix has a low density (2.2 g/cm?),
which indicates the presence of large free interatomic space; thus, guest elements can be
introduced into the matrix. Metallic silver is present as a guest element in Phz-Ag in the form
of spherical nanoparticles or stripes embedded in the polymer layer. Metallic silver helps
maintain such a high Phz-Ag electrical conductivity (due to the specific distribution of the
metal on the polymer surface). It is presumed that the organic conductor also contributes to the
conductivity of the Phz-Ag coordination polymer.
https://biointerfaceresearch.com/ 11 of 16
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Figure 8. Possible structure of Phz-Ag. Oxidized phenazine ligands doped with AgNO3; molecules form a 2D
conjugation system.

4. Conclusions

One-pot synthesis in the solution obtained a new coordination polymer based on
phenazine ligands and silver in both ionic and metallic states. The peculiarity of the synthesis
was that it included a preliminary stage of phenazine production by oxidative dimerization of
aniline. At the same time, the formation of metallic silver as a by-product of this stage
proceeded. The reaction ended with the self-organization of phenazine ligands and excess
AgNO:s into a coordination polymer with a conjugated structure saturated with the guest
element — metallic silver nanoforms. The parallel course of the above reactions during one-pot
synthesis leads to the formation of a highly organized CP nanostructure, where the metal is
evenly distributed on the surface of the polymer layers.

The polymer has a 2D crystal structure composed of micron-sized planar particles about
10 nm thick. In a dry state, the material is a yellow-brown powder that can be easily dispersed
in water. The Phz-Ag particles consist of several polymer layers that are bound by n-n-electron
interactions. The polymer composition corresponds to the formula [Agss (Phz * NO3")], where
phenazine ligands exist in the oxidized form and are doped with Ag* and NOs~ ions. Metallic
silver (guest element) distributed over the surface of the polymer and between polymer layers
imparts high electrical conductivity to Phz-Ag (above 1000 S/cm). The Phz-Ag can be pressed
and used as electrode material in contact with human skin. Such electrodes are biocompatible,
contain silver in both metallic and ionic states, and can serve as an alternative to the Ag/AgCI
electrodes commonly used for encephalography.
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