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ABSTRACT
Outstanding electroactive properties of certain crystallographic phases of poly(vinylidene fluoride)
(PVDF) bringmuch attention to itsmelting and crystallisationbehaviour for tailoring crystallographic
nature. In the past, the focus was put on operating conditions in terms of melting and crystalli-
sation kinetics, whereas a deeper understanding of the molecular structure–property relationship
of PVDF is sparsely addressed. This study is the first survey to investigate systematically the struc-
ture–property relationship by clarifying the question, how molecular weight distribution affects
thermal–caloric properties and hence polymorphous phase behaviour. It is shown that molecular
weight strongly influences electroactive phase formation and plays a key role in phase design.
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Introduction

Poly(vinylidene fluoride) (PVDF) is an extensively stud-
ied polymer, due to its electroactive properties [1–3].
However, among the five crystallographic phases of
PVDF, namely α-, β-, γ -, δ- and ε- phase, their electroac-
tivities are not evenly strong. The β- and γ -phases are the
most electrically active [4], while the α- and ε- phases
are non-polar [5–7]. Consequently, the promotion of the
β- and γ -phases is of high interest for using electroactive
features of PVDF for sensors, actuators, batteries, filters,
and in the biomedical field [8–10].

In principle, the β-phase can be obtained by mechan-
ical stretching of the α-phase [5] or from the melt
under certain processing conditions, such as under
high pressure [11], external electric field [12], ultra-
fast cooling [13–15], from solution crystallisation at low
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temperature [10,16,17], or by adding nucleating fillers
[18–21], or by particle generation processes [22,23].
It is harder to obtain γ -phase compared with β-
phase[4]. On principle, γ -phase can be obtained through
annealing at temperatures near melting temperature
or with the addition of specific fillers [24]. Recently,
a sophisticated melt–recrystallisation process to obtain
the γ -phase of PVDF is reported [25], whereas the
melt–recrystallisation process is conducted with vari-
ous isothermal conditions for an isotropic PVDF melt.
Quantitative information regarding thermal rate condi-
tions and corresponding phases, investigated by differ-
ent research groups, is provided in tabular form in the
supplementary material of this work.

So far, the pursuit of gaining electroactive crys-
tallographic phases, predominantly process conditions
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were focused on for tailoring purposes. The interrela-
tion of specific molecular structure of pure PVDF with
electroactive crystallographic phase generation through
heating/cooling processes has up to authors’ knowledge
not been focused on yet. Besides, it is known from
other polymers that the molecular weight distribution
and branching influence the melting and crystallisation
behaviour strongly [26–28]. Therefore, these character-
istics are expected to play a significant role in the crys-
tallographic phase behaviour of PVDF. Furthermore, it
could be a key for the generation of electroactive PVDF
phases through non-isothermal melting–crystallisation
processes.

This work aims to reveal the impact of molecu-
lar weight on electroactive phase formation in PVDF,
especially in the near-equilibrium region. Hence, two
PVDF types are synthesised with different molecular
weight distributions. The synthesised samples charac-
terised by size-exclusion chromatography (SEC) show
different molecular weights and non-uniformity. Non-
isothermal melting and crystallisation experiments are
conducted to investigate thermal and caloric properties,
i.e. melting temperature and specific melting enthalpy,
respectively. The dependence of these properties on the
thermal rate in the near-equilibrium region is investi-
gated by applying three different rates, 0.5, 5 and 10
°C/min. In addition, the phase-specific degrees of crys-
tallinity and electroactive phase contents, which are
formed under the influence of molecular weight distri-
bution at the defined thermal rates, are studied.

Materials andmethods

The polymers under investigation were synthesised via
semi-batch emulsion polymerisation of vinylidene fluo-
ride. Detailed information regarding synthesis is given in
the supplementary material. The molecular weight dis-
tributions were obtained by SEC using N,N−dimethyl
acetamide (DMAc, Acros, 99%) with LiBr (≥99%,
Riedel-de-Häen) as eluent. The description of the poly-
merisation set-up and details on SEC analyses are pro-
vided elsewhere [29].

The thermal and caloric measurements were con-
ducted in a differential scanning calorimetry (DSC)
instrument: Mettler Toledo DSC1. For each analysis,
about 5–6mg of the polymers were used. Each analysis of
the sampleswas programmed to undergo a different cool-
ing/heating rate of 0.5, 5 °C/min, or 10 °C/min. All the
samples first went through a heating process up to a tem-
perature, which is around 30°C above the melting tem-
perature, this is referred to as step 1. Then, samples are
cooled down at the same rate as the initial temperature,

referred to as step 2. This is to ensure that the sam-
ples are fully melted, and thermal history is thus erased.
Then, the fresh cooled sample was scanned with the
same heating rate up to the same temperature compared
with step 1 for studying its thermal property, i.e. melt-
ing temperature, and caloric property, i.e. specificmelting
enthalpy, during melting. This is referred to as step 3.
Those different thermal rates in combination with the
cooling and heating programme (step 1 to step 3) allow
determining respective electroactive phases and the cor-
responding phase content based on DSC. This is further
explained and discussed in the results section. To validate
the results obtained by this method, phase specification
and phase content information are also derived from
Fourier-transform infra-red spectroscopy (FTIR). Sam-
ples obtained after step 2 are analysed by FTIR according
to the procedure stated in [17]. Additional information
to FTIR analysis is also given in the supplementary mate-
rial of this work. As FTIR apparatus, a Bruker Vertex 70
is applied.

Results and discussions

Figure 1 shows the measured molecular weight distri-
butions, normalised concerning peak height. Despite
of the difference of the non-uniformity of the two
PVDF samples, PVDF-A shows low molecular weight
(Mn = 7600 g/mol,Mw = 10198 g/mol), compared with
PVDF-B (Mn = 92700 g/mol, Mw = 344870 g/mol).
Hence, PVDF-A is referred to low-molecular-weight and
PVDF-B to high-molecular-weight samples, respectively.

Following the designed non-isothermal paths pro-
posed in the materials and methods section, i.e. step 1 to
step 2, historical recrystallisation and annealing phenom-
ena, which might happen during synthesis are excluded.

Figure 1. Molecular weight distribution of PVDF-A (dashed line)
and PVDF-B (full line).
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Figure 2. (a) Differential scanning calorimetry patterns of the
samples for different thermal rates andmolecularweights, (b) DSC
pattern of the 0.5 °C/min cooled sample. Corresponding polymor-
phous phase assignments are inserted and referenced for PVDF-A
and 0.5 °C/min as α0.5,A, β0.5,A, and γ 0.5,A.

This is important to avoid additional challenges in the
clarification of molecular weight-dependent electroac-
tive phase formation in terms of cross-effects between
different influence factors. TheDSC results obtained dur-
ing the thermal procedure in step 3 are presented in
Figure 2. Results for different thermal rates for both
PVDF, the low-molecular-weight PVDF-A and the high-
molecular-weight PVDF-B, are presented in Figure 2(a).
As it appears in Figure 2(a), a significant multi-peak
behaviourwith three peaks occurs for the low-molecular-
weight PVDF only, under a thermal rate of 0.5 °C/min.
For giving deeper insights into the phase-specific multi-
peak behaviour of this sample and comparing it directly
with the high-molecular-weight sample, a magnification
is presented in Figure 2(b).

Figure 2 further shows that the shape, position and
location of endothermic peaks vary significantly, based
on the joint influence of the molecular weight and ther-
mal rates. The association of the respective peak in the
multi-peak DSC pattern with the specific polymorphous
phase of the PVDF is discussed and explained in the fol-
lowing section. The identification of γ -phase via DSC
is straightforward because of the significantly different
melting temperature of γ -phase [4]. Themelting temper-
ature lies between 179°C and 180°C which is noticeably
higher compared with the melting temperature of α- and
β-phase, which is typically in the interval between 167°C
and 172°C. DSC is an accepted method to determine γ -
phase without further cross-validations [4]. Therefore,
the third peak at 182°C in Figure 2(b), obtained under

a thermal rate of 0.5 °C/min heating for PVDF-A, cor-
responds to γ -phase and is further denoted herein as
γ 0.5,A. This electroactive phase only exists in the low-
molecular-weight PVDF and could not be detected in
the high-molecular-weight sample. Because this phase is
observed only at a thermal rate of 0.5°C/min, it can be
concluded that a condition close to equilibrium is needed
for the formation of the γ -phase in combination with
low-molecular-weight PVDF. It is found for the first time
that molecular weight plays a key role in electroactive
γ -phase formation.

Besides the γ -phase peak, a double-peak structure in
the DSC pattern is observed. The association of these
peaks in the double-peak pattern with α- and β-phase
is less straightforward with DSC only. On the one hand,
α- and β-phase can hardly be distinguished from each
other by DSC only by focusing on the melting tem-
perature with a single heating rate, according to [4].
On the other hand, this double-peak phenomena in the
melting region of α- and β-phase have been observed
and investigated by DSC in previous studies [30–34]
with some controversial discussions on its origin. Stud-
ies in the past [30–34] have revealed, in principle, the
source of the double-endothermic peaks in the α- and
β-phase transition regime could be assigned primarily
to three phenomena: (a) the existence of different crys-
tallographic phases α and β (polymorphism), (b) the
melting–recrystallisation phenomenon during the heat-
ing process and (c) the variation of the morphology [31].
To distinguish these phenomena from each other, impor-
tant information is given in Al-Raheil et al. [30] and
Marega et al. [31], where a comparison of melting DSC
curves of PVDF for different thermal rates are presented
and associated with respective phenomena. In [30,31],
it was shown that increasing heating rates lead to an
increase of the low-temperature peak compared with the
high-temperature peak in the double-peak pattern. This
was directly associated with a melting–recrystallisation
phenomenon instead of a polymorphous behaviour. This
means that DSC melting curves obtained with differ-
ent thermal rates provide information on the underlying
mechanisms responsible for the double-peak behaviour
according to the change of the peaks. Comparing the
behaviour of the double peaks dependent on the ther-
mal rates of PVDF-A and PVDF-B in this work, it turns
out that the opposite behaviour is observed compared
with [30,31]: With an increasing thermal rate, the peak
at a lower temperature gets less pronounced. This means
the underlying phenomenon corresponds to polymor-
phous phases. Therefore, the peak at higher temperature
in the double-peak pattern is assigned to the β- phase.
For further clarification the β-phase is denoted by β0.5,A
for PVDF-A, and the peak at a lower temperature in the
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Figure 3. FTIR spectra for PVDF-A for a thermal rate of 0.5 and 5
°C/min and additionally for PVDF-B 5 °C/min.

double-peak pattern is assigned to α-phase, referenced
with α0.5,A and correspondingly for PVDF-B. To cross-
validate this procedure, additional FTIR measurements
are performed for selected examples. FTIR spectra for
the samples, PVDF-A treated with 0.5 °C /min and 5°C
/min andPVDF-B treatedwith 5°C /min thermal rate, are
presented in Figure 3. Absorption peaks demonstrate the
respective electroactive phases at wavenumbers around
840 and 1279 cm−1 [4] and show the same behaviour
determined by DSC patterns. Therefore, the DSC proce-
dure applied to identify the peaks was validated qualita-
tively by FTIR and a quantitative validation will also be
made afterward.

The results show that the peak at higher tempera-
ture in the double peak of the DSC pattern is much
weaker pronounced for PVDF-B compared to PVDF-A.
Thus, less β-phase is present for higher molecular weight
PVDF. Based on the experiments carried out in this
study it is observed that a shorter chain length leads to
higher β-phase content, indicating that the electroactive
β-phase is strongly influenced by molecular weight too.
The result for β-phase is similar to the phase inversion
precipitation process, where also a shorter chain length
promotes β-phase formation [35]. In general, this find-
ing supports that polymorphism with distinct electroac-
tive phases can be controlled and regulated by molecular
weight.

To gain further insights into thermal rate influence
in molecular-weight-dependent electroactive phase for-
mation, the polymorphous phase contents of PVDF-
A and PVDF-B are investigated under different ther-
mal rates, where thermal and caloric properties are
recorded. Results of thermal rate-dependent specific
melting enthalpies for low- and high-molecular-weight

PVDFs in total are presented in Figure 4(a). The poly-
morphous phase-specificmelting enthalpies for PVDF-A
and PVDF-B are given in Figure 4(b).

In Figure 4(b), for both PVDF-A andPVDF-B, specific
melting enthalpies of α-phase stay almost constant while
β-phase is strongly thermal rate-dependent between 0.5
and 10 °C/min. Moreover, this demonstrates a complex
rate-dependent melting enthalpy of the β-phase, addi-
tionally influenced by molecular weight. With the infor-
mation of the specific melting enthalpy, the degree of
crystallinity χi of phase i can be calculated by applying
the relation χi = �Hf ,i/�Hf ,i,0 [4], where �Hf ,i is the
melting enthalpy for phase i and �Hf ,i,0 is the melting
enthalpy for perfect crystalline PVDF of phase i. For α-
phase, its value is 104.5 J/mol [36], for β-phase 103.4 J/g
[36], and for γ -phase: 103.4 J/g [37]. Results for the
degree of crystallinity of the electroactive phases depen-
dent on thermal rates are presented in Figure 4(c). It is
shown that the highest degrees of β- phase crystallini-
ties occur at 5 °C/min for both PVDF samples, where in
the low-molecular-weight (PVDF-A) β-phase degree of
crystallinity is around twice as high as in PVDF-B. For
comparing the electroactive phase content F(k), where k
can be β and γ , the relation F(k) = χk/

∑
χi [16,38] is

applied for PVDF-A and PVDF-B. The phase content of
the electroactive phase of both PVDF samples dependent
on the thermal rate is presented in Figure 4(d). This leads
to the conclusion that the low-molecular-weight PVDF-
A has a significantly higher electroactive phase content
over the whole thermal rate interval compared with the
high-molecular-weight PVDF-B. It is known that poly-
mers having a shorter chain length can harder fold during
crystallisation compared with long chain polymers [39].
In turn, it is more likely that short-chain polymers have
an unfolded configuration. In addition, it was reported
that unfolded high-molecular-weight PVDFs, generated
by stretching, leads to dipole alignment, which trig-
gers β-phase formation [40]. Transfer of this knowledge
about the phenomena in high-molecular-weight PVDF
and comparison with the findings of this work implies
that PVDF-A is more likely to take an unfolded config-
uration, due to its short-chain character. Consequently,
the unfolded configuration induces a higher fraction of
the electroactive phase based on alignment, due to this
stretched-like character.

To validate the DSC-based evaluation, the electroac-
tive phase contents of PVDF-A and PVDF-B obtained
at 5°C/min, where the highest electroactive phase con-
tent appeared in this investigation, are calculated based
on FTIR spectra given in Figure 3. F(β) obtained by DSC
and FTIR are compared in Table 1. The calculation of
F(β) from FTIR data is presented in the supplementary
material. The β-phase contents obtained by DSC and
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Figure 4. Rate-dependent specific enthalpy of melting for PVDF-A and PVDF-B in total (a) and of crystallographic phase α and β (b)
for different heating rates (values of specific melting enthalpies are given in tabular form in the supporting material). The degree of
crystallinity (c) and the phase content (d) of electroactive phase of PVDF-A and PVDF-B obtained with different thermal rates.

Table 1. Calculated β-phase content from FTIR and from DSC
with a thermal rate of 5 °C/min for PVDF-A and PVDF-B.

Sample F(β)IR F(β)DSC
PVDF-A 0.584 0.609
PVDF-B 0.494 0.472

FTIR data show a very good agreement (Table 1), hence
F(k) obtained from DSC data is successfully validated.

For the sake of completeness, the thermal rate influ-
ence of the thermal property, i.e. melting temperature for
PVDF-AandPVDF-B, is presented in Figure 5. The influ-
ence of thermal rates on the peak temperature is different

for both PVDFs: For PVDF-A in Figure 5(a),α-peak tem-
perature drops significantly between a heating rate of 0.5
and 5°C/min. Figure 5(b) shows that for PVDF-B, a sim-
ilar trend occurs; however, the peak shift between α- and
β-phase is stronger.

As shown in Figure 5, an anomaly of the melt-
ing temperature dependence on the thermal rate is
obtained. For both polymers, the lowestmelting tempera-
ture for β-phase is observed at a thermal rate of 5°C/min,
whereas the other melting temperatures at 0.5°C/min
and 10°C/min are higher. A similar finding is reported
for polyethylene by Hellmuth and Wunderlich [41]. Fur-
thermore, it is known for linear PE that lower melting

Figure 5. Thermal rate-dependentmelting peak temperature of PVDF-A 5(a) and PVDF-B (b) showing a thermal rate-dependent (green)
and independent window (grey). Dashed and dotted lines reflect linear interpolations between measured points.
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temperatures correlate with higher degree of crystallini-
ties [42]. This behaviour is now found for PVDF, too.
Figures 4 and 5 in combination show that the lowest
detected melting temperature is linked with the highest
degree of crystallinity.

Conclusions

A first survey of the influence of the molecular weight
on the non-isothermal cooling and heating has been
performed for self-synthesised PVDF. Significantly, dif-
ferent molecular weight distributions of the 2 PVDF
samples are characterised by SEC. In the heating path
after erased morphological history, significantly differ-
ent multi-endothermic peak phenomena occur for high-
and low-molecular-weight samples in DSC patterns. It
is revealed that γ -phase formation is induced by low-
molecular-weight PVDF close to equilibrium conditions
only. Therefore, molecular weight is identified as one
key actor for the formation of electroactive γ -phase
in PVDF. Furthermore, the double-peak phenomenon
in the DSC patterns is discussed in detail. A proce-
dure is described on how to identify the formation of
the β-phase according to the DSC results at different
thermal rates. The procedure is validated through FTIR
measurements for selected examples. Furthermore, the
low molecular weight also promotes the electroactive β-
phase content. Moreover, the β-phase fraction is strongly
influenced by the joint effect of molecular weight and
thermal rate. These findings give first insights into the
interrelation of themolecularweight as structural param-
eter, the thermal and caloric properties, and hence the
polymorphous phase formation of PVDF, which is of par-
ticular interest for further understanding electroactive
phase formation in PVDF.
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