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Abstract. Grafted poly(vinylidene fluoride) (PVDF)-based copolymers attract great attention due to their tunable ferroelectric
and dielectric characteristics, which gives great perspectives for electronic applications. In this work, two strategies for polyacrylonitrile-grafted PVDF-based copolymers synthesis, namely single electron transfer radical polymerization (SET-LRP)
and photoinduced Cu(II)-mediated reversible deactivation radical polymerization (RDRP) were investigated, their advantages
and shortcomings are discussed. Using these methods two series of poly(vinylidene fluoride-co-chlorotrifluoroethylene)grafted-polyacrylonitrile p(VDF-co-CTFE)-g-PAN and poly(vinylidene fluoride-co-trifluoroethylene-co-chlorotrifluoroethylene)-grafted-polyacrylonitrile p(VDF-co-TrFE-co-CTFE)-g-PAN with different PAN content were prepared. Important
characteristics of the grafted PVDF-based copolymers such as phase behavior, thermal stability, and dielectric properties
were investigated, and impacts of the macromolecular backbone type, as well as the content of grafted PAN on these properties, are discussed. It was shown that PAN incorporation leads to significant dielectric properties change since the dielectric
permittivity of PAN-grafted copolymers is twice higher in comparison to the pristine copolymers. The crucial impact of
PAN grafting onto PVDF-based copolymers backbone on their phase, thermal and dielectric behavior is demonstrated.
Keywords: polymer synthesis, molecular engineering, fluoropolymer, poly(vinylidene fluoride)-based copolymers, grafted polymer, ATRP polymerization

1. Introduction

Furthermore, it was reported that PVDF is the most
perspective ferroelectric polymer applied for a broad
range of electronic applications such as electromechanical and acoustic transducers, artificial organs, memory devices, etc. [11–14]. In fact, PVDF is
typically a crystalline polymer having five crystal
polymorphs named α, β, γ, δ, ε, where the β-phase
is more significant due to its piezo-, pyro- and ferroelectric properties [15, 16]. It is well known that
the standard techniques for PVDF films obtaining
from solution or melt lead to producing of the polymer with the α-phase. The polar crystalline β-phase
can be obtained by post-treatment of α-PVDF films
using annealing at elevated temperatures [17–19],
poling in a high electric field, mechanical stretching,
or quenching techniques. However, the techniques

Fluoropolymers based on poly(vinylidene fluoride)
(PVDF) attract great interest from researchers due to
the wide range of their applications [1–6]. First of all,
PVDF-based polymers have a large number of useful
properties such as high thermal and chemical resistance, hydrolytic stability, resistance to oxidation as
well as both oil and water repellency because of low
surface energy [1, 3, 7–9]. In fact, this great range
of properties is owing to the special characteristics
of a fluorine atom. Both high ionization potential and
low polarizability of fluorine atoms lead to low surface energy and low refractive index for perfluorocarbons, while high electronegativity provides
strong C–F bond energy (485 kJ/mol) of PVDFbased macromolecules [2, 10].
*
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a grafted copolymer concept can be utilized [25–29,
31–34]. The promising approach seems to be a grafting of a polar monomer onto a PVDF-based backbone. One can expect that the incorporation of polar
functional groups could enhance the polarity of the
macromolecule and promote the increase of the dielectric constant [35].
The most developed method of graft copolymers
synthesis is an atom transfer radical polymerization
(ATRP) [36–39]. Generally, ATRP process is mediated by a transition metal complex, which is responsible for the splitting of C–Cl bonds and further
macro-radicals generation. Since ATRP requires a
relatively high concentration of metal catalyst (about
1000–10 000 ppm) [27], the metal ions contamination in resulting grafted copolymers can significantly
affect their dielectric and ferroelectric properties. Taking this into account, several methodologies of ATRP
were developed to reduce the concentration of the
metal catalyst [40]. One of them is a single electron
transfer – living radical polymerization (SET-LRP)
process initiated by a trace amount of Cu(0)/N-containing ligand system. The first work about successful synthesis of PAN-grafted PVDF-based copolymers via SET-LRP process was reported by Hu et al.
[41]. Controlled polymerization of p(VDF-coCTFE)-g-PAN with different content of grafted PAN
was observed, the structure of resultant copolymers
was confirmed, and their thermal properties were
characterized. Another convenient method to synthesize PAN grafted PVDF-based copolymers is the utilization of photoinduced Cu(II)-mediated reversible
deactivation radical polymerization (RDRP). It has
been shown that RDRP method allows both to decrease the catalytic metal concentration and simply
control the content of grafted PAN by varying the reaction time [42, 43]. Thus, RDRP process is a technologically more perspective method since it implies
the preparation of the grafted copolymer with a certain content of incorporated polymer and further investigation of correlations between its structure and
properties. However, neither dielectric nor ferroelectric properties of the PAN-grafted copolymers based
on PVDF were reported up to now, which seems to
be a flaw considering the perspectives of their electronic applications.
Therefore, grafted PVDF-based copolymers are of
great interest owing to the advantages of gaining
macromolecular compounds with tunable ferroelectric and dielectric characteristics. However, only a

mentioned above are not only technologically disadvantageous but often inapplicable for other materials
comprised in electronic devices based on PVDF. Despite several novel techniques of β-phase production
(such as direct crystallization of β-PVDF from melt
upon an ionic liquid [20], UV-induced transformation
of α- to β-phase of PVDF [21]) were reported recently, application of PVDF as piezo- and ferroelectric
polymer still remains a challenge of great interest.
To overcome difficulties of the β-phase production,
different copolymers based on PVDF have been
proposed. The most known PVDF-based copolymer
is poly(vinylidene fluoride-co-trifluoroethylene)
(p(VDF-co-TrFE)) which has a great advantage over
traditional PVDF. Wang et al. [22] reported that even
non-annealed p(VDF-co-TrFE) demonstrates normal
ferroelectric behavior confirmed by a typical ferroelectric hysteresis loop. Despite the obvious technological advantage of p(VDF-co-TrFE), it should be
noted that its synthesis includes both a deep hazard
and a high cost of the TrFE monomer. To exclude
TrFE monomer usage, the controlled hydrogenation
of poly(vinylidene fluoride-co-chlorotrifluoroethylene) (p(VDF-co-CTFE)) can be applied to obtain the
well-known PVDF-based terpolymer poly(vinylidene fluoride-co-trifluoroethylene-co-chlorotrifluoroethylene) (p(VDF-co-TrFE-co-CTFE)) [23, 24].
Depending on the molar ratio of VDF, TrFE and
CTFE units, p(VDF-co-TrFE-co-CTFE) can demonstrate efficient ferroelectric behavior [24]. Meanwhile, it has been reported that those terpolymers
have some shortcomings, such as high dielectric
losses, low energy density, and low energy efficiency
[25–29]. Besides, the other PVDF-based copolymer
is p(VDF-co-CTFE), which demonstrates lower spontaneous polarization compared to p(VDF-co-TrFE)
and p(VDF-co-TrFE-co-CTFE) copolymers [30]. On
the other hand, p(VDF-co-CTFE) seems to be not
completely investigated copolymer since its ferroelectric behavior has been reported in just a few publications. Thus, the studying of p(VDF-co-CTFE)based copolymers ferroelectric and dielectric behavior is an actual scientific task. The required dielectric
properties such as high dielectric constant, low dielectric loss, high energy efficiency, and stable residual polarization at elevated temperatures, and low
operating voltages are crucial challenges to be
solved in this field.
To expand the range of PVDF-based copolymers applications and tune their ferroelectric characteristics,
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atmosphere. Mettler Toledo DSC30 system was used
for differential scanning calorimetric (DSC) analysis. The samples were heated at the rate of 10 °C/min
at the temperature range of 20÷200 °C.
Novocontrol Alpha-A impedance analyzer with a
ZGS Alpha Active Sample Cell and gold-plated disc
electrodes 20 mm in diameter was used for room temperature dielectric measurements of permittivity, dielectric loss, and conductivity. The frequency of measurements was changed in the range 0.1–106 c/s; the
voltage applied to the electrodes was 1 V. The thickness of the samples was measured by a micrometer
with a resolution of 2 microns and averaged over the
electrode area.

few grafted PVDF-based copolymers are synthesized and characterized so far, which does not allow
elucidating the structure-properties relationship for
this class of materials and limits the development of
the materials with optimal characteristics. Thus, synthesis and comprehensive investigation of thermal
properties, phase behavior, solubility, dielectric and
ferroelectric characteristics of novel grafted PVDFbased copolymers with different nature and content
of incorporated grafted chains are of great importance. The structure-property correlation will certainly
allow predicting the properties of developing grafted
copolymers and obtain materials with required dielectric and ferroelectric characteristics.
Meanwhile, PAN-grafted PVDF-based copolymers
with described dielectric and ferroelectric performance characteristics have not yet been reported. In
this work, two strategies (SET-LRP and UV-induced
RDRP methods) of p(VDF-co-CTFE)-g-PAN and
p(VDF-co-TrFE-co-CTFE)-g-PAN synthesis were
employed to prepare copolymers with varied content
of grafted PAN. These methods of grafted PVDFbased copolymers preparation were compared, their
advantages and shortcomings were discussed. For
the first time, dielectric properties of p(VDF-coCTFE)-g-PAN and p(VDF-co-TrFE-co-CTFE)-gPAN copolymers were investigated. The PAN grafting onto PVDF-based copolymers backbone leads to
crucial dielectric properties changes since the dielectric constant of the grafted copolymers was twice enhanced as compared to the pristine copolymers.

2.2. Materials
P(VDF-co-CTFE) and p(VDF-co-TrFE-co-CTFE)
copolymers (containing 9 and 7 mol% of CTFE, respectively) were provided by PolyK Technologies,
State College, PA, USA. Cu(0) powder (99,9%),
copper(II) chloride dihydrate (99+%) and 2,2′-bipyridine (99+%) were purchased from Acros Organics
B.V.B.A. Tris(2-dimethylaminoethyl)amine (99%)
was provided by Abcr GmbH. Acrylonitrile (99+%)
was purchased from Acros Organics B.V.B.A. and
distilled under an inert atmosphere before used. Dimethyl sulfoxide (DMSO) was commercially available, dried over calcium hydride, and distilled under
reduced pressure. Dimethylformamide (DMF) was
dried over phosphorus (V) oxide and distilled before
used. The other reagents were used as received.

2. Experimental section
2.1. Characterization

2.3. Synthesis of p(VDF-co-CTFE)-g-PAN via
SET-LRP process
A typical polymerization of grafted p(VDF-coCTFE)-g-PAN via SET-LRP process was carried out
as reported [41]. First, 0.5 g of p(VDF-co-CTFE)
(91/9 mol%) containing 0.6 mmol of Cl atoms was
charged into a 50 ml three-necked flask purged with
argon. Protected by the inert atmosphere, Cu(0) powder (0.011 g; 0.16 mmol) and Me6-TREN (0,037 g;
0.16 mmol) or Bpy (0.050 g; 0.3 mmol) were added
directly to the flask. The mixture was completely dissolved in DMSO (12.5 ml). After following the addition of acrylonitrile (1,315 g; 24.8 mmol) the reaction mixture was heated at the required temperatures
during the required time (Table 1). The resultant
p(VDF-co-CTFE)-g-PAN samples were precipitated
in H2O/CH3OH (1/1 vol%) mixture. After filtration
and drying, the samples were redissolved in DMF

1

Н NMR spectra were recorded on a ‘Bruker WP250 SY’ spectrometer at the frequency of 250.13 MHz
applying DMSO-d6 signal (2.49 ppm) as the internal
standard. 19F NMR spectra were recorded on a ‘Bruker WP-250 SY’ spectrometer at the frequency of
282 MHz. In the case of 1Н NMR spectroscopy, the
samples were analyzed in the form of 2% solutions
in DMSO-d6. In the case of 19F NMR spectroscopy,
the samples were analyzed in the form of 8% solutions in DMSO-d6. The spectra were processed on the
computer utilizing the ACD Labs software.
Thermogravimetric analysis (TGA) was carried out
in dynamic mode at the temperature range of 50÷
700 °C using Mettler Toledo TG50 system equipped
with M3 microbalance. The samples were heated
at the rate of 10 °C/min in the air and nitrogen
959
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0.1 mmol) was added directly to the flask. The mixture
was completely dissolved in DMSO (50 ml), then
Me6-TREN (0.102 g; 0.4 mmol) was introduced.
After following the addition of acrylonitrile (3.758 g;
70.8 mmol) the reactant mixture was put under the
UV light (λ = 365 nm). The resultant samples were
taken at the required time (Table 2) and precipitated
in H2O/CH3OH (1/1 vol%) mixture. After filtration
and drying, the samples were redissolved in DMF
and reprecipitated in H2O/CH3OH (1/1 vol%) mixture. The copolymers were washed with CH3OH several times and dried at 60 °С for 8 hours under reduced pressure.

and reprecipitated in H2O/CH3OH (1/1 vol%) mixture. The copolymers were washed with CH3OH
several times and dried at 60 °С for 8 hours under reduced pressure.

2.4. Synthesis of p(VDF-co-CTFE)-g-PAN via
photoinduced Cu(II)-mediated RDRP
process
A typical polymerization of grafted p(VDF-coCTFE)-g-PAN via photoinduced Cu(II)-mediated
RDRP process was carried out as reported [42]. First,
2.5 g of p(VDF-co-CTFE) (91/9 mol%) containing
3.2 mmol of Cl atoms was charged into a 100 ml
three-necked flask purged with argon. Protected by
the inert atmosphere, CuCl2 powder (0.017 g;
0.1 mmol) was added directly to the flask. The mixture was completely dissolved in DMSO (50 ml),
then Me6-TREN (0.139 g; 0.6 mmol) was introduced. After following the addition of acrylonitrile
(5.125 g; 96.6 mmol) the reaction mixture was put
under the UV light (λ = 365 nm). The resultant samples were taken at the required time (Table 2) and
precipitated in H2O/CH3OH (1/1 vol%) mixture.
After filtration and drying, the samples were redissolved in DMF and reprecipitated in H2O/CH3OH
(1/1 vol%) mixture. The copolymers were washed
with CH3OH for several times and dried at 60 °С for
8 hours under reduced pressure.

2.6. Films fabrication
A typical drop-casting process was used to produce
films based on p(VDF-co-CTFE)-g-PAN and p(VDFco-TrFE-co-CTFE)-g-PAN copolymers with varied
content of grafted PAN. First of all, the copolymers
were completely dissolved in DMF by stirring for
12 hours at an elevated temperature. The films were
fabricated by casting the solutions obtained onto
PTFE evaporating dishes following DMF evaporation at 70 °С. The resultant films with a thickness of
100 μm were peeled off from the PTFE forms.

3. Results and discussion
3.1. Synthesis and chemical structure
characterization of PAN-grafted
PVDF-based copolymers

2.5. Synthesis of
p(VDF-co-TrFE-co-CTFE)-g-PAN via
photoinduced Cu(II)-mediated RDRP
process
2.5 g of p(VDF-co-TrFE-co-CTFE) (80/13/7 mol%)
containing 2.4 mmol of Cl atoms was charged into a
100 ml three-necked flask purged with argon. Protected by the inert atmosphere, CuCl2 powder (0.013 g;

SET-LRP process was chosen as an efficient method
for the synthesis of grafted p(VDF-co-CTFE)-gPAN copolymers (Figure 1a). It has been previously
reported that SET-LRP is not only a well-controlled
process but also allows avoiding side reactions [41].
In this work, synthetic parameters of SET-LRP process
such as a ligand type for catalytic complex formation,

Figure 1. Synthesis of p(VDF-co-CTFE)-g-PAN via (a) single-electron transfer – living radical polymerization and (b) photoinduced Cu(II)-mediated reversible deactivation radical polymerization (RDRP); (c) synthesis of p(VDF-coTrFE-co-CTFE)-g-PAN via photoinduced Cu(II)-mediated RDRP.
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Table 1. Reaction conditions for the synthesis of p(VDF-co-CTFE)-g-PAN copolymers with different content of grafted PAN
via SET-LRP method.
Catalyst
[mmol]

Ligand
[mmol]

Cu(0),
0.16
Cu(0),
0.16
Cu(0),
0.16

Me6-TREN,
0.16
Me6-TREN,
0.16
Bpy,
0.3

4

Cu(0),
0.16

Me6-TREN,
0.16

5

Cu(0),
0.16

Bpy,
0.3

Batch No.

Reaction time
[min]

VDF/CTFE/PAN*
[mol%]

25

50

91/9/2.5

40

50

91/9/81.4

110

50

91/9/29.3

40

50

91/9/22.9

110

50

91/9/1.3

Reaction temperature
[°С]
Conventional heating

1
2
3

Microwave heating

*

PAN content corresponds to additional mol% over 100 mol% of PVDF-based copolymer blocks.

19

reaction temperature, type of heating (conventional
or microwave one) were varied to obtain grafted
p(VDF-co-CTFE)-g-PAN copolymers with different
content of grafted PAN (Table 1).
Similar to published grafted PVDF-based polymers
[41, 42, 44, 45] the chemical structure of the resultant copolymers was confirmed by a complex of analytical methods including 1H, 19F NMR, and FTIR
spectroscopy. It was found that 1H NMR spectroscopy can be used both to confirm the structure of
PVDF-based copolymers and to determine the content of grafted PAN. As shown in Figure 2a and Figure 2b, the comparison of pristine p(VDF-co-CTFE)
with grafted p(VDF-co-CTFE)-g-PAN copolymer
(Batch No.2 in Table 1) shows the change of an integral intensity of the peak at 3.25–3.0 ppm and appearance of a new peak at 2.2–1.8 ppm, which can
be utilized to calculate the molar content of grafted
PAN [46]. One can see that PAN content corresponds
to additional mol% over 100 mol% of PVDF-based
copolymer blocks. According to the relevant literature data, the peak at 3.25–3.0 ppm corresponds both
to the tail-to-tail connection of VDF and CTFE units
and to the proton at the carbon atom nearby a cyano
group (Figure 2b signal 2) [41, 42]. A broad new peak
appearing at 2.2–1.8 ppm in the spectrum of grafted
p(VDF-co-CTFE)-g-PAN (Figure 2b signal 1) is
identified as methylene group proton of PAN chain.
Two groups of multiple peaks at 3.0–2.65 ppm and
2.4–2.2 ppm correspond to head-to-tail and tail-totail connections of several VDF units. Thus, 1H NMR
spectroscopy was utilized to determine the structure
of the resultant copolymers and to assign the content
of grafted PAN.

F NMR spectroscopy can be utilized to confirm the
structure of grafted p(VDF-co-CTFE)-g-PAN copolymers. A typical 19F NMR spectrum of original
p(VDF-co-CTFE) compared to the grafted one is
presented in Figure 2c and Figure 2d. It is wellknown that the number of peaks around –92 ppm is
addressed to a head-to-tail connection of several VDF
units while the sequence of peaks around –94, –112,
and –120 ppm corresponds to a tail-to-tail connection of VDF and CTFE units [41]. It has been reported that the replacement of chlorine atoms of CTFE
units on carbon ones due to the grafting process can
be indicated by the appearance of new signals around
–113 ppm in 19F NMR spectrum of the grafted copolymers [45]. One can see that a fluorine atom attached to the carbon atom nearby PAN chain appears
as a new peak at –112.5 ppm (Figure 2d), which
proves the grafting process since this signal is absent
in the spectrum of pristine p(VDF-co-CTFE) (Figure 2c). In addition, the fact of PAN grafting as a side
chain of p(VDF-co-CTFE) backbone was confirmed
by FTIR spectroscopy since a typical spectrum of
grafted p(VDF-co-CTFE)-g-PAN copolymer has a
characteristic absorption band at 2250 cm–1 corresponding to a cyano group.
It was proved that SET-LRP method allowed the
preparation of grafted copolymers with different
content of PAN. Moreover, no side reactions, including typical hydrogenation of CTFE units via
transfer metal-catalyzed process were observed. An
increase of the reaction temperature was found to
promote the grafting process, which gives p(VDFco-CTFE)-g-PAN grafted copolymer with a higher
content of the incorporated PAN. Besides, utilization
961
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Figure 2. (a) 1H NMR and (c) 19F NMR spectrum of pristine p(VDF-co-CTFE) compared to (b) 1H NMR and (d) 19F NMR
spectrum of grafted p(VDF-co-CTFE)-g-PAN (Batch No.2 and Batch No.3 in Table 1).

poor reproducibility of the polymer's characteristics
from batch to batch in this work. One can see that
SET-LRP requires a higher concentration of the catalytic system as compared to the photoinduced Cu(II)mediated RDRP process, which can lead to ion metals contamination in the resultant grafted copolymers. Thus, the disadvantages mentioned above stimulated us to search for the other more convenient
method of grafted PVDF-based copolymers synthesis. As a result, the photoinduced Cu(II)-mediated
RDRP process was chosen as an alternative method
of grafted p(VDF-co-CTFE)-g-PAN and p(VDF-coTrFE-co-CTFE)-g-PAN copolymers synthesis (Figure 1b, 1c). Unlike SET-LRP process, RDRP proceeds
at room temperature under ultraviolet (UV) irradiation

of tris[2-(dimethylamino)ethyl]amine (Me6-TREN)
as a ligand leads to the production of grafted copolymers with a higher PAN content compared to the reaction at the same conditions but with 2,2′-bipyridine
(Bpy) used as a ligand.
In this work, the comparison of microwave and conventional heating applied for SET-LRP method was
made for the first time (Table 1). Surprisingly, microwave heating was found to be a less prospective synthetic tool since it gives the copolymers with a lower
content of the grafted PAN chains in comparison to
conventional ones and requires special equipment.
Despite it was reported that SET-LRP is a well-controlled process for the synthesis of grafted p(VDFco-CTFE)-g-PAN copolymers [41], we encountered
962
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content of the grafted PAN (from 0.6 to 12.7 mol%)
was synthesized (Table 2).
It should be noted that another particular benefit of
the RDRP method is the controllability of the grafted
chain content by simply varying reaction times. The
dependence between the reaction time and the grafted
PAN content was found to be almost linearly, where
PAN content grows with the reaction time increase
(Figure 3a). Therefore, it is possible to synthesize a series of grafted p(VDF-co-CTFE)-g-PAN copolymers

[42, 43]. Moreover, this method seems to be a more
rational one since it requires eight times less concentration of a catalytic metal system as compared to
the SET-LRP method. Considering further possible
applications of the resultant PVDF-based copolymers in electronics, the decrease of catalyst content
is a significant advantage.
Applying the method of photoinduced Cu(II)-mediated RDRP polymerization, a series of p(VDF-coCTFE)-g-PAN copolymers characterized by different

Table 2. Reaction conditions for the synthesis of p(VDF-co-CTFE)-g-PAN and p(VDF-co-TrFE-co-CTFE)-g-PAN copolymers with different content of the grafted PAN via photoinduced Cu(II)-mediated RDRP method.
Batch No.

Catalyst
[mmol]

1

Cu(II),
0.02

Ligand
[mmol]

Reaction time
[min]

VDF/TrFE/CTFE/PAN*
[mol%]

30

91/0/9/0.6

60

91/0/9/2.5

180

91/0/9/5.1

360

91/0/9/8.9

720

91/0/9/12.7

30

80/13/7/2.7

60

80/13/7/3.5

180

80/13/7/5.4

360

80/13/7/13.5

720

80/13/7/14.5

p(VDF-co-CTFE)-g-PAN

2
3
4
5

Cu(II),
0.02
Cu(II),
0.02
Cu(II),
0.02
Cu(II),
0.02

Me6-TREN,
0.12
Me6-TREN,
0.12
Me6-TREN,
0.12
Me6-TREN,
0.12
Me6-TREN,
0.12
p(VDF-co-TrFE-co-CTFE)-g-PAN

1
2
3
4
5
*PAN

Cu(II),
0.015
Cu(II),
0.015
Cu(II),
0.015
Cu(II),
0.015
Cu(II),
0.015

Me6-TREN,
0.09
Me6-TREN,
0.09
Me6-TREN,
0.09
Me6-TREN,
0.09
Me6-TREN,
0.09

content corresponds to additional mol% over 100 mol% of PVDF-based copolymer blocks.

Figure 3. The influence of the reaction time on the content of polyacrylonitrile grafted onto the side chains of (a) p(VDFco-CTFE) and (b) p(VDF-co-TrFE-co-CTFE) (Table 2).
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be attributed to a feature of the molecular conformation of the latter polymer, which impacts the rate of
the polymerization. It was shown that the content of
grafted copolymer could be promoted by extending
the reaction time or increase of either monomer or
ligand ratio to chlorine atoms [42, 43].

with a desirable content of PAN chains and then to
investigate the structure-properties relationship of all
of them.
Considering the obvious advantages of the photoinduced Cu(II)-mediated polymerization, this method
was utilized to synthesize the series of grafted
p(VDF-co-TrFE-co-CTFE)-g-PAN copolymers with
varying PAN content (Table 2). Synthetic reaction
parameters for the grafted copolymers p(VDF-coCTFE)-g-PAN preparation were simply adapted to
synthesize p(VDF-co-TrFE-co-CTFE)-g-PAN using
the same ratio of chlorine atoms to Cu(II)/Me6-TREN
and to acrylonitrile monomer. The content of grafted
PAN was also controlled by varying the reaction
time. It has been expected that a similar impact of
the reaction time to PAN content as for synthesized
p(VDF-co-CTFE)-g-PAN copolymers would be revealed. However, PAN content increased intensely
at low reaction time (from 2.7 to 13.5 mol% up to
360 minutes) and practically did not change for a
longer reaction time (Figure 3b). In comparison to
p(VDF-co-CTFE) the rate of PAN grafting to p(VDFco-TrFE-co-CTFE) backbone at the elevated reaction time was reduced more pronounced, which can

3.2. Phase behavior and thermal properties of
PAN-grafted PVDF-based copolymers
Phase behavior and thermal stability of the grafted
p(VDF-co-CTFE)-g-PAN and p(VDF-co-TrFE-coCTFE)-g-PAN copolymers synthesized via photoinduced Cu(II)-mediated RDRP process were investigated by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) methods.
The phase behavior investigation of the series of
grafted p(VDF-co-CTFE)-g-PAN and p(VDF-coTrFE-co-CTFE)-g-PAN copolymers in comparison
to pristine ones allowed to reveal some crucial dependences. A declining trend for both melting temperature (Tm) and melting enthalpy (ΔHm) values
with an increase of the grafted PAN content was observed (Figure 4 and Table 3). The melting enthalpy
decline accompanied by the increase of PAN content

Table 3. The impact of PAN content on the melting temperature and enthalpy of grafted p(VDF-co-CTFE)-g-PAN and
p(VDF-co-TrFE-co-CTFE)-g-PAN compared to pristine ones.
Tm
[°С]

ΔHm
[J/g]

91/9/0

167.0

–14.8

91/9/0.6

169.7

91/9/2.5

168.8

91/9/5.1

Tm
[°С]

ΔHm
[J/g]

80/13/7/0

122.0

–17.4

–13.4

80/13/7/2.7

125.6

–14.2

–13.3

80/13/7/3.5

124.7

–14.0

164.3

–13.2

80/13/7/5.4

119.0

–12.7

91/9/8.9

165.0

–11.5

80/13/7/13.5

118.0

–11.3

91/9/12.7

165.0

–11.2

80/13/7/14.5

117.4

–10.5

VDF/CTFE/PAN

VDF/TrFE/CTFE/PAN

Figure 4. DSC scans of (a) p(VDF-co-CTFE)-g-PAN and (b) p(VDF-co-TrFE-co-CTFE)-g-PAN with different content of
grafted PAN.
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copolymers. It can be explained by the carbonization
of PAN segments into polycyclic compounds characterized with higher thermal stability under thermal
oxidation conditions [47]. The results of TGA analysis at the inert atmosphere (Figure 5b) confirm the
trend of the residual weight increase with PAN content enhance. Moreover, PAN segments do not depredate completely under the inert atmosphere up to the
temperature of 700 °С. To summarize, the results of
TGA analysis show that the grafted copolymers are
thermally less stable than pristine p(VDF-co-CTFE)
copolymer.
However, investigation of the thermal properties of
pristine p(VDF-co-TrFE-co-CTFE) and grafted
p(VDF-co-TrFE-co-CTFE)-g-PAN
copolymers
showed that grafting leads to an increase of the decomposition temperature from 360 °С for the pristine
copolymer to 410–420 °С for the grafted copolymers
(Figure 5c). Moreover, it was confirmed that an

indirectly indicates a decrease of crystallinity due to
the appearance of grafted bulky and amorphous PAN
segments.
The impact of PAN content grafted onto the side
chains of p(VDF-co-CTFE) on the thermal stability
of the resultant copolymers was investigated using
TGA analysis (Figure 5a, 5b).
As shown in Figure 5a, the pristine p(VDF-coCTFE) begins to decompose in the air at a temperature of about 400 °С while the grafted copolymers
demonstrate two degradation stages. The first stage
of p(VDF-co-CTFE)-g-PAN degradation is attributed to PAN segment decomposition and assigned to
the temperature of about 370 °С. Another decomposition stage at 400 °С corresponds to the degradation
of p(VDF-co-CTFE) macromolecular chain. It has
been observed that at the temperature of 500 °С the
residual weight enhances with the increasing of the
grafted PAN content in p(VDF-co-CTFE)-g-PAN

Figure 5. TGA curves of p(VDF-co-CTFE)-g-PAN and p(VDF-co-TrFE-co-CTFE)-g-PAN with different content of grafted
PAN (a) and (c) in air; (b) and (d) under an inert atmosphere.
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increase of the PAN content leads to residual weight
enhance (Figure 5d). Hence, the changes of thermal
stability of the grafted copolymers in comparison to
the pristine PVDF-based copolymers confirm that
PAN segments were successfully grafted via photoinduced Cu(II)-mediated RDRP process.

3.3. Dielectric properties of PAN-grafted
PVDF-based copolymers
The dielectric properties of grafted p(VDF-coCTFE)-g-PAN and p(VDF-co-TrFE-co-CTFE)-gPAN copolymers with different content of PAN synthesized via photoinduced Cu(II)-mediated RDRP
process were investigated. First of all, the dielectric
constant as a function of frequency was measured at
room temperature and low electric field (1 V) (Figure 6a, 6b).
It has been found that the incorporation of PAN onto
the side chains of pristine p(VDF-co-CTFE) has a
significant impact on the dielectric properties since
it leads to an increasing dielectric constant for all the
grafted copolymers. It has been measured that pristine p(VDF-co-CTFE) has a dielectric constant about
2.0 (at a standard frequency of 102 Hz). Meanwhile
grafted p(VDF-co-CTFE)-g-PAN copolymer containing 0.6 mol% of PAN has a dielectric constant of
about 4.5 at the same frequency, which is twice larger than for pristine one. Apparently, further growth
of the grafted PAN content leads to a decline of the
dielectric constant, which still remains higher compared to the dielectric constant of pristine p(VDFco-CTFE). Since the increase of the reaction time
causes growth of PAN content for the grafted copolymers synthesized via RDRP process, it might be suggested that metal ions contamination in the resultant
grafted copolymers increases at the same time. Thus,
the reduction of the dielectric constant with further
increase of PAN content might be attributed to the
impact of metal ions contamination in the resultant
grafted copolymers, which can significantly affect
their dielectric properties.
The dielectric constant of p(VDF-co-TrFE-co-CTFE)g-PAN copolymers were measured to reveal PAN
grafting's impact on the dielectric properties. As it
turned out, the incorporation of PAN chains allows
obtaining the materials with the dielectric constant
almost twice higher as compared to pristine p(VDFco-TrFE-co-CTFE). As shown in Figure 6b, p(VDFco-TrFE-co-CTFE) demonstrates the dielectric constant 7.0 at the frequency of 102 Hz, while grafted
966

ones (containing 2.7 and 3.5 mol% of PAN) have
the dielectric constant around 15.0 at the same frequency.
Further comparison of the dielectric properties of
p(VDF-co-CTFE)-g-PAN and p(VDF-co-TrFE-coCTFE)-g-PAN copolymers with different content of
PAN show that grafted copolymers based on p(VDFco-TrFE-co-CTFE) have conductivity one order of
magnitude higher than those based on p(VDF-coCTFE) (Figure 6c, 6d). It is also the evidence that conductivity varies over a decade within the concentration range for copolymers p(VDF-co-TrFE-coCTFE)-g-PAN, while for grafted copolymers p(VDFco-CTFE)-g-PAN, this variation is around 3 times.
It should be noted that the frequency dependence of
the conductivity for both types of copolymers follows the universal dielectric response behavior,
which is typical for hopping conduction in a heterogeneous systems [48]. The effect of conductivity is
also manifested in the frequency dependence of the
dielectric loss, especially in the low frequency range,
below 10 Hz (Figure 6e, 6f). It should be noted that
for grafted copolymers based on p(VDF-co-TrFEco-CTFE) dielectric loss is 1.5 decades higher than
for p(VDF-co-CTFE)-g-PAN copolymers.
The distance between hopping sites can be qualitatively estimated from the frequency dependence of
imaginary electric modulus M″ (see Figure 7a, 7b).
The presence of a maximum in such dependence
corresponds to a change in the slope of the frequency
dependence of conductivity, i.e., transition to bulk
conductance in the system. It is clear that in grafted
copolymers based on p(VDF-co-TrFE-co-CTFE),
this transition occurs at a much higher frequency
than in p(VDF-co-CTFE)-g-PAN copolymers. Accordingly, the distance between hopping sites is
smaller in grafted p(VDF-co-TrFE-co-CTFE)-gPAN copolymers.
The effect of conductivity is clearly visible in ColeCole diagrams for both types of grafted copolymers
(Figure 7c, 7d). The low frequency ‘tail’ is much more
evident in p(VDF-co-TrFE-co-CTFE)-g-PAN copolymers, making the semicircle of the main dielectric
relaxation almost invisible in the appropriate loss
axis scale.
Hence, the changes in the dielectric performance of
the grafted copolymers compared to pristine ones
could be used to develop material with required dielectric characteristics, which is advantageous for
further electronic applications.
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Figure 6. The dielectric constant as a function of frequency for (a) p(VDF-co-CTFE)-g-PAN and (b) p(VDF-co-TrFE-coCTFE)-g-PAN with different content of grafted PAN. The conductivity as a function of frequency for (c) p(VDFco-CTFE)-g-PAN and (d) p(VDF-co-TrFE-co-CTFE)-g-PAN with different content of grafted PAN. The dielectric
loss as a function of frequency for (e) p(VDF-co-CTFE)-g-PAN and (f) p(VDF-co-TrFE-co-CTFE)-g-PAN with
different content of grafted PAN.

4. Conclusions

polymerization (utilizing microwave or conventional
heating) and photoinduced Cu(II)-mediated reversible
deactivation radical polymerization processes. The
benefits and drawbacks of two different strategies

In summary, p(VDF-co-CTFE)-g-PAN copolymers
with different content of grafted PAN chains were
synthesized via single electron transfer radical
967
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Figure 7. The imaginary electric modulus as a function of frequency of (a) p(VDF-co-CTFE)-g-PAN and (b) p(VDF-coTrFE-co-CTFE)-g-PAN and the Cole-Cole diagrams of (c) p(VDF-co-CTFE)-g-PAN and (d) p(VDF-co-TrFE-coCTFE)-g-PAN with different content of grafted PAN.

can see that tuning the dielectric properties of grafted
PVDFt-based copolymers containing a varied amount
of incorporated PAN can be used to develop materials with required dielectric properties for further
electronic applications.

for p(VDF-co-CTFE)-g-PAN grafted copolymers
synthesis were compared and discussed for the first
time. Considering the benefits of the photoinduced
RDRP process, such as reduced metal catalytic system concentration and well controllability of the incorporated PAN content, it was employed to prepare
a series of novel p(VDF-co-TrFE-co-CTFE)-g-PAN
copolymers. Investigation of phase behavior, thermal
stability, and dielectric properties of p(VDF-coCTFE)-g-PAN and p(VDF-co-TrFE-co-CTFE)-gPAN copolymers synthesized allowed revealing the
impact of polymer backbone composition and the
grafted PAN content on these properties. This is the
first systematic investigation of the dielectric properties of PAN-grafted PVDF-based copolymers. It
was shown that PAN grafting onto PVDF-based
copolymers backbone leads to crucial dielectric properties changes since the dielectric constant of the
polyacrylonitrile-grafted copolymers was twice enhanced as compared to the pristine copolymers. One
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