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1 | INTRODUCTION

| Ekaterina K. Lobanovskaia®

| Sergey O. Kirichenko' @ |

| Regina M. Islamova’

Self-cross-linkable ferrocenyl-containing polymethylhydrosiloxanes were syn-
thesized. Karstedt's catalyst and cis-[PtCl,(BnCN),] were examined as cross-
linking catalysts at room temperature for the reaction between Si-H groups
of the ferrocenyl-containing polymethylhydrosiloxanes. Cis-[PtCl,(BnCN),] is
an effective catalyst that allows cross-linked ferrocenyl-containing silicones
(silicone rubbers) to be obtained with no visible mechanical defects (bubbles
or cracks) compared with Karstedt's catalyst. The ferrocene content of the
ferrocenyl-containing silicone rubbers was found to be approximately 50 wt.%
by energy-dispersive X-ray analysis. Compared with cross-linked non-
modified polymethylhydrosiloxanes, the ferrocenyl-containing silicone rubbers
exhibited improved tensile properties (the tensile strength increased from 0.47
to 0.75 MPa) and a 1.5-2.5 times lower cross-linking degree. The surface resis-
tivity of the ferrocenyl-containing silicone rubbers (50 wt.% ferrocenyl units)
was approximately 7 X 10° Q/[], which was 10,000 times lower than that of
pure polymethylhydrosiloxane. The obtained flexible electroactive ferrocenyl-
containing silicone rubbers can potentially be applied as coatings for electronic
and electrostatic-sensitive devices, interfaces, and sensors.
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An application of silicone composite coatings offers
an excellent opportunity to meet the aforementioned

The development of flexible electroactive coatings has
aroused considerable research interest owing to their
promising applications as electrostatic discharge (ESD)
protective materials for electrostatic-sensitive devices
and power lines,!''% active layers for modern sensing
electronic devices, 1171 stretchable
supercapacitors,!'®1%1° and biomedical implants.['7-?*-
22| Electroactive coatings are usually polymer composites
with conductive fillers." 2! The composites must be non-
toxic, environmentally friendly, economical in use, and
thermally and chemically stable.!™?!

requirements. Polysiloxanes are well known as excellent
insulators that exhibit high flexibility and good adhesion
to a wide range of substrates and possess substantial
weather and biofouling resistance.!**”! The use of con-
ductive fillers such as carbon nanotubes and nanofi-
bers,[11_13’16’20] graphite,[lo’zgl graphene,[13’15’16]
metals, and m-conjugated polymers!®!317!
tributes to transforming a typical dielectric into a semi-
conductor (conductivity of approximately 10°-107'° S/
cm!10131617:22) " The fillers are applied to prevent the
long-term preservation of excessive static electrical

[10,13,16,22] con-
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charges, which create severe hazards in industries (such
as risks of explosions),”*”! and for energy storage.['151°]
The general disadvantage of these fillers is that they
promote the irregular distribution of conductive parti-
cles in a silicone matrix, which leads to delamination
of the polymer composite.*>*!! Moreover, some used
fillers (e.g. silicon carbide, carbon black, and graph-
ite)*>31 are toxic and usually spoil the mechanical
properties of the material, such as the strength and ten-
sile elongation.*!

The preparation of curable silicone co-polymers that
contain electroactive fragments chemically attached to a
silicone backbone is of considerable demand. In addition,
integrating metals into a polymer chain can influence its
electronic and optical properties.!**}! For instance, some
cyclic,®*371  linear,3*3%!  and  dendritic!3*304647)
oligo/polysiloxanes and silsesquioxanes.!*”*3!  with
redox-active ferrocenyl moieties have been synthesized.
However, the ferrocenyl-containing oligosiloxanes are lig-
uid and cannot be used as coatings and active layers for
electrical devices. To address this problem, a silicone co-
polymer should be cross-linked by active functional
groups'*®! in its structure.

A literature survey indicated that there are no investi-
gations into the cross-linking of ferrocenyl-containing
polysiloxanes.  Nevertheless, self-cross-linking was
observed for hydride-containing polysiloxanes in our pre-
vious work.!*”! Hence, it is a challenging task to synthe-
size silicone materials that are self-cross-linkable by Si-
H groups, are made electroactive by ferrocenyl moieties,
and exhibit flexibility.

Thus, the general aims of this study are (i) to obtain
and cross-link poly[methylhydrosiloxane-co-methyl(2-
ferrocenylethyl)siloxanes] using Karstedt's catalyst and
cis-[PtClL,(BnCN),] (Bn = PhCH,)!**; (ii) to investigate
both the cross-linking degree by swelling measurements
and the mechanical properties of the cross-linked prod-
ucts (silicone rubbers); (iii) to analyze the ferrocene con-
tent in the cross-linked ferrocenyl-containing
polymethylhydrosiloxanes; (iv) to explore their electrical
resistance by impedance measurements; and (v) to pro-
pose a possible mechanism of conductivity.

2 | EXPERIMENTAL

2.1 | Materials and methods
a,w-Di(trimethylsiloxy)polymethylhydrosiloxane
(PMHS) (number average molecular weight M,, = 1700-
3200, viscosity 12-45 cSt, Sigma-Aldrich, St. Louis, USA),
a,w-di(dimethylvinylsiloxy)polydimethylsiloxane

(PDMS-v) (number average molecular weight

M, = 19,000, viscosity 850-1150 cSt, Sigma-Aldrich, St.
Louis, USA) and platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution 0.1 M in xylene
(abcr GmbH, Karlsruhe, Germany) were purchased from
commercial suppliers and fully characterized by nuclear
magnetic resonance (NMR) spectroscopy before usage.
Ferrocene (Shanghai Macklin Biochemical Co., Shang-
hai, China), acetyl chloride, aluminum chloride, sodium
carbonate, anhydrous sodium sulfate, lithium alanate,
hydroquinone, blue copper sulfate, 40% hydrofluoric acid,
30% hydrogen peroxide, diethyl ether, hexane, toluene,
benzene, and dichloromethane (Vekton, Saint Peters-
burg, Russia) were purchased from commercial suppliers
and were used as received. Anhydrous solvents were
freshly distilled (CH,Cl, over CaH,, Et,O over LiAlH,,
and benzene over Na/benzophenone). Copper sulfate
was thermally dehydrated. Cis-[PtCl,(BnCN),] and
vinylferrocene were prepared according to the published
methods!**?! (see Supporting Information; Figures S2
and S3).

Thin-layer chromatographic analysis was carried out
on silica gel chromatography plates (Macherey-Nagel
ALUGRAM UV254; sorbent: silica 60, specific surface
area 500 m”/g, mean pore size 60 A, specific pore vol-
ume 0.75 ml/g, particle size 5-17 mm; binder: highly
polymeric product, which is stable in almost all organic
solvents and resistant to aggressive reagents). Column
chromatography was performed on silica gel (0.04-
0.063 mm, 60 A, CAS 7631-86-9) and on neutral alumi-
num oxide (LL 5/40, Vekton, CAS 1344-28-1). NMR
spectra were recorded on Bruker AVANCE III 400 spec-
trometers in CDCl; at 25 °C (at 400 MHz for 'H,
100 MHz for *C, 80 MHz for *°Si NMR spectra, respec-
tively). Chemical shifts are given in &-values (ppm) ref-
erenced to the residual signals of non-deuterated
solvent (CHCL): 8 7.26 (*H) and 77.2 (*3C). For 'H
NMR, the resonance multiplicity was described as s
(singlet), d (doublet), t (triplet), and m (multiplet).
Solid-state NMR (SSNMR) spectra were obtained using
a Bruker AVANCE III 400-MHz WB (three-channel
SSNMR  spectrometer with magnetic resonance
imaging/diffusion capability) operating at 400.23 MHz
for '"H (16 scans), 100.64 MHz for '*C (2000 scans),
and 79.51 MHz for *Si (2000 scans) under magic-angle
spinning conditions with spin rates of approximately
12,500 Hz. **C and *°Si SSNMR spectra were recorded
with cross-polarization (typically with a recycle delay
of 2 s and a contact time of 2.0 ms) and direct excitation
(typically with a recycle delay of 5 s) with 'H
decoupling. 'H spectra were obtained with direct excita-
tion. Samples were run as prepared, and spectral
referencing was performed with respect to external, neat
tetramethylsilane. Tension tests were carried out on a
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Shimadzu EZ-L-5kN universal testing machine at a con-
stant cross-head speed of 50 mm/min (tension testing of
samples). Surface resistivity measurements were per-
formed with a Mitsubishi Hiresta-UP MCP-450HT elec-
trometer using standard ring-shaped URS probes with
samples prepared via the aforementioned method. At
least three measurements were made on each sample;
the final readings were performed 10 s after 1000-V volt-
age application.

2.2 | Synthesis of a,w-trimethylsiloxypoly
[methylhydrosiloxane-co-methyl(2-
ferrocenyl-ethyl)siloxane]s

Ferrocenyl-containing polymethylhydrosiloxane
with Karstedt's catalyst (FS1). Vinylferrocene (1.5 g,
7.08 mmol) was added to a benzene solution (10 ml)
containing 20 ul of a 0.1 M solution of Karstedt's cata-
lyst in xylene in a tube under argon atmosphere. The
mixture was stirred at room temperature (RT) for
approximately 1 hr. A gentle stream of argon was
blown through the solution for a few seconds. A solu-
tion of PMHS (849 mg, 14.15 mmol of —-OSiHCH;-
units) in dry benzene (10 ml) was added dropwise over
a period of 1 hr. The contents of the tube were sealed
and stirred at 40 °C for 24 hr. During this time, the
original orange color of the solution darkened to
orange brown. The solvent was removed under reduced
pressure. Yield: 100%; brown viscous liquid. '"H NMR
(400 MHz, CDCl;, 8, ppm): 0-0.40 (broad s, CH3Si),
0.90 (broad, 2H, -CH,CH,-), 2.41 (broad, 2H, -
CH,CH,-), 4.00-4.30 (broad, 9H, Cp, CsH,), 4.83
(broad s, 1H, Si-H). The "H NMR spectra showed that
the molar content of ~OSiHCH;- units was approxi-
mately 50% (Figure S7, Supporting Information). *C
NMR (100 MHz, CDCl;, 8, ppm): 0-2.5 (CH;Si), 18.8
(=SiCH,CH,Cp,Fe), 22.7 (=SiCH,CH,Cp,Fe), 67.7
(3,4-CpCH,CH,-), 68.1 (2,5-CpCH,CH,-), 69.1 (Cp),
92.7 (ipso Cp) (Figure S8, Supporting Information).
*Si NMR (80 MHz, CDCl;, 8, ppm): —37 (-
OSiHCH;-), —22 [-0Si (CH;)(CH,CH,Cp,Fe)-], 10
(end groups [CHs]sSi-) (Figure S9, Supporting
Information).

Ferrocenyl-containing polymethylhydrosiloxane
with cis-[PtCL,(BnCN),] (FS2) was synthesized using
the same method described earlier for FS1. The differ-
ences are (i) the use of cis-[PtCl,(BnCN),] (20 ul of
0.1 M cis-[PtCl,(BnCN),] in dichloromethane) instead
of Karstedt's catalyst (20 ul of 0.1 M Karstedt's catalyst
in xylene) and (ii) dichloromethane as a solvent instead
of benzene.

Applied
Wi LEY_OEganometallic_l3—°f9

Chemistry
2.3 | General cross-linking procedure

The concentrated solution of FS1 (500 mg) in benzene or
FS2 (500 mg) in dichloromethane was poured into a
polytetrafluoroethylene mold measuring 36 mm
length X 14 mm width X 3 mm height and dried at RT
for 12 hr followed by drying at 80 °C for 5 hr. Cross-
linked products were obtained: ferrocenyl-containing sili-
cone rubber with Karstedt's catalyst (FSR1) and
ferrocenyl-containing silicone rubber with
cis-[PtCl,(BnCN),] (FSR2). The final concentration of
the catalysts in FSR1 and FSR2 was 107> M.

The preparation of the cross-linked PMHS, catalytic
hydrosilylation cross-linking of FS1/PDMS-v and FS2/
PDMS-v mixtures, preparation of ferrocene-PMHS mix-
tures (Figure S1), the procedures for density determina-
tion and swelling measurements are described in the
Supporting Information (see the “Experimental” section).

2.4 | Impedance measurements

Samples for electrical conductivity measurements were
prepared in the form of round plates with a fixed diameter
of 30 mm and thickness from 0.2 to 0.4 mm. The sample of
liquid polysiloxane was cross-linked on one round plate
via the procedure described earlier followed by 10-nm car-
bon film thermal sputtering in Quorum Technologies
Q150 TES sputter coater to ensure full surface contact.
The samples were then covered with a second gold-plated
brass electrode in a sandwich structure. The measure-
ments of alternating current-specific electrical conductiv-
ity were performed with a Novocontrol Alpha Broadband
Dielectric spectrometer and a BDS1100 shielded sample
cell providing constant clamping pressure to sample the
sandwich structure. The temperature of the sample plate
was adjusted by evaporated liquid nitrogen flowing
through gas heaters. The precision of the temperature con-
trol was better than 0.1 °C, and the samples were allowed
to reach thermal equilibrium before the conductivity
experiment for at least 300 s at 20 °C. The measurement
sequence included a frequency sweep (1000.0-0.1 Hz; 10
points per decade) with 30-mV signal amplitude. At least
five meterings were made per frequency step followed by
median-specific resistance averaging.

Broadband dielectric spectroscopy was used to study
the details of the conductivity mechanisms in FSR2.
However, in conductive polymer systems, the presence
of impurities, electrode polarization, and space charge
separation phenomena usually lead to distortion or even
full obscuration of relaxation peaks in the ¢ (complex
dielectric permittivity) representation. To overcome such
difficulties, it was decided to use the electric modulus
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formalism, which is extensively used to interpret conduc-
tivity effects in ionic and polymeric conjugated conduc-
torsi®>** even despite divergent views regarding its
applicability.*>*°! The electric modulus (M*) is defined
as the inverse complex function of dielectric permittivity
and is given as follows:

1 £

. e , "
M===- — + i =M +iM 1
g €242 247 @

The use of this approach focuses on the study of electric
field E relaxation under constant displacement vector D
rather than revealing D relaxations with small constant
field E in the classic dielectric permittivity method. This
approach has two advantages in the investigation of sys-
tems with mobile charges: (i) it allows low-frequency
electrode effects to be overwhelmed and allows focus on
small changes against large effects on the background;
and (ii) the electric conductivity relaxation is separated
into individual peaks in the M" versus frequency plot.
Because the real and imaginary parts of the complex
modulus function are interrelated via Kramers-Kronig
relations, we concentrate on investigating the imaginary
part M” as a more convenient representation.

3 | RESULTS AND DISCUSSION
3.1 | Cross-linking of the
ferrocenyl-modified PMHSs and NMR
characterizations

FS1 and FS2 were synthesized by catalytic
hydrosilylation between PMHS and vinylferrocene
(Scheme 1). The molar ratio of the Si-H groups and
vinylferrocene was selected so that 50% of the hydride
Si-H groups remained unreacted. FS1 and FS2 were ana-
lyzed by 'H, '*C, and *°Si NMR spectroscopy and com-
pared with PMHS and vinylferrocene (Figures S2-S9,
Supporting Information). The 'H NMR spectra of FS1
and FS2 showed two peaks at & 0.90 ppm and 2.41 ppm,

corresponding to Cp,FeCH,CH,Si= (Figure S7,
Supporting Information). **Si NMR analysis of FS1 and
FS2 showed a new single peak at —22 ppm corresponding
to 2-ferrocenylethyl-substituted silicon Cp,FeCH,CH,Si=
(Figure S9, Supporting Information).

The self-cross-linking of FS1 and FS2 was carried out
at RT for 12 hr, followed by drying of the cured rubber
at 80 °C for 5 hr on a template (Scheme 1). The obtained
FSR1 and FSR2 were characterized by non-tackiness, a
red-brown color, and distinct flexibility (Figure 1). The
concentrations of both catalysts were 107> M. FSR1 and
FSR2 were analyzed by 'H, *C, and *°Si SSNMR spec-
troscopy (Figures S10-S15, Supporting Information) and
compared with FS1 and FS2 (Figures S7-S9, Supporting
Information). The *°Si SSNMR spectra of FSR1 and
FSR2 showed new peaks at —26 ppm corresponding to
Si-Sil*”! and at —56 ppm and — 66 ppm corresponding
to O-trisubstituted silicon atoms!***7*%! (Figures S12,
S15, Supporting Information). The self-cross-linking of
FS1 and FS2 is possibly similar to that of PMHS!*! (Fig-
ures S16-S21, Supporting Information) and takes place
through platinum-catalyzed Si-Si
dehydrocoupling!*>**”! and autoxidation of Si-Si bonds
in air*>>-°! (Scheme 2).

In contrast to FSR1, FSR2 is a red-brown transparent and
smooth material with no visible structural defects, such as
bubbles and cracks (Figure 1). Karstedt's catalyst demon-
strates higher activity than does cis-[ PtCl,(BnCN),], resulting
in premature cross-linking. This result is in good agreement
with our previous studies.?***?74°!  The bis-nitrile
platinum(II) complex is obtained according to the well-
known published method®>*! and is soluble in
chloroorganic solvents such as CH,Cl, and CHCls.
cis-[PtCl,(BnCN),] is a more shelf-stable and moisture/air-
insensitive and less active platinum(II) complex than
Karstedt's catalyst. These facts make cis-[PtCl,(BnCN),] a
preferable alternative to Karstedt's catalyst in the cross-
linking of the observed ferrocenyl-containing polysiloxanes.

The preparation of ferrocenyl-containing silicone rub-
bers by a “classical” two-component hydrosilylation

L ach, @\\( NaBH, ‘ cso, 7 P

Fe ———— Fe O ——— Fe OH “toiuene Fe

<y CHCOCH by MeOH i ey S St 47 Nd ses-
Pl O ket O

Ssit%si1%si” Jo... jo.lo..
-~ ‘IJ[ b |/]' i :5;,{' s.\/ Hs.\t s‘<
+

NUIVAN
[Pt] [Pt
argon, cross-linking
L~ wcc ‘ ."‘%1 1.RT,12h
Fe Fe 2. drying,
< ==\ 80°C, 5h
template

Karstedt's catalyst

O™ a

P

oA

Cis-[PtCl,(BnCN);]

t
Cl

SCHEME 1 Schematic displaying the stepwise procedure for the synthesis of the ferrocenyl-containing silicone rubbers.
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FIGURE 1 Photos of ferrocenyl-
containing silicone rubbers with Karstedt's
catalyst (FSR1) and with cis-[PtCL,(BnCN),]
(FSR2)

approach (using FS1 or FS2 and PDMS-v) was unsuc-
cessful due to poor miscibility of the ferrocenyl-
containing and vinyl-containing components, which
leads to low-quality (defective and heterogeneous) rub-
bers with a lower ferrocene content than in FSR1 and
FSR2.

Consequently, the reactions between Si-H groups rep-
resent a new cross-linking method for polysiloxanes!*”!
that provides the opportunity to use one-component
silicone curing systems at RT. It can also be used when-
ever the preparation of a two-component mixture of the
catalytic hydrosilylation is impossible due to poor solubil-
ity of components. This cross-linking approach can be
applied to obtain new functional materials, in particular,
heterogeneous reducing agents[éz] and/or electroactive
ferrocene-containing silicone rubbers.

3.2 | Swelling properties

FSR1 and FSR2 do not dissolve in organic solvents (tolu-
ene or benzene) but only swell in them. The density (o) of
the silicone rubbers was estimated by the pycnometer
method for the calculation of the swelling parameters.
As expected, there is a correlation between the values of
the swelling percentage (s), soluble fraction (wy,), and
volume fraction of the polymer in the swollen sample
(v). The greatest s and wy,; values and the smallest v value
are listed for each series of FSR1 and FSR2 networks in
comparison with those of cross-linked PMHS (Table 1).
The degree of cross-linking for the ferrocenyl-containing
rubbers is 1.5-2.5 times lower than that for the cross-

V\,,
SR
H Fe Ol
[Pt
\H \i @>

Fe

Chemistry

linked PMHSs. Obviously, the initial co-polymers FS1
and FS2 contain fewer Si-H groups than does PMHS.
This fact leads to the formation of fewer cross-links
between Si-H groups than that when polysiloxane with-
out ferrocene fragments is used.

3.3 | Tensile properties

The elastic properties of FSR1 and FSR2 include a rela-
tively higher elongation at break (¢) but a higher tensile
strength (o) than that of samples of the cross-linked
PMHS (Table 1). For FSR1 and FSR2, the o values are
0.89 and 0.75 MPa, and the ¢ values are 130% and 120%,
respectively. These results are in agreement with the
aforesaid swelling properties. The tensile properties of
FSR1 and FSR2 are better than those of the PMHS cases.
The inclusion of ferrocenyl fragments increases the ten-
sion of the samples by approximately two to five times
and the elongation by up to 25% (in the case of Karstedt's
catalyst). However, for the ferrocenyl-containing samples
cross-linked using cis-[PtCl,(BnCN),], the elongation ¢
remains almost unchanged compared with that of sam-
ples cross-linked using Karstedt's catalyst.

3.4 | Ferrocene content

The molar content of the ferrocenyl-containing unit ~OSi
(CH,CH,Cp,Fe)CH;- in FS1 and FS2 established by 'H
NMR analysis (the integral ratio Cp,Fe:SiH = 9.0:1.0,
Figure S7, Supporting Information) is approximately 50%.

>

Fe Fe
.. -Oo IO,lq
autoxidation \ \
- o
air O, Si/ \S'
Ll‘O’ | "0~ b

SCHEME 2 Possible cross-linking ways of ferrocenyl-containing polymethylhydrosiloxanes
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TABLE 1 Swelling and tensile properties of the silicone rubbers

Silicone rubber p (g/ml) s (%)

FSR1 1.11 + 0.04 195 + 10
FSR2 1.11 + 0.04 198 + 10
Cross-linked PMHS* 1.05 + 0.04 121 + 6
Cross-linked PMHS" 1.04 + 0.04 159 + 8

*PMHS cross-linked with Karstedt's catalyst.
PPMHS cross-linked with cis-PtCl,(BnCN),.

Wior (%) v £ (%) o (MPa)

234 + 0.8 0.35 + 0.01 130 + 10 0.89 + 0.07
26.4 + 0.6 0.33 + 0.01 120 + 10 0.75 + 0.06
0.5+ 0.1 0.80 + 0.07 105+ 5 0.20 + 0.01
6.8 +£ 0.1 0.54 + 0.05 110 £ 5 0.47 + 0.02

PMHS, a,w-di(trimethylsiloxy)polymethylhydrosiloxane; p, density of a silicone rubber; s, swelling percentage of a silicone rubber; wy,;, soluble fraction of the
swollen polymer; v, volume fraction of the polymer in the swollen sample; ¢, elongation at break; o, tensile strength.

Because the broad signals of the silicone rubbers in the
'H SSNMR spectra cannot be integrated correctly, the
iron content of FSR1 and FSR2 was estimated by
energy-dispersive X-ray (EDX) spectroscopy with prior
calibration using solutions of ferrocene in PMHS within
the determined concentration range (Table SI,
Supporting Information). The iron content and ferrocene
content in the samples are 14.72 + 0.02 wt.% and
48.91 + 0.02 wt.%, respectively. Thus, the results of the
EDX measurements are in good agreement with the "H
NMR data of FS1 and FS2.

3.5 | Electrophysical properties and
conductivity mechanism

Because the quality of FSR2 is better than that of FSR1,
electrophysical studies were performed for only FSR2.
The electrical resistivity of FSR2 was studied using broad-
band impedance spectroscopy, which measures the elec-
trical conductivity of solid materials using a high-
frequency current (from 10" to 10° Hz). For studying
conductivity, FS2 was directly cross-linked on an elec-
trode, thus making FSR2 as the most optimal sample
(both on cross-linking and electrical conductivity). The
cross-linked PMHS with cis-[PtCl,(BnCN),] and its mix-
ture with 5 wt.% ferrocene (a solid solution of ferrocene
at maximum possible concentration in PMHS, Figure
S1, Supporting Information) were tested as reference
samples.

TABLE 2 Electrophysical properties of samples at 25 °C

Surface resistivity,

Silicone rubber 1 x 10° Q/[]
FSR2 (50 wt.% ferrocenyl units) 7
Mixture of PMHS with 5 wt.% ferrocene 20
Cross-linked PMHS 98,000

PMHS, «,w-di(trimethylsiloxy)polymethylhydrosiloxane.

It has been demonstrated that the surface resistivity of
the tested FSR2 samples was approximately 10° Q/[]
(Table 2), similar to that of ESD protective mate-
rials, 1% and is approximately 10,000 more than that
of the cross-linked PMHS. Comparison of the specific
bulk conductivity of FSR2 with that of reference sample
of the cross-linked PMHS at 25 °C clearly shows that
FSR2 is more conductive (approximately four times;
Figure 2a). Notably, the conductivity of FSR2 has a
metal-like form at a low frequency range up to 10 Hz that
remains independent of frequency changes. In addition,
at elevated temperatures, the conductivity curves have
the same appearance. Specific bulk conductivity of
PMHS with 5 wt.% ferrocene mixture is almost the same
as cross-linked PMHS (Table 2).

Broadband dielectric spectroscopy was applied to elab-
orate details of the conductivity mechanism in FSR2.
Figure 2b shows the dependence of the imaginary electric
modulus part (M") on the frequency (f) at several temper-
atures. It can be seen that below 0 °C, the magnitudes
and positions of the peaks are nearly constant. As the
temperature increases above 0 °C, the maxima shift
toward higher frequencies with a simultaneous decrease
in magnitude.

At the same time, the masterplot of the normalized
imaginary modulus versus normalized frequency
(Figure 2c) clearly shows a practically constant shape of
the conductivity peak without asymmetry and widening.
In our opinion, this behavior of the conductive polymer
confirms the material having an electron hopping or

Specific volume resistivity
at 1kHz, 1 X 10° Q cm

Specific bulk conductivity
at 1 kHz, 1 X10~° S/cm

5 3.25
900 0.98
966 0.74
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FIGURE 2 Electrophysical properties of the silicone films: (a) the frequency dependence of conductivity at 25 °C: 1, FSR2; 2, mechanical
mixture of PMHS with 5 wt.% ferrocene; 3, cross-linked PMHS (without additives); (b) imaginary electric modulus part of FSR2 at different
temperatures; (c) masterplot of normalized imaginary electric modulus part M” versus normalized frequencies at different temperatures; (d)

Arrhenius plot of FSR2 conductivity against reciprocal temperature. PMHS, a,w-di(trimethylsiloxy)polymethylhydrosiloxane

tunneling nature!®°! of conductivity. The temperature

dependence of the M” maxima can be attributed to
increasing charge carrier mobility with heating, and the
absence of temperature broadening and asymmetry is
characteristic of electronic transfer (compared with ionic
conductors and dielectric relaxations).

Arrhenius plots of conductivity versus reciprocal tem-
perature are usually used to estimate the apparent activa-
tion energies of thermally dependent processes. The
natural logarithm of bulk conductivity (o) at the M” max-
ima is plotted as a function of 1/T (Figure 2d), so the
slope is proportional to E,./kp through the following
equation:

~Eqct

o= coe(T) 2)

Two linear regions can be seen on the resulting plot: —60
to 0 °C and 20 to 100 °C, with corresponding activation
energies of 0.62 and 5.59 eV, respectively. A sharp
increase in the activation energy between 0 and 20 °C
can be related to a consequent hopping barrier increase
due to higher cross-linked polymer segmental movement.
The resulting values are comparable with E,. values of
pure ferrocene published earlier'®”®): 0.61 and 0.60 eV.

4 | CONCLUSIONS

In this study, we realized the synthesis of new self-cross-
linked ferrocenyl-containing polymethylhydrosiloxanes.
First, it is observed that platinum(0) or (II) species cata-
lyzed the self-cross-linking of FS1 and FS2 by reactions
between the Si-H groups. The ferrocene content in the
obtained silicone rubbers is approximately 50 wt.%.

Second, in comparison with the hyperactive Karstedt's
catalyst, cis-[PtCl,(BnCN),] demonstrates lower activity
and allows the creation of high-quality ferrocenyl-
containing silicone rubbers without visible mechanical
defects (bubbles and cracks).

Third, compared with the cross-linked
polymethylhydrosiloxanes, the cross-linked ferrocenyl-
containing polymethylhydrosiloxanes have increased
elongation (up to 25%) and tensile strength (up to five
times) but have an obviously decreased degree of cross-
linking by 1.5-2.5 times.

Fourth, the electrophysical studies show that FSR2
(50 wt.% ferrocenyl units) has a surface resistivity of
approximately 7 x 10° Q/[], which is an appropriate level
for ESD protective materials, and that the conductive
polymer exhibits electron tunneling behavior. The surface
resistivity of FSR2 was 10,000 times less than that of pure
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polymethylhydrosiloxane (9.8 x 10" Q/[]). The synthesis
of the ferrocenyl-containing silicone rubbers allows
widely varying ferrocene content and increase electrical
conductivity unlike mixing PMHS with ferrocene (maxi-
mum possible ferrocene concentration is 5 wt.% and sur-
face resistivity is 2 X 10" Q/[). These facts support the
use of this rubber as an ESD protective material and as
an active layer for sensing electronic devices.
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