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Abstract

The comonomer effect on the structures of poly(vinylidene fluoride—hexafluoropropylene) P(VDF—HFP) copolymers was analyzed by
Raman spectroscopy. The HFP content of these copolymers varies from 5% to 15%. Because of steric interactions involving the bulky HFP
comonomers, the predominant chain conformation has extensively more gauche conformers in comparison to the neat PVDF. Based on both
experimental and simulation studies, specific spectroscopic features in the 400—900 cm ™' region have been identified that are characteristic
of irregular chain conformations elucidating the perturbing effect of HFP on the equilibrium chain statistics of PVDF in the amorphous phase.
In addition, these spectroscopic features were revealed to be extremely sensitive to the relative placements of the CF3 units with respect to other

fluorine atoms along the chain.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluorinated polymers have a broad spectrum of applica-
tions. A well known polymer in this family is poly(vinylidene
fluoride) (PVDF). This polymer, known for its high piezoelec-
tric constant, is used in numerous commercial electromechan-
ical devices such as speakers and microphones [1]. When
mechanical performance is valued, this polymer also possesses
toughness. Although fluorine—fluorine interactions are signif-
icant, the PVDF chain has the usual rotational isomeric states
designated as frans or gauche. The relative distribution of
these states associated with the multitude of crystalline forms
can differ substantially depending on the processing condi-
tions and application of an electric field [2].

PVDF homopolymer can crystallize in at least three distinct
crystalline phases consisting of different chain conformations.
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For the o phase, the chain possesses the regular sequence of
tgtg’ conformation. The all-trans (ttf) conformation is generally
referred to as the B phase, and f3g73¢’ is known as the y phase
[3—5]. These polymorphic structures have clearly been de-
scribed in previous studies [2]. Due to its specific chain confor-
mation in the crystalline unit cell, the polar  phase has the
highest remnant polarization, thus attracting considerable atten-
tion in the polymer community [6,7]. The polar 8 phase can be
produced by uniaxial mechanical deformation with the simulta-
neous application of a strong electric field [§—10]. The struc-
tural rearrangement accomplished under different processing
conditions has been discussed extensively. Effects of an electric
field [11—14], thermal annealing [15,16] and ultra-quenching
of molten PVDF [17] have been discussed previously.

It is also known that the copolymers of PVDF with a num-
ber of other monomers can alter morphological features and
create interesting structures and associated physical properties
[3,4,18—20]. The focus of the present study is to elucidate the
effects of hexafluoropropylene (HFP). The usual commoners
used previously are generally smaller than the CF, units thus
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reducing F—F steric interactions along the chain and en-
hancing formation of the truly planar zigzag structure [3.4,
18—20]. Steric interference of this bulky HFP comonomer is
a parameter requiring additional consideration.

This HFP comonomer is bulky, possessing a very strong
dipole moment, and may significantly influence chain confor-
mation. Although most previous studies deal with the crystal-
line phase, we have an interest in both the amorphous phase
and the crystalline portion. P(VDF—HFP) copolymers have
a broad spectrum of applications ranging from biomedical
devices to lithium ion batteries [21—25]. These copolymers
have received attention from the industrial and scientific
communities by virtue of their appealing properties such as
high solubility, low degree of crystallinity, and low T, which
improve processing. P(VDF—HFP) copolymer can expedi-
ently serve in drug release applications. The HFP content
has a strong effect on the release behavior of small molecular
additives as shown in Fig. 1. The drugs employed have
limited miscibility in the P(VDF—HFP) copolymer and are
excluded from the crystalline regions. Diffusion of the drugs
depends on the dynamics of the amorphous phase and the de-
gree of crystallinity of the samples. Therefore, characteriza-
tion of the amorphous phase is crucial in controlled release
analysis.

Characterization of crystalline structure in the condensed
state is a well-established discipline. For polymers in solu-
tion or melt, there is a total absence of long-range order.
Only a few techniques are capable of elucidating the confor-
mational distribution of these disordered polymers [26,27].
Although the chains lack long-range order, the occupations
of rotational isomeric states along the backbone can be quite
different. Polarized Raman scattering, however, can be used
to characterize differences in conformational distribution
[28—31]. Our first study concentrated on differences in chain
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Fig. 1. Drug release from fluorinated polymeric matrix.

statistics and the resultant conformation distribution of poly-
(ethylene oxide) in solution or melt. In the aqueous solution,
tgt is the dominant rotational isomeric state (~50% in the
conformational distribution). In contrast, zgg is the dominant
state (~45% in the conformational distribution) in PEO melt
[28]. Simulation studies support experimental data. Without
any adjustable parameters, the generated simulated spectra
were in excellent agreement with experimental data [28].
We subsequently employed this technique to characterize
disordered polymer chains in a variety of situations,
including amorphous regions in the condensed state
[28,30,32—34].

In this study, we employed a similar Raman technique to
analyze chain conformation of PVDF incorporating different
HFP contents. Based on well-established structural parameters
and force constants, we have been able to establish the most
probable chain conformation distributions. With polarizability
parameters transferred from other molecules, it has been
possible to simulate the Raman data. We found specific spec-
troscopic features characteristic of the perturbing effects of
HFP unit to the chain conformation. Our analyses are reported
here.

2. Experimental

PVDF homopolymer and P(VDF—HFP) copolymer sam-
ples of different HFP contents were obtained from Solvay
(SOLEF) and 3M (Dyneon). Relative mass concentrations of
HFP units in copolymers are calculated from '’F NMR in
DMEF-d; and their relative reversed unit percentage also esti-
mated from NMR spectrum. Molecular weights and their
distributions are determined by GPC, utilizing DMF as solvent
and polystyrene as standard. Melting temperature, heats of fu-
sion and degree of crystallinity are estimated from differential
scanning calorimetric measurements. In this study, a value of
98.0 J/g was used for the heat of fusion of the perfectly crys-
talline PVDF [35]. The physical properties of these samples
are given in Table 1.

Raman spectra were obtained with the use of a laser confo-
cal Raman spectrometer (Jobin Yvon HORIBA LabRam
HR800 Raman microscope) in the 200—1400 cm ™' frequency
range. Spectral resolution was maintained at 4 cm~'. Laser
power was ~5 mW from a He—Ne laser (632.8 nm). The in-
cident laser was highly polarized. Polarized and depolarized
spectra were obtained using a polarizer supplied by the man-
ufacturer. As before isotropic spectra associated with the com-
pletely symmetric modes can be obtained using a linear
combination of the polarized and depolarized data [31]. Using

Table 1
Physical properties of the samples studied

Sample M, x 10° (g/mol) My /M, Ty (°C) T,(°C) X. (%)
PVDF 194 1.91 174.2 —51 59
P(VDF—5%HFP) 281 1.81 161.9 —43 38
P(VDF—10%HFP) 207 1.76 160.4 —40 33
P(VDF—15%HFP) 237 1.51 1354 -29 29
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the heating cell, the Raman spectra of these samples in the
molten state were obtained at temperatures just above their
melting points.

Liquid-state NMR spectra were obtained using a Bruker
300 MHz spectrometer operating at 282.3 MHz at '°F at
room temperature. Deuterated acetone and DMF were used
as solvents. CFCl; was used as the standard and given in parts
per million (ppm). Solution concentration is ~ 1% by weight.
“F NMR spectra were recorded with flip angle 30°; acquisi-
tion time 0.09 s; pulse delay 1.5 s.

Differential scanning calorimetric (DSC) measurements
were conducted with a DSC 2910 differential scanning calo-
rimeter (TA instrument Inc.). All experiments were conducted
at a constant heating rate of 10 °C/min to 220 °C under nitro-
gen atmosphere. The temperature calibration used indium as
standard.

3. Simulation of Raman spectra

Conformational analysis of amorphous chains has been
challenging due to the fact that these chains do not possess
periodicity. In this study, we used the program ‘‘Disordered
Chain Normal Coordinate Analysis” (DCNCA) to simulate
the Raman spectrum, originally developed by Snyder et al.
[36,37] and modified in our laboratory. Success has been ob-
tained for polyolefin, polyether and polyester [28,30,32—34].
The amorphous chains are represented by an ensemble of rel-
atively short chains generated by a statistical distribution of
various rotational isomeric states. The spectrum of the ensem-
ble is used to represent the amorphous structure. A Monte
Carlo method was used to generate short polymer chains based
on the appropriate rotational isomeric state (RIS) model. The
simulated spectra are taken to be the sum of spectra of individ-
ual chains.

S0 =Y 5 (1)
Si(v) zil(aj,bj,c,v) (2)

where S(v) is the isotropic Raman spectrum (see definition be-
low), S;(v) is the spectrum of the ith chain, m is the total num-
ber of chains considered, / is the band shape function, a is the
intensity, b is the frequency of a mode, c is the half-width, j is
the summation variable representing each (3n —6) normal
mode in a molecule with n atoms. The Raman intensities
were calculated using a simple bond polarizability model
[30,31,34,38]. For PVDF homopolymer and P(VDF—HFP)
copolymer, the bond polarizability model includes contribu-
tions from seven sets of coordinates. They are backbone
bond stretching C—C, backbone bond angle bending
Cy—Cg—Cy, Cg—Cyx—Cg and the stretching C—F, bending
F—C—C, F—C—F, C—C—H, where the subscripts H and F in-
dicate the type of side atoms to which the carbon atom is

connected. The scattering activity of the jth mode of a chain
is given by

o= (2a3m) g

where A, is an intensity parameter which is proportional to the
derivative of the mean polarizability of the ath coordinate, Lj;
is the kth element in the normal coordinate associated with the
ath coordinate. The values of A, used in the present study are
1.0, 0.8, 0.1, 0.2, 0.4, 0.5, and 0.1 for C—C, C—F, F—C—C,
F—C—F, Cy—Cg—Cy, Cp—Cyx—Cp and C—C—H, respectively.
The force field shown in Table 2 has been transferred from
previous PVDF studies and has been shown to be successful
for all three PVDF crystalline forms [39].

In this experiment, a highly polarized laser is used as an ex-
citation source. The depolarization ratio, p, is defined as the
ratio of scattered intensity with polarization perpendicular to
the scattering plane defined by the incident and scattered radi-
ations, I | , to the scattered intensity with polarization parallel
to the polarization of the incident laser beam, /;. The polariz-
ability change tensor responsible for the Raman scattering, «,
can be decomposed into the isotropic part ¢; and an aniso-
tropic part «,

Table 2

Intramolecular valence force constants of poly(vinylidene fluoride)

No. Force constants  Coordinates involved ~Common atoms  Values®
1 Kq CH 4.902
2 Ky CC 4.413
3 Fri CC, CF C 0.403
4 Fgr CC, CC C 0.148
5 Fry CC, CCH CC 0.206
6 Fre, CC, CCC CC 0.273
7 Fry CC, CCF CC 0.567
8 Fq CH, CH C 0.058
9 K CF 5.96
10 Fy, CF, CF C 0.621
11 Fie CF, CFF CF 0.674
12 H, CCH 0.615
13 F, CCH, CCH CC 0.105
14 F,/ CCH, CCH CH 0.074
15 Hj CHH 0.441
16 H, CCC 1.248
17 f) CCC, CCC (1) CC —0.036
18 Hy CCF 1.262
19 H¢ CFF 1.50
20 T CCCC 0.05
21 Fig CF, CCF CF 0.62
22 Fg CCF, CCF CC 0.178
23 Fy CCF, CCF CF 0.143
24 fuyf CCC, CCH (g) CC 0.138
25 fol CCC, CCF (g) CC —0.085
260 fyp CCH, CCF (1) CC 0.063
27 f% CCH, CCF (g) CC 0.055

* The stretch constants have units of mdyn/angstrom; the stretch—bend inter-
actions have units of mdyn/rad; and the bending constants have units of (mdyn
angstrom)/rad®.
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1
o = g(axx + oy + 0‘22) (4)

1
0 = 3| (s = ot — ) ot — )’

+6(ad, + o +2)] (5)

where o;s are the tensor elements. The depolarization ratio p
is then expressed as [40]

I, ?a(aca)2

P T 45(a) 4 (@) (6)

For an isotropic vibrational mode, «, is zero, thus p is zero. In
contrast, for an anisotropic vibration, the isotropic polarizabil-
ity a; =0. In that case p value is 3/4. Therefore an isotropic
Raman spectrum can be defined as

4
]iSOZIH_glL (7)

The isotropic spectrum typically is composed of conforma-
tionally sensitive skeletal modes. These modes are easy to
measure and can be simulated using bond polarizability model
[34,38,41].

The molecular structural parameters used in this study are
shown below: the C—H, C—F and C—C bonds used were
1.096 A, 1.34 A and 1.54 A, respectively. The F—C—F and
H—C—H valence angles were taken as 109.5°. The Cy—Cg—
Cy was taken as 118.5° and Cg—Cy—Cr as 116.5°. Torsional
angles were assumed to be either trans (t=180°), gauche
(g =060°) or gauche' (g’ = —60°). The simulation methodol-
ogy, structure and force field were validated by investigating
experimental and simulated Raman spectra of o and f crystal-
line forms of PVDF homopolymer. A sample of the § form
was prepared by casting films from N,N-dimethylacetamide
(DMA) solution and a sample of o form was prepared by cast-
ing films from acetone solution [39]. The experimental Raman
spectra of a and B forms are shown in Fig. 2. Raman simula-
tions were then carried out for o and B forms. For 3 forms, all
torsional angles along the backbone were set to be 180°. For
the o form, torsional angles were set to be repeating sequences
of tgtg’, where t = 180°, g = 60° and g’ = —60°. The simulated
spectra are shown in Fig. 3. Although there is a consistent shift
of 25 cm ™! in frequency, the experimental and simulated spec-
tra agree quite well. A dominant band in the 800 cm ™' region
is observed in the experimental spectra obtained for both the
a and the B chains. The position of the dominant band in
o form is lower than that in § form, which is also reproduced
in the simulated Raman spectra. In the o form, three bands
within 450—670 cm ™' are observed. They are reproduced in
the simulated spectra. In the  form, there is only one strong
band in the same region, and this feature is also reproduced
in the simulation. The relative ratio of these simulated bands
also agrees with the experimental results. The band at
875 cm ™! is absent in the simulated spectra because it is aniso-
tropic in nature as shown in our previous study [42]. The

-
-
[}
- i —
n
L N
= h,'l Cast film from acetone (o)
< ‘Ia: ,l ‘
~ a1 [} ]
2 n [ H
Z M v L L "M"’E
g
s |
=

Cast film from DMA ()

AP I B R S B S
1100 1000 900 800 700 600 500 400

Raman Shift / cm™

Fig. 2. Experimental Raman spectra of PVDF in o and B crystalline forms.

agreement between experimental data and simulated spectra
provides considerable confidence in the structure and force
field employed.

After investigating the PVDF homopolymer and validating
the simulation methodology, Raman spectra were generated
for the P(VDF—HFP) copolymer. The chain used for analysis
is composed of 1 HFP unit and 13 PVDF units, corresponding
to a 15 wt% of HFP content. The existence of HFP units on
a PVDF chain introduces the bulky CF; group. Due to the
steric effect of the CF5 group, the distance L between fluorine
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Fig. 3. Simulated Raman spectra of o and B crystalline forms of PVDFE.
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Fig. 4. Conformational structure of HFP unit.

atoms of the CF3 group and CF, group in the nearest neighbor
should be as large as possible. The distance L is mostly deter-
mined by the three torsional angles of the HFP unit as shown
in Fig. 4. The distance L is the summation of the distance be-
tween the fluorine atoms in CF; groups and CF, groups in the
HFP unit and two neighboring VDF units.

where F; is the three fluorine atoms in the CF; group and F; is
the six fluorine atoms in the three CF, groups. We assume that
each torsional angle can take three different conformational
values: 7, g and g’. This distance L is calculated under all pos-
sible 27 conformational configurations. The shortest distance
is 62.96 A for the tgt conformation. The top three largest dis-
tances are 78.89 A, 78.85 A, and 77.61 A for gg'g, g'¢'g, and
tg'g, respectively. Therefore, the most probable conformations
for the HFP unit are taken to be gg'g, g'¢’g, t¢'g in the simu-
lation of the amorphous phase for P(VDF—HFP) copolymer.

4. Results and discussion

Determination of the copolymer configuration is an impor-
tant consideration in our analysis. '’F NMR spectra of one of
the P(VDF—HFP) copolymers (15% HFP) in DMF-d; are
shown in Fig. 5 and the corresponding peak assignments of
the various '’F NMR chemical shifts are tabulated in Table
3. Based on these observations, copolymer composition can
be determined in terms of HFP content as shown below.

o

[=%

| S

Fig. 5. "?F NMR spectrum of P(VDF—HFP) copolymer with 15 wt% of HFP.

Table 3
Designations of the 'F NMR chemical shifts observed for P(VDF—HFP)
copolymers

No. Assignment

—CH,—CF,—CF(CF;)—CF,—VDF
—CH,—CF,—CF,—CF(CF3)—CH,—CF,—
—CFQ—CHZ—CF2—CH2—CF2—
—CF>—CH,—CF,—CF,—CH,—CH,—
—CH,—CF,—CF,—CF(CF5)—CH,—CF,—
—CF,—CH,—CF>—CH,—CH,—CF,—CF,—
—CH,—CF,—CF(CF;)—CF,—
CH,—CF,—CF,—CF(CF;)—
—CHQ—CFZ—CFQ—CHZ—CHZ—
—CH,—CF,—CF,—CH,—CH,—
—CH,—CF,—CF,—CF(CF3)—
—CH,—CF,—CF(CF;)—CF,—VDF
—CH,—CF,—CF,—CF(CF;)—CH,—CF,

5 g8 /xS0 hoe o o

1 1

7 Ioo-120 — 3 (I + 1)
mol ratio for « = VDF : HFP = 7 9)
g(la +Ib)

1 x 150

XY 100% — HFP i
ax6h+1x150 < 100% i (10)

where Iy9—12 is the intensity of peaks corresponding to CF, of
VDF and HFP units and /, and I, are the intensities of CF; of
HFP units. From the NMR spectra it is also possible to deter-
mine randomness of the HFP units. Based on NMR relative
intensities, it is determined that most of the HFP units along
the polymer chain are connected with VDF units such as
CH,—CF,—CF,—CF(CF;)—CH,—CF,. Because of the steric
hindrance of the bulky group CF;, the CF(CF;) side of the
HFP monomer is always connected to relatively smaller units
such as CH,. All spectroscopic evidence obtained suggests
a chain configuration of random copolymers. It is reported
that PVDF prepared by radical polymerization comprises 3—
6% of HH or TT structures and we termed it as regio-irregular
structure or reversed unit.

CH,CF,CH,CF,CF,CH,CH,CF,CH,CF,
H T HTTHHTHT

From 'F NMR spectroscopy, we calculated the reversed VDF
units as around 4%. Copolymerization of HFP with VDF
chains can induce various connecting patterns. For example,
if we consider only three repeat units, the four probable con-
necting patterns in the copolymer chains are as shown below:

CH,CF,CH,CF,CH,CF,
CH,CF,CF,CH,CH,CF,

CH,CF,CF,CF(CF;)CH,CF,
CH,CF,CF(CF;)CF,CH,CF,

We can also detect the reversed HFP units in the copolymer
chains by assuming CH,CF,CF,CF(CF;) is the normal con-
necting pattern (~5% to 6%). In all spectra, the integrals of
the multiplets corresponding to normal head-to-tail additions
are favored (96%) over the reversed additions (head-to-head
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Table 4
Calculated HFP content and regioregularity from '°F NMR spectrum

Sample Relative mol Relative mol Relative mass
conc. of reversed  conc. of reversed conc. of HFP
VDF unit (%) HFP unit (%) unit

PVDF 4.1 0 0

P(VDF—5%HFP) 4.3 5.57 54

P(VDF—10%HFP) 4.0 591 10.9

P(VDF—15%HFP) 4.0 6.05 15.8

and tail-to-tail: 4%). In all spectra, most of the HFP units
connected with the VDF units favor the structure:
—CH,—CF,—CF,—CF(CF;)—CH,—CF,—. The calculated HFP
and randomness of VDF and HFP units by '°F NMR in each
copolymer are shown in Table 4.

The degree of crystallinity of these samples was calculated
from the heat of fusion (AH ) obtained from DSC using the
formula,

% x of VDF fraction in P(VDF—HFP) copolymer
=100 x (X/Z) (11)

where X = experimental AHq,, from DSC and Z = average
value of AHgon from three literature sources for PVDF, i.e.
Z ~ 98.0J/g [35]. In order to correct the HFP fraction in
P(VDF—HFP) copolymer, the above value (Z) has been nor-
malized to the percentage of the VDF fraction. It was observed
that the addition of comonomer HFP decreased the degree of
crystallinity of PVDF significantly. The degree of crystallinity
was decreased as the function of HFP content while PVDF
copolymerized with 40% HFP is completely amorphous. As
expected, incorporation of the HFP units into PVDF chains
increases the amorphous fraction.

Previous studies on poly[VDF/trifluoroethylene (TrFE)]
[18—20] and poly[VDF/tetrafluoroethylene (TeFE)] [3,4] co-
polymers demonstrated that with increasing comonomer con-
tent, the B phase is favored. In those two copolymers, TrFE
and TeFE are very minor components in the overall polymer
composition. They have also been incorporated into the crys-
talline molecular stems [43]. The comonomers are sufficiently
smaller reducing the steric interactions in the B conformation.
In fact those replacements offer some relief to the CF,—CF,
steric hindrance in the planar zigzag chain. If the CH, unit
is replaced by a CF, unit, some adjacent, non-bonded fluorine
atoms would be ~0.4 A closer than sum of their van der
Waals radii (2.7 A). Here fluorine radius was taken to be
1.35 A and that of hydrogen to be 1.2 A [44]. As the distance
between hydrogen and fluorine is 2.3 A, if the replacement is
made an additional strain will be introduced to the o conforma-
tion. Therefore, the B phase is favored upon introduction of
these small comonomers. This is not the case for the HFP
comonomer. Unlike the smaller substituents, they cannot be
accommodated in the crystalline units causing the degree of
crystallinity to drop.

Normally, most of the Raman active backbone bond
stretching and skeletal bending modes of polymers fall in

the frequency range 400—1100cm™'. These modes are

1 HFP+13 PVDF tgtg'
(w/o HFP effect)

- 1HFP+I3PVDFtgtg 1
L (w/ HFP effect, gg'g) _

Intensity

1000 950 900 850 800 750 700 650 600
Raman Shift / cm™

Fig. 6. Simulated Raman spectrum of P(VDF—HFP) copolymer in o conforma-
tion, with and without HFP effect.

sensitive to the conformational change, as our previous studies
have shown [28,30,32—34]. Therefore, in order to characterize
the effect of HFP unit on the conformational behavior of
a PVDF chain, we focused on this 400—1100 cm ™' frequency
region. The simulation methodology, structure and force field
have been validated by experimental and simulated Raman
spectra of o and B crystalline forms of PVDF homopolymer
as previously discussed. We then focus on the P(VDF—HFP)
copolymer. The steric effect of the bulky CF; group should
be dominant on the conformational behavior and drive the
conformational structure of PVDF away from the tgtg’ con-
former. In order to investigate the steric effect, the fluorine
atoms’ distance L is calculated as discussed above.

The three most favorable states (gg'g, g'¢'g, tg'g) found
were used to analyze a copolymer with 1 HFP unit and 13
PVDF units, corresponding to 15% HFP by weight. In order
to assess the HFP effect, the simulation is done for a copolymer
chain with a totally o conformation sequence (tgtg") and co-
polymer chain with o conformation for PVDF units and gg'g
conformation for HFP unit. The simulation results are shown
in Fig. 6. It is observed that in the simulation spectrum without
HFP effect, there is a band at 726 cm™! which is absent in the
simulation spectrum with HFP effect. For the sake of compar-
ison, the experimental data for P(VDF—HFP) copolymer are
shown in Fig. 7. It is clear that there is no band at
726 cm ™. By comparing the simulation spectra with and with-
out HFP effect to the experimental spectrum, we verify that
the simulated spectrum with HFP effect more accurately de-
scribes the experimental spectrum. It is therefore concluded
that due to the steric effect of the CF; group, the HFP unit
has a strong effect on the o conformation of PVDF chain.
For totally o conformation, the overall gauche content is
50%. When the HFP effect is considered, i.e. conformational
configuration of HFP unit is taken to be gg'g, the gauche
content is increased to be 57%. As we expected, the HFP
unit increases the overall gauche population due to the steric
effect of CF;5 group.
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m— (% HFP

while ¢, is always kept as g’ and ¢5 is always kept as g. The
conditional probability matrices are shown below

Intensity

=== 10% HFP
m—15% HFP

0.333
0.000
0.000
0.000
U, = 0.000

0.000

0.000

Ui
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Raman Shift / cm™!

1000

Fig. 7. Experimental Raman spectrum of P(VDF—HFP) copolymers after
melt-cooled (o conformation).

After we investigate the effect of HFP on o conformation,
we then focus on the amorphous phase of P(VDF—HFP) co-
polymer and the HFP effect on amorphous chains. In order
to simulate the amorphous chains, it is necessary to know
the conditional probability of conformational angle for each
torsional angle along the chain. For PVDF units, we utilized
the conditional probability matrices based on the model
proposed by Byutner and Smith [45].

0.168 0.416 0.416
U =|0439 0518 0.043
0.439 0.043 0.518
0.052 0.474 0.474
U,= | 0502 0462 0.036
0.502 0.036 0.462

where U, is the matrix for torsional angle 1 and U, is the ma-
trix for torsional angle 2 in PVDF unit. The [7][/]th element in
the matrix is the statistical weight of the [7][/]th configuration,
where i indicates the previous torsional angle and j indicates
the current torsional angle. The indexes i and j range from 1
to 3 and correspond to f, g and g’, respectively. In this model,
the conformational energy is calculated for each configuration
and the statistical weight of each configuration is derived from
the energy. The overall gauche population in this model is
~65%. This model has been investigated and compared
with other models in our previous work and supported by
our spectroscopic analysis on PVDF homopolymer in the
amorphous phase [42]. For the HFP unit, since the three tor-
sional angles will arrange in a way that the distance L is as
large as possible as discussed above, we take the three confor-
mational configurations that yield the top three largest L to be
the most probable. These three conformational configurations
are gg'g, g'¢'g, and rg'g for three torsional angles ¢, ¢, and @3
as shown in Fig. 4. Therefore, ¢, takes three values 7, g and g’

Us=| 0.000 0.000 0.000
0.000 1.000 0.000

and ¢,, ¢ are kept at fixed value. Simulation is then carried
out for amorphous chains of P(VDF—HFP) copolymer. One
simulation uses the assumption that all torsional angles follow
the conformational probabilities of amorphous PVDF homo-
polymer chains including HFP unit. Another simulation con-
siders the HFP unit so that the three torsional angles of HFP
unit follow different conformational probabilities. The results
are shown in Fig. 8 for comparison. Experimental Raman data
for amorphous P(VDF—HFP) are shown in Fig. 9. When we
compare the simulated spectra with and without the HFP
effect, it is clear that a band at 710 cm ' is only present
when we consider the HFP effect. This 710 cm ™' band is
also present in the experimental spectrum. Therefore, it can
be concluded that consideration of the HFP effect is necessary,
and the existence of the HFP unit does perturb the chain sta-
tistics of the PVDF amorphous phase. As the conformational
distribution of the HFP unit is among gg'g, ¢'¢'g, and t¢'g,
the overall gauche population should increase. Without the
HFP effect, the gauche content is 65%. When the HFP effect
is taken into account, the gauche content increases to 69%.

I L e e o L e e I
1 HFP+13 PVDF amorphous
(w/o HFP effect)

1 HFP+13 PVDF amorphous
(w/ HFP effect)

Intensity
T

1000 950 900 850 800 750 700 650 600
Raman Shift / cm™

Fig. 8. Simulated Raman spectrum of P(VDF—HFP) copolymer in amorphous
state, with and without HFP effect.
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— — 10%HFP —
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Fig. 9. Experimental Raman spectrum of P(VDF—HFP) copolymers in molten
state (amorphous).

5. Conclusions

For P(VDF—HFP) copolymer, introduction of HFP comono-
mer affects the conformational behavior of PVDF chains. As ex-
pected, bulky CF3 groups in HFP will significantly lower PVDF
melting temperature and degree of crystallinity. Bulky HFP
units cannot be accommodated in crystalline regions. Experi-
mental Raman studies and Raman simulation have been carried
out to investigate the effect of the HFP unit on o conformational
sequences as well as amorphous chains of PVDEF. Spectroscopic
features characteristic of the perturbation on the conformational
behavior of PVDF due to HFP units, which is around 700 cm ™"
region, have been identified. In addition, it was revealed that
these spectroscopic features are extremely sensitive to the rela-
tive placements of the CF; units with respect to other fluorine
atoms along the chain. The existence of HFP units alters the con-
formational sequence in the o conformation, and also changes
chain statistics in the amorphous phase. Due to the steric effect
of the CF; group, the overall gauche population increases from
65% to 69% in the amorphous phase.
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