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The synthesis, structure and properties of three hybrid polymers based on zinc arylphosphates are
described in this study. Zinc bis(diphenylphosphate) (ZnDPhP) was obtained as needle-like crystals
containing hexagonally packed, homochiral ., [Zn(DPhP),,,] helical chains. The XRD and DSC studies
revealed that upon heating, ZnDPhP undergoes a reversible thermal transition at ca. 160 °C with
expansion mainly perpendicular to its c-axis. Zinc phenylphosphate hydrate (ZnMPhP-H) formed plate-
like particles with an average thickness of less than 1 um and much thinner nanolayers with a basal
spacing of 15.5 A. ZnMPhP-H was easily and reversibly dehydrated to its anhydrous form, ZnMPhP-A,
which exhibited a somewhat larger basal spacing of 16.5 A and the capacity for amine intercalation. The
thermal decomposition of ZnDPhP or ZnMPhP-A began around 250 °C, resulting in the formation of
solid mixtures of zinc phosphates and electron-conducting carbonaceous phases. The bulk electrical
conductivities of the poly(vinylidene fluoride)-based composites containing the ZnDPhP pyrolyzates
reached 0.1-0.2 S cm™1. Upon mixing with silicone oil, all the synthesized hybrid polymers formed fluids
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electroresponsive smart materials. The application of an electric field during the crosslinking of such
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Introduction

Hybrid inorganic-organic polymers based on metal phosphates
and phosphonates have been known for more than four
decades.” Most research in this area has focused on structural
aspects of these compounds, including the mechanism of self-
organization between metal cations and phosphoorganic
anions that leads to the formation of crystalline domains with
one-dimensional (1D), two-dimensional (2D), or three-
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1 Electronic supplementary information (ESI) available: Details of the ZnDPhP
crystal structure analysis, results of elemental analysis; unit cell parameters
estimated for ZnDPhP between room temperature and 235 °C; FTIR spectra and
PXRD patterns of all investigated compounds and their amine intercalates;
tabulated and graphical TGA and TG-QMS data for ZnDPhP and ZnMPhP-H;
DSC profile of ZnDPhP; additional SEM images of ZnDPhP, ZnMPhP-H and
ZnMPhP-A; *'P CP/MAS NMR spectra of the synthesized hybrid polymers;
Raman spectra and PXRD patterns of ZnDPhP and ZnMPhP-H pyrolyzates; data
and corrections factors concerning measurements of electrical conductivity of
the PVDF-based composites carried out by means of the four-point probe (4PP)
method; electrorheological data for the silicone-based liquid dispersions and
cured composites. CCDC 1472713. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d0ra09493e
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systems affected the viscoelastic properties of the resultant solid composites, while the cured systems
showed rather small electrorheological effects.

dimensional (3D) architectures from inorganic linear chains
or layers separated by organic groups.®*™*>

In recent years, numerous studies have shown that polymers
containing metal organophosphate, phosphonate, or phosphi-
nate monomeric units can potentially be applied as effective
flame retardants,*” reinforcing fillers'*" and nucleating
agents in polymer composites,**~* single-source precursors for
phosphate ceramics,****” useful substrates for the synthesis of
mesoporous and zeolitic materials,”* and catalysts.>>** In
particular, organophosphate compounds containing rigid
aromatic substituents show great promise due to their excellent
stability and large variety of potential applications. These
compounds are regarded as a useful platform for the synthesis
of new metal-organic frameworks with improved air stability
and high-temperature resistance.'®**** Moreover, due to the
presence of aromatic groups in the phosphate ligands, these
materials exhibit some interesting magnetic** and optical®**’
properties that can be utilized in future applications.

Recently, we reported that the pyrolysis of aluminum tris(-
diphenylphosphate) (AIDPhP) leads to the formation of
aluminum phosphate fibers containing electrically conductive
deposits made of reduced graphene oxide.*® Moreover, the
application of magnetic field to epoxy composites incorporating
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AIDPhP nanoparticles resulted in a reorientation of the nano-
particles,* indicating that they can be utilized as components of
so-called smart materials.

Today, smart materials play an important role in materials
chemistry and engineering since their properties can be easily
altered by the application of various external stimuli (e.g:,
temperature, pressure, and electric or magnetic field) as well as
by the incorporation of specific molecules.** The fast and
reversible responses of smart materials can be useful in a wide
range of practical applications. For example, smart fluids
responding to electric fields (EFs), are formed by electrically-
polarizable particles dispersed in a non-conducting liquid
medium,*** and may be utilized in dampers, valves, engine
mounts, hydraulic actuators, squeeze mounts, medicine (e.g., in
drug delivery or haptic medical devices), and food process-
ing.***” The industrial applications of currently known elec-
trorheological (ER) fluids are based on a positive ER effect,***”*
resulting from the EF-controlled orientation of dispersed
particles (e.g., metal oxides,**> metal salts,” and modified
polymeric particles*) into chain-like structures accompanied by
a transition of fluid from liquid to viscoelastic system. However,
there are many applications in which a controllable decrease in
viscosity would be desirable (e.g., hydrostatic journal bearing
for controlling rotor vibrations or squeeze film damper for
actively controlling rotor dynamics).** Therefore, in recent
years, many efforts have been made to develop and characterize
new liquid systems with negative ER effects.**® Various types of
particles derived from either metal salts (e.g., calcium alginate)
and (hydr)oxides (e.g., ZnO nanowires, WO, and goethite
particles) or organic polymers [e.g., polytetrafluoroethylene,
PTFE; poly(methyl methacrylate), PMMA; amine-modified
polyacrylonitrile, and urethane-based polyether systems] have
been tested.****** The growing demand to find new systems
exhibiting such properties prompted us to investigate the
possibility of using organically modified metal phosphates to
produce electro-stimulated smart materials.

In this paper, we describe two types of zinc derivatives ob-
tained via the reaction of phenyl esters of phosphoric acid with
water-soluble zinc acetate. We then discuss the structures,
morphologies, and thermal transitions of those inorganic-organic
hybrid polymers as well as the structures and electron-conducting
properties of the products of their pyrolysis. Finally, we present the
results of our studies aimed at synthesizing electroresponsive
smart materials based on dispersions of zinc mono- and diphe-
nylphosphates in silicone oil or crosslinked silicone rubber.

Experimental
Chemicals and materials

The following chemicals were purchased from commercial
sources and, unless stated otherwise, were used without further
purification: zinc acetate dihydrate (ZnOAc-2H,0; 99%, Merck
KGaA), zinc sulfate heptahydrate (=99.5%, Merck KGaA), tri-
phenyl phosphate (TPhP; =99%, Merck Schuchardt OHG),
diphenyl phosphate (HDPhP; 99%, Sigma-Aldrich), disodium
phenylphosphate dihydrate (Na,MPhP-2H,0; =95%, Sigma-
Aldrich), sodium bicarbonate (pure, POCH Gliwice), n-butyl
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amine (BuNH,; 99.5%, Sigma-Aldrich), benzyl amine (BnNH,;
=99%, Fluka Analytical), cyclohexane (pure p.a., POCH), poly(-
vinylidene fluoride) (PVDF; powder, melt viscosity = 2.350-
2.950 kPa s, Alfa Aesar), two-component, high-strength mold-
making silicone rubber (XIAMETER® RTV-4234-T4, shore
hardness = 40 ShA, Dow Corning), and methyl-terminated
polydimethylsiloxane (PDMS100; POLSIL®OM 100, viscosity =
1 x 107* m® s™" at 25 °C, Chemical Plant “Silikony Polskie”
Ltd.). Before use, PDMS100 was vacuum-dried (1.33 x 10 °
mbar) at 120 °C for 10 h.

Preparative procedures

Synthesis of zinc bis(diphenylphosphate) (ZnDPhP)

TPhP method. The reaction of ZnOAc-2H,O with TPhP
required a temperature above 100 °C and the use of a pressure
vessel. A typical synthesis was performed as follows:
ZnOAc-2H,0 (6.00 g, 27.1 mmol) was dissolved in 30 mL of
redistilled water followed by the addition of TPhP (18.92 g,
57.4 mmol). The mixture was placed in a 100 mL stainless-
steel pressure reactor equipped with a PTFE liner (Parr
Instrument Co.) and heated for 24 h in an oil bath (T = 130
°C). After cooling to room temperature, the crude solid
product was isolated via decantation and purified by washing
with distilled water and acetone. The final product (ZnDPhP)
was obtained after drying at 60 °C in a vacuum oven (6.68 g,
reaction yield = 71%).

HDPhP method. The reaction was carried out at room
temperature according to the following procedure. In a beaker
equipped with a magnetic stirrer, HDPhP (1.21 g, 4.8 mmol)
was dissolved in 6 mL of methanol. A solution of ZnOAc-2H,0
(0.50 g, 2.3 mmol) in 5 mL of methanol was added dropwise
under vigorous stirring to the solution of HDPhP, resulting in
the precipitation of a white solid. After 20 h of mixing at room
temperature, the mixture was filtered off and washed with
methanol; the solid component readily dissolved during this
process. The clear and colorless filtrate was concentrated on
a rotary evaporator at 60 °C, resulting in the formation of
a large amount of needle-like crystals. The crystals were
filtered off and dried at 60 °C in a vacuum oven to give ZnDPhP
(0.53 g, reaction yield = 41%).

Unless stated otherwise, the analytical, spectroscopic, and X-
ray diffraction (XRD) data presented in this paper for ZnDPhP
refer to the sample prepared by the TPhP method.

Synthesis of zinc phenylphosphate hydrate (ZnMPhP-H).
The ion-exchange reaction between ZnSO,-7H,O and Na,-
MPhP-2H,0 was carried out at room temperature. A typical
synthesis was performed as follows. A solution of ZnSO,-7H,0
(5.00 g, 17.4 mmol) in 50 mL of redistilled water was slowly
added to a beaker containing a vigorously stirred solution of
Na,MPhP-2H,0 (4.65 g, 17.4 mmol) in 150 mL of redistilled
water. The stirring was continued at room temperature for 2 h,
resulting in the formation of a white dispersion from which
a crude, insoluble product was separated and purified by
washing with water in a centrifuge. The final product was ob-
tained after drying at 25 °C in a vacuum oven. The yield of
ZnMPhP-H was 4.06 g (91%).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of anhydrous zinc phenylphosphate (ZnMPhP-A)

Method M1. A sample of ZnMPhP-H (4.42 g, 17.3 mmol) was
heated at 120 °C under vacuum (1 x 10 > mbar) for 6 h,
resulting in a loss of 0.29 g (6.56%) of its initial weight.

Method M2. A sample of ZnMPhP-H (4.12 g, 16.1 mmol) was
placed for 6 h in an air-dryer heated to 120 °C, resulting in a loss
of 0.28 g (6.80%) of its initial weight.

Modification of ZnMPhP-A with amines. A typical synthesis
based on primary amines was performed as follows. A sample
of ZnMPhP-A (0.15 g, 0.6 mmol) was placed in a 12 mL glass
culture tube (Carl Roth GmbH + Co. KG) equipped with
a magnetic stirrer and then flushed for 10 min with nitrogen.
Subsequently, 6 mL of an appropriate primary amine (BuNH,
or BnNH,) was added, and the tube was sealed with a screw
cap. The mixture was vigorously stirred at room temperature
for 84 h. The crude, insoluble product was isolated by centri-
fugation and then washed with cyclohexane. Drying at 50 °C in
a vacuum oven for 24 h gave the final product: 0.23 g of zinc
phenylphosphate modified with BuNH, (denoted as ZnMPhP/
BuNH,) or 0.24 g of its analogue containing benzyl amine
(denoted as ZnMPhP/BnNH,).

Preparation of PVDF/(ZnDPhP pyrolyzate) composites. The
general procedure was as follows. A mixture of PVDF (0.30 g)
and ZnDPhP pyrolyzate (filler loading of 1, 5, 10, 25, or 50 wt%)
was thoroughly ground in an agate mortar at room tempera-
ture. The resulting fine composite powder was placed in
a stainless-steel ring (hole diameter = 13 mm) and pressed for
few seconds on a hydraulic press at room temperature (pres-
sure of ca. 8 tons). The resulting circular disk of the
compressed sample was carefully removed from the ring, and
its thickness was measured with a digital dial thickness gauge
(Kéfer Messuhrenfabrik GmbH & Co. KG).

Preparation of cured silicone rubber composites. The
general procedure was as follows. Liquid silicone (3.00 g) and an
assumed quantity of the respective filler were thoroughly mixed
in a porcelain mortar at room temperature. Subsequently, 0.30 g
of curing agent (10% based on the weight of silicone) was
mechanically dispersed in the system. The obtained liquid
dispersion was poured onto a stainless-steel plate and degassed
at room temperature in a vacuum chamber for 15 min. Subse-
quently, a predrilled insulation disk (thickness = 1 mm, bore
diameter = 50 mm) and another stainless-steel plate were
mounted on top of the resulting composite layer, as depicted in
Fig. S1 in ESLf{ The curing process was carried out at room
temperature for 24 h. If required, an external voltage source was
connected to both stainless-steel plates.

The spectral data and results of the elemental analysis (Table
S1t) of the compounds investigated in the present study are
presented in ESL.{

Characterization methods

Elemental analysis. The hydrogen, nitrogen, and carbon
contents were determined using an Elementar Analy-
sensysteme GmbH VARIO EL instrument. The measurements
were carried out at 1150 °C under helium/oxygen atmosphere.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Powder XRD (PXRD) analysis. PXRD patterns were recorded
at room temperature on a Bruker D8 Advance automated
diffractometer equipped with a Lynx-Eye position-sensitive
detector using Cu-Ko. radiation (2 = 1.5406 A). The data were
collected in the Bragg-Brentano (¢/26) horizontal geometry (flat
reflection mode) between the 26 angles of 3° and 60° in steps of
0.03° with 10 s per step.

Variable temperature PXRD (VI-PXRD) analysis. VI-PXRD
measurements were carried out on a Bruker D8 Discover
instrument equipped with a VANTEC-1 position-sensitive
detector and an Anton Paar DCS-350 heating stage (tempera-
ture stability = 1 K) using Cu-Ka radiation and a step size of
0.0183°. The data were collected between the 26 angles of 4° and
60°.

Single-crystal structure analysis of ZnDPhP. From the
product obtained using the HDPhP method a single crystal was
selected under a polarizing microscope, mounted in inert oil,
and transferred to the cold nitrogen stream of the diffractometer.
Diffraction data were collected on a Rigaku Oxford Diffraction k-
CCD Gemini A Ultra diffractometer at 100.0(3) K with graphite-
monochromated Mo-Ke. radiation (A = 0.71073 A). More details
on the ZnDPhP structure analysis are given in ESLT

ZnDPhP crystal data. C,,H,,05P,Zn; M = 563.71 g mol *;
trigonal, @ = b = 12.7815(3) A, ¢ = 12.6563(3) A, « = § = 90.00°, v
= 120.00% V = 1790.60(9) A% u(Mo-Ko) = 1.221 mm ’; space
group P3, (no. 145); Z = 3; 49 666 reflections measured including
6906 independent (R;,; = 0.0515), which were used in all calcula-
tions. The final R,/wR, values were 0.0244/0.0553 for observed data
[I > 20(1)] and 0.0253/0.0559 for all data; the Flack parameter was
—0.011(4), and the goodness of fit on F> was 1.023.

The crystallographic data of ZnDPhP have been deposited in
the Cambridge Crystallographic Data Center with CCDC
number 1472713.

Fourier-transform infrared (FTIR) spectroscopy. FTIR
spectra were recorded on a Thermo Scientific Nicolet iS5 spec-
trometer equipped with an iD7 diamond attenuated total
reflectance accessory. All sample or background spectra con-
sisted of 16 scans (1.6 s per scan).

Raman spectroscopy. Raman spectra were collected on
a Thermo Scientific Nicolet Almega XR spectrometer equipped
with a 532 nm laser. Data acquisition (10 expositions, 2 s per
exposition) and analysis were performed using OMNIC
software.

Solid-state nuclear magnetic resonance (NMR) spectroscopy.
Standard solid-state *'P cross-polarized magnetic angle spin-
ning (CP/MAS) NMR measurements were conducted on
a Bruker DSX 300 spectrometer at 23 °C with a spinning rate of 8
kHz, resonance frequency of 121.50 MHz, and contact time of
1.5 ms. Prior to the temperature-dependent measurements, the
sample was conditioned for 10 min at the pre-set temperature.
Data processing was performed using Bruker TopSpin software.

Differential scanning calorimetry (DSC). DSC measurements
were conducted on a TA Instruments DSC Q200 apparatus. The
first heating run from —100 °C to 180 °C was performed at
a heating rate of 10 °C min~* followed by cooling to —100 °C at

RSC Adv, 2021, 11, 7873-7885 | 7875
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'. A second heating run from —100 °C to

a rate of 10 °C min~
180 °C was then conducted at a heating rate of 10 °C min~".

Thermogravimetric analysis (TGA). TGA was performed
under an oxidative atmosphere in a stream of synthetic air
using a SETARAM TG-DSC 111 instrument. The sample was
heated from room temperature to 800 °C at a heating rate of
10 °C min " in 100 pL crucibles made of platinum (ZnMPhP-H)
or Al,O3 (ZnDPhP).

Thermal degradation under an inert atmosphere and volatile
thermal decomposition products were studied by thermog-
ravimetry coupled with quadrupole mass spectrometry (TG-
QMS) using a Netzsch STA 449 C Jupiter apparatus coupled
with a Netzsch QMS 403C Aeolos quadrupole mass spectrom-
eter. The samples were heated in a stream of argon (flow rate =
60 mL min ') from 35 °C to 800 °C at a heating rate of
5°C min .

Scanning electron microscopy (SEM). SEM images were ob-
tained using a Zeiss Ultra Plus field-emission scanning electron
microscope equipped with a GEMINI column. Before the
imaging, all samples were coated with an electron-conductive
layer of carbon or Au/Pd alloy utilizing a high-vacuum sputter
coater.

Four-point probe (4PP) measurement. The sheet electrical
resistance was analyzed at room temperature on a custom-made
apparatus equipped with a 4PP with in-line geometry, tungsten
tips, and a probe spacing of 1 mm, a Keithley 224 program-
mable current source, and a voltmeter (Keithley 2000 multi-
meter). The probe was positioned and lightly pressed into the
middle of the sample disk, effectively eliminating the influence
of the sample edges on the detected voltage (the so-called
boundary effect). The voltage-current (U-I) profiles were
measured by forcing an electric current (the current was
increased in a stepwise fashion by a factor of 10 from 1 to 10*
pA) through the two outer tips of the probe and reading the
voltage across the two inner tips.

ER analysis. ER measurements of liquid suspensions con-
taining 20 wt% of the prepared compounds mixed with dry
PDMS100 were conducted using an Anton Paar Physica MCR
301 rotational rheometer. Two types of measurement systems
were utilized: a concentric cylinder system equipped with a C-
PTD/200E ER cell and CC17-0-25/125/E bob (measuring gap =
0.71 mm); and a parallel plate system composed of a P-PTD/
200E ER cell and a PP50/E/T]l plate (diameter = 50 mm,
measuring gap = 0.5 mm). The voltage was applied from a F.u.G
Elektronik GmbH HCL 14-12500 DC high-voltage power supply
via a low-friction spring wire. The ER behaviors of the investi-
gated materials were studied at 20 °C using the concentric
cylinder system and at temperatures ranging from 50 °C to
180 °C using the parallel plate system. The samples subjected to
analysis were prepared in a porcelain mortar by mechanically
mixing 5.00 g of PDMS100 and 1.25 g of the respective filler.

The ER properties of the cured silicone rubber composites
filled with 1 wt% of the prepared compounds were conducted at
20 °C on the same apparatus using the parallel plate measuring
system equipped with a P-PTD/200E ER cell and PP25/E/TI plate
(diameter = 25 mm, measuring gap = 0.9-1.2 mm). Measure-
ments with and without an applied EF were carried out in
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oscillatory mode with a constant angular frequency (10 rad s ™)
and strain amplitude of 1%. The circular samples (diameter =
25 mm) were cut off with a special stainless-steel bore and
placed in the measurement system, as depicted in Fig. S2 (ESI).T

Results and discussion

Synthesis, composition, and morphology of ZnDPhP,
ZnMPhP-H, ZnMPhP-A, and ZnMPhP-A/amine intercalates

Scheme 1 summarizes all synthetic routes successfully leading
to the formation of ZnMPhP-H, ZnMPhP-A, or ZnDPhP in the
present study. ZnMPhP-H was easily obtained during the ion-
exchange reaction between two commercially available water-
soluble reagents: ZnSO, and Na,MPhP-2H,0. Since this is
a simple ion-exchange reaction between well-dissociated
substrates, and ZnMPhP-H is the sole insoluble product that
precipitates from the mixture, the synthetic process proceeds
very quickly and almost quantitatively at 25 °C.

In the case of ZnDPhP, there are two synthetic pathways
based on the large difference in the acid strengths of acetic acid
(AcOH) and diesters of H;PO,. Diesters of H;PO, are known to
have pK, values lower than that of phosphoric acid itself,*
making them very strong acids that can easily substitute for the
much weaker acid AcOH in its zinc salt. The reaction utilizing
HDPhP requires a proper organic solvent as the reaction
medium and gives ZnDPhP in a yield of 41%. The main draw-
backs of the HDPhP method are the high cost of the commercial
HDPhP substrate and challenges isolating the product. One can
avoid both of these issues by choosing the TPhP method, a one-
pot, two-stage hydrolytic route in which HDPhP is generated in
situ via the hydrolysis of one phosphoester bond of TPhP, which
is relatively inexpensive. Since the efficient cleavage of the P-
OPh bond requires prolonged heating above 100 °C with water
as the reaction medium, the entire process must be carried out

ZnDPhP synthesis

H,0 PhOH
AT
(PhO);PO P\O ;/d( > (PhO),P(0)OH
el HDPhP
hydrolysis
AcOH Zn(OAc),

Zn[OzP(O Ph)z]z -

ZnDPhP
ZnMPhP-H and ZnMPhP-A synthesis
ZnSO%q) NastA(aq,
RT

PhOP(0)(ONa)s,.,

» [Zn0sPOPh-H,0],,

ion-exchange ZnMPhP—H

reaction
H,0

AT
Zn0;POPh, <

ZnMPhP-A

Scheme 1 Reaction pathways to ZnMPhP-H, ZnMPhP-A, and ZnDPhP
applied in the present study. Abbreviations: Ac, acetyl group; Ph,
phenyl group; RT, room temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in a pressure vessel made of a corrosion-resistant material.
However, this method gives ZnDPhP in a yield of 71%, which is
ca. 1.6 times higher than the typical yield of the HDPhP route. It
is worth noting that the Zn”>* cations produced by the dissoci-
ation of ZnOAc-2H,0 play a dual role in this synthetic process:
they catalyze the hydrolysis of TPhP in the same way as other
divalent metal cations (e.g., Ca** and Mg>");* in the next stage of
the reaction they act as complexing agents for the newly-formed
[(PhO),PO,]  anions, effectively removing these anions from the
reaction mixture and preventing further hydrolysis. Accordingly,
no traces of monoester species were detected, even after the
longest reaction times. The results of elemental analysis (Table S1
in ESIY), FTIR spectroscopy (Fig. S3 in ESIT), and PXRD measure-
ments (Fig. S4 in ESIt) indicate that regardless of the chosen
synthetic path, only ZnDPhP was obtained. The SEM images pre-
sented in Fig. 1A show that ZnDPhP formed particles with needle-
or rod-like shapes and hexagonal cross-sections (Fig. S5 in ESIt).

An insoluble product with a plate-like morphology and an
average particle thickness below 1 pm precipitated during the
synthesis of ZnMPhP-H (Fig. 1B and S6 in ESI{). The FTIR
spectrum (Fig. S7a in ESIt) indicates that in addition to phe-
nylphosphate groups, this compound also contained water
molecules as auxiliary ligands. The FTIR spectrum includes
a wide, bimodal absorption band between 3100 and 3300 cm ™"
corresponding to stretching O-H vibrations and a signal located
at 1654 cm™ " related to the H-O-H bending mode.*® This
finding is supported by the results of TG-QMS results (Fig. S8 in
ESIt), which indicate the evolution of water from ZnMPhP-H
based on two characteristic signals with the m/z values of 17
and 18 at temperatures between 100 °C and 140 °C.** Based on
the elemental analysis results (Table S1 in ESIT) and the weight
of water lost during heating (6.70-7.31% of the initial sample
weight depending on the measurement conditions, see Table S2
in ESIt), it can be concluded that ZnMPhP-H is phenyl-
phosphate monohydrate with the general formula Zn(O3;POPh)-
H,O and a theoretical water content of 7.05 wt%. It should be
noted that the dehydration of ZnMPhP-H occurs easily without
the need for sophisticated apparatus or conditions (e.g.,

Fig. 1 SEM images of ZnDPhP (A), ZNnMPhP-H (B), and ZnMPhP-A (C).
ZnDPhP and ZnMPhP-A were prepared according to the TPhP and M2
methods, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reduced pressure). The complete disappearance of water
absorption bands in the FTIR spectrum (Fig. S7b in ESI{) as well
as the good agreement between the experimental and theoret-
ical carbon and hydrogen contents (Table S1 in ESIT) suggest
that even simple drying in hot air resulted in the conversion of
ZnMPhP-H into its anhydrous form, ZnO;POPh. This new
compound, ZnMPhP-A, partially retained the morphological
characteristics of its substrate (Fig. 1C), although the high-
magnification SEM images reveal that its plate-like particles
were composed of much thinner nanolayers (Fig. S9 in ESIt). On
the other hand, the loss of hydration water was accompanied by
some rearrangement in the structure of zinc phenylphosphate,
resulting in signals corresponding to two populations of phos-
phorus nuclei in the *'P CP/MAS NMR spectrum of ZnMPhP-A:
one is shifted upfield by ca. 1.4 ppm, while the other is shifted
downfield by ca. 0.5 ppm compared to the signal located at
—2.66 ppm in the corresponding spectrum of ZnMPhP-H
(Fig. S10 in ESIf).

It is worth noting that during prolonged exposure to air
ZnMPhP-A reabsorbed a small amount of moisture, causing it to
partly return to its hydrated form. However, this process was
very slow (e.g., hydration was incomplete after 11 d). Hydration
could be significantly accelerated by using liquid water, as
indicated by both the FTIR spectra (see Fig. S7c and S7d in ESI{)
and PXRD patterns (Fig. S11 in ESIt). The presence of well-
defined reflections in the PXRD patterns indicates that
ZnMPhP-H and ZnMPhP-A formed highly ordered crystalline
structures. The striking similarities observed between the PXRD
patterns of ZnMPhP-H and ZnMPhP-A, particularly the very
small difference in the 26 angle of the main diffraction signal
(the difference in the basal spacings calculated for these signals
was ca. 1.0 A), suggesting that only a small degree of structural
change occurred upon dehydration. Moreover, the similar
shapes of the PXRD patterns of ZnMPhP-H, zinc ethylphosphate
monohydrate,” and zinc phenylphosphonate monohydrate,’
particularly the presence of a single, high-intensity diffraction
peak at low 26 value, might indicate that ZnMPhP-H possesses
an analogous layered structure with the phenyl rings protruding
from the surface of a compact inorganic layer of zinc atoms
coordinated by oxygen ligands from water molecules and
phosphate groups. However, the verification of this hypothesis
was prevented by the insufficient number of diffraction peaks
required for the reliable indexing of the PXRD patterns of
ZnMPhP-H and ZnMPhP-A. Note that in the case of ZnMPhP-H,
hydrothermal crystallization resulted in the complete hydrolysis
of the phosphoester bond and the formation of zinc ortho-
phosphate, as evidenced by a sharp peak at 3.79 ppm in the *'P
CP/MAS NMR spectrum (Fig. S10 in ESI)**** and the PXRD
pattern characteristic of hopeite [Znz(PO,),-4H,0]*** (Fig. S12
in ESIt). Even synthesizing ZnMPhP-H at room temperature did
not completely prevent this process, and traces of the inorganic
phosphate were found in the product, as evidenced by the
presence of a small peak at 3.94 ppm in the *'P CP/MAS NMR
spectrum (Fig. S10 in ESIT).

Like its analogue containing phenylphosphonate ligand,**~*
ZnMPhP-A is able to absorb amines containing primary NH,
groups, namely BuNH, and BnNH,. Upon the intercalation of
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amine into the ZnMPhP-A structure, a small shift in its main
diffraction peak toward higher 26 values was observed in the
PXRD pattern (Fig. S13 in ESIf). This shift indicates that the
incorporation of amine shortened the distance between Zn-O-P
monolayers. Moreover, the basal spacing in these intercalates
(ca. 15.1 A) was even smaller than that estimated for ZnMPhP-H
(15.5 A). One can assume that the arrangements of the phenyl
rings in the interlayer spaces of the zinc phenylphosphate/
amine intercalates and ZnMPhP-H are different due to their
interactions with amine alkyl groups. The formation of the zinc
phenylphosphate/amine intercalates was also confirmed by
their FTIR spectra (Fig. S14 in ESIf), which show absorption
bands related to both the amine group (e.g., three N-H
stretching modes between 3100 and 3300 cm ™' characteristic of
metal-coordinated amine and NH, bending modes that widen
the aromatic C=C stretching band located around 1600 cm™")
and alkyl substituents (e.g., C-H stretching modes between
2850 and 3000 cm™').** It is worth noting that the results of
elemental analysis (Table S1 in ESIT) suggest that the amount of
amine intercalated into zinc phenylphosphate (x in the formula
ZnO3;POPh-xRNH,) depends strongly on the type of organic
substituent in the amine; for example, x = 1.07 and 1.75 for
ZnMPhP/BnNH, and ZnMPhP/BuNH,, respectively. In this
regard, our intercalates differ from their analogues containing
the phenylphosphonate moiety.>

ZnDPhP crystal structure and thermal transitions

The needle-like crystals of ZnDPhP obtained using the HDPhP
method (see the Experimental section) were subjected to single-
crystal X-ray analysis at 100 K. The results indicate that ZnDPhP
crystallizes in a trigonal crystal system in chiral space group P3,
with one zinc cation and two diphenylphosphate anions in the
asymmetric unit (Fig. S15a in ESIf). In the crystal structure of
ZnDPhP, all zinc(u) cations are crystallographically equivalent,
whereas two types of phosphorus atoms (P1 and P2) can be
distinguished. Zinc is coordinated in a tetrahedral arrangement
by four oxygen atoms from four different phosphate anions, and
the Zn-O bond lengths range from 1.910(3) A to 1.941(2) A. In
every PO, tetrahedron, the oxygen atoms of P-O are coordinated
to Zn*" with bond lengths in the range of 1.485(3) A to 1.499(3)
A. These bonds are significantly shorter than the P-O bonds
linking the phenyl rings, for which the bond lengths range from
1.578(3) A to 1.588(2) A.

In the ZnDPhP structure, adjacent ZnO, tetrahedra are con-
nected by double bridges consisting of O,P(OPh), groups, forming
infinite '.[Zn(DPhP),,] helical chains with p3, rod group
symmetry (Fig. 2 and S15b in ESIf). The lefthanded helices are
packed closely in a hexagonal lattice with the organic groups
directed outwards (Fig. S15b and S15c in ESIf). Since all the
necessary conditions are fulfilled (e.g, the value of the Flack
parameter Xpacx i close to zero, its standard deviation u is less
than 0.04, and the ratio |Xpaqd/u is less than 3.0),” one can
conclude that the ZnDPhP coordination polymer is homochiral.

A detailed analysis based on the bond-valence vector (BVV)
model**** indicated the presence of strain within the ZnDPhP
structure. Considering both the estimated error of the BVV
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Fig. 2 Structure of a single ZnDPhP chain viewed along the a-axis.
Zinc and phosphorus coordination tetrahedra are presented in blue
and violet, respectively. For clarity, all hydrogen atoms are omitted.

model and the data on the length of the resultant BVVs (|vp| and
[vzn|) calculated based on the BVV parameters collected by
Brown® (see eqn (S1)-(S5) and Table S3 in ESI{), the strain can
be ascribed solely to the slight deviation in the geometry of the
PO, tetrahedra from that of a regular tetrahedron. As shown in
Fig. S16 (ESI),t the resultant BVVs for the phosphorus centers
protrude outward from the chain. It should be noted that the
small value of |v,,| (less than 0.04 valence units) excludes any
distortion of the ZnO, tetrahedra. Furthermore, it is reasonable
to assume that such distortion of the coordination sphere may
affect the local magnetic field experienced by phosphorus
nuclei, resulting in different signals in the NMR spectrum.
Indeed, two overlapping resonance peaks can be observed
between —17 and —19 ppm (their maxima are separated by ca. 1
ppm) in the *'P CP/MAS NMR spectrum of ZnDPhP (Fig. $17 in
ESIT). However, this is only a hypothesis that will be explored in
detail in a separate study dealing with zinc dialkylphosphates.

Our previous studies on temperature-dependent structural
changes in aluminum tris(diorganophosphates)*® prompted us
to investigate whether similar changes occur in ZnDPhP. As
shown in Fig. S18 (ESI),T the DSC profile of ZnDPhP contains an
endothermic peak at 162.6 °C in the first heating curve, and the
cooling curve shows the corresponding exothermic signal. The
practical overlap of the endotherms of both heating curves
implies the reversibility of the processes occurring within the
ZnDPhP sample. Considering that all these effects were
observed well below the starting point of ZnDPhP thermolysis
(see Table S2 in ESIT) and that no change in the physical state of
the sample was detected, one can assume that these effects arise
from some type of structural rearrangement occurring in the
solid state. To verify this hypothesis, we carried out VI-PXRD
measurements of ZnDPhP at temperatures up to 235 °C. The
collected diffraction data were used to estimate the ZnDPhP
unit cell parameters. The results are shown in Fig. 3 as well as in
Tables S4-S6 and eqn (S6)-(S13) (ESI).t

Two different crystalline phases of ZnDPhP could be distin-
guished within the investigated temperature range. One
ZnDPhP phase exists from room temperature to ca. 160 °C;
within this temperature region (denoted as A in Fig. 3), ZnDPhP
undergoes a thermal expansion characterized by a gradual

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Effects of temperature on the ZnDPhP unit cell parameters a and ¢ and volume V based on VT-PXRD measurements carried out in heating
(27 °C — 235°C) or cooling (235 °C — 27 °C) mode. The temperature regions in which the low-temperature (A, A’) and high-temperature (C, C')
phases occur are indicated; B and B’ indicate the transition regions. Different phases of ZnDPhP are marked with colors: blue for LT-ZnDPhP and

red for HT-ZnDPhP.

increase in its unit cell volume (V). The corresponding volu-
metric thermal expansion coefficient Sy (defined by eqn (14) in
ESIT)* was 17.5(4) x 10> K™ *. This expansion was not isotropic
and proceeded mainly along the a- and b-axes, whereas the
lattice parameter ¢ was less affected by temperature. Consid-
ering that 8y is a sum of the linear thermal expansion coeffi-
cients along all crystallographic axes (ay, oy, and «,, which are
defined by eqn (15) in ESIT)** and the calculated e, and o, values
of 8.05(21) x 107> K " and 13.3(8) x 10~ ° K™, respectively, for
the low-temperature ZnDPhP phase (LT-ZnDPhP), one can
conclude that thermal expansion coefficients along the a and
b directions are the same («a; = «y).

A transition region (denoted as B in Fig. 3) in which another
crystalline phase of ZnDPhP began to form was observed above
145 °C. Reflections related to both phases are clearly visible in
the PXRD pattern of ZnDPhP in the middle of this region (ca.
160 °C). In contrast, starting at 175 °C (region C in Fig. 3), only
the high-temperature phase of ZnDPhP (HT-ZnDPhP) can be
detected (see Fig. S19 in ESIt). This phase is characterized by
a lower degree of structural order, as evidenced by the widening
of the highest-intensity diffraction peak, the disappearance of
a large number of reflections at 26 angles greater than 10°, and
the presence of a broad halo with a maximum around 20°,
which is typically observed in amorphous samples. In fact, for
HT-ZnDPhP, a reliable estimate is only possible for the
parameter a, which is ca. 6.5% higher than that of LT-ZnDPhP at
the same temperature (see Table S4 in ESIT).

During cooling from 235 °C to room temperature virtually
the same structural changes were observed within the ZnDPhP
sample, although they occurred in the reverse order (ie.,
a transition from HT-ZnDPhP to LT-ZnDPhP). Interestingly, HT-
ZnDPhP was stable in a wider temperature range since the
temperature window in which both crystal phases coexist
(denoted as B’ in Fig. 3) was lowered by approximately 60 °C
when the VT-PXRD measurements were carried out in cooling
mode compared to in heating mode. In addition, a close
correlation was observed between the location of both

© 2021 The Author(s). Published by the Royal Society of Chemistry

transition regions and the position of the previously mentioned
peaks in the respective DSC profiles; the correlation was espe-
cially evident during the heating of ZnDPhP.

It should be noted that the values of both lattice parameters
of the LT-ZnDPhP crystal phase (@ = 12.70-12.72 A and ¢ =
12.53-12.61 A) as well as its unit cell volume (1749-1766 A®)
calculated at 100 K using eqn (S6)—(S8) and (S10)-(S12) (ESI)T
were close to those determined experimentally for ZnDPhP
crystal (see the Experimental section); the differences between
the calculated and experimental values did not exceed 2.5% of
the experimental values. Moreover, the *'P CP/MAS NMR
spectra recorded at temperatures between —50 °C and 75 °C
(Fig. S17 in ESIt) are identical in terms of both the shapes and
locations of the resonance peaks. Both these findings indicate
that the LT-ZnDPhP phase had the same crystal structure as
single-crystal ZnDPhP.

Considering all the presented XRD and DSC data, we
conclude that upon heating from —173 °C to 160 °C, the
ZnDPhP structure underwent a simple thermal expansion
caused mainly by the spatial distancing of its helical chains in
the a/b-direction parallel to the (001) lattice plane. The structure
of the individual ZnDPhP chains changed only slightly with
increasing temperature, resulting in a much slower expansion
of the ZnDPhP unit cell in the c-axis direction. One can expect
this phenomenon to continuously weaken the interchain
interactions (e.g., the van der Waals interactions between
phenyl groups in adjacent ZnDPhP chains). Around 145 °C,
those interactions become sufficiently weak to allow the
ZnDPhP chains to move in the direction parallel to the crystal-
lographic ¢ direction, and a discontinuous change in a was
observed. These new degrees of freedom led to a partial loss of
long-range order along the crystallographic Z axis, but they did
not affect the hexagonal packing of the ZnDPhP chains, and no
change in the physical state of the sample (e.g., melting) was
observed. However, the reflections located at 26 angles higher
than 10° disappeared. A continuation of heating resulted in the
further separation of ZnDPhP chains along the a-axis. Based on
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our calculations, this process was almost three times more
pronounced in HT-ZnDPhP compared to LT-ZnDPhP; the o,
value calculated for HT-ZnDPhP, 21.47(35) x 10> K™ ', was ca.
2.7 times higher than that of LT-ZnDPhP. The above-described
process can be reversed by cooling the sample. Since the LT-
ZnDPhP phase has a lower energy than the HT-ZnDPhP
phase, this leads to the occurrence of an exothermic peak in
the DSC cooling curve. However, such a transformation is
hindered and occurs much more slowly than the opposite
process, likely due to the limitation of ZnDPhP chain move-
ment, especially in the c-axis direction. Since the rate of
temperature decrease during our VI-PXRD and DSC measure-
ments exceeded that of the LT-ZnDPhP reconstruction, this
phase was observed in a region of much lower temperatures
(Fig. S20 in ESIY).

TGA and pyrolysis of ZnMPhP and ZnDPhP

According to the TGA data collected in air, ZnMPhP-A and
ZnDPhP are thermally stable up to 250-260 °C, with the former
being more resistant to heat than the latter (see Table S2 and
Fig. S21-S22 in ESIT). Moreover, the relatively large temperature
range (66-111 °C depending on the compound) between the
beginning of weight loss (the temperature of the bend in the
TGA curve, T,) and the extrapolated onset temperature of
decomposition (Tonser) Observed for both of those compounds
suggests that the initial step in their thermolysis is relatively
slow. On the other hand, once initiated, the thermo-oxidative
degradation of ZnMPhP-A proceeded very quickly and in
a single step; only one peak is observed in the derivative ther-
mogravimetry curve (Fig. S21 in ESI{) above 200 °C, and the
Tonset Of this process differs from the extrapolated endset
temperature (Tengse) by less than 40 °C (see Table S2 in ESIt). In
contrast, ZnDPhP lost its organic content in multiple steps, and
its weight stabilized after thermolysis at approximately 712 °C,
ca. 300 °C higher than the Tepgser 0f ZNMPhP-A.

Based on further TGA studies carried out in argon (Fig. S8A
and S23A and Table S2 in ESI}) the elimination of oxygen from
the atmosphere significantly increased the thermal stability of
ZnDPhP and ZnMPhP-A; their T, and T, values shifted
toward higher temperature by a few tens of degrees Celsius
compared to the measurements conducted in air. Another
interesting phenomenon is the noticeable increase (ca. 5% of
the initial mass of the sample taken for TGA) in residual mass
estimated at 800 °C, which indicates the production of fewer
volatile compounds during pyrolysis. The simultaneous anal-
ysis of the evolved gases by QMS revealed that common features
in the thermal decomposition of ZnDPhP and ZnMPhP-A are
the appearance of signals characteristic of phenol (m/z = 65, 66,
and 94),*' carbon monoxide (m/z = 28),>" and carbon dioxide (m/
z = 44)** as well as the lack of any QMS peaks above the m/z
value of 100 (Fig. S8C, S23B and S23C in ESIf). It should be
noted that phenol was detected throughout the entire process,
corresponding to the loss of the organic component in both
hybrid polymers (Fig. SSE and S23D in ESIt). These findings
indicate that the P-O bonds in the investigated zinc salts broke
down during heating (hence the presence of phenol and carbon
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oxides),* while the splitting of the C-O bonds did not occur.
According to the literature data on TPhP pyrolysis,* C-O bond
splitting should produce phenyl radicals and the products of
their transformations (recombination and condensation reac-
tions), such as biphenyl, naphthalene, and biphenyl ether; no
QMS signals with the m/z values above 100 (ref. 51) were
detected in the evolved gases in this study. However, one cannot
completely exclude the possibility of C-O bond cleavage fol-
lowed by the formation of some polyaromatic moieties because
a significant fraction of carbon appeared in the solid residues
from ZnMPhP-H and ZnDPhP pyrolysis at 600 °C for 6 h (4.79
and 14.97 wt%, respectively).

The PXRD patterns of the pyrolysis residues agreed well with
those of standards from the Powder Diffraction Database,**
confirming that the residues contained either zinc pyrophos-
phate and zinc phosphate (pyrolyzate from ZnMPhP-H, Fig. S24
in ESIf) or zinc pyrophosphate and zinc metaphosphate
(pyrolyzate from ZnDPhP, Fig. S25 in ESI{) as an inorganic
component. The Raman spectra (Fig. S26 and S27 in ESI{)
suggest that the carbonaceous phase in the investigated pyrol-
yzates is composed of graphene layers, as evidenced by the
appearance of the two distinctive graphene bands at ca.
1590 cm ™' (the primary in-plane Cg,-Cgy vibrational mode, the
G mode) and ca. 2700 cm ™' (the 2D mode).**”” However, the
simultaneous occurrence of two additional signals at approxi-
mately 2900 cm™" (a combination D + G band) and 1350 cm ™"
(the D vibrational mode) implies a highly distorted structure of
this graphene deposit. In fact, the Raman spectra of the
ZnDPhP and ZnMPhP pyrolyzates closely resemble those of
nanographene®®® and reduced graphene oxide (rGO),** sug-
gesting that one or both may be present in the investigated
samples.

Electrical properties of the ZnDPhP pyrolyzate

It is well known that nanographene® and rGO” exhibit electron-
conducting properties. Moreover, our study on aluminum
tris(diorganophosphates) showed that even a small fraction of
rGO may be sufficient to form pathways for electrical conduc-
tion in the metal diorganophosphate pyrolyzate.*® This
prompted us to determine if the same phenomenon occurs in
the ZnDPhP pyrolyzate since it contained a larger carbonaceous
fraction than the ZnMPhP pyrolyzate. We estimated both the
sheet electrical resistance (pg,) and bulk electrical conductivity
(op) of composites of ZnDPhP pyrolyzate with PVDF using the
4PP method; the results are summarized in Table 1. The values
of psn and o, were calculated according to eqn (1) and (2),
respectively:

Psh = Rslope X T X (ln 2)71 x Fq x F (1)

oo =psp ' x 1 (2)
where Rgjope is the resistance derived from the slope of the U-I
curve obtained by the 4PP experiment; and F4q and F; are the
geometric correction factors accounting for the size and thick-
ness (¢) of the sample, respectively.”>”> For details of the esti-
mation of Fq and F; see eqn (S16) and (S17) and Table S7 in ESL.{

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sheet electrical resistance (psn) and bulk electrical conduc-
tivity (o) of the PVDF/(ZnDPhP pyrolyzate) composites measured at
25 °C using the 4PP method

ZnDPhP pyrolyzate content

(Wt%) pan” (@ O7Y op x 10> (Sem ™)
95 125.88(3) 6.24(4)

90 84.67(0) 12.9(1)

75 73.89(1) 15.9(4)

50 247.64(1) 5.45(19)

“Q O " denotes “ohm per square”, which is a unit of sheet electrical
resistance.

Based on the data presented in Table 1, the investigated
ZnDPhP pyrolyzate indeed exhibited electrical conductivity, and
conductive paths were formed after its incorporation into the
PVDF matrix. The appearance of a somewhat unexpected
maximum in the g}, value at the filler concentration of 75 wt%
can be plausibly explained by an increase in the brittleness of
the composite at larger loadings of the ZnDPhP pyrolyzate. In fact,
when the concentration of the filler exceeded 95 wt%, the
measurements could not be carried out due to the destruction of
the sample during probe insertion. One can expect that the
formation of microcracks, while not destroying the sample, would
effectively worsen the contact between the sample and the probe
tips, thus artificially increasing the measured value of pg,. Never-
theless, based on the above results, the bulk conductivity of pris-
tine ZnDPhP pyrolyzate should not be less than 0.15 S ecm ™, which
is in between the values reported in the literature for rGO films (ca.
20-100 S ecm™)® and partially reduced graphene oxide 3D
assemblies (ca. 2.5 x 107> S ecm™').™

ZnDPhP and ZnMPhP as components of electro-stimulated
smart materials

Considering the abovementioned structural features of ZnDPhP
and zinc phenylphosphate, particularly the presence of
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electron-rich phenyl groups within their structures, we expected
them to be susceptible to spatial reorientation and ordering
under the influence of an EF. Since such a process should be
reversible, it could provide the opportunity to apply these
structures in so-called “smart materials”, in which a change in
properties is triggered by some external factor. To verify this
assumption we carried out some preliminary studies on the ER
parameters of silicone-based systems containing our hybrid
polymers.

All the investigated compounds formed electrically active
particles that, upon suspension in silicone oil, showed a nega-
tive ER effect. That is, the resistance to flow of the resultant
fluids decreased under the applied EF, as indicated by smaller
values of both shear stress (Fig. 4) and viscosity (n; Fig. S28-S30
in ESIt) at any given shear rate.***®”>7® By taking the results
obtained for a sample not exposed to EF as reference data, one
should be able to evaluate the degree of electro-stimulation for
each of the studied dispersions. However, even for measure-
ments carried out at a constant EF strength (E), the calculated
change in the viscosity of the sample relative to the reference
data (An) varied significantly with the shear rate, effectively
hindering any quantitative analysis. In our opinion, a more
reliable parameter is the average relative change in viscosity at
a given E (Ang), the values of which are presented in Table 2.

Based on the data shown in Table 2, the ZnDPhP- and
ZnMPhP-A-containing dispersions were the most susceptible to
EF, and their viscosities decreased by as much as 30-40% at the
highest value of E. The presence of hydration water in ZnMPhP-
H had an adverse effect on the magnitude of its response to EF,
although the change in viscosity still reached ca. 20%. Gener-
ally, in all systems, the change in viscosity increased as the EF
became stronger. However, for ZnDPhP and ZnMPhP-A, this
relationship was not linear, and the response of viscosity to the
unit change in electric voltage varied with E. The origin of the
negative ER effect in the studied fluids remains unclear.
Usually, two EF-related phenomena are proposed as the main
driving forces behind the viscosity decrease: the
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Table 2 Average relative change in viscosity at a given electric field
strength (Ang) in PDMS100-based dispersions containing 20 wt%
ZnDPhP, ZnMPhP-H, or ZnMPhP-A

Ang” (%)

E=1kvmm ' E=2kvmm ' E=3kvmm
ZnDPhP ~12(3) —29(7) —38(9)
ZnMPhP-H — —7(4) —14(4) —22(4)
ZnMPhP-A  —17(5) —26(6) ~31(6)

n
“ (Bmg) = n" x 3{100 X (Mg = Miger) X Mirer '}, Where ;e is the EF-

induced viscosity measured at a given shear rate i in a dispersion
subjected to a specified E; ;e is the reference viscosity determined
at the same shear rate i but without any EF (E = 0 kv mm ™ '); and n is
the total number of the shear rate values examined for a given E.

electromigration and electrorotation (Quincke rotation) of
particles suspended in a highly insulating liquid.***® Here, we
cannot determine exactly which of these two options applies to
our systems. However, the former should result in the electro-
phoretic accumulation and precipitation of solid particles on
the surface of one or both electrodes, and we did not detect any
sign of such a process; even after the measurements at the
highest E values, our dispersions retained their homogeneity,
and the electrodes were free of any solid depositions.

To gain further knowledge of the reversibility of the observed
ER behavior, we recorded the curves of viscosity vs. time for our
systems while periodically changing E from 0 to 2 kV mm™" in
constant time intervals. As shown in Fig. 5, all samples exhibi-
ted good stability and repeatability in their response to the EF,
although some differences were observed in the rates of
processes occurring in the systems when turning the electric
voltage on or off. Generally, the decrease in viscosity caused by

E,=2kVmm™

E,=0kvmm™’ ’ \ ’ \ ’ \ ’

1.7 -
1.6 -
15
1.4
13
1.2
11
1.0

Viscosity (Pa s)

0.3

0.2

0 100 200 300 400 500 600 700 800 900
Time (s)

Fig. 5 Impact of cyclic changes in the EF strength on the viscosity of
PDMS100 (M) and its dispersions containing 20 wt% ZnDPhP (A),
ZnMPhP-H (e), or ZnMPhP-A (¢). The EF profile is depicted as a solid
red line. For clarity of presentation, the viscosity axis is broken in the
0.5-1.0 Pa s region and the scale factor for the depicted axis regions
(upper to lower) is ca. 0.4.
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the activation of the EF occurs much faster than the opposite
process occurring when the electric voltage is turned off. This
was especially evident for the ZnMPhP-A-based dispersion, for
which the return to the initial viscosity required nearly the
whole E = 0 kv mm " interval and effectively slowed with time.
In the other two systems, the rheological properties stabilized
more quickly, with stabilization occurring the fastest in the
dispersion containing ZnMPhP-A (ca. 42 s). The ZnDPhP-based
dispersion required more than twice as much time (ca. 90 s) for
rheological stabilization. As mentioned earlier, when activated
by EF, the internal structures of all three fluids were rapidly
reorganized, and a large drop in their viscosities occurred
almost completely within 20 s (for ZnMPhP-A) to 40 s (for
ZnDPhP) after the activation of the EF. Considering both the
magnitude and rate of the observed transformations, one can
conclude that the most promising “smart” system is the one
based on ZnMPhP-H; its viscosity changed by about 20% upon
switching the electric voltage on or off, and both operations
proceeded at almost the same rate.

The viscosity-temperature plots presented in Fig. 6 reveal an
interesting feature that distinguishes the ZnDPhP-based
dispersion from the dispersion containing ZnMPhP-A. When
no EF was applied, the viscosity of the ZnDPhP-based disper-
sion decreased continuously during heating to approximately
140 °C. As heating continued, 7 began to vary, eventually
leading to a drastic drop in 7 (ca. 66%) between 155 °C and
162 °C. No such behavior was observed in the other system
indicating that this phenomenon is unique to ZnDPhP. Since
the temperature window in which the drop in n occurs practi-
cally coincides with the phase transition from the LT- to HT-
ZnDPhP crystal form, one can expect that HT-ZnDPhP contrib-
utes significantly to the reduction in viscosity. It is possible that
the weak interchain interactions in this temperature region
facilitate the destruction of large ZnDPhP particles, thereby
decreasing the resistance of the system to flow. However, this is
a mere hypothesis that requires further experimental verifica-
tion. Interestingly, in the case of a dispersion subjected to an

5_: 20 wt% ZnDPhP = 20 wt% ZnMPhP-A
4-
i
S 34
— 4
X
z ]
> ]
1
1 Shear rate: 100 s™ s —
ARG RAGA) NERRH R ARl REEAN AR LSS REka) Rasal AR 2R RARC
50 70 90 110 130 150 170

Temperature (°C)

Fig. 6 Effect of temperature on the viscosity curves of PDMS100
dispersions containing 20 wt% ZnDPhP (solid lines) and ZnMPhP-A
(dashed lines). The measurements were carried out in a plate—plate
geometry at £ = 0 kV mm™* (blue lines) and E = 2 kV mm™? (red lines).
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Table 3 Viscoelastic parameters of PDMS-based composites containing 1 wt% hybrid fillers and cured at different EF strengths

Filler type” Gy’ (kPa) AG'C (%) G (kpa) AG"¢ (%) tan(6),” x 102 Atan(6) (%)
1D 50.228 —-35 9.352 —26 18.6 15
2D 29.923 41 4.712 82 15.7 30

“ Abbreviations: 1D, ZnDPhP; 2D, ZnMPhP-A. ® Value of a given parameter measured for the sample cured without any EF. ¢ Changes in the value of
a given parameter a caused by EF operating during the crosslinking of the sample and calculated from the equation Aa = 100 x (ao5 — ao) X ao *, in
which the number in the index denotes the strength of the applied EF (in kv mm ™).

EF, no sudden drop in the viscosity was detected; in contrast,
above ca. 140 °C, a slight increase in the measured 7 value was
even observed.

The results of our further studies indicate that the investi-
gated PDMS-based systems maintained their susceptibility to
the EF stimulus to some extent, even in a solid state. Fig. S31
and S32 (ESI) and Table 3 present selected viscoelastic prop-
erties of the cured PDMS composites containing 1 wt% of our
hybrid polymers. The properties were measured in oscillatory
mode with a periodic change in E. The moduli describing the
elastic (storage modulus, G') and viscous (loss modulus, G”")
components of the sample's behavior were greatly affected by
EF, mainly during crosslinking. Even when a low-strength (0.5
kv mm ') EF was applied, the G’ and G” values of the composite
were easily changed by about 25-80% (Table 3). Interestingly,
the effect on viscoelasticity depends on the type of filler present
in the sample; when activated by EF during curing, the 1D
ZnDPhP particles caused decreases in both moduli (with the
elastic modulus being more strongly affected), whereas the 2D
ZnMPhP-A particles gave rise to the opposite effect. Neverthe-
less, in both cases, the viscous properties of the samples
increased since under the influence of EF, the values of the
damping factor tan(é), which is defined as the ratio of G” to G’
and describes the material's ability to viscous energy dissipa-
tion, were increased by ca. 15-30%.

Based on an analysis of the viscoelastic behavior of the cured
PDMS-based composites subjected to periodic changes in EF
(Fig. S31 and S32 in ESIt), one can conclude that constraining
ZnDPhP or ZnMPhP-A particles within a covalently bound sili-
cone 3D polymer network strongly diminished the susceptibility
of the system to future activation by an EF. Surprisingly, even
the reference sample (an unfilled PDMS matrix) showed some
response to the applied EF (E = 3 kv mm ™), likely due to the
presence of some polarizable functional groups incorporated
into the 3D polymer network with the curing agent. Changes of
similar type and magnitude were observed for the 1 wt%
composites cured under EF but not in their analogues cross-
linked without EF. This suggests that the ER effect of the sili-
cone matrix was compensated by the opposite effect arising
from the orientation of hybrid particles in the EF applied during
the test. The preorientation of the particles at the curing stage
could prevent such a phenomenon by making further move-
ments in the solid matrix (activated by EF) less likely. This is
especially true given that the lines of the EF were oriented in the
same direction (perpendicular to the sample surface) during
both the crosslinking of the silicone matrix and the subsequent

© 2021 The Author(s). Published by the Royal Society of Chemistry

ER test. It is interesting to note that the volumes of all tested
samples changed reversibly in a direction perpendicular to the
sample surface, as evidenced by the decrease in the normal
force (Fy) after EF activation (see Fig. S31 in ESIt). Moreover,
this effect seems to accumulate in the ZnDPhP-containing
composites, causing Fy to get smaller with each subsequent
test cycle. However, the source of this phenomenon remains
unclear and requires further study.

Conclusions

We have reported simple synthetic procedures for the prepa-
ration of crystalline polymeric zinc phenylphosphates with 1D
or 2D architectures. The 1D particles of ZnDPhP are constructed
from homochiral helices of ZnO, tetrahedra connected by
double bridges composed of diphenylphosphate units. The
linear chains are packed closely in a hexagonal lattice with the
organic groups directed outwards. When heated, this structure
undergoes a thermal transition at ca. 160 °C, resulting in its
expansion, which mainly occurs perpendicular to the c-axis (the
axis of symmetry of the ZnDPhP chain). A reverse process occurs
during cooling, although it appears in a lower-temperature
region (around 100-110 °C). ZnDPhP is thermally stable up to
about 250 °C. The pyrolytic decomposition of this polymer
results in the formation of an electrically conducting carbon
deposit on the zinc phosphate core. The conductivity of this
material is higher than 0.15 S em ™, which is sufficient for its
practical application as a conducting filler in polymer
composites.

The interaction of zinc cations with [PhOPO;]*~ anions
results in the precipitation of zinc phenylphosphate mono-
hydrate with the general formula Zn(O;POPh)-H,0. The PXRD
and SEM analyses of the precipitate suggest that this compound
has a layered structure in which the phenyl groups separate
adjacent sheets comprising ZnO, tetrahedra and water mole-
cules. We found that the water molecules can be easily removed
from the zinc coordination sphere and replaced by primary
amines. Although the exact binding mode of these auxiliary
ligands is not known, we think that this type of ligand-exchange
reaction may offer a simple synthetic path for the further
functionalization of layered zinc phenylphosphate.

The particles of both linear and layered zinc phenyl-
phosphates are reversibly polarized when subjected to an
external EF. Their suspensions in silicone oil show negative ER
effects, meaning that the rheological parameters of the fluid
(e.g:, viscosity and shear stress) decrease significantly under an

RSC Adv, 2021, 11, 7873-7885 | 7883
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applied EF. Preliminary observations indicate that the re-
orientation of the zinc phenylphosphate particles caused by the
EF may deteriorate some of the mechanical properties and
decrease the density of the 3D polymeric network. We think that
these effects could be especially prominent in solid composite
films with micrometer-scale thickness prepared by spin-coating
or tape-casting methods. However, their successful preparation
will require the careful optimization of the filler particle size, as
well as some changes in how the particles are dispersed in
silicone oil (e.g., preparation of the composite using mechanical
or ultrasonic homogenizers).

Current work in our research group is aimed at under-
standing the effect of the types of metal centers and organic
ligands on the structures formed by metal organophosphate
hybrid polymers as well as the ER properties of polymeric
matrices doped with their particles. We are also focused on
finding new electrically conducting fillers that can be obtained
via the controlled pyrolysis of metal organophosphates.
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