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A B S T R A C T   

In this work, we study how chain topology can induce different polymorphic behaviors in poly(vinylidene 
fluoride) (PVDF)-based materials. A linear PVDF precursor with two azido groups at the junction point, (PVDFx- 
N3)2 and three 4-miktoarm star copolymers (PVDFx)2-b-(PEOy)2 with two poly(ethylene oxide) (PEO) and two 
PVDF arms were synthesized and employed in this study. The amphiphilic miktoarm copolymers were prepared 
by a combination of anionic ring-opening polymerization, iodine transfer radical polymerization (ITP), and 
copper-catalyzed azide-alkyne cycloaddition (CuAAC). They have practically similar overall molar mass but 
different compositions, ideal for performing bulk morphology and crystallization investigations. The isothermal 
overall crystallization kinetics of the PVDF and PEO arms of the 4-miktoarm star copolymers and representative 
PEO and PVDF precursors was determined by Differential Scanning Calorimetry (DSC). The results indicate that 
the star arms crystallized faster than the equivalent precursors as the kinetics are dominated by nucleation ef
fects. The phases formed by the PVDF components in the materials examined were analyzed by studying their 
melting behavior by DSC, their superstructural morphology by Polarized Light Optical Microscopy (PLOM), and 
the phase structure by Fourier Transform Infrared Spectroscopy (FTIR). The linear PVDF and (PVDF29-N3)2, 
exhibited α, β and γ-phases (with a majority of β-phase formation) during melting after isothermal crystallization. 
The ratio of the different phases depends on the crystallization temperature. An analysis of the multiple melting 
behavior indicated that the sample forms both α and β-phases initially, and the α-phase partially transforms into 
the γ-phase during isothermal crystallization when the temperature of crystallization increases. We found a 
remarkable behavior for the 4-miktoarm star copolymers, as the PVDF arms only form the ferroelectric β-phase 
when all three materials were isothermally crystallized regardless of the crystallization temperature employed. 
The presence of the polymorphism in the PVDF was detected by DSC, PLOM, and FTIR. Hence, we have shown 
that tailoring chain topology in PVDF copolymers can lead to exclusive β-phase formation, a path that can be 
exploited for future piezoelectric applications.   

1. Introduction 

Research in new materials focused on improving renewable energy 
yields to avoid carbon emissions is increasing to keep the environment 
safe. Clean energy sources like those derived from specific materials 
combined with natural mechanical efforts to convert them into 

harvested energy have to be developed in the following years. During 
the last decades, inorganic materials have been used for these purposes, 
but in recent years polymers are replacing them in view of their ad
vantageous properties, such as low density, flexibility, efficiency, and 
low cost [1]. 

In this context, fluoropolymers, especially poly(vinylidene fluoride) 
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(PVDF), have been extensively investigated both in academia and in
dustry because of their exceptional properties and remarkable applica
tions [2]. PVDF is an exciting material thanks to its ferroelectric and 
piezoelectric properties [3–5],and mechanical properties [6]. These 
properties make this material a valuable tool in various applications, 
such as data storage, energy harvesting, or sensors, as long as the 
ferroelectric and piezoelectric properties are present [7]. One of the 
limitations of PVDF is that the desired crystalline phase is not always 
obtained as the material is polymorphic. The relationship between 
processing-structure–function has to be studied to find the best crys
tallization conditions that result in the most favorable polymorphic 
phases [8]. PVDF has four well-known crystalline phases, i.e., α, β, γ, and 
δ [9]. Still, not all of them are polar phases, which are the most inter
esting ones to achieve the optimum ferroelectric and piezoelectric 
properties. Another novel application of PVDF is the functionalization of 
carbon nanotubes through different polymerization processes [10]. 

The most pursued and desired crystalline phase in PVDF for electrical 
applications is the β-phase due to its polarization magnitude [11]. The 
β-phase is characterized by a high dipole moment perpendicular to the 
chain axis. Of the four crystalline PVDF phases, the β-phase has the 
highest piezoelectric effect. The crystalline structure of the β-phase is 
made of chains with all fluorides in a trans position (TTTT) [12], which 
help its polarization. However, when a linear PVDF is crystallized from 
the melt at typical cooling rates (20 ◦C/min), a paraelectric crystalline 
α-phase is obtained [13]. This paraelectric crystalline phase is the most 
commonly encountered and stable in PVDF. The chains are in a trans- 
gauche conformation (TG+TG− TG+TG− ) in the α-phase crystals [14]. For 
the above-mentioned purposes, and the construction of electronic de
vices, the crystalline α-phase is not appropriate. 

There are two other minor polar crystalline phases [15,16]. One of 
them is the γ-phase, characterized by a TTTG+TTTG− chain conforma
tion in the crystal and by displaying ferroelectric properties [16]. The 
second one, the so-called δ-phase is similar to the α-phase, as they share 
the same crystal lattice parameters and chain conformation (TG+TG− ). 
But there are also differences, as every second chain rotates 180◦ around 
the molecular chain axis, and the molecules are shifted by a distance 
equal to half of the c-axis lattice distance. These characteristics make the 
crystalline δ-phase polar with ferroelectric properties [15,17,18]. 

Even though PVDF is the second-most produced fluoropolymer [19], 
only a limited number of non-linear macromolecular architectures 
incorporating PVDF blocks have been described [20]. The reason for this 
is the relative scarcity of controlled polymerization techniques appli
cable to vinylidene fluoride (VDF). For example, the reversible addition- 
fragmentation transfer (RAFT) polymerization, with carefully chosen 
chain transfer agents, is compatible with VDF [21–25]. Several studies 
reported well-defined PVDF and its block-copolymers produced via 
iodine transfer polymerization (ITP) [26], and few of them deal with 
cobalt-mediated radical polymerization [27]. Very few PVDF-based 
branched architectures have been described, even though star poly
mers and brushes could be designed with a range of valuable and unique 
properties [28,29]. In particular, PVDF miktoarm star polymers could 
give rise to complex self-assembly behaviors and structural diversity 
beyond that of simple block copolymers [30–32]. 

The β-phase of PVDF has been the subject of many investigations. In 
the case of linear PVDF-homopolymer, stretching and corona poling 
have been used to enhance its piezoelectric constant [33–35]. Also, 
annealing and stretching processes in films at high temperatures have 
been employed for a similar purpose [36]. Blends of PVDF and other 
polymers have also been used to promote β-phase formation. PVDF/ 
PMMA (poly(methyl methacrylate)) blends have been reported as a way 
to obtain the much-desired PVDF β-phase [37,38]. In previous work, we 
have studied the crystallization of (polymethylene, equivalent to poly
ethylene) and PVDF blends (PM/PVDF), obtaining the crystallization of 
the ferroelectric β-phase and γ-phase during an isothermal crystalliza
tion or in a scan from the melt employing a slow cooling rate (1 ◦C/min) 
[39]. 

The crystalline β-phase has also been reported in PVDF-based 
random copolymers, for example in PVDF-co-PVA [(poly(vinyl 
alcohol)] that is crystallized in the β-phase independently of composi
tion [40]. Another example is the P(VDF-co-TrFE) (trifluoroethylene), 
one of the most studied random copolymers, that also crystallizes 
directly in the all-trans conformation [41–44]. Furthermore, the crys
talline β-phase has also been found in PVDF-based block copolymers. 
One of the important factors in obtaining the β-phase in this kind of 
copolymers is related to the morphology where confinement effects play 
an important role [45]. During the last years, in order to avoid the loss of 
capacity in energy storage applications, a series of graft copolymers 
based on poly(vinylidenfluoride-co-trifluorethylene-co-cholorotri
fluoetoethylene) P(VTrCT) were synthetised [46]. Moreover, recent 
work has been published where β-phase crystallinity of PVDF homo
polymer, blends and block copolymer with PMMA is induced by non- 
solvent crystallization [47]. 

In a recent work [48], María et al. demonstrated how chain topology 
in PVDF-b-PEO 4-miktoarm star copolymers influenced PVDF arms 
crystals’ polymorphic behavior. This previous work showed that the 
miktoarm star chain topology induces the exclusive crystallization of the 
PVDF arms in the β-phase when the cooling rate is relatively low (i.e., at 
1 ◦C/min). 

In the present manuscript, we study the influence of isothermal 
crystallization conditions on the same 4-miktoarm star block copolymer 
samples employed in ref. 38. It should be noted that even though these 
copolymers were employed once before, their detailed synthesis 
pathway was not reported [48]. Hence, in this work, a full account of the 
synthesis of these novel miktoarm block copolymers is given. 

Recent work has reported the isothermal crystallization of a linear 
PVDF homopolymer using a flash DSC equipment, which uses a cooling 
rate of 3000 ◦C/s to avoid any crystallization during cooling to the 
crystallization temperature. At crystallization temperatures between 60 
and 65 ◦C, the formation of the β -phase was reported [49]. Isothermal 
crystallization experiments of PVDF films cast from solutions have also 
been studied, where PVDF in DMA solutions are cast on glass substrates 
and crystallized isothermally at 60 ◦C. In these films, the DMA helps the 
crystallization of PVDF completely in the polar β-phase [50]. This is 
unusual behavior in linear PVDF, in which normally the stable α-phase is 
formed when the sample is isothermally crystallized, and only in some 
isolated cases when the crystallization temperature is quite high, the 
γ-phase can be achieved [51]. 

The present work reports the detailed synthesis and isothermal 
crystallization study of the nucleation, spherulitic growth rates, and 
overall crystallization kinetics of novel complex 4-miktoarm star co
polymers, previously used before by us to study the non-isothermal 
crystallization [48]. The application of different experimental tech
niques, such as Differential Scanning Calorimetry (DSC), Fourier 
Transform Infrared Spectroscopy (FTIR), and Polarized Light Optical 
Microscopy (PLOM), allow us to determine how these materials crys
tallize and which polymorphs can be formed. By determining nucle
ation, growth, and overall crystallization kinetics, we determine the 
parameters that affect the crystallization kinetics of the miktoarm star 
copolymers and evaluate the influence of chain topology and/or chain 
structure on polymorphic properties. 

2. Experimental section 

2.1. Materials and methods 

Reagents and solvents used during the synthesis part of the manu
script were purchased from different chemical companies and used as 
received without any further purification. Dimethyl carbonate (DMC) 
(Sigma-Aldrich, ≥99%), dimethylformamide (DMF) (Sigma-Aldrich, 
99.8%), acetonitrile (VWR, 99.8%), dichloromethane (VWR, 99.9%), 
tetrahydrofuran (THF) (Sigma-Aldrich, 99%), n-hexane (Alfa Aesar, 
99.5%), ethyl acetate (VWR, 99%), triethylamine (Fisher Scientific, 
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99%), sodium iodide (Sigma-Aldrich, 99.5%), sodium azide (Sigma- 
Aldrich, 99.5%), 2,2-bis(bromomethyl)propane-1,3-diol (Sigma- 
Aldrich, 99%), tetrakis(acetonitrile) copper(I) hexafluorophosphate 
(Sigma-Aldrich, 99.9%) and bis(t-butyl peroxy)cyclohexane (Sigma- 
Aldrich, 80%). 1,1-vinylidene fluoride was purchased from Apollo Sci
entific (≥98%) and used as it is. 1-tert-Butyl-4,4,4-tris(dimethylamino)- 
2,2-bis[tris(dimethylamino) phosphoranyli -denamino]-2λ5,4λ5-cate
nadi-(phosphazene) (t-BuP4, 0.8 M in hexane) and propargyl alcohol 
were supplied by Sigma-Aldrich and rediluted by an appropriate solvent 
(hexane or tetrahydrofuran) in a specific glass apparatus. Ethylene oxide 
(EO) (Sigma-Aldrich, 99.5%) was successively dried over calcium hy
dride and n-butyllithium (n-BuLi) before the polymerization. 

2.2. Characterization techniques 

2.2.1. Nuclear magnetic resonance Spectroscopy (NMR) 
Several Bruker NMR instruments (AVQ 700 MHz, 600 MHz, 500 

MHz, or 400 MHz) were employed to obtain 1H, and 19F spectra at 298 
K. NMR chemical shifts are given in ppm. Residual solvent signals of 
CDCl3 (1H δ 7.26, 13C δ 77.16) were used for calibration. 

2.2.2. Size Exclusion Chromatography (SEC) 
Size Exclusion Chromatography (SEC) was employed to determine 

the average molar masses and their distribution (Đ). An Agilent liquid 
chromatography apparatus was used. It was equipped with two similar 
PL gel columns (5 μm, MIXED-C) connected in series with DMF as the 
mobile phase (1 mL/min). LiBr was added to DMF to make a 0.005 M 
solution. Two detectors were employed, namely a refractive index (RID) 
and a UV–Vis detector. The temperature of the column and flow path 
was controlled at 55 ◦C. Polystyrene samples were used as standards to 
construct the calibration curve. The GPC-Addon for ChemStation soft
ware (Agilent) was employed for data analysis. 

2.2.3. Differential Scanning Calorimetry (DSC) 
A Perkin Elmer DSC 8000 equipment fitted with an Intracooler II 

cooling system was used. Before DSC tests were carried out, a calibration 
with indium and tin was performed. Ultra-high purity nitrogen was 
employed as a purge gas. 

The experimental protocol suggested by Lorenzo et al. [52] was used 
to determine the overall isothermal crystallization. First, the minimum 
isothermal crystallization temperature to be used was found. This was 

done by heating the sample to 20 ◦C above its melting temperature for 3 
min to ensure that the sample was completely melted, then it was cooled 
down at 60 ◦C/min to a chosen Tc and immediately heated up again to 
the molten state (at 20 ◦C/min). The lowest Tc, which does not generate 
any latent heat of fusion during a subsequent DSC heating scan, was 
selected as the minimum Tc used [52]. 

Fig. 1 shows schematically the steps carried out to perform 
isothermal crystallization. Samples were melted (20 ◦C above the 
melting temperature for 3 min) to remove any crystalline thermal his
tory. From that temperature, they were cooled at 60 ◦C/min (at this 
cooling rate, the calorimeter has an excellent control of the temperature) 
to (as mentioned above) a previously chosen isothermal crystallization 
temperature, Tc. At this temperature, the samples were left to crystallize 
until saturation, around 40 min in all the samples. After the completed 
crystallization, a heating scan was carried out at 20 ◦C/min until melting 
to study the polymorphic nature of the isothermally produced crystals 
(Fig. 1a). 

For the 4-miktoarm star block copolymer samples, when we wanted 
to study the the PEO phase, a preliminary first step was carried out to 
crystallize the PVDF phase to saturation as it crystallizes at higher 
temperatures than PEO blocks, as it is shown schematically in the 
Fig. 1b. Once the PVDF blocks are crystallized, a second isothermal 
crystallization process is carried out at different chosen Tc values. Hence, 
during the PEO blocks overall isothermal crystallization process, the 
PVDF component is always semi-crystalline. All the kinetic calculations 
were performed with the complimentary Origin® plugin developed by 
Lorenzo et al. [52]. 

2.2.4. Fourier Transform Infrared Spectroscopy (FTIR) 
A Thermo Scientific Nicolet 6700 instrument, equipped with a ni

trogen purge and aligned for signal clarity, was employed to collect the 
data for the synthesis part of the manuscript. Acetone cleaned and dried 
crystal surface was used for calibration before sampling; up to 512 scans 
(from 4000 to 550 cm− 1) were taken for each sample and background. 

Moreover, a Nicolet 6700 FTIR fitted with an ATR (Attenuated Total 
Reflectance) Golden Gate MK II system with a diamond crystal was used 
to test the 4-miktoarm star block copolymer samples. Film samples were 
prepared by first melting bulk samples at 200 ◦C for 3 min and then 
cooled them down at 60 ◦C/min to 150 ◦C to allow their crystallization 
at this temperature for 2 h. Finally, the samples were cooled down again 
at a controlled cooling rate of 20 ◦C/min until room temperature. For all 

Fig. 1. Isothermal crystallization protocol, schematic representation of a) PVDF block crystallization and b) PEO block crystallization in the 4-miktoarm star block 
copolymers samples. To follow each step, see the text for a detailed description of the experimental procedure. 
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these sample preparation processes, an external Linkam hot-stage was 
employed. FTIR experiments were performed at room temperature. 

2.2.5. Polarized Light Optical Microscopy (PLOM) 
Polymer films were examined with an Olympus BX51 polarizing 

microscope, fitted with a hot-stage (Linkam) and a liquid N2 system to 
control the cooling rate and temperature. An Olympus SC50 camera was 
used to take images. The samples were prepared by the drop-casting 
method. Solutions (at 4 wt%) containing either the precursors or block 
copolymers in DMF solvent were drop cast on glass substrates and dried 
in a heater before observing them under the microscope. The isothermal 
crystallization experiments are carried out following the same protocol 
explained before for DSC experiments. 

3. Results and discussion 

3.1. Polymer synthesis 

The synthesis of the bifunctional iodine transfer polymerization 
(ITP) agent containing the N3(C3)N3 “clickable” moiety and of the 

miktoarm star copolymers, are given in Fig. 2. Polymerization of VDF 
using ITP as chain transfer agent and bis(tert-butyl peroxy)cyclohexane 
as initiator yielded the linear polymers PVDF-1, PVDF-2, and PVDF-3 
with two 1,3-diazide groups at the middle of the PVDF chains. The molar 
mass of the resulting polymers was checked by SEC and NMR spec
troscopy. SEC analyses used linear polystyrenes as standard. The molar 
mass determined by SEC for star fluoropolymers would underestimate 
the real molar masses because of differences in hydrodynamic volume 
with the corresponding linear polymer and, thus different elution times. 
Hence, the Đ was determined by SEC, and 1H NMR spectroscopy was 
used to calculate the molar masses of polymers. The molecular charac
terization data for these samples are given in Table 1. Synthetic details of 
the transfer-agent, ITP, ω-alkyne-PEO, and “click” reaction are reported 
in the Supporting Information (SI). NMR and IR spectra and SEC traces 
of all intermediate and final products are given in the SI (Figure S1, S2, 
S5-S19, and S22-S23). 

For all polymerizations, the dependence of VDF conversion vs. time 
and molar mass vs. time appeared to be linear (Figures S3 and S4). This 
might indicate a constant concentration of active chain ends during 
polymerization up to a certain degree of conversion and proves that the 

Fig. 2. Synthesis of (PVDF)2(PEO)2 miktoarm star copolymers.  

Table 1 
Molecular characteristics of the samples synthesized and studied in this work.  

Sample Topology PVDF/PEO 
ratio (wt%/wt%)a 

Mn (g/mol)b Mn 

PVDF (g/mol)b  
Mn 

PEO  
(g/mol)b 

Ɖc 

(PVDF29-N3)2 2-arm (linear) 1/0 3800 3800 –  1.23 
PEO227-Alkyne 1-arm (linear) 0/1 10,000 – 10,000  1.10 
(PVDF29)2(PEO272)2 4-arm (miktoarm) 13/87 27,800 3800 24,000  1.11 
(PVDF66)2(PEO227)2 4-arm (miktoarm) 29/71 28,500 8500 20,000  1.13 
(PVDF106)2(PEO159)2 4-arm (miktoarm) 48/52 27,900 13,900 14,000  1.13  

a Based on PVDF and PEO Mn values. b Estimated from 1H NMR integration. c Acquired from SEC analysis (Figure S20). Due to the non-linear baseline, these values 
are underestimated. 
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chosen chain transfer agent is adequate for VDF polymerization control 
in agreement with the previous report [26,27]. 

The preservation of the azides under the employed polymerization 
conditions was confirmed by FTIR (Figure S22). To prove the 

symmetrical character of the (PVDF)2 polymer, we cleaved the ester 
central bonds by hydrolysis. The comparison of the Mn values before 
(MnSEC = 19000 Da) and after hydrolysis (MnSEC = 10000 Da), and the 
consistent Đ values (Figure S21), suggests that the reactivity of the 

Fig. 3. Inverse of the induction time (t0) obtained by DSC versus a) the crystallization temperature and b) the supercooling for PVDF precursor, PEO precursor, 
(PVDF106)2(PEO159)2, (PVDF29)2(PEO272)2 and (PVDF66)2(PEO227)2 samples. Inverse of half crystallization time (1/τ50%) as a function of c) isothermal crystallization 
temperature and d) the supercooling for PVDF precursor, PEO precursor, (PVDF106)2(PEO159)2, (PVDF29)2(PEO272)2 and (PVDF66)2(PEO227)2 samples. All the solid 
lines are fit according to the Lauritzen and Hoffman theory. The dashed and solid lines were obtained by fits to the Lauritzen and Hoffmann theory. 
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bifunctional chain transfer agent was similar for the two iodides. 
The azide-functionalized PVDF-1, PVDF-2, and PVDF-3 were then 

reacted with complementary alkyne-functionalized poly(ethylene 
oxide) PEO-1, PEO-2, and PEO-3 to yield star polymers SP-1, SP-2 and 
SP-3. The molar masses of the PEO and PVDF blocks were varied. 
Because of the peculiar mechanism of CuAAC discovered by Finn et al 
[53], both azides of the N3(C3)N3 moiety react simultaneously, with a 
complete absence of mono-triazole intermediate. This property of 
CuAAC is most convenient as it prevents the need for purification to 
separate the four-arm miktoarm star from the incompletely-reacted 
three-arm intermediate, as an excess of PEO-alkyne is not required. 
FTIR was employed to monitor the reaction by the disappearance of 
band at 2095 cm− 1, which is due to the azide (Figure S22). The diblock 
polymer star displayed a narrower apparent Đ value by SEC than that 
obtained for linear (PVDF)2 (Table 1 and Figure S20). SEC-estimated Đ 
usually decreases in the transition between linear and branched mac
romolecules, because branching reduces the polymer hydrodynamic 
volume and significantly impacts the distribution of the hydrodynamic 
sizes.[54] Finally, three PVDF (3700, 8500, and 13600 g/mol) and three 
ω-alkyne-PEO (14000, 20000, 24000 g/mol) were synthesized. 

In summary, the three (PVDF)2(PEO)2 star block copolymers studied 
here have similar molar masses, and PVDF/PEO ratios are 0.15, 0.41, 
and 0.92. To compare with the 4-miktoarm star block copolymers, the 
(PVDF29-N3)2 (Mn = 3700, Ɖ = 1.23), and PEO-alkyne (Mn = 10000, Ɖ =
1.10) precursors were also analyzed. 

3.2. Isothermal crystallization kinetics 

In a previous publication, we have already discussed the miscibility 
between PVDF and PEO [48]. After using SAXS (Small Angle X-ray 
Scattering) and PLOM techniques and employing the Flory-Huggins 
theory [55], we concluded that in the molten state, these polymers are 
miscible or weakly segregated. 

The determination of the crystallization kinetic parameters for PVDF 
and PEO blocks in every sample was carried out. When the PVDF blocks 
are crystallized, the PEO blocks are still in the molten state. On the other 
hand, to calculate the kinetic parameters of PEO blocks, first, the PVDF 
blocks are crystallized to saturation, and subsequently, the PEO blocks 
are crystallized. 

Fig. 3a and 3b show the inverse of the induction time (t0), a quantity 
proportional to the primary nucleation rate before the crystallization 
process has started. This nucleation rate of the PVDF and PEO blocks is 
plotted for all samples as a function of the crystallization temperature 
(Tc) and the supercooling (Tm

0 -Tc), respectively. The two PVDF arms of 
the 4-miktoarm star block copolymers have nucleation rates that are 
higher than that of the 2-arm linear PVDF precursor, a peculiar effect as 
the PEO arms in the stars are in the melt when the PVDF arms nucleate. 
Similarly, the PEO precursor shows a lower nucleation rate in compar
ison to the PEO arms within the stars. To observe better the difference in 
the nucleation rate values, Figures S24 and S25 (in the SI) show the 
values of 1/t0 at constant Tc and △T values for the PEO and PVDF, 
respectively. The estimation of the equilibrium melting temperature 
(Tm

0 ) for each sample using the Hoffman-Week method (Figure S26) is 
explained in the SI, and the values are shown in Table S2. These values 
extrapolated by the Hoffman-Weeks method are employed to fit the data 
presented in Fig. 3c and 3d with the Lauritzen and Hoffman theory. We 
were not able to identify a unifying trend in the three different star 
copolymers with respect to their composition. 

Fig. 3c and 3d plot overall crystallization rates (i.e., the inverse of the 
half crystallization time (1/τ50%)), versus Tc and the supercooling for all 
the materials examined. The curves plotted as a function of supercooling 
are closer to each other, but there is not a perfect superposition between 
copolymers and their homopolymers. This result indicates the predom
inance of kinetic factors over the thermodynamic normalization 
attempted by plotting the curves as a function of supercooling. The 
trends observed in Fig. 3c and 3d are qualitatively similar to those 

Fig. 4. (a–c) The fit to the Avrami equation using the origin plug-in developed 
by Lorenzo et al. compared to the DSC experimental data obtained for the 
(PVDF29-N3)2 sample [52]. 
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observed in Fig. 3a and 3b, indicating that nucleation is a dominant 
factor for the overall crystallization behavior of the materials (that in
cludes nucleation and growth contributions). Figures S27 and S28 in the 
SI plot data from Fig. 3c and 3d at constant Tc and △T values for PEO 
and PVDF, respectively. 

In summary, both the nucleation rate and the overall crystallization 
rates of the PVDF and PEO arms within the 4-miktoarm star block co
polymers are higher than those of their precursors. The nucleation ef
fects dominate the overall crystallization kinetics. 

The Avrami equation describes well the primary crystallization in 
polymers [56]. One of the possible ways to write the equation is [52,57]: 

1 − Vc(t − t0) = exp( − k(t − t0)
n
) (1)  

where Vc is the relative volumetric transformed fraction, t0 is the in
duction time before any crystallization has started, t is the experimen
tally determined time, k is the overall crystallization rate constant, and n 
is the Avrami index. The Avrami index depends on the nucleation rate 
and crystal growth geometry. 

One example of the excellent agreement between the experimental 
data and the Avrami prediction theory in the primary crystallization 
range is represented in Fig. 4 (i.e., until 50% relative crystallization). 

The n value obtained for the (PVDF29-N3)2 was 2.7, this value can be 
considered to be close to 3. This is indicative that the PVDF arms have 
crystallized with instantaneously nucleated spherulites. Fig. 4a shows a 
comparison between an experimentally determined DSC isotherm and 
the one predicted by the Avrami theory. 

Fig. 4c demonstrates that the fitting to the Avrami equation can 
predict the primary crystallization range overall kinetics of the PVDF 
arms (the correlation coefficient is 1.0000), before the spherulites touch 
one another (i.e., free growth regime), in a crystallization range up to 
25% relative conversion from the melt to the semi-crystalline state. 
Moreover, as it can be seen in Fig. 4a and 4b the fits are good in this case 
for PVDF up to much higher relative conversion to the semi-crystalline 
state (i.e., until 50%, as given by the good agreement between the 
experimental and predicted half-crystallization times). 

Through the Avrami equation fit (Fig. 4c), the Avrami index (n) is 
calculated for every temperature chosen during the isothermal crystal
lization. The Avrami index values are plotted in Fig. 5a against the 
crystallization temperature. The values of the Avrami index fluctuate 
between 2 and 3. If the studied block is PEO for the copolymers, the 
Avrami index is closer to 3 (instantaneous nucleated spherulites). On the 
other hand, if the studied block is PVDF, it is closer to 2 (instantaneous 
nucleated axialites) with the exception of the homopolymer, whose n 
values are closer to 3. 

Fig. 5b shows the crystallization temperature dependence of k1/n 

values. These values obtained by the Avrami fit for k1/n are proportional 
to the overall crystallization rate constant (whose excellent fit is given 
up to 25% relative conversion to the semi-crystalline state by the free 
growth of spherulites or axialites) in normalized units of min− 1 (thanks 
to elevating k to the power 1/n, as the units of k are given as time− n). This 
is a good way to compare the Avrami predictions (plotted as data points 
in Fig. 5b) with the experimental values obtained during the isothermal 
crystallization experiments (experimental values of 1/τ50% in Fig. 3c). In 
Fig. 5b, the comparison between the experimental data and the Avrami 
fit predictions are made at 50% relative crystalline conversion. This 
means that in the experimental case, impingement between spherulites 
would have probably started, especially when the nucleation is not 
perfectly instantaneous. This explains why there is a qualitative agree
ment between Fig. 5b and Fig. 3c, but there are some quantitative 
differences. 

3.3. Melting processes observed after the isothermal crystallization 
procedures of the precursor homopolymer samples studied by DSC 

This section analyzes the melting process after isothermally crystal
lized samples are heated in the DSC (starting at their corresponding Tc 
values), registering their melting behavior. Fig. 6 shows the DSC heating 
scans at 20 ◦C/min after each isothermal crystallization process for the 
(PVDF29-N3)2 and PEO227-Alkyne samples. In the case of the (PVDF29- 
N3)2 homopolymer (Fig. 6a), the temperature range chosen for the 
isothermal crystallization study was 142–152 ◦C, and for the PEO227- 
Alkyne homopolymer (Fig. 6b), the temperature range was 43–50 ◦C. 

In the case of PEO (Fig. 6b), the main melting peak is observed at 
approximately 62 ◦C, this peak increases as the crystallization temper
ature increases as expected. We will not address the behavior of the PEO 
precursor in detail, as the main objective of this work is to investigate 
the polymorphic behavior of PVDF. 

Fig. 6a shows the melting behavior of the (PVDF29-N3)2 precursor (a 
linear 2-arm PVDF sample). Different melting peaks are observed due to 
the different polymorphic phases detected in PVDF. The isothermal 
crystallization peaks at the different crystallization temperatures are 
plotted in Figure S29 of the SI for both samples. 

According to the literature, commercial PVDF homopolymers exhibit 
only one phase when isothermally crystallized from the melt, specif
ically the α- non-polar phase [58,59]. In our case, in the synthesized 
(PVDF29-N3)2 precursor, at low isothermal crystallization temperatures 
(Tc = 142 ◦C), two melting peaks can be distinguished. The first one 

Fig. 5. a) Avrami index values as a function of the crystallization temperature 
and b) normalized isothermal crystallization rate constant of the Avrami model 
as a function of crystallization temperature for all the samples studied. 
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appears at low temperatures, and can be assigned to the less stable 
crystalline β-phase. The second one, at higher temperatures, corre
sponds to the melting of α-phase crystals. When the isothermal crystal
lization temperature increases, the α-phase melting peak area decreases, 
and a new peak can be observed at higher temperatures. This peak 
corresponds to the melting of a new crystalline phase crystals, which can 
be assigned to the γ-phase. At the highest isothermal crystallization 
temperature (Tc = 152 ◦C), the α-phase crystals have almost dis
appeared, and both β-phase and γ-phase coexist. A possible explanation 
may be that a transition from the α-phase to the γ-phase occurs during 
the isothermal crystallization process, as it has been observed before in 
the literature when the isothermal crystallization temperature selected 
is high enough [60,61]. These type of transitions have been previously 
reported for PVDF nanocomposite samples but has never been reported 
before for PVDF-based block copolymer samples [62–64]. In the present 
work, the (PVDF29-N3)2 homopolymer precursor is not equal to a 

commercial PVDF homopolymer, as it has a more complex structure 
being a 2-arm copolymer, see its chemical structure in Scheme S1 (i.e., 
PVDF-1). 

A morphological study was carried out by PLOM. Fig. 7 shows mi
crographs of the (PVDF29-N3)2 precursor taken at two different 
isothermal crystallization temperatures that complement the DSC re
sults. Fig. 7a presents some PVDF spherulites grown at 146 ◦C after 3 
min at this temperature, where the main phase observed by DSC was the 
β-phase. On the other hand, Fig. 7b shows spherulites grown at 157 ◦C 
during 10 min on the same sample where the main phase observed by 
DSC was the γ-phase. Differences in texture are detected in both cases, 
where the γ-phase crystals observed in Fig. 7b are more compact and 
dense than the β-phase crystals observed in Fig. 7a. Therefore, 
depending on the isothermal crystallization temperature employed, it is 
possible to observe two types of spherulites in the same sample. In the 
literature, some works have found similar differences in the texture of 

Fig. 6. DSC heating scans at 20 ◦C/min after the samples were isothermally crystallized for 40 min at the indicated temperatures: a) (PVDF29-N3)2 and b) PEO227- 
Alkyne precursor samples. 

Fig. 7. PLOM micrographs of (PVDF29-N3)2 spherulites isothermally crystallized a) at 146 ◦C and b) at 157 ◦C from the melt.  
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PVDF spherulites depending on the crystalline phase that is being 
formed [51,65–67]. 

As explained before, the α-phase to γ-phase transition is a well- 
known process in the literature [68–70]. Normally, this conversion 
process requires long crystallization times, but in our case, as we have 
confirmed before, due to the topological effects of the 2-arm chain 
conformation in this PVDF precursor, this α-γ phase transition occurs 
with the increase of the crystallization temperature, even at short 
crystallization times. The chain topology influences the final properties 
of the sample, as we demonstrated in miktoarm star structures before 
[48]. 

To understand how the α-phase changes to γ-phase, different calcu
lations were performed. Three different hypotheses will be discussed: (i) 
a direct transition from α-phase crystals to γ-phase crystals during the 
duration of the isothermal crystallization, (ii) the α-phase, that is first 
formed, melts (during isothermal crystallization) and the γ-phase forms 
from this melt state, as the crystallization temperature increases and (iii) 
the β-phase, that is first formed, melts, and then the γ-phase crystallizes 
from this melt state. To study these different possibilities, some calcu
lations are carried out and are presented in Fig. 8. 

Fig. 8 presents a plot of the degree of crystallinity of each Phase 
(Xc

α,β,γ) divided by the total degree of crystallinity (Xc
total) for each 

isothermal crystallization temperature. 
Xc

α,β,γ is calculated from the melting enthalpy data obtained by DSC 
analysis (Eq. (2)), and Xc

total value is obtained by the sum of all the 
crystallinity degrees (Eq. (3)): 

Xc =
ΔHm

ΔH0
m*φ

(2)  

XT
c (T) = Xα

c (T)+Xβ
c (T)+Xγ

c(T) (3)  

where ΔHm is the experimental latent heat of fusion measured in the 
DSC, ΔHm

0 is the equilibrium melting enthalpy (i.e, for a 100% crystalline 
sample), and φ is the weight fraction of the polymer. For the PVDF we 
have employed a value of ΔHm

0 = 104.7 J/g [71]. The explanation of how 
we calculate the degree of crystallinity and how we obtain the separate 
melting enthalpies are in the SI (Figure S30). 

Fig. 8 shows how the β-phase is almost constant in the whole range 
calculated; thus, we can estimate that the β-phase does not melt as the 
isothermal crystallization temperatures are increased and always re
mains crystalline, so hypothesis (iii) can be rejected. For the α-phase, the 
value of the degree of crystallinity decreases when the crystallization 
temperature increases, and at the same time, the degree of crystallinity 
for the γ-phase increases. In addition, the β-phase is not changing with 
crystallization temperature, as the total crystallinity observed remains 
almost constant, so hypothesis (ii) can also be rejected. Fig. 8 thus 
demonstrates that there is a direct crystalline phase transition from 
α-phase to γ-phase in the (PVDF29-N3)2 sample during the isothermal 
crystallization process. The content of each phase (in %) at every 
isothermal temperature employed are listed in Table 2. 

3.4. Melting processes observed after the isothermal crystallization 
procedures of the PVDF arms within the 4-miktoarm star block copolymer 
samples studied by DSC 

The melting of the PVDF arms crystals within the (PVDF)2(PEO)2 4- 
miktoarm star block copolymers was also studied after isothermal 
crystallization by DSC. Fig. 9 shows the DSC heating curves of the 
miktoarm star block copolymer samples at 20 ◦C/min for the PVDF 
blocks after their isothermal crystallization for 40 min at different Tc 
values. The respective DSC cooling curves are shown in Figure S31 in the 
SI. 

The behavior of the PVDF arms within the 4-miktoarm star block 
copolymers is remarkable. A single melting peak (whose peak value 
increases as Tc increases as expected) can be observed in Fig. 9 for all 
three samples. A single melting peak is observed in all samples regard
less of the isothermal crystallization temperature employed or the 
miktoarm star copolymer composition selected. Compared to the PVDF 
precursor studied, this melting peak means that the copolymers, 
regardless of the sample studied, always crystallize in one crystalline 
phase. To determine which phase is this, FTIR analyses were carried out. 

The three 4-miktoarm star block copolymers were isothermally 
crystallized at 150 ◦C for 2 h and finally cooled down at 20 ◦C/min to 
room temperature before the FTIR spectra were measured. Fig. 10a 
shows the FTIR results for the copolymers, crystallized all of them at the 
same temperature, and Fig. 10b shows the PEO227-alkyne precursor 

Fig. 8. Degree of crystallinity of each phase divided by the total degree of 
crystallinity at all the isothermal crystallization temperatures studied. 

Table 2 
List of the values in percentage of each phase crystallized in the (PVDF29-N3)2 at 
every isothermal crystallization temperature.  

Tc (◦C) α-phase (%) β-phase (%) γ-phase (%) 

142 36 64 0 
143 27 72 1 
144 25 73 2 
145 21 77 2 
146 18 79 3 
147 15 82 3 
148 8 84 8 
149 6 86 8 
150 5 83 12 
151 2 82 16 
152 0 81 19  
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sample to observe and compare the possible interferences with the PVDF 
bands. 

Fig. 10a shows some characteristic bands for (PVDF106)2(PEO159)2, 
(PVDF29)2(PEO272)2, and (PVDF66)2(PEO227)2 samples. As expected, 

considering the melting temperature range observed by DSC, the bands 
detected in the FTIR spectra for the PVDF arms are related to the crys
talline β-phase. The FTIR spectra shown here are just focused in the 
range of 1600–600 cm− 1, where all the PVDF characteristic bands 

Fig. 9. DSC heating scans after 40 min isothermal crystallization at the indicated temperatures for the PVDF arms of the following samples: a) (PVDF106)2(PEO159)2, 
b) (PVDF29)2(PEO272)2 and c) (PVDF66)2(PEO227)2. 
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appear. The bands located at 1238, 1101, and 961 cm− 1 are the main 
bands detected for the PEO [72], as observed in Fig. 10b. It is worthy to 
say that there is a band located at 840 cm− 1 that overlaps the crystalline 
β-phase in PVDF with one of the PEO bands. In Fig. 10a for the PVDF 

blocks, there is a single band located at 1275 cm− 1. This band is char
acteristic for the β-phase [73], and was also observed before in our 
previous work in these systems [48]. It is remarkable that after the 
isothermal crystallization of these miktoarm block copolymers only the 
β-phase was formed. In fact, all characteristic bands from the α-phase 
(764, 796, and 976 cm− 1) are absent. Moreover, the bands corre
sponding to the γ-phase (833 and 1232 cm− 1) are also not observed. 
Table 3 shows all the main bands related to the PEO and for the different 
PVDF polymorphic phases. The results presented here are strong evi
dence indicating that the PVDF arms within the 4-miktoarm star block 
copolymers crystallize only in the β-phase when the samples are 
isothermally crystallized from the melt. 

When these block copolymers samples are observed in the PLOM 
during an isothermal crystallization at high temperatures, it is possible 
to follow the crystallization of the PVDF arms. For the 
(PVDF29)2(PEO272)2 sample, the small amount of PVDF prevents the 
observation of PVDF block crystals in the microscope. Fig. 11 shows the 
PVDF arms crystals obtained for (PVDF66)2(PEO227)2 (Fig. 11a) and 
(PVDF106)2(PEO159)2 (Fig. 11b) respectively, at a crystallization tem
perature of 140 ◦C. In micrograph 11a, the PVDF arms crystals have a 
morphology in between spherulites and axialites. However, when the 
amount of PVDF in the star copolymers is the highest, as shown in 
Fig. 11b, the crystals formed by the PVDF arms are clear negative 
spherulites. In both cases, the crystals observed are consistent with 
PVDF β-phase morphology. 

4. Conclusions 

Novel A2B2 PVDF-based amphiphilic miktoarm star copolymers 
having fluoropolymer PVDF and hydrophilic PEO blocks were synthe
sized via a combination of anionic ring-opening, ITP and CuAAC meth
odologies. The combination of ITP and CuAAC chemistries and the 
selection of multi-functional precursors allow facile access to different 
PVDF-based complex macromolecular architectures. 

We have shown how chain topology can significantly affect the 
isothermal crystal phase formation in PVDF. Contrarily to the well- 
known behavior of linear PVDF materials that crystallize in the 
α-phase when they are isothermally crystallized from the melt, a linear 
2-arm block copolymer ((PVDF29-N3)2) exhibits a polymorphic behavior 
(with a predominant β-phase formation) during melting after isothermal 
crystallization that significantly depends on the temperature of crys
tallization. Analysis of the multiple melting behavior indicates that the 
sample forms both α and β-phases, where the α -phase transforms into 
the γ-phase during isothermal crystallization. 

In the case of the more complex (PVDF)2(PEO)2 4-miktoarm star 
block copolymers, we found a remarkable behavior, as the PVDF arms 
only form the ferroelectric β-phase when all three materials were 
isothermally crystallized regardless of the crystallization temperature 
employed. The presence of exclusive β-phase was corroborated by DSC 
and FTIR. Hence, we have shown that tailoring chain topology in PVDF 
copolymers can lead to exclusive β-phase formation, a path that can be 
exploited for future piezoelectric applications. 
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Fig. 10. FTIR spectra for a) (PVDF106)2(PEO159)2, (PVDF29)2(PEO272)2 and 
(PVDF66)2(PEO227)2 samples where PVDF was isothermally crystallized at 
150 ◦C during 2 h and b) PEO227-Alkyne homopolymer crystallized isother
mally at 44 ◦C. The different vertical dashed lines indicate the bands for the 
PVDF and PEO. Black: PEO. Red: PVDF β-phase. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 3 
Main location and description of the PVDF bands for the α, β, γ-phases and PEO 
bands in FTIR analysis.  

Wavenumber (cm− 1) Phase Description [16,74] 

764 α-PVDF C-C in-plane rocking vibration 
796 α-PVDF CH2 rocking 
833 γ-PVDF – 
840 β-PVDF CH2,CF2 asymmetric stretching vibration 
841 PEO CH2 wagging 
960 PEO CH2-CH2 rocking 
976 α-PVDF CH out of plane deformation 
1100 PEO C-O-C stretching 
1232 γ-PVDF CF out of plane deformation 
1275 β-PVDF CF out of plane deformation  
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