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GENERAL INTRODUCTION
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In science a fortuitous event serves as the genesis of an

entirely new area of research. Thus the accidental discovery

of poly(tetrafluoroethDLene) (PTFE) by Plunkett in 1938 can be

envisioned as marking the beginning of fluoropolymer chi-^ystry. 1'2

The disclovery of PTFE, which is still the most chemical a*nd

thermal stfable polymer known, led to a wide-spread search for

other fluoropolymers possessing similar outstanding chemical

and physical properties. Since then, many new fluoropolymers

have been prepared, and much of these materials have bAen re-

ceived attention widely in both chemical and physical aspects

because of the superior or unique properties. Most of them,

such as PTFE, poly(chlorotrifluoroethylene) (PCTFE), and the

copolymer of tetrafluoroethylene (TFE) and hexafluoropropylene

(HFP), are extremely stable and inert. Some of them prove the

special properties as functionalized polymers. For example,

poly(vinylidene fluoride)(PVdF) has drawn attention as a new

transducer material due to their interesting piezoelectricity

and pyroelectricity properties.3 6

The principle general value of studying the fluoropolymer

is the great variability in properties that can be achieved.

Not unexpectedly, a great deal of this research has been di-

rected to synthesis and properties of fluorinated ethylene

polymers varying fluorine content, i.e., PTFE, PCTFE, PVdF, and

poly(vinyl fluoride)(PVF). Many works also have been directed to

the copolymerization studies involving TFE, chlorotrifluoroethy-

lene (CTFE), and vinylidene fluoride (VdF) in copolymer chain.

2 -



1

However, comparatively little research has been devoted

to the synthesis, characterization, structure, and properties

of polytrifluoroethylene (PTrFE) and trifluoroethylene (TrFE)

copolymers. The reason for the lack of interests in PTrFE and

TrFE-copolymers compared to other fluorinated ethylene poly-

mers probably can be ascribed to two factors: (1) the lack of,

or the difficulty in obtaining the TrFE-monomer and PTrFE

polymer, and (2) the chemical and thermal unstabilities of

PTrFE compared to PTFE and PCTFE. In early days, the main aim

of fluoropolymer study is designed for chemically inert and

themally stable polymers. Recently this situation has been

changing because of seeking the new polymers having unique

and special properties as a functionalized polymer. Therefore,

it is of great interest and importance to studying properties

of the homopolymer and many kinds of copolymers of this com-

pound .

In this thesis, the preparation, structure, and properties

of PTrFE, and the copolymers of TrFE with VdF, TFE, CTFE, and

HFP are described. PTrFE is a tough, while solid polymer with

high molecular weight and high crystallinity. Naylar and

Lasoski7 reported the microstructure of PTrFE for the first

time. However, they studied only the chemical shifts in the

structure -CF2-CFH-CF2- and -CFH-CF2-CFH-, and gave no comments

on the microstructure. Wilson8 predicated the presence of

both head-to-head and tactic defects in the polymer chain.

However, the NMR spectrum was not analyzed in detail. PTrFE is

3 -



classified as a highly crystalline polymer similar to other

fluorinated etylene polymers. However, the crystal form of

PTrFE has not been established yet. There are some reports

claiming that the crystal form is hexagonal and main chain

takes helical conformation in crystal.9'10 A study on the

crystallization behavior in PTrFE has not been reported at

all. The melting temperature, heat of fusion, heat of

entropy, morphology of crystal, surface free energy of

lamella, and kinetic rate of the crystallization are very

important parameters of crystallization, since bulk proper-

ties of solid polymers are largely effected by the transition

from the amorphous to the crystalline state. Recently, Choy

and coworker11 reported the relaxation of PTrFE for the first

time. However, the spectrum was not analyzed in detail.

There exist still some problems as to the nature of transi-

tions and relaxations in PTrFE because of its complicated

solid state structure. For example, attempts to describe

the crystallinity dependence on the transition peaks have not

been successful.

Nothing has been reported on the copolymerization of

TrFE with VdF, TFE, CTFE and HFP. These are new polymers in

macromolecular field, and proved the unique and seperior

properties. The copolymers of both TrFE-VdF and TrFE-TFE are

in crystalline state in whole range of polymer composition,

and crystallized isomorphically. Especially, the TrFE-

TFE copolymers show a linear melting temperature - polymer

4 -



composition relationships. However, not a single study has

been reported on the isomorphism replacement theoretically

in the base of thermodynamics yet. In the Flory's theory12 of

copolymer crystallization, it is assumed that in the crystalli-

zation of A and B units the crystal phase is composed entirely

of A units, and B units are excluded from the crystal phase and

remained in the amorphous phase. Therefore, this theory can

not be applied to the isomorphism replacement.

The dielectric constant e' of the TrFE-VdF and TrFE-TFE

copolymers does not change linearly with polymer composition,

but takes maximum at the middle point of polymer composition.

Especially, the value of e1 of the 1 : 1 TrFE-VdF copolymer

is about 15 (1 kHz and 22°C), and about 1.8 times larger

than that of PVdF. PVdF has been distinguished among the

crystalline polymers by a high dielectric constant as e' =

8.5 (1 kHz and 22°C).

Recently, PVdF has drawn attention as a new transducer

material because of their interesting piezoelectricity and

pyroelectricity-"'5 There are many reports which are claiming

that these properties are closely correlated with the existence

of an oriented dipole structure in crystal.5'13 Therefore,

the high e' material5 are desirable for these purposes.

It was mentioned that the high value of the dielectric

constant of semicrystalline polymer depends on (1) the magnitude

of dipole moment of repeating units, (2) the position and
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direction of dipole with respect to the chain backborn, (3) the

freedom of the dipole rotation in the electric field, and (4)

the crystal form of polymer, i.e., a possibility of a spon-

taneous polarization in crystal.

In this thesis, studies, on synthesis, microstructure,

crystallization behavior and molecular transitions of the

homoloymer and some kinds of the copolymers of TrFE performed

by the present author since 1975, are described in the fol-

lowing eight chapters.

In chapter 1, the polymerization of PTrFE and the co-

polymerizations of TrFE with VdF, TFE, CTFE, and HFP are des-

cribed. The monomer reactivity ratios of these copolymers

obtained from the Fineman and Ross method1 "*are also reported.

In chapter 2, the microstructure and the reactivity ratios

of head- and tail-position of TrFE-monomer and VdF-monomer are

described. The microstructure of PTrFE molecule is investigated

by high resolution fluorine-19 NMR measurement. The assignment

of NMR peaks is based on empirical method.15 The estimation of

backward-added monomer units and their distribution in the

polymer chain is made by applying the Monte Carlo simulation

to NMR data. The distribution of the backward-added monomer

units can be obtained from the reactivity ratios of the head-

and tail-position of monomer. It is evedent that only the

assignment of NMR peaks is not sufficient to estimate the

microstructure of polymer. For instance, the sequences of thp

6 -



tail-to-head addition is detected as a head-to-tail addition

in the NMR spectrum. The NMR spectrum reflects only a limited

local structure.

In chapter 3, the microstructure and comonomer sequence

distribution of the TrFE copolymers with VdF, TFE, CTFE and

HFP are described. The normalized monomer-diad and -triad

fractions as a function of polymer composition are obtained from

the comonomer-sequence distribution theory suggested by Ito

and Yamashita.16 The microstructure of these copolymers is

examined by means of high resolution fluorine-19 NMR. The

assignment of NMR peaks is also based on empirical method.15

In the TrFE-VdF copolymer system, the normalized monomer

diad fraction as a function of polymer composition is also

obtained from the NMR line-intensity relationships, and compared

to the results of the calculated ones.

In chapter 4, the crystallization behavior of PTrFE

molecule is described. This chapter deals primarily with the

crystal morphology, the equilibrium melting temperature, the heat

of fusion and entropy, the surface free energy of lamellar

crystal, and the crystallization rate of PTrFE polymer. The

crystal morphology is observed by means of electron microscope.

Sample is prepared by replication method. The equilibrium melting

temperature is determined by the Hoffman and Weeks plot.17

The heat of fusion is obtained from the depression of the

melting temperature by changing the volume fractions of diluent,

7 -



or by changing the fraction of second component in the copoly

mer.12'18 The surface free energy of lamellar crystal is deter

mined graphically by the plot of melting temperature versus

reciprocal lamellar thickness. The lamellar thickness of cry-

stal is estimated by use of small angle x-ray diffraction

measurement. The crystallization kinetic is studied by means

of calorimetric method using the Avrami equation.20

In chapter 5, the crystallization behaviors of the TrFE

copolymers with VdF, TFE, CTFE and HFP are described. The

crystal properties of these copolymers are investigated by

use of DSC, x-ray diffraction and infrared measurements.

This chapter deals with the theory of isomorphism replacement

on the base of thermodynamics. The theoretical result is com-

pared to the experimental one obtained by DSC study of the

TrFE-TFE copolymer system.

In chapter 6, the transitions and relaxations of PTrFE

are described. The mechanical relaxation measurements are car-

ried out in the region of -150 to 100°C and various frequencies

up to 110 Hz. The influence of crystallinity, molecular weight,

cold drawing, and copolymerization on mechanical properties

are discussed. The dielectric properties are measured in the

region of -150 to 100°C and various frequencies up to 300 kHz.

For the evaluation of the dielectric properties of PTrFE mole-

cule, the Froelich-Kirkwood theory20 is employed.

In chapter 7, the transition and relaxation behaviors of
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the TrFE-VdF copolymers are described. These are also examined

by means of mechanical and dielectric measurements as well as

those PTrFE molecule, in the region of -150 to 100 °C and at

various frequencies. This study deals with the 1 : 1 TrFE-VdF

copolymers and VdF-rich copolymers. The glass-to-rubber tran-

sition of the 1 : 1 TrFE-VdF copolymer is determined by means

of thermal expansion measurement.

In chapter 8, the dielectric properties of the TrFE

copolymers with VdF, TFE and CTFE are described. The dielectric

properties of the TrFE-VdF copolymers are discussed interms

of (1) the magnitude of dipole moment of repeating units , (2)

the position and direction of dipole with respect to the chain

backborn, (3) the freedom of the dipole rotation, and (4) the

crystal form of the TrFE-VdF copolymers.

In the end, conclusion of the respective chapters is

summarized with particular emphasis on the fundamental studies of

PTrFE, the TrFE-VdF copolymers and the TrFE-TFE copolymers.

And several points necessary for further detailed investigation

and possibilities of practical applications are also described.
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CHAPTER 1

POLYMERIZATION OF TRIFLUOROETHYLENE,

AND COPOLYMERIZATION OF TRIFLUOROETHYLENE

WITH VINYLIDENE FLUORIDE, TETRAFLUOROETHYLENE,

CHLOROTRIFLUOROETHYLENE AND HEXAFLUOROPROPYLENE

13 -



1-1 Introduction

In this chapter, polymerization of trifluoroethylene

[TrFE, CF?=CFH], and copolymerization of TrFE with vinylidene

fluoride [VdF, CF_=CH ], tetrafluoroethylene [TFE, CF2=CF2J,

chlorotrifluoroethylene [CTFE, CF2=CFC1], and hexafluoropro-

pylene [HFP, CF2=CFCF.,] are described. TrFE monomer polymer-

izes so readily, and has a tendency to form high polymer.1

Any of methods used for polymerizing the fluorinated ethylene

monomers may be used for this monomer. The boiling point of

this monomer is -51 °C.

TrFE can be copolymerized with all of the fluorinated

ethylene monomers.1 However, copolymerization of TrFE with

some fluorinated ethylene monomers has not been reported yet.1

In this chapter, monomer reactivity ratios obtained from the

Fineman and Ross method2 are described.

1-2 Polymerization of Homopolymer and Copolymers of TrFE

Polytrifluoroethylene [PTrFE, -(-CF2~CFH-) -], and the

copolymers of TrFE with VdF, TFE, CTFE and HFP were prepared

by the bulk polymerization at 22 °Cusing 3,5,6-trichloro-

perfluorohexanoyl peroxide as initiator.

[C1(CF2CFCD 2CF2C-O-]2-

The polymerization was stopped at a low conversion, under 20%,

so as to estimate the exact polymer composition. The polymer

- 14 _



composition of these copolymers was determined by carbon element

analysis. Carbon element analysis was undertaken with a Yanako

C,H,N-Corder, type-2. Figure 1 shows the variation in copolymer

composition with the composition of the monomer feed for TrFE-

VdF, TrFE-TFE, TrFE-CTFE, and TrFE-HFP copolymer systems.

Among these TrFE-copolymers, PTrFE, all of the TrFE-VdF

copolymers, 0-17 mol% TFE copolymers, 0-51 mol% CTFE copolymers,

k_
c
E

>>
o
a

_c

I

o
E

a>

o
c
o

o
o

100

50

0 50 100

Comonomer mol-% in monomer

Figure 1. Relationship between polymer and monomer

composition for the copolymerization of TrFE with

VdF, TFE, CTFE, and HFP: 1, TrFE-VdF; 2, TrFE-TFE;

3, TrFE-CTFE; and 4. TrFE-HFP.
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and TrFE-HFP copolymers in the range of polymer composition

studied here are solble in many kinds of solvent, such as

acetone, methylethylketone, and dimethylformamide.

1-3 Monomer Reactivity Ratios

The monomer reactivity ratios (r and r ) for the copoly-

merization of TrFE with VdF, TFE, CTFE, and HFP were obtained

from the copolymer compositions using the Fineman and Ross

method.2 The results are tabulated in Table I. The reactivity

ratio is as measure of the prefenece of a given radical for

its own monomer rather than the comonomer. If r > 1 a radical

P prefers to add monomer M , whereas if r < 1 a radical P

prefers to add monomer M . The condition r^rD = 1 is defined

Table I. List of monomer reactivity ratios

(r and r ) for copolymerization of TrFE

with VdF, TFE, CTFE, and HFP, at 22 °C.

System

TrFE-VdF

TrFE-TFE

TrFE-CTFE

TrFE-HFP

rA

0

0

0

20

(TrFE) r-. (comonomer)
£5

5

75

5

0

16 -

0

0.

2.

0.

7

95

0

01



as an "ideal copolymerization", and gives a random copolymer.

The condition r =r =0 implies that each of the radicals P& and

P_ can only react with the opposite monomer and leads to a

alternating copolymer. The case in which r and r are both

greater than 1 implies that the monomers tend to homopolymer-

ize simultaneously, and leads to a block copolymer. Most

monomers pairs usually copolymerize with reactivity ratios

given by 0 < r r < 1. Therefore, it is speculated that the

copolymers of TrFE-VdF, TrFE-TFE, TrFE-CTFE, and TrFE-HFP are

in random structure.

- 17
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MICROSTRUCTURE OF POLYCtRIFLUOROETHYLENE) CHAIN:

HIGH RESOLUTION FLUORINE-19 NF1RAND MONTE CARLO
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2-1 Introduction

Since the high-resolution fluorine-19 NMR study was made by

Freguson on vinylidene fluoride (VdF) - hexafluoropropylene co-

polymers and by Naylor and Lasoski on poly(vinylidene fluoride)

19
(PVdF), there have been published in literature a number of F

NMR studies1"15 on the microstructure of fluorinated polymers.

19The F NMR is effective for studying the microstructure of

fluorinated polymers, since the fluorine chemical shifts are so

large compared with those of proton. In the series of fluorinated

ethylene polymers from poly(vinyl fluoride)(PVF) to poly(tri-

fluoroethylene) (PTrFE) , the microstructure of PVF1*'10 and PVdF

1,3 >kr10 have been studied in detail by many authors, while that

of PTrFE,1/7 by only a few. The first work on PTrFE was that of

Naylor and Lasoski.1 They studied the chemical shifts in the

structure -CF2-CFH-CF2- and -CFH-CF2-CFH-, but gave no coments

on microstructure. The work of Wilson indicated the presence of

both head-to-tail and head-to-head linkages and tacticity defects

in the PTrFE chain.7

On the other hand, Tedder and his coworkers16'*7 studied

the reactivity ratios of head- and tail-positions of vinyl fluo-

ride (VF), VdF, and trifluoroethylene (TrFE) to methyl radical

(CH3-) and fluorinated methyl radicals (CFH2 ･ , CF2H- and CF.,-),

in the gaseous state at a high temperature. They reported that

the regularity of reaction position decreased in the order VdF

VF, and TrFE.

The purpose of this chapter is, first, to assign the 19F

20 -



NMR peaks of PTrFE and, second to estimate the amount of back-

word-added monomer units and their distribution in the polymer

chain by applying Monte Carlo simulation to NMR data. This dis-

tribution is represented by reactivity ratios of the head- and

tail-positions in the monomer. Only the assignment of NMR peaks

and comparison of their intensity ratios are not sufficient to

estimate the microstructure. For instance, the long sequence of

the tail-to^-head addition is also detected as a head-to-tail

addition in the NMR spectrum. The NMR spectrum reflects only a

limited local structure.

2-2 High Resolution Fluorine-19 NMR Study

Figure 1 shows the 56.45 MHz high resolution fluorine-19

NMR spectrum of PTrFE in the -CF_- region. The spectrum was

measured with a Hitachi-Perkin-Elmer R-20B spectrometer at 35

°Cin acetone, using benzotrifluoride (BTF) as an internal

reference. In the figure, the main peaks are designated as H,

I, and J (in the order of increasing magnetic field). The mag-

netic field scale is given in parts per million (ppm) upfield

from-an BTF internal resonance. The chemical shifts are ex-

pressed by adding 63.7 ppm to each original values.

Let us consider the polymerization mechanism of TrFE. If

the addition of the monomer CFH=CF2 to growing chain end occurs

in either a forward or backward manner to form a new end

―CFH-CF2- or CF-CFH-, respectively, the following four

21 -



90 100

$

110 120 130

Figure 1. High-resolution fluorine-19 NMR spectrum of PTrFE at 56.45

MHz and 35 °Cin acetone. BTF is the internal reference and the chem-

ical shifts are expressed by adding 63.6 ppm to each original value.

ppm

types of microstructure will be generated as a part of a chain

consisting of one central -CF-- group and its two front and

rear groups.

St. (1) -CF2-CFH-CF2-CFH-CF2-

St. (2) -CFH-CFH-CF2-CFH-CF2-

St. (3) -CF2-CFH-CF2-CF2-CFH-

st. (4) -CFH-CFH-CF2-CF2-CFH-

If there is no backward addition, the resulting chain should

contain only st. (1). The st. (2), (3), and (4) originate from

backward-added monomer units, apart from thier content and dis- -

- 22 -



tribution. As a typical example, let us consider three polymer

segments.

segment (a) -CFH-CF2-CFH-CF2-CFH-CF2-CF2-CFH-CFH-CF2-CFH-CF2-

segment (b) -CFH-CF2-CFH-CF2-CF2-CFH-CF -CFH-CFH-CF2-CFH-CF2-

segment (c) -CFH-CF^CFH-CF^CF^CFH-CFH-CF^CF^CFH-CFH-CF^

Segment (a) has one backward-added monomer unit as underlined,

and segment (b) and (c) have two, but with different distribu-

tions. It is obvious that an atomic sequence including a central

-CF_- group has one of the four microstructures st. (1), (2),

(3), and (4) mentioned above. As shown in Figure 1, there are

19
three peaks H, I, and J in F NMR spectrum of PTrFE, while the

number of microstructures which may correspond to these is four.

This suggests that one of the three peaks should correspond to

19
two structures. Taking into account the empirical rule of F

NMR concerning the relation between chemical shifts and the

microstructure"*, we may expect that four NMR peaks in -CF_- re-

gion will aline in the order of st. (1), (2) , (3), and (4), from

low to high magnetic field. Therefore, peak H must be derived from

difficult to conceive that these peaks are derived from two st-

alone or from st. (3) and (4), respectively. However, it is

hard to from conceive that these peak are derived from two st-

ructural components. The st. (2), though resembling st. (1) up

to the first neighbors of the central -CF--, can not be expected

19
to give the same effect on the F NMR chemical shift. Thus,
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Table I. Chemical shifts of carbon triad structure in

-CF - region.

Structure

-CH2-CF2-CH2-

-CH2-CF2-CF2-

-CFH-CF2-CFH-

-CH2-CF

-CF2-CF

-CFH-CF

2-CF2-

2-CF2-

Chemical shifta Magnetic field
(ppm) strength (MHz)

13. 3b

36.6b

38. 3b

14. 3C

38. 4C

41.3C

30

30

30

40

40

40

a
Chemical shifts from trifluoroacetic acid

Data taken from ref. 1.

Data taken from ref. 2.

peak H is tentatively assigned to st. (1). In the same way,

peak J is assigned to st. (4). Accordingly, it is expected that

peak I is derived from both st. (2) and (3). Table I shows the

effect on the
19F
NMR chemical shift of -CH2-CF2-CH2~ , -CH2~

CF2-CF2-, -CFH-CF2-CFH-, and -CFH-CF2~CF2-.*■ 2 Considering the

difference in the measured magnetic field strength (30 MHz and

40 MHz), it may be expected that the effect on the chemical

shift of the -CFH-CF2-CFH- relative to -CH2CF2~CF2~ is similar≫

in magnitude, to that of -CFH-CF~-CF_-- Accordingly, it is ex-
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Table H
19
F NMR chemical shifts of PTrFE molecule in -CF - region.

Peak Chemical shifts
(ppm)

H

I

J

119.6

122.7

125.9

Structure

-CF2-CFH-CF2-CFH-CF2-

-CFH-CFH-CF2-CFH-CF2-

-CF2-CFH-CF2-CF2-CFH-

-CFH-CFH-CF -CF -CFH-

Intensity
ratio

0

0

3

5°

0.2

The magnetic field sacle is given in parts per million (ppm) upfield

from an internal BTF resonsnce. The chemical shifts are expressed by

adding 63.7 ppm to each original values.

Calculated from areas and normalized to unity.

Peak I is composed of two components; this value is expressed by the

sum of two components.

pected that two st. (2) and (3) have the same effect on the 19F

NMR chemical shift as the central -CF2~ group, since they have

a common second neighbor structure. Thus, it was decided that

both peaks of st. (2) and (3) overlap in the NMR spectrum and

are observed as peak I. These results are summarized in Table H

2-3 Change of Microstructure

Let us denote an unsymmetrical monomer as B=A, where A re-

presents the head-position and B the tail-position. In the case

of PTrFE, the symbol A is CF~ and B is CFH. There are two pro-
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pagating radicals, A- and B-, and two reaction positions,

A and B, in the monomer. In this report, we adopt the copoly-

merization theory of the conventional terminal model.18 Denote

the kinetic constant by K,, , for the propagating reaction,

B- + A=B ->- B
Kbb

Similarly, three other kinetic constants K^a, K , and Kaa are

defined for these reactions.

B- + B=A

A- + A=B

A- + B=A

A

B

A

ba

Kab

Kaa

Now, we put K /Kj-,a=x and Khfc/Kb =y' then t'ie parameters x and

y represent the relative reactivity ratios of head- and tail-

position of unsymmetrical monomer. We represent by P(BB) the

probability that a propagating radical B- is attached to an

A-position and a radical B- is again generated. In a sim-

ilar way, P(BA), P(AB), and P(AA) are defined. Thus, P(BB),

P(BA), P(AB), and P(AA) are given by,

Kbb(― B-) (M)
pfBB) = ££" _

y

*yDC" K ,(―B-) IMJ + K. (― B.) (M) Y + 1

P(BA) = 1 - P(BB) =

K

1
y + 1

(―A-) (m)

26 -
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P(AA) = 1 - P(AB) =
X

1

+ 1 (4)

where (M) is the concentration of the monomer, and ( B-) and

( A-), that of the propagating radicals. If the parameters x

and y are determined, we can calculate the relative intensity

of each peak in NMR. We simulated many polymers, actually 289

polymers, changing both parameters x and y, in equations (1),

(2), (3) and (4), and calculated the intensity of the four

possible sequences of 5 letters having A at the middle, as well

as the amount of backward added monomer units -A-B-.

Figure 2 shows the change in the percentage of forward-

added monomer units when numerical values of the two parameters

x and y are varied from 0.01 to 100. The degree of polymeriza-

tion of each polymer was 10000. This range of parameters x and

y will cover most cases of practical interset. The percentage

of foward-added monomer units becomes large when the parameter

x takes on a high value and parameter y, a small value, respec-

tively. On the contrary, this percentage becomes small when x

takes on a small value and y, a high value, respectively. Many

polymers, having the same amount of forwrad-added monomer

units but different distributions, are derived from combinations

of parameters x and y. If both x and y are greater than unity,

the microstructure becomes bloky, while x and y are close to

unity, it becomes random. When x and y are less than unity, the

microstructure becomes alternate.
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100

10

n

* 1

as

X

0.1

0.01

0.01 0.1 1

V(Kbb/ Kba)

10 100

Figure 2. Chnge in the percentage of forward-added

monomer-units when the parameters x and y change from

0.01 to 100, respectively. The values of the percen-

tage of forward-added monomer-units are indicated on
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For example, when both x and y are 100, the percentage

of forword-added monomer units is 50 % as shown in Figure 2,

and they are distributes blockishly. When x and y are unity,

the percentage of forward-added monomer units is 50 %, but they

are distributed randomly; when x and y are 0.01, the percentage

of forward-added monomer units is again 50 % and these units are

distributed alternately. These changes in microstructures are

reflected by the intensity of the NMR peaks. Figure 3 shows the

change in the fraction of four local microstructures

-A-B-A-B-A-, -B-B-A-B-A-, -A-B-A-A-B- and -B-B-A-A-B- when the

parameter x (=y) changes from 0.01 to 100, for which the

percentage of forward-added monomer units is assumed to be

50 %.

2-4 Reactivity Ratio of Head- and Tail-positions

We have estimated the microstructure of PTrFE from the

standpoint of backward-added monomer units and their distributions

in the polymer chain by comparing the polymerized PTrFE with the

computer simulated polymers, with respect to the intensity of

each peak appearing in the NMR spectrum, i.e., the fraction of

each structure which contains 5 carbon atom s along the polymer

chain with a -CF_- group as the central group. The intensity

ratio of polymerized PTrFE is listed in Table IE. We select

from the simulated 289 polymers one polymer which show the

best fit to this PTrFE. In this way, we found that the
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1.0

0.5

0

2 10 1

log x , i x = y i

Figure 3. Change in the fraction of four local structures when the para-

meter x (=y) changes from 0.01 to 100; i.e., the percentage of the for-

ward-added monomer-units is assumed to be 50%. The curves -B-B-A-B-A- and

-A-B-A-A-B- overlap.

2

percentage of backward-added monomer units in PTrFE chain

polymerized at 22 °Cwas 50%, and the parameters x and y

were 1.33 and 1.33, respectively. Accordingly, denoting

the CFH-position and CF2~position in TrFE (CFH=CF2) as B

and A, respectively, we estimated the reactivity ratio of

B and A to the CF2- radical as B/A = 1/0.75 and that

to the CFH- radical as 1/1.33. The TrFE monomer is thought

to be polymerized in a random state; i.e., there is no differ-

ence between head- and tail-position in the adding reactions.

This irregularity of reactivity in TrFE-monomer was also reported
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Table HE. Reactivity ratio of tail- and head-

Dositions (B/A) of TrFE monomer.

Radical

CF2-CFH-

CFH-CF2-

CH3.

CFH_-

CF2H-

CF3.

Reaction
temp. ,
(°C)

22

22

150

164

164

164

Data taken from ref 16

b
Data taken from ref 17

B/A

1/1.33

1/0.75

1/7.27a

1/2.04b

1/1.07b

1/0.50b

by Tedder and coworkers'6''7 in the study of fluoroethylenes,

and by Ishigure and coworkers15 in the study of TrFE-isobuty-

lene copolymers.

Table III shows the reactivity ratios of head- and

tail-positions of TrFE to two propagating radicals ( CFH-CF--

and CF-CFH-), methyl radical (CH.,-) and fluorinated methyl

radicals (CFH?-, CF_H- and CF ･), at various temperatures.

From the similarity in molecular structures, we may conclude

that the reactivity of the propagating radical ^H-" *~s

similar to that of the intermediate radical of CH.,- and CFH0-,

furthermore, that the reactivity of CFH- is similar to
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that of CFH2- and CF2H-. Finally, the reactivity of CF2･

is similar to that of CF H- and CF ･. Thus, there is a good

agreement in the reactivity ratios of the reacting positions

of TrFE to each corresponding radical, although there are many

differences in the reaction system, as shown in Table HE.

In Figure 4, the generated polymer chains of PTrFE formed

under the above conditions are shown. The symbol 0 and 1

represent the forward-added and backward-added monomer units,

respectively.

iotoooooioooooonooioi 1010011noooooooounuoioiion lomiooocoiooooio

u ioioooiloioooooooeiooiin ioiooioono iooooou u ioioin non moo ioooo

oioion iioioooon liiiiiioioooiioiininiooiooooooii 101noooooooioioooo

iiioiooooniiioooioiooiioiiiiiiioiioooooiiooioinoooiiiiioinoiooioon

1100010011101000101011101101111011000100000110001001100000011111001001

ooin nooooonioniiioiiooinoioiooiiiiiooooooiioooiioooiiiioiiii lion

010000110000010010010100000100O100110011001111100001010000100011100010

in n loooi1010010001loioon moi liooionnoooi looon iooooooooooooooioi

000010110010111110100101101100001HI 101101lllllOlOlOOlllOOOOOOlOOlOlOO

ioonoonioi noo niooooo tolinoooi oooooonooooiooiooininio in iilino

Figure 4. Schematic diagram of PTrFE molecules. The symbol 0 and

1 represent forward-added and backward-added monomer units, res-

nprt "ivpl v _
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2-5 Application to PVdF

The PVdF polymer is also studied in same manner as PTrFE

polymer. The preparation of PVdF is described in chapter 1.

19
The F NMR spectrum of PVdF in -CF_- region, measured in di-

methylformamide at 35 °C, is shown in Figure 5. The detail

work of Wilson3'1* showed that the peaks (designated A, C, F

and Q. from low to hiah maanetic field) observed in PVdF were

associated with structures of -CF2-CH2-CF2-CH2-CF2-, -CH2~CH2-

-CF2-CH2-CF2~, -CF2-CH2-CF2-CF2-CH2-, and -CH2-CH2-CF2-CF2-CH2",

respectively. The chemical shifts and carbon pentad structures

A

90 100

$

110 120

Figure 5. High-resolution fluorine-19 NMR spectrum of PVdF at 56.45

MHz and 35 °Cin dimethy1formamide. BTF is the internal reference

and the chemical shifts are expressed by adding 63.6 ppm to each

original values.
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Table IV
19
F NMR chenical shifts of PVdF molecule in -CF - region.

Peak Chemical shiftsa
(ppm)

A

C

F

G

92.7

95.9

114.7

117.0

Structure

-CF2-CH2-CF2-CH2-CF2-

-CH2-CH2-CF2-CH2-CF2-

-CF2-CH2-CF2-CF2-CH2-

-CH -CH2-CF2-CF2-CH2-

Intensity3
ratio

0.8

0.0

2

6

0.06

0.06

The magnetic field scale is given in parts per million (ppm) upfield

from an internal BTF rsonance. The chemical shifts are expressed by

adding 63.7 ppm to each original values.
b
Calculated from peak area and normalized to unity.

In same manner as PTrFE molecule, we estimated that the

percentage of backward-added monomer-units in PVdF chain poly-

merized at 22 °Cwas 7%, and the parameters x and y were 50

and 0.075, respectively. Accordingly, denoting the CH^-position

and CF^-position as B and A, respectively, we estimated the

reactivity ratio of B and A to the CF2･ radical as B/A =

1/0.02 and that to the CH ･ radical as 1/0.05. These results

indicated that the VdF-monomer reacted to radicals from tail

position in high regularity independent of radical sorts.

This regularity of reactivity in VdF monomer agreed well with the

study on fluoroethylenes by Tedder and coworkers.L 6''7 Table

V shows the reactivity ratios of head- and tail-position of
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Table V. Reactivity ratio of tail- and head-

positions (B/A) of VdF monomer.

Radical

CF2-CH2.

CH2-CF2-

CH3-

CFH2"

CF2H-

CF3.

Reaction
temp. ,
(°C)

22

22

150

164

164

164

a
Data taken from ref 16

Data taken from ref 17

B/A

1/0.075

1/0.02

1/0.0133

1/0.15b

1/0.15b

1/0.03b

0000000001000000000000000001000000000010000000000010000010000000000000

0000000000000000000000010010001000000000000000000000000000001000000000

0000000010000000000000000000000001000000000000000000010000010000010000

ooooioooooooooooooioooooiooooooooooooioooooooooooooooooooooooooooolooc

0000000000000000000000001000000000001001000000000000000000000000100000

oooooooooooiooioooooooooooooooiooooooooooooooooiooooooooiooooooooooooo

0000000000100000000000000000000100000000000000000000000000000100000000

oiooooooooiooooooooooooooiooooooooooooooooooooooooooooooooooooooooiooo

0000100000000000000000001000000000001000000000000000000000001010000000

00000000000000000000000000000000000000000000000000000000IOOOOOOOOOOOOO

Figure 6. Schematic diagram of PVdF molecules. The symbol o and 1

represent forward-added and backward-added monomer units, res-

pectively.
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VdF monomer to some of radicals.

In Figure 6, the generated polymer chains of PVdF formed

under the above condition are also shown. The symbol 0 and 1

represent the forward-added and backward-added monomer units,

respectively.

In conclusion, it is seen that the reactivity of VdF-

monomer is quite different from TrFE-monomer. The VdF-monomer

is thought to be polymerized in high regilarity compared with

TrFE-monomer.

This method may be applied to other polymers consisting

of unsymmetry olefins.
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CHAPTER J

MICROSTRUCTURE OF TRIFLUOROETHYLENE COPOLYMERS

WITH VINYLIDENE FLUORIDE, TETRAFLUOROETHYLENE,

CHLOROTRIFLUOROETHYLENE AND HEXAFLUOROPROPYLENE:

HIGH RESOLUTION FLUORINE-19 NMR MEASUREMENT
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3-1 Introduction

Microstructure and comonomer sequence distribution

are of central importance in the study of copolymerization.

It has been shown by many authors1"15 that 19F NMR is very

useful for studying the microstructure of fluorine containing

homopolymers and copolymers, since the fluorine chemical

shifts are so large compared with those of proton. On the

other hand, theories to characterize the comonomer sequence

distribution in copolymer have been given by many authors16"28,

all of whom applied a stationary process.

By using 56.45 MHz magnetic field strength NMR, we can

study the presence of the carbon-pentad sequence (one con-

taining 5 carbon atoms along the polymer chain) in the -CF_-

region. In chapter H, we dealt with the microstructure of

polytrifluoroethylene (PTrFE) with regard to the head-to-tail

(H-T), head-to head (H-H), tail-to-tail (T-T), and tail-to-

19head (T-H) structures using F NMR and a Monte Carlo simula-

tion, and found that the amount of the normal H-T structure is

very small in a polymer chain.15

The purposes of this chapter are , first, to obtain the

normalized monomer-diad and -triad fractions as a function of

polymer composition from numerical calculation using the

comonomer-sequence distribution theory suggested by Ito and

Yamashita,27 and second, to examine the microstructure by high

resolution fluorine-19 NMR.
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3-2 Monomer Sequence Distribution

Ito and Yamashita27 developed a theory to characterize the

copolymer composition and microstructure by applying the

statistical stationary process given by Coleman and Fox.21*

They treated three models in a copolymerization system, in

which the last one, two, or three monomer units in a propagat-

ing polymer radical affect the probability of monomer addition

( terminal, penultimated, and pen-penultimate models). From

these three models we adopted the terminal model to obtain the

normalized fraction of monomer-diad and -triad as a function

of polymer composition. For this system the conditional prob-

abilities are given by

PAA

PAB

= r /(I + rAF)

1/(1 + rAF)

PBA = 1/(1 + VF)

PBB = (rB/F)/(1 + rB/F)

(1)

where r and r are monomer reactivity ratios and F is the

ratio of initial monomer fraction. The fractions F(A) and F(B)

are given by

F(A) = P BA/(PAB + PBA}
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F(B) = PM/(PAB + PfiA)

F(A) + F(B) =1

(2)

Substitution of equation 1 into equation 2 yields the Mayo-Lewis

equation.29 The fractions of monomer diads [F(AA), F(AB), F(BA),

and F(BB)] are given by

F(AA) = pbapaa/(pab + pba>

F(AB) = F(BA) = PABPBA/(PAB + PBA)

F(BB) - PABPBB/(PAB + PBA>

F(AA) + F(AB) +F(BA) + F(BB) = 1

(3)

The fractions of monomer triads [F(AAA) , F(AAB), F(ABA) , F (ABB),

F(BAA), F(BAB), F(BBA), and F(BBB)] are given by

F(AAA) = PMPMPM/(PAB + PBA

F(AAB) = F(BAA) = P P P / (V
AB AABA' V AB

F(ABA) = PBAPBAPAB/(PAB + PBA>

F(BAB) = PABPABPBA/(PAB + PBA)

F(BBA) = F(ABB) = P P
BAPBB/'(PAB

42 -
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F(BBB) = PABPBBPBB/(PAB + PBA)

F(AAA) + F(AAB) + F(ABA) + F(ABB) + F(BAB) + F(BBA) +

F(BAA) + F(BBB) = 1

Figures 1, 2, 3, and 4 show the normalized fractions of monomer

diad as a function of polymer composition, calculated by using

equations 1 and 3, for the TrFE-VdF, TrFE-TFE, TrFE-CTFE, and

TrFE-HFP copolymer systems, respectively. In the figures, F(AB)

means F(AB) + F(BA). It may be expected that the randomness of

monomer distrubution in copolymer chain will be most remarkable

at 50 mol% copolymer for TrFE-VdF, at 50 mol% copolymer for

TrFE-TFE, at 30 mol% copolymer for TrFE-CTFE, and at 98 mol%

copolymer for TrFE-HFP copolymer. Figure 5 shows the normalized

fractions of monomer triad as a function of polymer composition,

calculated by using equation 1 and 4, for the TrFE-VdF copoly-

mer system. In the figure, F(AAB) and F (BBA) mean F(AAB) +F(BAA),

and F(BBA) + F(ABB), respectively.
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Figure 1. Normalized

fractions of monomer

diad as a function of

polymer composition

for TrFE-VdF copolymei

system. F(AB) means

F(AB) + F (BA) .

Fifure 2. Normalized

fraction of monomer

diads as a function of

polymer composition

for TrFE-TFE copolymer

system. F (AB) means

F(AB) + F(BA) .



Figure 3. Normalized

fraction of monomer

diads as a function of

polymer composition

for TrFE-CTFE copolymer

ststem. F(AB) means

F(AB) + F (BA) .

Figure 4. Normalized

fraction of monomer

diads as a function of

polymer composition

for TrFE-HFP copolymer

system. F(AB) means

F(AB) + F(BA).
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u.

1.0

0.5

0
50

TrrE mol - % in Dolvmer

100

Figure 5. Normalized

fractions of monomer

triad as a function of

polymer composition

for TrFE-VdF copolymer

system. F(AAB) and F (BAA)

mean F(AAB) + F(BAA) and

F(BAA) + F(ABB), respec-

tively.

3-3 High Resolution Fluorine-19 NMR Study of TrFE-VdF

COPOLYMERS

3-3-1 NMR Assignment

Figure 6 shows the high resolution fluorine-19 NMR spectra

19of the TrFE-VdF copolymers in -CF-- region. F NMR spectra

were measured with a Hitachi-Perkin-Elmer R-20B spectrometer

at 35 °Cin acetone for PTrFE and TrFE-VdF copolymers, and in

dimethylformamide for PVdF, using benzotrifluoride as the inter-

nal reference. Figures 6(a) and 6(e) show the NMR spectra of

PVdF and PTrFE homopolymers. Figures 6(b) and 6(c) show those of

VdF-rich copolymers. Figure 6(d) shows those of the 1 : 1
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Table I. Microstructures of

carbon-pentad sequences with

a -CF - group at their center

in TrFE-VdF cooolvmer.

Structure

no.

St.(1)

St.(2)
st.(3)

st.(4)

St.(5)
st.(6)

st.(7)

st.(8)

st.(9)
st.(10)

st.(11)

st.(12)

St.(13)

St.(14)

St.(15)

st.(16)

St.(17)

St.(18)
st.(19)

st.(20)

St.(21)

St.(22)

St.(23)

Structure

-CF2-CH2-CF2-CH2-CF2-

-CH2-CH2-CF2-CH2-CF2-
-CF2-CH2-CF2-CF2-CH2-

CH2-CH2-CF2-CF2-CH2-

-CF2-CFH-CF2-CFH-CF2-

-CFH-CFH-CF2-CFH-CF2-

-CF2-CFH CF2-CF2 CFH-
-CFH-CFH-CF2-CF2-CFH-

-CH2-CFH-CF2-CF2-CFH-
-CH2-CFH-CF2-CFH-CF2-

-CFH-CH2-CF2-CH2-CF2-

-CFH-CH2-CF2-CF2-CH2-

-CH2-CH2-CF2-CFH-CF2-

-CFH-CH2-CF2-CFH CF2-

-CF2-CH2-CF2-CFH-CF2~

-CH2-CH2-CF2-CF2-CFH-
-CFH-CH2-CF2-CF2-CFH-

-CF2-CH2-CF2-CF2-CFH-

-CH2-CFH-CF2-CH2-CF2-

CFH-CFH-CF2-CH2-CF2-

-CH2-CFH-CF2-CF2-CH2-
-CFH-CFH-CF2-CF2-CH2-

-CF2-CFH-CF2-CF2-CH2-

TrFE-VdF copolymers. The polymer compositions of samples are

indicated on the figures, The main resonance peaks are desig-

nated as A, B, C, D, E, F, G, H, I, J, and K (in the order of

increasing magnetic field strength). The magetic field scale

is given in parts per million (ppm). The chemical shifts are

expressed by the addition of 63.7 ppm to each original values.

There are 23 microstructures of carbon pentad sequence

which have a -CF2~ group at their center in the TrFE-VdF co-

polymer system, as shown in Table I. If all of these structures
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(d) D

60 vdF

＼

(e)

90

90

100

100

110

i

110

120

120

130

130

ppm

PTrFE

ppm

Figure 6. High-resolution fluorine-19 NMR spectra

of PVdF, TrFE-VdF copolymers and PTrFE in -CF -

region at 56.45 MHz and at 35 °Cin dimethylform-

amide for PVdF, and in acetone for TrFE-VdF copoly-

mers and PTrFE. BenEotrifluoride is the internal

reference. The chemical shifts are expressed by the

addition of 63.7 ppm to each original values.
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actually exist in the copolymer chain, then 23 peaks correspond-

ing to them will be observed in the spectra. However, only 11

peaks were observed in the spectra, so it is conceivable that

some of the structures shown in Table I do not actually exist

in the copolymer and/or some of the 23 peaks overlap each other.

Comparing the NMR spectra of TrFE-VdF copolymers, peaks

A, C, F, G, H, I, and J are derived from homopolymer of both

PVdF and PTrFE, while peaks B, D, E, and K are characteristic

of TrFE-VdF copolymer sequences.

We take the following factors into account in making the

spectral assignments.

1) The experimental law2'" of F NMR that the chemical shifts

of the central -CF2~ group are affected when the first or

second neighbor is substituted by -CFH- or -CF2- (from -CH2~).

If the first neighbor is -CF2~, then the central -CF2~ peak

shifts upfield by 9.5 ppm, independently of other groups.

On the other hand, substitution of a second group by -CF2~

shifts the central -CF2- peak downfield by 2.5 ppm, again

independently of other groups.

2) F NMR studies1'2'3'" of fluorinated homopolymers and

copolymers.

In addition, we take following definition to TrFE monomer.

Supposing that CH2 is the tail and CF2 is the head in VdF, and

that CFH is the tail and CF2 is the head in TrFE, we represent

forward addition, which is defined as the addition of a monomer

at the tail-position to any propagating radical, by the symbol

(N), and the backward addition, which is defined as the
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addition of a monomer at the head-position to a propagating

radical, by symbol (B).

PVdF: The
19
F NMR spectrum of PVdF in -CF-- region is shown

in Figure 6(a) . The detail work of wilson3'1* showed that the

peaks observed in PVdF were associated with structures st. (1),

(2), (3), and (4) in Table I. The chemical shifts and carbon

pentad structures are listed in Table IE.

PTRFE: The
19
F NMR spectrum of PTrFE is shown in Figure 6(e)

We assigned peaks H, I, and J as follow: peak H corresponds to

st. (15) , peak I to st. (6) and (7) , and peak J to st. (8) , in

Table I. The detail process was described in chapter 2. The

results are also listed in Table H.

90 MOL% VdF COPOLYMER: The 9F NMR spectrum of 90 mol%

VdF copolymer in -CF-- region is shown in Figure 6(b). As the

content of TrFE monomer units is only 10 mol%, the microstruc-

ture of this sample is thuoght to resemble to that of PVdF.

In the spectrum, seven peaks (A, B, D, E, F, G and K) are

observed. Among these peaks, peaks A,B, F and G surely corres-

pond to those of PVdF. The chemical shift of peak B is 94.8

ppm and slightly different from peak C. The chemical shift of

peak C (95.9 ppm) accurately corresponds to st. (2) in Table

H . We will consider the reason for this difference between

peak B and C. Peaks D, F and K are surely originated from the

TrFE-VdF copolymer sequence. Among these peaks, peak D is

very large.
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We made the following assumptions in order to assign these new

peaks to the microstructure of 90 mol% VdF copolymer.

Table H . Chemical shift assignment of ""F NMR peaks in PTrFE

TrFE-VdF copolymers, and PVdF.

Peak

A

B

C

D

E

F

G

H

I

J

K

Chemical shift

(ppm)

92.7

94.8

95.9

107.1

113.4

114.7

117.0

119.6

122.7

125.9

128.8

Structure

-CF2-CH

-CFH-CH

-CH2

-CF2

-CF2

-CF2

-CH2

-CF

-CH

2-CF2-CH2

2-CF2-CH2

2-CF -CH

-CF2-

-CF2-

-CF2-

-CFH-CF~-CH.,-CF -

-CH2-CF2-CF2

-CH2-CF2-CF2

-CH2-CF2-CF2

-CFH-CF

-CFH-CFH-CF

-CF

-CH

-CH

2

2

2

-CFH-CF

-CF

-CF

-CH--CF

2

2

2

-CF

-CF

-CF

2

2

2

2

2

2

-CFH-

"CH2~

-CH -

-CFH-CF2-

-CFH-CF2-

-CF2-CFH-

-CFH-CH2-

-CFH-CF2-

-CFH-CH2-



1) There is no TrFE-TrFE sequence, only one TrFE-monomer exists

in the monomer-triad sequence. This assumption is justified

by the normalized monomer-diad and-triad sequence distributions

shown in Figures 1 and 5.

2) The end of last VdF-monomer of the propagating radical

to which a TrFE-monomer attaches is usually in the head-position.

3) There is 7% of backward-added VdF-monomers in the long

sequence of VdF-monomers, in the same manner as found for

PVdF molecules.

4) When the last monomer of the propagating radical is TrFE,

then the VdF-monomer is ordinarily added to this radical from

the tail-position. This assumption is justified by the result

that the VdF-monomer has a tendency to add radicals from the

tail-position independent of radical species. Table m

shows the reactivity ratio of CH~ to CF~ of VdF-monomer

onto the radical31'32 .

The above assumptions lead to the following polymer segments;

segment (1) : VdF (N) -VdF (N) -VdF (N) -VdF (B)-VdF (N) -VdF (N) -VdF (N)

segment (2): VdF(N)-VdF(N)-VdF(N)-TrFE(N)-VdF(N)-VdF(N)-VdF(N)

segment (3): VdF(N)-VdF(N)-VdF(N)-TrFE(B)-VdF(N)-VdF(N)-VdF(N)

Segment (1) contains one backward-added VdF-monomer in the

sequence. Segment (2) contains one forward-added TrFE-monomer

in the VdF(N) sequence. Segment (3) contains one backward-added

TrFE-monomer in the VdF(N) sequence. The microstructure of

segment (1) is the same as that of PVdF.

53 -



Table HE. Reactivity ratio of CH -posi-

tion to CF -position of VdF (CH =CF )

onto radical. These are reproduced from

the data by Tedder and coworkers .

Radical

CH3*

CFH2*

CF-H-

CF3

C3F7

Reactivity ratio

1/0.179

1/0.44

1/0.15

1/0.03

1/0.009

The microstructure of segment (2) is

1 2 3 k
-CH2-CF2-CH2-CF2-CH2-CF2-CFH-CF -CH2-CF2-CH -CF2-CH2-CF -

Carbon-pentad structures with a central -CF~- group are as

follows.

from 1, 4, 5

from 2. 3

-CF2-CH2-CF2-CH2-CF2-

-CF -CH -CF -CFH-CF -

The microstructure of segment (3) is

St. (1)

st. (15)

6 7 8 9 10
-CH2-CF2-CH2-CF2-CH2-CF2-CF2-CFH-CH2-CF2-CH2-CF2-CH2-CF2-

Carbon-pentad structures with a central -CF.,- group are as
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from 6, 10 -CF2-CH2-CF2-CH2-CF2- st. (1)

from 7 -CF2-CH2-CF2-CH2-CFH- st. (18)

from 8 -CH2-CF2~CF2-CFH-CH2- st. (21)

from 9 -CFH-CH2-CF2-CH2-CF2- st. (11)

Structures (15) , (18) , (21), and (11) appear only in this

sample, noting PVdF. These four structures must be correspond to

four peaks B, D, E, and K.

19
Judging from the experimental law of F NMR, the chemical

shift of st. (11) is at the center of the shifts of st. (1)

and (2) . As there is no clear peak at 95.9 ppm for st. (2) ,

it is certainly possible to consider that peak B is coupling

with peak C. Peak B thus corresponds to st. (11). The real

chemical shift position of st. (11) must be on the slightly

downfield side of 94.8 ppm.

19
Judging from the F NMR experimental law, the chemical shift

of st. (21) must be on the upfield side of the shifts of st. (8) .

The peak for st. (8) is 125.9 ppm; it was named peak J. There

is only one peak (peak K) on the upfield side of peak J. Thus

this peak K observed at 128.8 ppm corresponds to st. (21).

The st. (18) resembles st. (3). Jugding from the experimental

law, the chemical shift of st. (18) is a little downfield of

peak F. Peak E is at 113.4 ppm, where two peaks (peak E and F)

are slightly overlapping. Peak E definitely corresponds to

st. (18).

In the same manner,- using the experimental law, st. (15)
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must appear at upfield of st. (2) and at downfield of st. (18).

Only peak D can correspond to st. (15). Structure (15) must

19be observed as peak D in the F NMR spectrum.

From the assumptions for the microstructure of 90 mol% VdF

copolymer, it is expected that the amounts of st. (2), (3), and

(4) will be equal. Furthermore, st. (11), (18), and (21) must

be present in equal amounts. Comparing the fractions of these

structures in NMR spectrum, it was found that they agreed well.

This result indicates the correctness of the chemical shifts

assignments to peak B, D, E, and K. The results are listed in

Table H.

85 MOL% VdF COPOLYMER: The 9F NMR spectrum of 85 : 15 VdF-

TrFE is shown in Figure 6(c) . The microstructure of this sample

is thought to resemble that of 90 mol% VdF copolymer. Only peak

J is new in the NMR spectrum of this sample as compared with that

of 90 mol% VdF copolymer. Peak J is observed at 125.9 ppm and

appears at the same position as st. (8). Structure (8) results

from a TrFE-TrFE-TrFE sequence of PTrFE homopolymers. As is

obvious from the copolymer composition, which is shown in Figure j ]

5, the amount of TrFE-TrFE-TrFE sequence in this sample is not

great. The content of TrFE in this sample is only 15 mol% and

the fraction of TrFE-TrFE-TrFE sequence is 0. Therefore, it is dif-■

ficult to consider that peak J corresponds to st. (8). Further-

more, if st. (8) actually exists in this sample, then peaks of

st. (6) and (7) must be observed in the NMR spectrum along with

the peak of st. (8). But, there are no such peaks in NMR spectrum
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as is seen in Figure 6(c). So we judged that the peak J is not

derived from st. (8) but from a structure whose microstructure

is similar to st. (8). From Table I, we can select st. (23) as

the most likely structure for peak J. Structure (23) can be

derived from VdF (N) -TrFE (B) -VdF (B) or VdF (N) -TrFE (B) -TrFE (B)

sequences. The fraction of VdF-TrFE-VdF is 0.13, while that of

VdF-TrFE-TrFE is 0 (see Figure 5). So peak J surely derives

from the VdF-TrFE-VdF sequence.

Applying the assumption used for the polymer segment of

90 mol% VdF copolymer, the polymer segment which newly appeared

in this sample can be described as follow;

segment (4): VdF(N)-VdF(N)-VdF(N)-TrFE(B)-VdF(B)-VdF(N)-VdF(N)

The microstructure of segment (4) is

-CH2-CF2-CH2-CF121-CH2-CF122-CFH-CF2-CF2"-CH2-CH2-CF25-CH2-CF2-

Carbon-pentad structures with a central -CF2- group are as

follow:

from 11

from 12

from 13

from 14

from 15

-CF2-CH2-CF2-CH2-CF2-

-CF2-CH2-CF2-CF2-CFH-

-CF2-CFH-CF2-CF2-CH2-

-CH2-CH2-CF2-CFH-CF2-

-CH2-CH2-CF2-CH2-CF2-

St. (1)

st. (18)

st. (23)

st. (13)

st. (2)

If st. (23) really exists in the 85 : 15 VdF-TrFE copolymer

chain, then st. (2), (13), and (18) must give NMR signal in the

same manner as st. (23). Among these four structures, st. (2)

and (18) are observed as peaks B and E, respectively. And st.(13)

57 -



is observed as the shoulder of peak D at 109.1 ppm. Comparing

intensity ratios of these peaks, it was found that they agreed

well. Thus, we judged that peak J corresponded to st. (23).

19
1:1 TrFE-VdF COPOLYMERS: Figure 6(c) shows the F NMR spectra

of samples. The molar ratios of these copolymers are close to

unity. The NMR spectra of these copolymers resemble one another.

There are 8 peaks (A, B, D, E, F, G, H, I, J, and K) in the spectra

of these three samples. These peaks were already observed in

PVdF, VdF-rich copolymer and PTrFE, and were assigned as listed

in Table H . As noted above, these assignments are based on

only the limited polymer segments of these polymers [segments

(1), (2) , (3), and (4)]. The existence of other carbon-pentad

structures having -CF2- group at their centers can be presumed

in these samples, because the VdF-TrFE copolymer systems have

a random configulation and the existence of the 23 kinds of

structures listed in Table I can be presumed. We have judged

that the structures which are not appearent in the NMR spectrum

are very minor and practically do not exist in the copolymer

chain.

The main feature of the spectra of these copolymers is peak

D. Peak D is assigned to st. (15): this microstructure is de-

rived from VdF(N)-VdF(N)-TrFE(N) , VdF(N)-TrFE(N)-VdF(N) , TrFE(N) -

TrFE(N)-VdF(N), and TrFE(N)-VdF(N)-TrFE(N). These 4 monomer-

triad sequences consist of head-to-tail structures of VdF-TrFE
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1

0 50 100

TrFE mol ― Sg in polymer

Figure 7. Normalized fractions of monomer diad as a func-

tion of polymer composition for the TrFE-VdF copolymer

system: ( ), calculated by simply measuring the ratios

of the integral intensities of the respective peaks;

( ), caluclated by equations 1 and 3. Symbols A and B

represent VdF and TrFE, respectively.

or TrFE-VdF sequences. The chemical shifts and assignment of

the peaks are summalized in Table H.

3-3-2 MONOMER SEQUENCE DISTRIBUTION:
* F NMR

The monomer-diad fractions of TrFE-VdF copolymers as a

function of polymer composition are shown by solid lines in
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in Figure 7. These are obtained by simply determining the

ratios of the integrated intensities of the respective peaks

in NMR spectra. It may be expected from the figure that the

TrFE-VdF copolymer system is in random configulation. The

broken lines in the figure are obtained from the calculation

using by equations 1 and 3. These lines agree well with

the experimental curves estimated by NMR data. This results

indicate the accuracy of the monomer reactivity ratios (r and

The normalized fractions of monomer-diad, consisting of

head-to-tail structure in TrFE-TrFE, TrFE-VdF, and VdF-VdF se-

quences, as a function of polymer composition are shown in

Figure 8. These are also obtained from the intensities of re-

spective NMR peaks. The broken lines in the figure represent the

monomer-diad sequence distribution curves containing H-T, H-H,

T-T and T-H sequences. As is seen from the figure, the amount

of H-T structure in the VdF-VdF sequence is very large and that

in TrFE-TrFE sequence is very small. However, the amount of H-T

structure in TrFE-VdF sequence is rather abundant. This result

indicates that the TrFE-monomer reacts to CH CF ･ propagat-

ing radical from the tail-position with a considerably high pro-

bability. However, such a behavior is considered to be a unique

phenomenon. For example, Tedder and coworkers31'32 studied the

reactivities of TrFE-monomer with respect to reacting positions

(head- or tail-position) to methyl radical (CH3") and fluorinated
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0.5

0 50 100

TrFE mol - °/oin polymer

Figure 8. Normalized fractions of monomer diad, consisted

of head-to-tail structure in TrFE-TrFE, TrFE-VdF, and VdF-

VdF sequences, as a function of polymer composition for

TrFE-VdF copolymer system ( ); and normalized monomer-

diad fractions containing head-to-tail, head-to-head, tail-

to-tail, and tail-to-head structures ( ). These data are

obtained from simply measuring the peak areas. Symbols A

and B represent VdF and TrFE, respectively.

methyl radicals (CFH--, CF2H- and CF ･), in the gaseous state

and at high temperature, and showed that the regularity of re-

acting position of TrFE-monomer was very low. Ishigure and co-

workers1 ** also reported the abnormal reactivity of TrFE-monomer

by a high resolution fluorine-19 NMR study of TrFE-isobutylene
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copolymers. Furthermore, high-resolution fluorine-19 NMR and

simulation studies of PTrFE15 indicated that the TrFE-monomer

had a tendency to be polymerized in a random state with respect

to the reacting position of monomer; i.e., there was no distinct

difference between head- and tail-position in adding reaction.
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CHAPTER
4

CRYSTALLIZATION BEHAVIOR OF POLY(TRIFLUOROETHYLENE)
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4-1 Introduction

In chapters 1 and 2, we have reported the preparation and

microstructure of poly(trifluorethylene) [PTrFE, -(-CF2~CFH-)n

-], and found that the amount of abnormal head-to-head, tail-

to- tail, and tail-to-head linkages in polymer chain was very

large.1

In this chapter, we will concern with the crystalliza-

tion behavior of PTrFE polymer. The heat of fusion is an

extremely important thermodynamic property of semicrystalline

polymers. Many papers have; presented data on the heat of

fusion for fluorinated-ethylene polymers; for example, the

heat of fusion is 1920 cal/mol for poly(ethylene)2 [PE, ~(-CH2

-CH2-)n-], 1800 cal/mol for poly(vinyl fluoride)3[PVF, -(-CFH

-CH2~) -], 1435 cal/mol or 1400 cal/mol for poly(vinylidene

fluoride)"'5[PVdF, -(-CF2-CH2)n~], 1370 cal/mol for poly

(tetrafluorethylene)6[PTFE, -(-CF2-CF2-)n~], and 1200 cal/mol

for poly(chlorotrifluoroethylene)7[PCTFE, -(-CF2-CFC1-) -].

However, data on PTrFE are lacking in the literature.

The heat of fusion can be obtained from the depression

of melting temperature (T ) by changing the volume fraction

of diluent or by changing the fractions of second component

in the copolymer.8' 9

The investigations of the kinetic and mechanism of the

crystallization is also very important, since bulk properties

of polymers are largely affected by the transition from amor-

phous to crystal state. The dilatometric and calorimetric
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methods are the main techniques for studying the crystalli-

zation rate of polymer. In this study, the calorimetric method

was employed.

The purpose of this chapter is concerned with crystalli-

zation behavior of PTrFE. This study deals with the crystal

morphology, the equilibrium melting temperature, the heat of fusion

fusion, the surface free energy, and crystallization rate of

PTrFE polymer.

4-2 Experimental

The preparation of both PTrFE and trifluoroethylene

(TrFE) - chlorotrifluoroethylene (CTFE) copolymers are

described in chapter 1.

The intrinsic viscosity of PTrFE polymer in dimethyl-

formamide (DMF) was found to be 2.2 dl/g at 30 °C.

The polymer-diluent mixture was prepared by adding, in a

glass tube, PTrFE polymer to desired amount of diluent

dimethylacetamide (DMAc). After sealing the tube, the tubes

were heated to about 270 °Cin slot-bath for at least 5 hours

to ensure homogenious solution, and then quenched to room

temperature.

Thermal analysis was performed with a differential scan-

ning calorimeter (Perkin-Elmer DSC-2). Aluminium pan was used

as a specimen container and each specimen weight was about 10

mg. The temperature calibration was based on indium, thin,
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and lead standard.

For the study of the morphology of PTrFE crystal, the

electron microscope (Hitachi, model H-500) was used. The

isothermally crystallized sample was measured. PTrFE polymer

was maintained at 250 °Cfor 30 min. to ensure complete

melting of the crystal before cooled at 1.25 °C/min to crys-

tallization temperature, T . Sample was isothermally crystal-
c

lized at 185 °Cfor 5 hours, and then cooled to room temper-

ature at 1.25 °C/min. And then, sample was fractured at

liquid nitrogen temperature. The fractured surface was

prepared by replication method.

The lamellar thickness of samples was estimated by small

angle x-ray diffraction method with a Rigaku-Denki diffrac-

tometer. These specimens of the different lamellar thickness

were prepared by changing time and temperature of annealing

process.

4-3 Electron Microscope

Figure 1 shows electron micrograph of fractured PTrFE

crystal. The sample was annealed for 5 hours at 185 °Cin

order to grow the crystal enough. These electron micrographs

show the distinct lamellar spherulites character. The lamellar

thickness of this polymer was estimated to be about 600 A.

This indicates that the PTrFE crystal is not consisted of
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5H

Figure 1(a). The electron micrograph of replica of fractured PTrFE

polymer. Spherulites can be seen. Sample was annealed for 5 hours

at 185 °C.
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5 M-

Figure l(b). The electron micrograph of replica of fractured PTrFE

polymer. Spherulites can be seen. Sample was annealed for 5 hours

at 185 °C. ..-
."-.:■'f
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1H

Figure l(c). The electron micrograph of replica of fractured PTrFE

polymer. Lamellar crystal can be seen. Sample was annealed for 5

hours. -･
;.,)-■
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Figure 2. A plot of the melting temperature T of

PTrFE versus the crystallization temperature T -c

The T versus T line intersects the line T = T
me me

at 213 °C.

4-4 Equilibrium Melting Temperature

Figure 2 shows a plot of the crystallization temperature,

T , versus observed melting temperature, T , for PTrFE poly-

mer; i.e., a Hoffman-Week plot.10 A linear relationship is

observed between T and T
c . The value of an equilibrium

melting point, T^, can be obtained by a linear extrapolation

of the apparent melting temperature. The T versus T line
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Figure 3. Dependence of the melting temperature T

of PTrFE with volume fraction V of dimethylacetamide

intersects with the T =T line at 213 °C.
m c

Assuming that the crystal is perfect and the heating

process used in the melting temperature determination does not

disturb the nature of crystal, the depression in the melting

temperature of the crystal resulting from its finite size is

represented bv1°

rp o

m - Tm = *<V " V (1)

where (j>is the stability parameter which depends on crystal

thickness. Equation 1 indicates that T should be a linear
m
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function of T , and <j)constrained to lie between 0 and 1.
c

The condition cj>= 0 represents the maximum stability and

(J>= 1 represents the inherent unstability. The $ value of

PTrFE is found to be about 0.26 using eq 1. This value

suggests that the PTrFE crystal should be fairly stable.

Nishi and Wang11 reported comparable value of PVDF as cf>= 0.2.

Comparing the <j)value of PTrFE with that of PVdF, there is not

much difference, and. neither for other nolvmers.1°

Figure 3 shows change of melting temperature T with

diluent. The data for DMAc as diluent are well represented by

a straight line. Extrapolation of this line to zero diluent

concentration yield T = 199 °C. This value is roughly 14°

below compared with the equilibrium melting temperature T °.

o
o
o

X

I

T

,_§ 2.0 Figure 4. A plot of the

quantity (1/T -T °)/vn
mm 1

!-O 2.0

(V-|/Tm)x1000

74

versus v,/T for the
1 m

PTrFE-dimethylacetamide

system.



4-5 Heat of Fusion

The heat of fusion, AHU, can be obtained from the depres-

sion of melting temperature by varying the volume fraction of

diluent,8'9

1/Tm - 1/Tm° = (R/AHu) (Vu/V1) [V! - (BV^RT^v?]

where Tmu is the melting temperature of undiluent polymer,

(2)

T the melting temperature of polymer-diluent system, R the

gaseous constant, AH the heat of fusion, V the molar volume

of polymer repeating unit, V, the molar volume of the diluent,

Vi the volume fraction of diluent, and B the interaction

parameter.

Figure 4 shows a plot of the quantity (1/T - 1/T °)/V,

versus V /T for the PTrFE-DMA system. From the straight line,

the AHU of PTrFE was found to be about 1300 cal/mol. Since the

equilibrium melting temperature, T °, is 213 °C, the equilib-

rium melting entropy, AS , was calculated as 2.75 eu/mol.

The heat of fusion can be also obtained by polymer

composition - melting temperature relation in copolymer,8'9

1/T - 1/T ° = -(R/AH ) In x
mm u a

(3)

where x is the molar fraction of in a copolymer. Figure 5a

shows a plot of 1/Tm versus In xa in TrFE-CTFE system. The

AHU is calculated as 1050 cal/mol using equation 3. This

value is a little small compared with diluent method. In
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general, the heat of fusion obtained by copolymerization

method shows small value compared with diluent method.9

It is mentioned that the AH obtained from the diluent method

is more accuracy compared with the copolymer method, since

the value of AH changes with the kinds of comonomer.9 In our

study both diluent and copolymer methods agree fairly well.

The values of AHU and ASU of PTrFE are very similar to

those of PCTFE, whose chemical structure differs from PTrFE in

that only a hydrogen atom is substituted by a chlorine atom:

the values of AHU and ASU of PCTFE are 1200 cal/mol and 2.49

eu/mol, respectively.

The values of Tm, Tm°, AHu, and ASu of PTrFE are tabulated

in Table I, together with those of other fluorinated ethylene

polymers.2'3'5'6'12"1" As seen from the table, the values of

AHu and ASu decrease with increasing the number of fluorine

atom in the repeating unit of fluorinated ethvlene Dolvmers.

o 2.6
o
o

X
I24

3 2.2

0 -0.4

lnXa

-0.8
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Figure 5. A plot of the

1/T versus X for the
m a

TrFE-CTFE copolymer sys-

tem.



Table I. Comparison of the thermodynamic parameters of fluorinated

ethylene polymers.

Polymer

PEa'b

PVFC

PVdFd'e

PTrFE

PTFEf

PCTFEb

°c

200

178

199

330

218

m O
m '

°C

143

210

213

221

Data of Broadhurst.
bData

of Hoffman.11*'15

Data of Sapper.1*

Data of Welch.b

Q 16Data of Mancarella.

Data of Starkweather.7

AHu'

cal/mol

1710

1800

1425

1300

1370

1200

77

AS ,
u

eu/mol

5 78

3.80

3.16

2 75

2.27

2.49

V
erg/cm

57

65

54

37



Figure 6. A plot of

T versus reciprocal
m
lamallar thickness.

o
o

220

^£200

18

0

(1/l)x103, A

2

4-6 Surface Free Energy of Lamella

According to Hoffman10'15'16 the surface free energy of

lamella, ae, is given by

Tm = Tm°(l - 2ae/AHu£) (4)

where I is the lamella thickness, Tm° the equilibrium melting

temperature, and AHU the heat of fusion. The values of AHU and

Tm° are 1300 cal/mol and 213°C, respectively, as mentioned above.

Figure 6 shows a plot of the melting temperature versus

the reciprocal lamella thickness. The lamella thickness was

estimated by small angle x-ray diffraction method. As seen from
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t ( min )

Figure 7. Change of crystallinity X of PTrFE

with isothermal crystallization time t, at

various crystallization temperature: O
/ 453.0

°C;≪ , 454.0 °C; Q , 455.0 °C; c, 456.0 °C;

a . 457.0 °C:c . 458.0 °C;and ≪ , 459.0 °C

20

the figure, the plot of Tm versus l/l is linear, and the intercept

at I/A = 0 gives the equilibrium melting temperature. The value

of 1.2 Kcal/mol for ae was obtained from the slope of this line.

4-7 Crystallization Kinetics

Figure 7 shows change of the crystallinity of PTrFE polymer

with isothermal crystallization time, at various crystallization

temperatures. From these curves the half time of conversion,

*"l/2'^as been determined at various crystallization temperature,

Tc. Figure 8 shows a plot of t,.

at 457 K.

versus Tc■ The slope changes

The kinetics of isothermal crystallization of polymers can

be analyzed by means of the well-known Avrami equation,10'17
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Figure 8. A plot of crystallization half time

t
1/2
T .
c

of PTrFE versus crystallization temperature

(1 - Xt) = exp(-Ztn) (5)

The double logarithmic form of equation 5 is given by

log[-In (1 - Xt)] = nlog(t) + ln(Z) (6)

where Xt is the weight fraction of crystallized polymer at time

t, Z the rate constant, and n the Avrami exponent. Figure 9

shows Avrami plots of PTrFE at various crystallization temperatures

As seen from the figure, the crystallization kinetics of PTrFE

obeys the Avrami equation. The exponent changes with the crystal-

lization temperature. The average value of n is found to be about

2.7. From equation 6, the kinetic constant Z is

Z = ln(2/tn/2) (7)

The crystallization parameters of PTrFE polymer crystallized

at each temperature are tabulated in Table 31.
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Table H. Crystallization parameters for PTrFE

T a)
c

(°C) nb>

t
1/2
c)

(min)

z d>

(min~n)

453.0

453.5

454.0

454.5

455.0

455.5

456.0

456.5

457.0

457.5

458.0

458.5

459.0

a)

b)

c)

d)

2.5

2.8

3.1

3.1

2.7

2.6

2.8

2.6

2.5

2.7

2.8

2.5

2.5

0.56

0.70

1.03

1.41

1.70

2.40

3.80

5.0

6.0

11.5

16.0

23.5

34.0

T , the crystallization temperature

n, the Avrami exponent.

tl/2'
the half-time of conversion.

Z, the kinetic rate constant.
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Figure 9. An Avrami plot for PTrFE at various

crystallization temperature: O , 453.0 °C; # ,

454.0 °C; O , 455.0 °C; c , 456.0 °C; O , 457.0

°C;O , 458.0 °C; and c , 459.0 °C.

4-8 Analysis of Crystallization Rate

According to the theoretical treatment of coherent surface

nucleation in chain fold polymer, given by Hoffman and

Lauritzen13'l7, the free energy of formation of a nucleus of

critical dimensions, A$*, may be expressed to a good approximation

by

A$* = 4baae/Afv (8)

where a and 0 are the surface free energies per unit area of

the surface pararell and perpendicular, respectively, to the

molecular chain direction, and Af the Gibb's free energy

difference between the liquid and the crystal. The Afv is

given by*3
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Afv = AHU(AT/Tm°) (9)

where AHU is the heat of fusion, T^0 the equibrium melting

temperature, and AT = Tm° - Tm, the degree of the supercooling.

According to the kinetic theory,18'19 the rate of overall

crystallization may be expressed by

1

n

1

n

log Z +

log Z +

AF* = FWLF

where C, and C2

c

An "

A**

2 .3kTc

= An "

ClTc

4boca T ･

2.3kAH T AT
u c

83 -

(10)

(11)

(12)

AF*

2.3kT

where k is the Boltzmann constant, Z the rate constant in the

Avrami euqation, and AF* the activation energy for the transport

process at interface. By the conbinaiton of eg 8, 9, and 10

AF*

2.3kT

AF* can be obtained by the WLF euqation2 °,

C2 + Tc - Tg

are constant, respectively, equal to 4.12

Kcal/mol and 51.6 deg, which were derived from the universal

WLF constants. Figure 10 shows a plot of (l/n)log Z versus

(T °/TAT) for PTrFE. It was calculated using equation 11

2
the values of a and a are 7.3 and 54 erg/cm (0.24 and 0.79

Kcal/mol), respectively. The value of a obtained from calri-

metric method is considerably in good agreement with that of

the small angle x-ray diffraction method (a = 1.2 Kcal/mol).

The value of a of PTrFE crystal is also tabulated in Table I



0

M

x
|-1

3.0 3.5 4.0
(Tm°/TciT)x10-2

Figure 10. A plot of (l/n)log Z versus (T °/TcAT)

■FnyPTrTPT?

together with that of other fluorinated ethylene polymers.

It is of great interesting to note that the crystals of other

fluorinated ethylene polymers also yield comparably values for

a .
e
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CHAPTER J

CRYSTALLIZATION BEHAVIOR OF TRIFLUOROETHYLENE COPOLYMERS:

ISOMORPHISM REPLACEMENT

87 -



5-1 Introduction

Since Edger and Hill1 first reported isomorphism behavior

with hexamethylene adipamide and terephthalamide copolymers,

isomorphism phenomena in macromolecular field have been

studied by many authors.1"1" Usually in binary copolymeriza-

tion system, the introduction of the second component brings

about a reduction in melting point and reduction in crystal-

inity and increase in solubility. In Flory's theory of

copolymer crystallization,15 it is assumed that in the copoly-

merization of A and B units the crystal phase is composed

entirely of A units, and B units are excluded from the crystal

phase and remained in amorphous phase. In this system, as the

preferential ordering of copolymer chains is required for crys-

talization, then the melting point reduction is occurs as a

necessary cosequence. In these circumstances melting point -

polymer composition curve shows a minimum point at the

intermediate ranges of composition. However, several system

have been reported in which the melting point-polymer com-

position curve shows a linear or nearly so without minimum

point. In these system, B units are able to pack A crystal

without appreciable distortion. The term isomorphous replace-

ment was used to described this phenomenon. It has become

widely accepted as a criterion for isomorphous replacement to

use a melting point-polymer composition relationship. However,

Tranter7 has shown that this criterion is not valid for
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isomorphism replacement in polyamide. As a result of x-ray

diffraction study, he concluded that in a truth isomorphism

the lattice parameters and crystallinity shouls be independent

of copolymer composition.

Recently, a theory of copolymer crystallization reveals,

on which crystal contains a small concentration of comonomer

units.16"18 Analysis of lattice data of random copolymer

crystal confirms the model that the intermolecular distance

increases linearly with increasing of concentration of the

comonomer units.

In chapter 5, the crystallization behavior of polytrifluoro-

ethylene (PTrFE) was described.19 The purpose of this chapter

is concerned with determination of the crystallization behavior

of trifluoroethylene (TrFE) copolymers with vinylidene fluoride

(VdF), tetrafluoroethylene (TFE), chlorotrifluoroethylene (CTFE),

and hexafluoropropylene (HFP). The details of the experimental

rsults by DSC, x-ray and infrared measurements, and a theory

of random copolymer crystallization which shows a isomorphism

replacement, will be discussed.

5-2 Experimental

The preparation and microstructure of the TrFE-copolymers

with VdF, TFE, CTFE and HFP were described in chapter 1 and 3.

List of samples are tabulated in Table I for the TrFE-VdF co-

polymers, in Table H for the TrFE-TFE copolymers, in Table m

for the TrFE-CTFE copolymers, and in Table IV for the TrFE-HFP
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Table I. List of sample for the TrFE-VdF copolymers.

Sample

no.

VdF mol-%

in copolymer

Melting point (°C)

As polymerized Heat presseda

A-l

A-2

A-3

A-4

A-5

A-6

A-7

A-8

A-9

A-10

A-ll

A-12

0

12

30

36

44

54

60

63

85

90

98

100

5

aCooling
rate is about 50 °C/min

198.3

185.5

171.6

167.6

161.6

161.6

155.5

158.5

149.6

142.1

159.3

176.1

199.4

185.0

172.5

165.7

163.8

160.2

155.2

160.8

146.7

146.7

159.9

175.8

Thermal analysis was performed with a diffrential scanning

calirimater (Perkin-Elmer DSC-2) at a heating rate of 10 °C/min....

Aluminum pan was used as the specimen container and specimen

weight was about 10 mg. The temperature calibration was based

on indium, tin and lead standard.

Wide angle x-ray diffraction profiles were obtained with a
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Table H. List of samples for the TrFE-TFE copolymers.

Sample

no.

B-l

B-2

B-3

B-4

B-5

B-6

TFE mol-%

in copolymer

12

17

38

49

77

100

Cooling rate is about 50 °C/min.

Melting point (°C)

As polymerized

214.2

232.6

252.5

275.8

309.2

335.7

a
Heat pressed

214.4

225.6

250.2

273.0

307.8

330.8

Rigaku-Denkin diffractometer. The specimens used for x-ray

diffraction measurements were heat-pressed sheets of which the

cooling rate was about 50 °C/min. The degrees of the crystal-

linity were also estimated by x-ray diffraction method.

Infra-red spectra were recorded on a Japan-Spectroscopic

IR-G Spectrometer. The specimen films were prepared by heat-

pressed method.
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Table HE. List of samples for the TrFE-CTFE copolvmers.

Sample

no.

C-l

C-2

C-3

C-4

C-5

C-6

C-7

CTFE mol-%

in copolymer

9

18

34

51

71

89

100

Melting point (°C)

As polymerized

aCooling
rate is about 50 C°/min

163.2

122.0

114.8

132.2

159.8

195.2

215.3

Table IV. List of samples for the TrFE-HFP copolymers.

a
Heat pressed

164.2

122.0

117.6

130.0

160.8

196.2

213.5

Sample

no.

D-l

D-2

D-3

D-4

HFP mol-%

in copolymer

1

3

9

28

a
Cooling rate is about 50 °C/min.

Melting point (°C)

As polymerized

179.1

148.3
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5-3 Melting Temperatures of Copolymers

o
o

£

200

100

0
TrFE

50

MOL-%

100
COMONOMER

Figure 1. Change of melting temperature

T with polymer composition: O , TrFE-VdF;

･ , TrFE-TFE; o , TrFE-CTFE; and Q ,

TrFE-HFP.
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The melting temperature T in both original powder and

heat pressed sheet are tabulated in Table I for the TrFE-VdF

copolymers, in Table U for the TrFE-TFE copolymers, in Table m

for the TrFE-CTFE copolymers and in Table IV for the TrFE-HFP

copolymers.

Figure 1 shows the change of T with polymer composition

for these copolymers.

5-4 TrFE-VdF Copolymers

5-4-1 melting temperature

Figure 2 shows DSC curves of the TrFE-VdF copolymers. As

seen from the figure, the double endothermic peaks (designated

Tm and Tm') are observed in VdF-rich copolymers in the region

of 54 to 90 mol-% VdF content; Tm is the primary melting tem-

perature which observed at high temperature side, and Tm' the

secondary melting temperature observed at lower temperature

side. The peak-area ratio of Tm to Tm1 is about 8 : 1 at 85

mol-% VdF content.

As is obvious from Figure 2, the endothermic peak of primary

melting was observed clearly in whole range of polymer composi-

tions. These results indicate that the TrFE-VdF copolymers are

in crystalline state in whole range of polymer compositions.

In most random copolymer systems, the introduction of second

component usually brings about a reduction in crystallinity.*5

Figure 3 shows the change of melting temperature with poly-

mer composition (data are reproduced from Figure 2). The Tm
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LJ

o
Q
Z
LU

50 100 150

TEMPERATURE (°C)

200 Figure 2. DSC thermograms

of TrFE-VdF copolymers.

versus polymer composition curve takes a minimum point at 90

mol-% VdF content. On the other hand, Tm' appears at about 50

mol-% VdF content, the shifts to upper temperature side linearly

with increasing VdF content. The extrapolation of the Tm' versus

polymer composition curve to 100% VdF gives Tm of PVdF.

It is generally recognized that two endotherms, appear in

DSC measurement, arise from two different sources: one is due
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Figure 3. Change of melting

temperature, T and T ', with

iw polymer composition for TrFE-

VdF copolymers.

to thermal history of the sample, and the other a common origin

in polymer.20'21 Examples of thermal history are the recrystal-

lization during cooling after annealing, and the additional

crystallization during the DSC measurement. An example of the

common origin is a solid phase transition in crystal, a partially

melt of crystal phase, or a melting of the crystal phase of poly-

mer which has two crystal phase originally-
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50 100 150 200
TEMPERATURECO

Figure 4. Effect of heating

rate on DSC thermograms of

sample A-8 (63 mol% VdF).

LU

1UU 150 200
TEMPERATURE (･c)

Figure 5. Effect of cooling

rate on DSC thermograms of

sample A-8 (63 mol% VdF).

Figures 4 and 5 show effect of heating rate and annealing

process, respectively, on the apparent melting temperature of

sample A-8 (63 VdF content) in DSC measurement. As seen from

the figures, both Tm and Tm' are independent of the heating

rate and annealing process. These results indicate that the

Tm' peak is common origin in TrFE-VdF copolymers. Only dif-

ference is that the peak position of both Tm and Tm' peaks

shift to upper temperature side with increasing heating rate

and decreasing cooling rate. In the case of TrFE-VdF system,

a solid phase transition seems to be related to Tm' transition,

because Tm' is observed at a comparatively lower temperature,

and the temperature difference between Tm and Tm' is large.
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5-4-2 CRYSTAL FORM

Poly(trifluoroethylene)(PTrFE) is classified as a high

crystalline polymer similar to other fluorinated ethylene poly-

mers as described in chapter 4. The crystal form of PTrFE

is not established yet. However, there are some reports claiming

that the crystal form is hexagonal and main chain takes helical

conformation in crystal.22'23 On the other hand, poly(vinylidene

fluoride) (PVdF) exhibites three crystal forms 21*~31;the a-crysta]

form (form H ) has a trans-gauche-trans-gauche1 (TGTG1) confor-

mation, and the 0-crystal form (form I) has a planar zigzag

conformation. The y-crystal form (form IE) is closely similar

to the B-form crystal.29 It was indicated that the 3-crystal

form of PVdF has a spontaneous polarization and a possibility

of ferroelectrncitv.30

c
3

>
CO

S

<5

>.

c

Figure 6. X-ray diffrac-

tion profiles of TrFE-VdF

copolymers.

" 20 15

20 ( degrees )

10 30 25

20

20 15

( degrees )
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Figure 6 shows x-ray diffraction profiles of TrFE-VdF co-

polymers. As seen from the figure, the diffraction profiles

are observed clearly in whole range of polymer composition.

These results support the above consideration that the TrFE-

VdF copolymer are in crystalline state in whole range of poly-

mer composition. As seen from the figure, the x-ray diffraction

profile changes largely between sample 85 and 90 mol-% VdF con-

tent. Sample A-12 shows typical profile of a-crystal form of

PVdF, showing four strong diffractions.25 The x-ray diffrac-

tion profile of sample A-10 resemble to that of PVdF, except

for the diffraction angles. The x-ray diffraction profiles of

A-l to A-9 (0 to 85 mol-% VdF content) are quite resemble to

each other, and only one strong diffraction is observed. The

B-form PVdF shows one strong diffraction at 29 = 21.0° in x-ray

measurement.25 The x-ray diffraction fiber pattern of the 1 : 1

TrFE-VdF copolymer is very poor. This indicates that the copolymer

copolymer crystal is very disordered. The head-to-head and

tactic defects in polymer chain seem to cause the crystalline

defects as mentioned in chapter 4. However, some weak peak

diffractions are observed in copolymer, corresponding to those

of the B-form PVdF crystal.

A similar crystal form changes of the TrFE-VdF copolymers

are also observed in infrared measurement. Figure 7 shows the

infrared spectra of the TrFE-VdF copolymers in the region of

600 to 1100 cm"1. Infrared spectrum of sample A-12 shows typical

pattern of a-form PVdF.30'31 Sample A-10 also shows a pattern
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of a-form crystal, showing five absorption peaks in the regions

of 600 to 1100 cm . However, the peak intensity ratios of

each peaks are different between sample A-10 and A-12. As seen

from Figure 7, the infrared spectrum pattern change largely

between sample A-9 and A-10. In sample A-9, only two peaks

(885 and 852 cm
- 1

)

are observed. The spectrum pattern of this

sample is closely similar to that of B-form crystal.30'31 There-

fore, it is seen that the crystal of the TrFE-VdF copolymers

change from a- to B-form between 85 to 90 mol-% VdF content.

This result agrees well with the study of x-ray measurements.

As seen in Figure 7, the infrared spectra profiles of sample

A-2 to A-9 are resemble to each other, and shows a character-

istic profiles of B-form crystal. Therefore, it is considered

that the TrFE-VdF copolymers take trans or trans-like conforma-

tion in crystal in wide range of polymer composition (12.5 to

85 mol-% VdF content). The only difference is that the inten-

sity of absorption peak at 880 cm
-1

decrease with decreasing

VdF content. As seen in Figure 7, the absorption peak in 840 cm

of 12.5 mol-% VdF copolymer splits into two parts. In sample

A-l (PTrFE), only one peak is observed at about 840 cm , and

this peak also splits into two parts same as to that of 12.5 mol-%

VdF copolymer.

According to the energy calculation of atactic PTrFE crystal

by Kolda and Lando,23 the trans conformation of polymer chain is

stable, if the percentage of the head-to-head defects is above

20 %. A high-resolution
19
F NMR and simulation studies (described
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in chapter 2) indicated that the polymer chain of PTrFE (prepared

by radical polymerization method at 22°C) contained about 25 %

head-to-head defects. Therefore, it is considered that the prob-

ability, that the PTrFE molecules take trans conformation in

crystal, is large. According to the electron diffraction study

by Gal'perlin and Strogalin,22 the polymer chain of PTrFE takes

helical conformation torsioned from trans conformation in crystal.

In conclusion of this section, the crystal form of the TrFE-

VdF copolymers can be classified into three parts: (1) TGTG1-

conformation (a-form) in PVdF and 90 mol-% VdF copolymer; (2)

trans or trans-like conformation (g- or g-like form) in 12.5 to

85 mol-% VdF copolymers; (3) helical conformations in PTrFE.

The a- and 3-form crystal of PVdF can be transformed into each

other by appropriate thermal treatment.2^ However, the 1 : 1

<5.0

2

CO
iu45
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I―
<
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Figure 8. Change of inter-
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50
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TrFE-VdF copolymer always shows the g-crystal form and does not

transformed into the a-form crystal by any thermal treatments.

Lando and Doll25 reported that the TrFE-VdF copolymer (83

mol-% VdF content) does not take a-form but 3-form in crystal,

studying by x-ray diffraction method, and they considered that

the rotational barrier between CF2 and CFH group (in TrFE unit),

or CF2 and CF2 group (head-to-head structure between TrFE and

VdF) prevented to take TGTG' conformation in crystal. Similar

change of crystal morphology was also observed in the TFE-VdF

copolymers. 2 5

Figure 7 shows change of average intermolecular distance

(d-space) with polymer composition. In the figure, the symbol

a represents TGTG' conformation in crystal; the symbol 3 repre-

sents trans or trans-like conformation in crystal. The length

of d-space (the distance of intermolecular in crystal) decreases

almost linearly with increasing VdF content, independent of

polymer morphology. This result indicates that the TrFE and

VdF units dissolve each other in crystal; i.e., the TrFE-VdF

copolymer system cocrystallize isomorphically. Usually, much of iso-

morphism system shows a continuous linear relationship between

melting temperature and polymer composition.1 However, a limited

number of copolymer systems are reported in which the isomorphism

replacement took place independent of the melting temperature

versus polymer composition curve.7

This conclusion is also supported by the molecular dimension
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of TrFE and VdF units. According to Natta and coworkers,9

isomorphism occurs when the dimensions of the isomorphous mole-

cules are slightly difference. The van der Waals of fluorine

(1.35 A) is a slightly different from that of hydrogen (1.25 A),

and that C-H and C-F bond distance are not very different (1.10

o 32
and 1.35 A. respectively). So the differnce of molecular

dimension between TrFE and VdF units is thought to be very

little.

In the TrFE-VdF copolymer system, the melting temperature

versus polymer composition curve takes minimum point at 90 mol-%

VdF content. This point corresponds to the change point of

crystal form (a- to B-form).

I
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I
o
§
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ISO 200 250 300

TEMPERATURE (°C)

Figure 9. DSC thermograms of TrFE-TFE copolymers
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5-5 TrFE-TFE Copolymers

The DSC endotherms peaks of the TrFE-TFE copolymers were

observed clearly and sharply in whole range of polymer composi-

tion, as shown in Figure 9. This indicates that the TrFE-TFE

copolymers are in crystalline state in whole range of polymer

composition. In Figure 1, the change of T with polymer compo-

sition for the TrFE-TFE copolymer system is shown. As is

obvious from the figure, the T versus polymer composition

curve does not take a minimum point at intermediate polymer

composition, but change linearly. This result indicates the

existence of isomorphism in the TrFE-TFE copolymer crystal.

Figure 10 shows the x-ray diffraction profiles of PTrFE,

51 : 49 TrFE-TFE copolymers and PTFE. The x-ray diffraction

profiles observed clearly and sharply not only in homopolymers

but also in copolymer. This results supports the above con-

'E
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c
u

c
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Figure 10. X-ray diffrac-
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1

sideration that the TrFE-TFE copolymers are in crystalline

state in whole range of polymer composition. Figure 11 shows

the change of intermolecular distance (d-space) with polymer

composition. As seen from the figure, the intermolecular

distance of PTrFE increases linearly with increasing TFE con-

tent. This results also indicates the existence of isomor-

phism in copolymer crystal.
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According to Natta and coworkers,9 the main conditions

for isomorphism are chemical similarlity of molecules; i.e.,

equal bonding distance between the atoms, and similar wan der

Waals distance of the atoms or molecules. And in isomorphism

system, the copolymers crystallized with lattice constants in

between the two homopolymers. As mentioned previous section,

the van der Waals radius of fluorine (1.35 A) was slightly

different from that of hydrogen (1.25 A), and that C-H and C-F

bond distance were not very difference (1.10 and 1.35 A,

respectively),32 the difference of the molecular dimension

between TrFE and TFE units was thought to be very little, as

well as between VF and VDF, and between VDF and TrFE. The

both VF-VDF copolymers and the VDF-TrFE copolymers show iso-

morphis, as mentioned above.

The PTFE crystal takes hexagonal lattice in chain twist

by 180 °C at each 15-CF2 group, between 19 to 30 °C.33 On the

other hand, the crystal form of PTrFE is not established yet.

However, there are some reports claiming that the crystal form

is hexagonal, as well as PTFE, and main chain takes helical

conformation.2 2■2 3

5-6 TrFE-CTFE Copolymers

The change of melting temperature T with polymer composi-

tion for the TrFE-CTFE copolymers is shown in Figure 1. The Tm

versus composition curve takes minimum point at 25 moll CTFE

content. Figure 12 shows x-ray diffraction profiles of the
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TrFE-CTFE copolymers. The crystal form of poly(chlorotrifluoro-

ethylene) (PCTFE) is hexagonal, 3" similar to PTrFE and PTFE.

As seen from Figure 12, the intensities of each diffraction

peaks of homopolymer (PTrFE and PCTFE) decrease with increasing

comonomer concentration. These results indicate that the degree

of crystallinities of homopolymers decrease with copolymeriza-

tion. Especially, the 34 mol% CTFE copolymers shows a marked

reduction of the crystallinity. Therefore, it is seen that the

TrFE-CTFE copolymer system does not shows a isomorphism replace-

ment.
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5-7 TrFE-HFP Copolymers

The change of melting temperature T with polymer composi-

tion for TrFE-HFP copolymers is seen in Figure 1. The intro-

dution of HFP units into PTrFE homopolymer seems to cause the

reduction of the crystallinity. In sample D-3 and D-4 (9 mol%

and 28 mol% CTFE, respectively), Tm does not observed in the

DSC measurement. These polymers is rubbery state. According

to the literature,35 poly(hexafluoropropylene) is a amorphous

polymer.

5-8 Theory of Isomorphism

The kinetic theory of random copolymer crystallization

suggested by Helfand and Lauritzen is applied to the isomorphism

crystal.17 Consider a random copolymer of A and B with a fraction

Xn of B units, and a fraction of X, (=1 - X_.) of A units. Both
is a a

homopolymers A and B are in semicrystslline polymers. The

molecular dimensions of A and B units are similar to each other,

and the copolymers of A and B can cocrystallized isomorphically:

i.e., the copolymers are in semicrystalline state in whole range

of polymer composition, and each co-unit incorates into the

crystal of homopolymers.

Actually, a real copolymer crystal contains a fraction XR

of B units in crystal, and a fraction X^ of A units in crystal.

However, they do not achieve an equilibrium concentration X^
q

and Xg*eq^. The copolymer chain contains the excess enthalpy
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AHex due to the interaction between A and B units. In addition,

the copolymer crystal contains the excess free enegry e due to

the crystalline defects which are created by the inclusion of A

units in B crystal or the inclusion of B units in A crystal.

When the dimentional difference between A and B units is very

small, e takes on a small value. According to equilibrium

c(eci)statistical mechanics, the fraction X ^ of A units in the

crystalline region is giben by 17'18

where

xc(eq) XAeXP(-£g)
A (1 - X ) + X exp(-eg)

eg =
RT

(1)

(2)

where R is the gas constant.

The free energy of the copolymers A and B are different

from that of polymer blending of homopolymers A and B. Denoting

the free energy of random copolymer of A and B, which exhibites

the isomorohism replacement, as G, the condition of equilibrium

at given temperature T is expressed as

G = G - TAS
o m (3)

where G is the free energy of the blending of homopolymers A

and B, and AS is the mixing entropy. G is given by
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G0 " XAGAO + XBGAO (4)

where G^Q and GBQ are the free energy of homopolymers A and B

respectively. ~TASm i-s 9iven by

-TASm = R(X inX. + XBlnXB) (5)

When the copolymer system contains the excess free enthalpy

AH , G is given by

G = Go -TAS + AH
m (6)

According to the quasi-chemical model by Guggenheim,36'37 the

excess enthalpy is given by

AH = ZNX X u> (7)

where Z is the co-ordination number, N is the Avogadro number,

and u) is given by

03 = OJ

12 (wll
+ 0)
22
)/2 (8)

where u),,, w and w-- are the interaction energies between A

and A, A and B, and B and B, respectively. Equation 7 is

rewritten as
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AHSX = RTX X K

where K is

_ ZNw
K " RT

combination of eq 5, 6 and 9 yields

G = GQ + RT(XAlnXA + XBlnXB + X^K)

According to the thermodynamics,29 dG is given by

dG = G.dX, + GBdXB

(9)

(10)

(11)

(12)

where G- and Gn are the free energies per mol. of both A and

B units in copolymer, respectively. Then, the free energy of

copolymer G is given by

G = G. XA + GBXB

combination of XA=1-XB, dXA=-dXB, eq 11 and 12 yields

GA = G - XB(dG/dXB)

GB = G - X (dG/dX )

- 112 -
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combination of equation 4, 11 and 14 leads to

GA = GAQ + RT[lnXA + K(2XA - 1)] (16)

In the same manner as GA, the free energy G^ of A units in

crystalline region is given by

<■ Gj0 + RT[lnxJ + K(2X° -1)] + e

where e is the excess free energy due to the crystalline

defects created by the inclusion of B units in A crystal.

Combination of equation 16 and 17 yields

< - AGA0 + RT[ln(X^/X.

(17)

+ 2K(X° - X ) + e/RT] (18)

c c
where AG =G -G is the free energy difference bewteen the

c c
crystal and the melt of the copolymer, and AG =G Q-GA0 is that

of homopolymer A. Near the melting temperature Tm, AGAQ is

given by

AGA0 = AE> ~V^ (19)

where AH is the heat of fusion of homopolymer A, Tm is the

melting temperature of homopolymer A, and T is the melting

temperature of copolymer. Setting AG =0 and combination of

of equation 18 and 19 yield
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!/< " ^m = <≪/AH5> [ln (Xa/XA} + 2K(XA * V +

+ e/RTm]

In the same manner as B units in A crystal, the following

equation is also obtained for A units in B crystal

^m - 1/TR = (R/AH^)[ln(Xg/X ) + 2K (X° - Xg)

+ e/RTj

(20)

(21)

Copolymer crystallization which exhibites isomorphism replace-

ment can be represented by equation 20 and 21. When the

interaction energy between A and B units are very small (w -* 0),

equation 20 and 21 are

1/Tm - 1/Tj = (R/AH^)[ln(xJ/XA) + e/rtJ

^m - 1/T* = (R/AH^)[ln(X°/X ) + e/RTj

(22)

(23)

C C C*(&CJ)
As XA and Xg aproach to the equilibrium concentration X. H

and Xp
eq ,
equation 22 and 23 are reduced to the apropriate

free energy of fusion17

^m - 1/t£ = (R/AH
A
u)ln[l ~ XA + XAexp(-e/RTm)] <24)
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1/Tm - 1/T* = (R/AH*)ln[l - XB + XBexp(-e/RT )

Setting e=0 in equation 24 and 25 yield

^m ~ 1/Tm= (VAH^)ln(xJ/XA)

^m " 1/Tm= (VAHB)ln(X^/XB)

(25)

(26)

(27)

when X and XB approach to 1, equation 26 and 27 are reduced

to the Flory's equation15

^m

^m

- 1K = -(R/AH^)lnXA

- 1/tJ = "(H/AH^)lnXB

(28)

(29)

qq
Incorporation of equation 20 and 21 into the expression

G-2a /£=0 yields the melting temperature T (£) of the lamellar

crystal

TU)

TmU)

Tm[1

V1

2a
e

2a

+

+

RT

AHu

[in(xjr/x ) + 2K(X^ V

+ e/RT ]] (30)

RT
[ln(X°/X ) + 2k (xj: - X )
AH B B

B B
u

+ e/RT ]] (31)
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5-9 Melting Temperature versus Polymer Composition

When the molecular dimentional defference between A and

B is very little, equation 28 and 29 can be used. As mentioned

above, dimentional defference between TFE and TrFE is very

little. Then, Melting temperatures of the TrFE-TFE copolymers

and X were calculated using equation 28 and 29. The

heat of fusion employed were 1300 cal/mol for PTrFE39 and 1370

cal/mol for PTFE.1*0 Figure 13 shows change of calculated

and observed T with polymer composition. As seen from the

figure, thery agree fairly well.

u
o

lUa.
I

2

o

_l
UJ

0 50
TrFE M0L-7o

100

TFE

Figure ]4. Change of calculated and

observed melting temperature T with

polymer composition, for the TrFE-TFE

copolvmer system.
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Figure 14 shows relatioship between X^ __ and XI. __ for
irFb TrFE

the TrFE-TFE copolymer system. In this condition, the

relations X^rpE > XTrpE and x£pE < XTpE are found. These

indicated that the TrFE units have tendency to enter the

crystal region compared with TrFE-units.

UJ

X

1

0

0

X-rrFE

Figure 14. Relatioship between the overall fraction of

TrFE units X and that of TrFE units in crystalline
Q

region X for the TrFE-TFE copolymers.
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CHAPTER 6

TRANSITIONS AND RELAXATIONS OF POLY(tRIFLUOROETHYLENE)
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6-1 Introduction

In chapter 2, we have reported the preparation and micro-

structure of poly(trifluoroethylene) [PTrFE, -(-CF2~CFH-)n~]

by a high resolution fluorine-19 NMR spectrometer. It was

found that the amounts of abnormal head-to-head, tail-to-tail

and tail-to-head linkages in polymer chain were very large.1

In chapter 4, we have also reported the crystallization

behavior of PTrFE. This chapter is concerned with the nature

of molecular motions in PTrFE polymers.

It has been widely recognized that the mechanical and

dielectric relaxation studies are available for characteri-

zation of both semicrystalline and amorphous polymers. It

would be of great interest, therefore, to study the relaxation

mechanism of fluorinated-ethylene polymers, since these

polymers are semicrystalline and the chemical structure of

their repeating units is very simple, having no side group

or small special group in main chain.

Recently, Choy and coworkers2 reported the relaxation of

PTrFE for the first time. It was noted that PTrFE exhibits

two transitions. They concluded that the upper transition was

associated with large scale motion of the main chain and the

lower transition was attributed to the limited motion of a few

segments of the frozen main chain. However, the spectrum was

not analyzed in detail. There exist still some problems as to

the nature of transitions and relaxations in PTrFE because of
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its complicated solid state structure. For example, attempts

to describe the crystallinity dependence on the transition

peaks have not been successful.

PTrFE is classified as a highly crystalline polymer

similar to other fluorinated-ethylene polymers. But, the

crystal form of PTrFE has not been established yet. However,

there are some reports claiming that the crystal form is

hexagonal and main chain takes helical conformation in

crystal.3"*

The purpose of this chapter is concerned with the transi-

tion behavior and motions in PTrFE molecules, by mechnical and

dielectric measurements in the temperature range of -150 to

100 °C.This study deals with the influence of crystallinity,

molecular weight, cold drawing and copolymerization on the

mechanical properties r and frequency dependence of mechanical

and dielectric properties of PTrFE polymers.

6-2 Experimental

The preparation and microstructure of PTrFE were described

in chapter 1. The physical properties of the samples used in

this study are tabulated in Table I. Sample A-2 is the copolymer

with vinylidene fluoride (VdF). The detail process of copoly-

merization was described in chapter 2.

The specimen used for mechanical relaxation measurement

were films of about 0.06 to 0.3 mm thickness molded by heat

pressed technique. Three specimen with different crystallinities
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Table I. Physical properties of samples.

Sample
code

A-l-1

A-l-2

A-l-3

A-1H

A-2

A-lDf

[ n ]a
(dl/g)

5

5

5

2

4

9

9

9

2

7

Rcb
(°C/min)

50

ice water
quenched

0.3

50

50

*PC

1.9905

1.9930

1.9657

Instrinstic viscocity in dimethylformamide at 30 °C

b
Cooling rate in molding process.

Specific gravity at 23 °C.

Xcd

(%)

53

49

73

56

d
Degree of crystallinity estimated by x-ray diffraction method

e
Melting temperature measured by DSC.

Obtained by cold drawing of sample A-l-1.

124 -

Tme

(°C)

199.4

198.0

203.4

201.3

185.0



were prepared by changing time and temperature of annealing or

quenching. The details of the fabrication procedures are given

in the third column of Table I. The degrees of crystallinity

were estimated by x-ray diffraction method.

Sample A-1D was obtained by drawing sample A-l-1 at room

temperature and then annealed at 80 °C for 5 hours under strain.

The draw ratio was about 400%. The mechanical relaxation

measurements were carried out by means of spectrometer (Iwamoto

Seisakusho VES-2) and viscoelastometer (Toyo-Bauldwin Vibron

DDV-2) over the temperature range of -120 to 100 °Cat various

frequencies up to 110 Hz and heating rate of about 0.5 °C/min.

The specimen used for dielectric measurement was heat

pressed circular-sheet of 1.03 mm in thickness and 50 mm in

diameter. The cooling rate in molding procedure was about 50

°C/min.Aluminum was evaporated on the specimen surface in high

vacuum. Dielectric measurement was carried out by means of a

transformer bridge (Ando-Denki TR-10) at various frequencies up

to 300 kHz and over the temperature range of -150 to 100 °C.

The degree of the crystallinity was estimated by wide-

angle x-ray diffraction method, by means of a Rigaku-Denki

diffractometer.

The melting temperature was measured by a differential

scanning calorimeter (Perkin-Eimer DSC-2) at a heating rate of

10 °C/min. Aluminum pan was used as specimen container and

each specimen weight was about 10 mg.
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6-3 Experimental

6-3-1 Mechanical Relaxations

The dynamic mechanical data in the temperature regions of

-150 to 100 °Cand at fixed frequency of 35 Hz for each

material investigated here are plotted in Figure 1-4. Figure 1

shows temperature dependence of dynamic tensile modulus, E',

and loss tangent, tan 6, for three samples of PTrFE at diffe-

rent crystallinities. Two transitions were observed as tan $

peaks at near 50 °C(designated a) and -20 °C(designated g).

Figures 2, 3 and 4 show the effect of molecular weight, cold

drawing, and copolymerization with vinylidene fluoride (VdF)

on the mechanical properties of PTrFE, respectively-

6-3-2 Dielectric Relaxations

Figures 5 and 6 show the temperature dependence of

dielectric constant, e ', and dielectric loss, e", in the

temperature region of -150 to 100 °C and at indicated

different frequencies. Intermediate frequencies are omitted

for clearness. Two distinct peaks, a and 3, are also observed

in the order of decreasing temperature, corresponding to

mechanical relaxation data. A rapid increase in e" observed

at high temperature and low frequency is thought to be due to

the predominant ionic conductance. Figure 7 shows the

transition map of PTrFE, which illustrates the logarithm of

frequency versus reciprocal absolute temperature of loss

m^vi'mum in itiprhsnir'ai anr＼fliplpntrin mpssnrpitlfinhs.
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Figure 1. Temperature dependence of dynamic tensile

modulus, E', and loss tangent, tan 6 , for three sam-

ples of different crystallinity, measured at 35 Hz:

sample A-l-1 ( ･ ), A-l-2 ( O ), and A-l-3 ( O ).
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6-4 Discussion

6-4-1 ("-transition

As seen from Figure 1, the magnitude of the a-transition

peak is about 1.8 times larger than that of the 6-transition

peak for the sample A-l-1. and
the peak form of the a-transition

is sharp and symmetrical. Figure 8 shows the dependence of the

maximum value of tan 6 of each
transition peak on the degree of
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crystallinity. As seen from the figure, the magnitude of the

a-transition peak shows a tendency to increase with decreasing

the crystallinity of sample. This result indicates that the

a-transition reflects molecular motion in amorphous region. On

the other hand, the maximum temperature of the 3-transition

prak is independent of the degree of crystallinity. It is seen

that the large drop of E1 is observed in the a-transition region.

Among three samples of PTrFE, the drpo of E1 of low-crystallinity

sample (sample A-l-2) is notable compared with high-crystallinity

sample (sample A-l-3).

Unfortunately, significant specific heat change, indicating

the glass-to-rubber transition, could not be observed even in

liuid-nitrogen quenched sample of PTrFE (maybe the degree of

crystallinity is lower than that of sample A-l-2) by DSC

measurement. According to Schuman and cowokers5, the

0.1

X

to
c 0.01

Figure 8. Temperature dependence

50
CRYSTALLINITY(%)

lOg of maximum value of tan 6 of the

a and 8 transition peaks in PTrFE
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glass-to-rubber transition of PTrFE occurs at 31 °C,

determining by differential thermal analysis measurement.

Furthermore, Lee and coworker6 found a change in slop of heat

capacity in PTrFE at 40 °C, and they took this point as

glass-to-rubber transition temperature, Tg. By applying good

empirical rule (Tg/Tm) = 2/3, Tg is calculated as 41 °C (Tinis

taken as 199.4 °Cfrom Table I). Therefore, it is speculated

that Tg of PTrFE may exist between 30 to 40 °C. This conclu-

sion is also supported by the chemical structure of PTrFE. The

glass-to-rubber transition of both polar and unsymmetrical

polymers, generally shifts to a upper temperature, than the

symmetrical ones. For example, poly(chlorotrifluoroethylene)

[PCTFE, -(CF_-CFC1-) -] is polar and unsymmetrical polymer,

and the difference of the chemical structure from PTrFE is

that only chlorine atoms is substituted by a hydrogen atom. Tc

of PCTFE polymer is arround 52 °C.7

As seen from Figure 1, Tg lies on the foot of the

a-transition peak and the temperature difference between Tg

and the a-transition peak is about 10 to 20 °C.Therefore,

the a-transition is reasonably related to glass-to-rubber

transition.

The a-transition peak is also observed in dielectric

study, as shown in Figure 5 and 6. Because of ionic conduc-

tance, well-defined a-transition peak could not be observed

except for a few data. Plot of the logarithm of the frequency
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versus the reciprocal absolute temperature of loss maximum for

the a-transition, obtained by dielectric and mechanical measure-

ment, was given in Figure 7. The curve of log fmax versus 1/T

is linear in the limited temperature range of 45 to 75°C. It

is difficult to decide whether the a-transition satisfies the

WLF equation8'9 or not, because employed data are very few.

It is generally said that the WLF equation has been able to

satisfy the glass-to-rubber transition for noncrystalline poly-

mers. In highly crystalline polymers, the glass-to-rubber tran-

sition may occur without holding the WLF theory, because the

molecular motion in amorphous region is generally restricted by

the crystalline regions. PTrFE can be classified as highly

crystalline polymer, as seen from fifth column of Table I.

The activation energy of the a-transition, AH(a), was

obtained from a plot of log fmax versus 1/T by use of the

following equation

AH = -2.303R d(log fmax)/d/T) (1)

where R is the gas constant and T is the absolute temperature.

The value of AH(a) was found to be about 56 Kcal/mol over the

limited temperature range of 43 to 75°C. The AH value of

primary dispersion in PCTFE is 57 Kcal/mol;10 this value is

closely similar to that PTrFE.

Thus, from these results and discussion, we have assigned

the a-transition to the micro-Brownian motion of main chain in

amorphous region.
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6-4-2 3-TRANSITION

The B-transition peak is observed at -20 °Cby mechanical

relaxation technique at 35 Hz, and this peak is lying below T

The peak form of the B-transition is broad and unsymmetric.

It is generally said that most linear polymers exhibit

one or more secondary transitions below T These transitions

are usually assigned to the relaxation of particular molecular

motion, such as the movement of the side groups, end groups or

small groups within the main chain. As seen from Figure 5, the

magnitude of the B-transition peak of PTrFE is not sensibly

affected by the degree of crystallinity, at least in the

crystallinity range investigated here, compared with the a-

transition peak. The peak intensity of the 3-transition in-

creases slightly with increasing the crystallinity, showing

inverse tendency to the a-transition. Therefore, it is specu-

lated that the B-transition relates not only to the amorphous

region but also the crystalline region. Therefore, the B-tran-

sition is divided into both components associated with crystal

and amorphous regions. These are overlapping. Maximum point of

the B-transition peak shifts a little to the upper temperature

side with decreasing crystallinity of samples.

It may be noted here that the B-transition peak of these

samples is not sensibly affected by the molecular weight, cold

drawing and copolymerization with VdF, as seen from Figures 2,

3, and 4. Figure 2 shows the effect of molecular weight on

dynamic mechanical properites of PTrFE at fixed frequency of
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35 Hz. As seen from the figure, the molecular weight, hence

the content of the end groups, does not affect the tan <$versus

temperature curve. Since PTrFE has no side chain (with the

exception of a small number of branches), the process should not

be attributed to the end groups but the main chain motions.

As mentioned above, the tan 6 versus temperature curve of

the 3-transition peak is unsymmetrical. According to Hoffman

and coworkers11 the unsymmetrical loss curve observed in the

semicrystalline polymers below Tg is due to the superposition

of two relaxation mechanisms,one arises in the crystalline

region and the other is associated with the amorphous region.

In such a case, the relaxation loss curve is not sensibly af-

fected by the degree of crystallinity. This fact also supports

the above speculation that the 0-transition of PTrFE relates to

the molecular motion in both crystalline and amorphous regions.

Many polymers exhibit the relaxations related with the

crystal region in the lower temperature side of Tg. Usually,

these are attributed to the local molecular mation of main

chains in crystal lattice. And in this molecular motion the

crystal structure is not affected by the transition. Hoffman

and coworkers11 observed such a relaxation in PCTFE, and

attributed it to the chain twisting of "chain end" in crystal

lattice. As mentioned above, the "chain end" groups of

PTrFE molecular do not affected the 3-transition.
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Therefore, it is considered that other kinds of defects cause

the crystalline relaxation in the B-transition region.

According to Galperin3 and Lando1*, the crystal structure

of PTrFE is very disordered, studying by electron and x-ray

diffraction methods. The F NMR results12 indicate that the

abnormal head-to-head, tail-to-tail and tail-to-head

linkages are predominant in PTrFE molecule. It is considered

that these defects remain in crystal lattice as holes, because

the van der Waals radius of fluorine is larger in some extent

than that of hydrogen, and the C-F bond distance is also to

some degree longer than the C-H bond distance. Therefore, the

crystal of PTrFE is thought to contain many crystalline

defects. Although the evidence is not so complete as one might

as wish, these defects are thought to cause the crystal

relaxation in the ^-transition region largely.

In broad-line NMR measurement of PTrFEJ3 a narrow line

component appears at about -60 °C and narrows largely in the

temperature region of the B-transition. This indicates the

onset of the local molecular motion in amorphous region.

The B-transtion peak is also clearly observed in dielectric

relaxation measurements, as seen in Figures 5 and 6. Plot of

the logarithm of the frequency versus reciprocal absolute

temperature of loss maximum for the B-transition is seen in

Figure 7. The curve of log f v versus 1/T is linear

(Arrhenius type). The activation energy of the B-transition,
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AH(3), was calculated as 28 Kcal/mol, using eq 1. This value

seems to be considerably large compared with those of other

linear polymers for secondary transition. The activation

energy of the halogenated-ethylene polymers in the secondary

transition region is usually 10 to 20 Kcal/mol: for example,

AH(3) is 18 Kcal/mol for polytetrafluoroethylene [PTFE, -(CF_

~CF2~)n~]1>>'" 16"8 Kcal/mol for PCTFE11: 12 Kcal/mol for PVdF ;

15 Kcal/mol for polyvinyl chloride [PVC, -(-CH2-CHC1-)n~]x6.

Therefore, it is speculated that the comparatively large

scale molecular motion, corresponding this high value of

AH(3) of PTrFE should arise in this 3-transition region.

As seen from Figure 5, the dielectric constant, e1,

increases rapidly in the 3-transition region and shows very

large value of e1 at room temperature (i.e. below Tg) ;

e1 = 7.5 at 22 °C and 1 KHz. The dipole moment, y, of the

repeating unit of PTrFE is very large similar to that of other

fluorinated-ethylene polymers; y is 1.63 Debye for the

repeating unit of PTrFE. The details of the estimation of y

will be discussed in the following section. It is generally

said, the large value of e1 found in solid polymer is closely

related to the large-scale dipole motion in amorphous region.

Therefore, it is difficult to consider that the limited

molecular motion of main chain, such as vibrational motions

about their equilibrium position, rsults in high value of e'

at room temprature. The comparatively large scale molecular
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motion for the local molecular motion is thought to occur in the

g-transition region enough to orient the dipole in electric

field, which is different from the cooperative micro-Brownian

motion of main chain responsible for the a-transition. In same

manner as e1, the dynamic tensile modulus of PTrFE also

changes largely in the g-transition region, as seen from Figu-

res 1, 2, and 3. Therefore, we would like to consider that the

comparatively large scale molecular motion for the local mole-

cular motion may occur in amorphous region in the temperature

region of the 3-transition.

Another type of PTrFE was prepared at about -50°C using a

alkylboron as an initiator, so that the amount of head-to-tail

structure is proportional to the polymerization temperature.

However, the high molecular weight polymer was not obtained

enough to give the film strong enough to measure the mechanical

properties. Therefore, we can not estimate experimentally whe-

ther the 3-transition is cooperative type or not.

From the above results and discussion, we have tentatively

assigned that the 3-transition of PTrFE is related to local mo-

lecular motion in both amorphous and crystal regions, associated

with the comparatively targe scale molecular motion for the

local molecular motion in amorphous region and with the mole-

cular motion due to the crystal defects in crystal region.
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6-4-3 EFFECT OF COLD DRAWING

The temperature dependence of mechanical relaxation

of cold drawn PTrFE (sample A-lD) is shown in Figure 3. By

cold drawing process, the intensity of the a-transition peak

decreases a little and the maximum temperature of peak shifts

to the low temperature side, while that of the 3-transition

peak remains unchanged. It is speculated that the decrease of

intensity of the a-transition peak is due to the increase of

the crystallinity of sample by cold drawing process.

Sometimes, a new transition peak is observed by drawing

process due to the orientation of polymer chain in amorphous

region17'18. However, such a peak could not be observed in the

cold drawn PTrFE polymer.

6-4-4 EFFECT OF COPOLYMERIZATION

Figure 4 shows the mechanical relaxation data of TrFE-VdF

87.5 : 12.5 copolymer (sample A-2). In such a polymer

composition, the shape of tan 6 versus temperature curve does

not change sensibly and resemble to that of PTrFE of sample

A-l-1. The differences are that the a-transition peak is

slightly displaced at the low temperature side, whereas its

intensity decreases a little, and the 3-transition peak is

also slightly displaced at the upper temperature side, whereas

its intensity remains unchanged. As seen from the figure, a

new peak due to the copolymerization modification does not
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observed in tan 6 versus temperature curve like a PVC .1 9

6-4-5 FURTHER COMMENTS ON TRANSITIONS OF PTrFE

As mentioned above, two transitions (a and g) were observ-

ed in PTrFE polymers. The tendency of tan 6 versus temperature

curve, observed in the mechanical relaxation study, closely

resembles to those of the other fluorinated-ethylene polymers,

such as PCTFE,20 and polyvinyl fluoride [PVF, -(-CFH-CH--) -].21

These polymers exhibit the crystal transition at the high tem-

perature side in the high crystallinity samples or single-cry-

crystal mats. However, such a peak was not observed in PTrFE

even in high crystallinity sample (A-l-1).

6-4-6 DIPOLE MOMENT OF REPEATING UNIT OF PTrFE

The chemical structure of repeating unit of PTrFE is si-

milar to trifluoroethane. However, the dipole moment ＼iof tri-

fluoroethane has not been reported in the literature yet.

Table H tabulated the bond moment of C-H and C-F, and the di-

pole moment of fluorinated methanes.15 It is seen that the eff-

ective dipole moment of -CF?- group is similar to that of

CF2H2, -CFH- to CFH_, and -CH - to CH . Therefore, it is con-

sidered that y of the repeating unit is 1.96 Debye for PVdF

and 1.79 Debye for PVF.

Although it seems oversimplied the dipole moment of the

repeating unit of PTrFE was calculated by assuming a vectral

sum of the bond moments. There are three conformations in the
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Table H. Dipole moment of the fluorinated methanes; inductive

effect of fluorine substitution on the bond moment. Data are

taken from ref. 15.

Compound

CH4

CFH3

CF2H2

CF3H

Bond moment (Debye)

C-H

- +

0

0

0

0

23

32

C-F

+ -

1.81

1.45

1.22
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Total moment
of molecule
(Debye)

0

1

1

1

79

96

64
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F

F
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(ffl)

Figure 9. Three conformations of the repeating units

of PTrFE. The conformation (I) and (HE) are less

polar, and conformation (H) is more polar.

repeating unit of PTrFE, as shown in Figure 9. The value

of the C-F bond moment is taken as 1.81 Debye for -CFH-

group and 1.45 Debye for -CF2~ group, from Table H . It was

calculated that y of the repeating unit of PTrFE was 1.63

Debye for conformations (I) and (m) , and 3.25 Debye for

conformation (H). The conformations (I) and (m) are less polar

and (H) is more polar. Among these three conformations, the

steric hindrance of conformation (IE) seems to be larger than

of the other conformations. According to the results of

the conformational analysis of atactic PTrFE by Colda and

Lando1*, the trans-conformation is more stable than TGTG'-con-

formation. Therefore, the effective dipole moment of repeating

unit of PTrFE is thought to be approximately 1.63 Debye in

practice. As is obvious from Table n, this value is similar

to that of trifluoromethane.
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6-4-7 ANALYSIS OF DIELECTRIC PROPERTIES IN 3-TRANSITION

Figure 10 shows the frequency dependence of e" for PTrFE

of sample A-l-1 at various temperatures. The curves of e"

versus frequency seems to fit Cole-Cole equation.22 Figure 11

shows the temperature dependence of the Cole-Cole's parameter

3 and magnitude of dielectric relaxation TAe (Ae = e0 - £≪).

T is the absolute temperature. e0 is the static dielectric

constant and £≪>is the dielectric constant at very high

frequency at which the orientation of any dipole does not take
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o
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y

cr
＼―
o
UJ
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c
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-38
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- 87

1 2
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3 4
log f

5 6

Figure 10. Frequency f dependence of dielectric

loss e" for PTrFE (sample A-l-1) at various tem-

pearture.
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place. The numerical values of both B and Ae were estimated by

Cole-Cole plot. In Figure 11, TAe was adopted instead of Ae

in order to remove the influence of temperature on Ae. As is

seen from the figure, the value of 3 increases linearly with

increasing temperature. This result indicates that the dis-

tribution of relaxation times increases gradually with increas-

ing temperature. The value of TAe also increases slowly with

I―

U)

1000

0

05

0

CQ.

-50 0

TEMPERATURE (°C)

Figure 11. Variations with temperature of the

Cole-Cole distribution parameter 8 and the mag-

netude of relaxation AeT in the 3-transition

roni An -for*P^v-T^T?
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increasing temperature in the region of -50 to 0°C. These

temperature regions are considered to correspond to the B-

transition region of PTrFE.

For evaluation of the dipole moment of polymer molecules,

the Frolich-Kirkwood theory23 is usually used. According to

their theory, the dielectric permittivity is expressed by

Ae = eo - ero =

3^0 4ttN

2e0 + Eoo 3kT

(
£0 + 2

3
) <3rV2o (2)

where N is the concentration of the repeating unit, y0 the di-

pole moment, gr the Kirkwood reduction factor which is expressed

as an average of the spacial orientation, k the Boltzmann con-

stant, and T the absolute temperature. The value of e0 and

£oowere estimated by Cole-Cole plot. The value of y0 is taken

as 1.63 Debye for the repeating unit of PTrFE. The gr is calcu-

lated by assuming that Uo arises mainly from the dipole orienta-

tion in amorphous region. Therefore, N is given as follow:

N = NAXa/MQVs (3)

where NA is the Avogardo's number, MQ the molecular weight of

repeating unit, Vs the specific volume, and Xa the weight frac-

tion of amorphous region. The values of Vs and Xa are taken

from Table I. The calculated values of y2(= gry2) and gr are

tabulated in Table m together with with e0, e°o,and Ae. From

these results, it is speculated that the free dipole rotation

of PTrFE molecules does not occur in the B-transition region,

since the gr value takes samll value in these temperarue re-

gion.
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Table HE. Values of the Kirkwood reduction factor, g , of PTrFE

in the temperature reqion of the 8-transition.

Temperature
(°C)

-60

-38

-20

-2

£oo

2

2

2

3

54

55

80

05

£o

3.65

4.70

5.55

7.15
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Ae

1.11

2.15

3.20

4.10

y2

0.44

0.89

1.06

2.02

9r

0. 16

0.34

0.40
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CHAPTER
7

TRANSITIONS AND RELAXATIONS OF VINYLIDENE

FLUORIDE - TRIFLUOROETHYLENE COPOLYMERS

151 -



7-1 Introduction

In chapter 6, the transitions and relaxations of polytri-

fluoroethylene [PTrFE, -(CF2-CFH-)n~] by mechanical and dielec-

tric measurements were described.1 It was found that PTrFE

exhibited two transitions with peaks at 50°C and -20°C in mecha-

nical relaxation measurement at 35 Hz; the upper-transition was

assigned to micro-Brownian motion of main chain in the amorphous

region, and lower-transition was assigned to local molecular

motion in both the amorphous and crystalline regions. The

glass transition temperature of PTrFE is around 40°C.1"3

The relaxation mechanism of polyvinylidene fluoride [PVdF,

-CF2-CH2-)n-] has been studied in detail by mechanicalk~6, di-

electric5'7"15, and NMR1S~18 methods. PVdF polymer exhibited

three transitions with peaks at 50°C (designated as a), -35°C

(designated as B), and -80°C (designated as y)･ According to

these studies the a-transition was assigned to molecular motion

in crystalline region including lamellar surface and crystalline

the defects; the 3-transition was assinged to micro-Brownian

motion in the amorphous region; the ytransition was assigned

to local molecular motion in the amorphous region. The glass

transition temperature of PVdF is around -40°C.11"19

The purpose of this chapter is concerned with the determi-

nation of transition behavior and molecular motion in trifluoro-

ethylne(TrFE)-vinylindene fluoride(VdF) copolymers, by mechanical

and dielectric measurements in the temperature range from -150°C

to 100°C.
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7-2 Experimental

The preparations of samples were described in chapter 1,

and crystallization parameters were described in chapter 5.

Table I shows the physical properties of the TrFE and VdF co-

polymer .

Mechanical relaxation measurements were carried out by

means of the viscoelastometer (Toyo-Bowldwine Vibron DDV-2 and

Iwamoto Seisakusho Spectrometer VES-2) over a temperature range

from -120 to 100°C and a frequency range from 3 to 110 Hz, at

a heating rate of about 0.5°C/min. The specimens used for

mechanical relaxation measurements were films about 0.05 to 0.5mm

thickness molded by heat-pressed method. In sample A-5 (TrFE-

VdF 56 : 44) , three different crystallinity specimens were

prepared by changing time and temperature of annealing or

quenching. The details of the fabrication procedures are given

in Table I.

Dielectric measurements were carried out by means of a

transformer bridge (Ando-Denki TR-10C) at frequencies from 30 Hz

to 300 KHz and over a temperature range from -150 to 100 °C. The

specimens used for dielectric measurements were heat-pressed

circular-sheet of 1.0 to 1.3mm thick and 50mm diameter. Alu-

minium was evaporated on the specimen surface in high vacuum.

The linear thermal expansion was measured by use of a

quartz-tube dilatometer. The cylindrical specimen for linear

thermal expansion was of about 10mm high and 7mm diameter, and
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which was annealed for 30 hours at 100 °C in order to remove

the strain.

Table I. Physical properties of the TrFE-VdF copolymers.

Sample

code

A-l

A-2

A-3

A-4

A-5-1

A-5-2

A-5-3

A-6

A-7

A-8

A-9

A-10

A-ll

A-12

VdF content
(mol-%)

0

12

30

36

44

44

44

54

60

63

85

90

98

100

5

[ n ]
(dl/g)

5.9

3

2.

1.

1.

1

4

5

2

2

3

2

6

1

8

8

8

7

1

3

7

8

0

(°C/min)

50

50

50

50

50

ice water
quenched

0.3

50

50

50

50

50

50

50

spb

1.9905

1.9657

1.9385

1.9296

1.8927

1.8943

1.8859

1.8806

1.8663

1.8206

1.7852

1.7560

xc
c

(%)

53

64

57

76

Cooling rate in molding process.

Specific gravity measured at 23 °C.

Degree of the crystallinity obtained by wide-angle x-ray diffraction
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7-3 VdF-rich Copolymers

Figure 1 shows temperature dependence of dynamic tensile

modulus, E1, and loss tangent, tan 6, for the VdF-rich copolymers

(sample A-9 and A-10) and Poly(vinylidene fluoride)(PVdF)(sample

A-12). The a-transition peaks in PVdF becomes clearly and sharply

with increasing TrFE content in the copolymer, and its peak po-

sition shifts to lower temperature side. On the contrary, the

peak intensity decreases with increasing TrFE content. The shape

of the 3-transition peak in PVdF also change sharply with in-

creasing TrFE content, and its position shifts to high tempera-

ture side. The intensity of the 3- and y-transition peaks de-

crease largely with increasing TrFE content. The dynamic tensile

modulus E1 of the VdF-rich copolymer is higher than that of PVdF.

It is gnerally said, the introduction of second component

usually disturbes the crystal lattice. Therefore, the VdF-rich

copolymer contains many crystalline defects. According to the

literature11, the ct-transition in PVdF is related to the mole-

cular motions of both crystalline defects and lamellar surface.

Since the degrees of the crystallinity does not decrease largely

with increasing VdF content, the effect of the crystalline

defects onto the a-transition seems to be little. The

increase of E' with increasing VdF content seems to be related

to the conformational change of crystal form a- to g-form.
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Figure 1. Temperature dependence of dynamic tensile

modulus, E', and loss tangent, tan 6, for VdF-rich

copolymers (sample A-9 and A-10), and PVdF (sample

A-12) measured at 35 Hz.
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Figure 2 shows temperature dependence of dielectric constant

£' and dielectric loss e" of the VdF-rich copolymers and PVdF at

30 Hz. The measurements were carried out in the frequency of

30 Hz to 300 KHz. The data of other frequencies were omitted

from the figures for clearness. As is seen from the figure,

three transition peaks were observed clearly in PVdF, correspond-

ing to mechanical data. It is seen that the a-transition peak

is sensible to dielectric measurement compared to the mechanical

measurement. The a-transition peaks of sample A-10 (90 mol%

PdF) and sample A-9 (85 mol% VdF) were not observed in the limi-

tation of the measurement.

The dielectric constant of PVdF increases with increasing

TrFE content, in the whole range of temperature measured here.

As mentioned above, the polymer chain in sample A-9 takes trans

or trans-like conformation in crystal. Therefore, it is also

considered that the polymer chain in amorphous region also takes

trans or trans-like conformation in large parts. The effective

dipole moment of trans conformation is advantage compared to

the TGTG1 conformation.

Figure 3 shows the 1/T versus fmax curves of these copolymers

in the 3-transition region. The shape of each curves is resemble

to each other, and of WLF type.20'21 As seen from the figure,

the curve of PVdF shifts to upper temperature side with increas-

ing TrFE content.

The second melting temperature T ' can not be observed in
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Figure 2. Temperature dependence of dielectric

constant e1 and dielectric loss e" for TrFE-rich

copolymers (sample A-9 and A-10), and PVdF

(sample A-12) measured at 30 Hz.
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Figure 3. Dispersion map of TrFE-VdF copolymer

and PVdF, illustrated by the logarithm frequency

versus reciprocal absolute temperature at loss

maximum in the B-transition reqion.

3.2

mechanical and dielectric measurements. It is obvious that

the origin of Tm' is quite different from that of the a-tran-

sition observed in PVdF and VdF-rich copolymers, since the

temperature difference between Tm' and the a-transition is

very large.
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7-4 1:1 COPOLYMERS

Figure 4, 5, and 6 show temperature dependence of E' and

tan 6 for the 1 : 1 copolymers (sample A-3, A-4, A-5, A-6, and

A-7) in the temperature region of -120 to 100 °C and at 35 Hz.

As seen from the figures, the mechanical data of these copoly-

mers are resemble to each other, except for upper temperature

side peak observed in sample A-7. This peak seems to relate to

the Tm' transition. In this section, we have studied the me-

chanical relaxation of sample A-5 (44 mol% VdF content copoly-

mer) mainly.

The temperature dependences of E1 and tan 6 for three

samples of 56 : 44 TrFE-VdF copolymer at different crystal-

linity are shown in Figure 5. In the temperature region from

-120 to 100 °C, three transition regions have been observed

with peaks at 40 °C (designated as 3i), -20 °C (designated as

32), and -70 °C(designated as y), respectively, at 35 Hz.

These three transitions show crystallinity dependence and the

magnitude of each peak decreases with increasing the crystal-

linity. This result indicates that these three transitions are

related to molecular motion in amorphous region. The maximum

temperature of the $1 and 32 transition peaks are independent

of the degree of the crystallinity. It is also seen from the

figure that the large drop of E1 occurs in both 3X and 32

transition regions.
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Figure 4. Temperature dependence of dynamic tensile

modulus E' and loss tangent tan 6 for the 1 : 1 TrFE-

VdF copolymers (sample A-3 and A-4) measured at 35 Hz
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Figure 7. Linear thermal expansion of 44 mol%

VdF content copolymer (sample A-5).

Figure 7 shows thermal expansion data of the 44 mol% VdF

copolymer (sample A-5). Two break points were observed; one

at 40°C and the other at -29°C. Hence, this result indicates

the presence of two glass-to-rubber transitions. They are

designated as T ^ (upper break) Tg2 (lower break), respectively.

It is seen from the figure that the Si and 82 -transitions re-

late to Tai and TCT2, respectively.
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Figure 8. Change of transition tempera-

jqO tures of both $1 - and 32"transitions with

polymer composition.

Figure 8 shows the change of transition temperature of

both $1 and 62-transitions with polymer composition. As seen

from the figure, the 3-transition observed in PVdF, which is

related to micro-Brownian motion in amorphous region, changes

to the 32-transition of the 1 : 1 TrFE-VdF copolymer with

increasing TrFE content. On the other hand, the 61-transition

observed in PTrFE, which is related to micro-Brownian motion

in amorphous region, changes to the 31-transition of the 1 : 1

copolymer with increasing VdF content. Therefore, it is a

reasonable to consider that Tgi closely related to glass

transition in PTrFE, and Tg2 to that of PVdF.

As mentioned above, the monomer reactivity ratios (r^ and

r2) and the high resolution F NMR studies indicated that the

TrFE-VdF copolymers give a random structure. We would like to
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consider the microstructure of the 1 : 1 TrFE-VdF copolymer in

following: in segments of some limited degree of length, there

are two parts, one rich in TrFE-units and the other rich in

VdF-units, because both monomer units do not arrange in polymer

chain alternately or block-like. Furthermore, it must be noted

here that the difference in molecular dimension between TrFE

and VdF units is thought to be very little, as mentioned above.

Therefore, it is speculated that the small amount of VdF-units

in TrFE-rich sequence or that of TrFE-units in VdF-rich sequence

may not affect to molecular motions largely. Thus, we have

assigned that Tgi is related to the amorphous region rich in

TrFE-units; Tg2 to amorphous region rich in VdF-units. Such

double Tg were observed in many semicrystalline polymers.22'23'211

These 61 and B2 transitions of TrFE-VdF copolymers were

also observed in broad-line NMR measurements.25 Judging from

the derivative curves for copolymers, the solid to liquid tran-

sition seems to occur at the 31-transition.

Figures 9 and 10 show the frequency dependence of e' and

e" of 44 mol% VdF copolymer in the frequency region of 30 Hz

to 300 KHz and at indicated temperatures in the figures. Two

distinct peaks, 82 and 7, corresponding to mechanical relaxa-

tion study, are also observed as seen in Figure 5. The 81-tran-

sition peak was not observed in the limitation of the measure-

ment .
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Figure 10. Frequency dependence of dielectric loss e" of 44 mol% VdF

copolymer (sample A-5) in the frequency region from 30 Hz to 300 kHz: ･

22. °C;O , 11-0 °C; A, -2.0 °C; A, -12.5 °C; <>' -20"0 °C'-■' * 27 "5

°C; V. -40.5 °C; T/ -53.0 °C; and , -63.0 °C.

- 167 -

1

CO

10

5

0
1

2 3 4 5 6

logf

Figure 9. Frequency dependence of dielectric constant £' of 44 mol% VdF

copolymer (sample A-5) in the frrquency region from 30 Hz to 300 kHz: ･

22.0 °C;O , 11-0 °C; A, -2.0 °C; A, -12.5 °C; <>, -20.0 °C; ■, -27.5

°C; V, -40.5 °C; T, -53.0 °C; and , -63.0 °C.

2.0

1.5

1 1.0

0.5

0



Figure 11 shows the dispersion map of 44 mol% VdF content

copolymer, which illustrates the logarithm frequency versus

the reciprocal absolute temperature at loss maximum in both

dielectric and mechanical measurements. As seen from the fig-

ure, the curve of log fmax versus 1/T of the 62-transition is

of WLF type.20'21 However, it is difficult to decide whether the

g1-transition satisfies the WLF equation or not, because the

employed data are very few. The activation energy AH was ob-

tained from a plot of log fmax versus 1/T by use of following

equation

6

5

u

X
O
E
3

o

2

1

0

3.2 3.6 4.0 AA 48

(1/T )x 1000 (K'1 )

Figure 11. Dispersion map of 44 mol% VdF copolymer

(sample A-5), illustrated by the logarithm frequency

versus reciprocal absolute temperature at loss maxi-

mum in both dielectric ( ･ ) and mechanical ( O )

measurements.
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AH = -2.303R d(log fmax)/d(l/T) (1)

where R is the gaseous constant and T the absolute temperature. The

AH of the 61, B2 and y transitions as a function of temperature

are shown in Figure 12. For example, the AH of the 61-transition

is about 38 Kcal/mol at 30°C, and that of the B2-transition is

about 37 Kcal/mol at -5°C. These values are closely similar

to the activation energies of both PTrFE and PVdF in glass-to-

rubber transition regions: the AH of PTrFE in glass-to-rubber

transition region is about 57 Kcal/mol at 40°C,1 and that of

PVdF is about 28 Kcal/mol at 25°C.

The plots of the lagarithm of frequency versus reciprocal

absolute temperature of the 1 : 1 TrFE-VdF copolymers

(sample A-4, A-5, and A-6) in the B2-transition region are also

shown in Figure 3. The slope of these curves are similar to

that of PVdF. These results also provide that the $2-transi-

tion is related to qlass-to-rubber transition of PVdF largely.

100

o
£

To
£ 50

I

0

Figure 12. Temperature depend-

ence of activation energy Ah for

the 81i 82, and Y relaxations of

-50 0
TEMPERATURE(°C )
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According to WLF theory,
2 0

Ah is related to the freezing

temperature T of molecular motion by

AH = 2.303 Rc1c:)T2/(C9 + T + T ) (2)

where R is the gaseous constant and C^ and C2 are constant.

Figure 13 shows a plot of 1//AH versus 1/T for the 62-transi-

tion of 44 mol% VdF copolymer. The data shows linear relation-

ship in the temperature range of -12 to 25°C (satisfying the

WLF theory).

From these results and discussion, we have assigned that

the 81-transition is related to the micro-Brownian motion of

main chain in the amorphous region which is rich in TrFE units;

the B2-tranistion is assigned to the micro-Brownian motion of

main chain in the amorphous region rich in VdF units.

T

o

2

0.2

0.1

a3 35 3.7 3.9

(1/T)X1OOO (°K"1)

Figure 13. Plot of 1//&R versus 1/T for the $2-

transition of 44 mol% VdF copolymer (sample

A-5).
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The y transition of 44 : 56 TrFE-VdF copolymer can be observed

in both mechanical and dielectric measurements, as seen in Fig-

ures 5 and 10. The y transition is also affected by the crystal-

linity of sample, similar to the Bi and B2 transitions, and the

magnitude of its peak decreases with increasing the crystallinity.

The y transition is observed below the lower glass-to-rubber

transition temperature, Tg2, of -29°C. Therefore, we have as-

signed the y transition as local molecular motion in amorphous

region. A plot of the logarithm of the frequency versus recip-

rocal absolute temperature of the loss maximum for the y transition

in 54 : 46 TrFE-VdF copolymer was also shown in Figure 18. The

curve is linear in the temperature region of -50 to -65°C.

The activation energy AH is found to be about 15 Kcal/mol.

This transition is thought to be similar to the local molecular

motion in PVdF, because the Y-transition in PVdF also is related

to amorphous region and the AH is very small (AH = 14 Kcal/mol)26

similar to those of TrFE-VdF copolymers. On the other hand,

local molecular motion of PTrFE is related to both the crystal

and the amorphous region, and the AH is very large (28 Kcal/mol)1

As mentioned , the TrFE-VdF copolymers are in

crystalline state in whole range of polymer composition. Many

semicrystalline polymers exhibit the crystal transition in

high temperature side. However such a peak was not observed

in the highest crystalline sample of 44 mol% VdF copolymer.

171 -



7-5 Transition Map

Figure 14 shows changes of transition temperature with

polymer composition. The primary and secondary melting tempera-

tures (Tm and Tm') are determined by DSC measurement, and the

other transition temperatures are determined by mechanical

relaxation measurements at 35 Hz.

The primary dispersion observed in both PTrFE and PVdF

homopolymers change to the Bi and B2 dispersion in the 1 : 1

TrFE-VdF copolymer. As seen in the figure, the a-dispersion in

PVdF (attributed to crystalline dispersion) also seems to change to

the Bi dispersion in the copolymer. However, the Bi dispersion in

copolymer does not show the characteristic feature of crystalline

dispersion. According to Boyer,2"* the a-transition in PVdF is

not attributed to molecular motion in crystal region but to

amorphous region. He claimed that PVdF has double glass-to-

rubber transitions, and considered this transition point as

secondary glass-to-rubber transition. However, various studies

supported that the a-transition in PVdF is attributed to the

molecular motion in crystal region.1*'8'10'11 If the a-transi-

tion in PVdF is attributed to the glass-to-rubber transition,

our experimental results that double glass-to-rubber transi-

tions exist in the 1 : 1 TrFE-VdF copolymer will be explained

well.

On the other hand, the a-dispersion in PTrFE (attributed

to secondary dispersion) also seems to change to the B2-transi-

172 -



200

^100

(V

D

a

･- 0

-100
0 50 100

VdF mol-°/o in polymer

Figure 14. Change of transition temperatures with

polymer composition. The primary and secondary

melting temperatures (T and T ') are determined
mm

by DSC measurement. Other transition temperatures

are determined by mechanical relaxation measure-

ment at 35 Hz.
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tion in copolymers as seen in Figure 14. However, the 62-tran- ^

sition in copolymer does not show the characteristic feature

of the y-transition of PTrFE. For example, secondary dispersion ■■

in PTrFE does not show crystallinity dependence, and shows an

asymmetric tan <5 versus temperature curve. |,],

In summary, even if the influence of the crystalline dis-

persion in PVdF homopolymer to the 3i dispersion in copolymer !,i

exists, it seems to be very small. And in the same manner as the j,i,

3i dispersion, the influence of secondary dispersion in PTrFE

homopolymer to the S2 dispersion in copolymer seems to be very ･ ;

I, I,

I i

I1

i i
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CHAPTER O

DIELECTRIC PROPERTIES OF TRIFLUOROETHYLENE COPOLYMERS
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8-1 Introduction

Poly(vinylidene fluoride)(PVdF) is distinguished among

the crystalline polymers by such a high dielectric constant as

e1 = 8.5, at 1 KHz and 22 °C. Recently, this material has

drawn attention as a new transducer material because of their

interesting piezoelectricity and pyroelectricity properties.1"12

There are many reports which are claiming that these proper-

ties are closely correlated with the existance of an oriented

dipole structure in crystal.1"7 It was indicated that the 8-

crystal form of PVdF has a spontaneous polarization and a

possibility of ferroelectricity-1 Poly(trifluoroethylene)

(PTrFE) is also a high e1 material (e1 = 7.5, at 1 KHz and 22

°C)in the same manner as PVdF.13 It would be of interesting,

therefore, to examine the dielectric and piezoelectric pro-

perties of the trifluoroethylene (TrFE) - vinylidene fluoride

(VdF) copolymers. Since the TrFE-VdF copolymers are in crys-

talline state in whole range of polymer composition and the

dipole moments of their repeating units are very large, as

described in chapter 6.

The purpose of this chapter is concerned with the deter-

mination of, first, the dielectric properties of the TrFE

copolymers with VdF, tetrafluoroethylene (TFE) and chloro-

trifluoroethylene (CTFE), and of, second, the piezoelectric

properties of the TrFE-VdF copolymers. The dielectric properties

of the TrFE-VdF copolymers will be discussed in terms of (1) the
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magnitude of dipole moments of repeating units, (2) the

position and direction of dipole with respect to the chain

backborn, (3) the freedom of the dipole rotation, and (4) the

crystal form; i.e., a possibility of a spontaneous polariza-

tion in crystal.

8-2 EXPERIMENTALS

The preparaion of these copolymers were described in

chapter 1. The microstructures and the physical properties

were described in chapter 3 and 5, respectively. Sample codes

are listed in Table I, U, HI and IV of chapter 5.

The specimens used for dielectric measurement were heat

pressed in circular-sheets of 1.0 to 1.3 mm in thickness and

50 mm in diameter. The cooling rate in the molding process

was about 50 °C/min. Aluminum was evaporated on the specimen

surface in high vacuum. Dielectric measurements were carried

out by a transformer bridge (Ando-Denki TR-10) at various

frequencies up to 300 KHz and over a temperature range from

-150 to 100 °C.

The piezoelectric properties were measured by use of

Piezoelectron (Toyo-Seiki).
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U)

15

10

0 50 100

VdF mol-% in copolymer

Figure 1. Change of dielectric constant £' with

polymer composition, at 1 kHz and 22 °C.

8-3 Dielectric Properties of TrfE-VdF Copolymers

Figure 1 shows change of dielectric constant e' with

polymer composition at 1 KHz and at 22°C. As seen from the

I-

I

:tti

figure, e ･ shows a maximum at 55 mol% VdF content. The numeri- i＼

cal value of e1 is about 15.0 (1 KHz and 22°C) and approximately is.

1.7 times higher than those of both PTrFE and PVdF homopolymers. ;tl
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0)

1

0.1

1

(a)

U)

15

5

TrFE - VdF

2

TrFE-VdF

2

3

log f

3

log f

4

4 5

at 22 °C

5

Figure 2. Frequency depend-

enece of £' (a) and e" (b)

of the TrFE-VdF copolymer, at

22 °C.

Figures 2a and 2b show frequency dependence of e1 and e"

of the TrFE-VdF copolymers, at 22 °C. As seen from the figure,

the 1 : 1 TrFE-VdF copolymers shows always higher value compared

with other samples, in the whole range of frequency investigated

here. The amplitude of e1 of each samples decreases slowly

with increasing frequency- The minimum value of e" appears

in the region from 100 Hz to 10 kHz.
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- 10

CO

5

s'~"*+

at 30 Hz

-100 0 100

Temperature ( °C)

Figure 3. Change of dielectric constant e1 of

PTrFE, 1 : 1 TrFE-VdF copolymer, and PVdF with

temperature, at 30 Hz.

Figure 3 shows a temperature dependence of e' of PTrFE

(sample A-l), the 54 mol% VdF copolymer (sample A-5), and

PVdF (sample A-12). It is also seen from the figure, that e"

of copolymer always shows high value compared with that of

both homopolymers in the whole temperature region investigated

here. The 1 : 1 TrFE-VdF copolymer is characterized at high

value of e'.
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It was mentioned that the high value of dielectric constant

of semicrystalline polymer depends on (1) the magnitude of dipole

moment of repeating units, (2) the position and direction of

dipole with respect to the chain backborn, (3) freedom of the

dipole rotation in the electric field, and (4) the crystal form

of polymer, i.e., a possibility of a spontaneous polarization

in crvstal. These terms are discussed in following.

8-3-1 Magnitude of Dipole Moment

The effective dipole moment for the repeating unit of PTrFE

is 1.63 Debye for trans and gausch (+) conformation, and 3.25

Debye for gausch (-) conformation.13 On the other hand, that

of PVdF is 1.96 Debye.13 These values seems to be very large

compared with other monomeric units.

8-3-2 Position and Direction of Dipole

It was generally said that the microstructure of the

polymer chain had direct effects upon the dielectric properties

of the polymeric material. In polar polymer, the existence

of head-to-head structure of repeating units will affect the

dielectric propertie largely. For example, PVdF has about 8 %

head-to-head structures in the polymer chain,11* and this

material shows a high dielectric constant (e' = 8.5 at 1 KHz

and 22 °C). On the other hand, e1 of ethylene (E)-tetraflu-

oroethylene (TFE) copolymer is very little (e1 = 2.6 at 1 KHz
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and 22 °C).15 The microstructure of E-TFE copolymer is equi-

valent to PVdF having 100 % head-to-head structure, since both

E and TFE monomers copolymerized alternaitingly.l6 It is con-

sidered that in the case of the E-TFE copolymer system the

effective dipole moments are canceled each other in the polymei

chain. Therefore, it is predicted that e' changes largely in

accordance with the position and direction of dipole moments.

19A high resolution F NMR study indicated that the main

feature of the 1 : 1 TrFE-VdF copolymer is -CF2-CH2-CF2-CFH-

CF2~* This microstructure arises from the head-to-tail struc-

ture of TrFE-VdF (and/or VdF-TrFE) sequence. Here, it is

defined that the CF2-position of both TrFE (CF2=CFH) and VdF

(CF2=CH2) is head-position, and the other position (CFH or

CF2) is tail-position. As described in chapter 3, the head-

to-tail structures of TrFE-VdF (and/or VdF-TrFE) sequences is

rather abundant. The content of this microstructure shows

maximum at middle point of polymer composition, and this point

corresponds to maximum point of dielectric constant.

8-3-3 Freedom of Dipole Rotation

It was mentioned that the dielectric properties should be

in practice more sensible to the dipole motion in amorphous

region than crystalline region in the electric field. The

large scale molecular motion in amorphous region is also nec-

essary to observe high e1 value. The value of e1 changes
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largely between below and above glass transition temperature.

In the 1 : 1 TrFE-VdF copolymer, the lower-to-rubber transi-

tion is observed below room temperature, as mentioned above

(T 2 = -29 °C).

The dielectric rotation is correlated with the magnitude

of dielectric relaxation. The magnitude of dielectric relaxa-

tion, Ae, is given bv

AC = En - £≪> (1)

where £o is the static dielectric constant and e^,is the

dielectric constant at very high frequency at which the

orientation of any dipoles are not taken place. The value of

Ae can be obtained from the Cole-Cole plot,17 or be obtained

from the area under a plot of e" versus In f, by the following

equation.1 8

2 E
eo - £oo = ― / e" d(ln f) (2)

For evaluation of the dipole moment of polymer molecules,

the Frolich-Kirkwood theory19 is usually used. According to

their theory, the dielectric permittivity is expressed as

. 3e0 4ttNc£oo + 2^ , 2
Ae = £o

" £~ = 2eo + £00 3kT^―3
Jgruo (3)

where N is the concentration of the repeating unit, y0 the

dipole moment, g the Kirkwood reduction factor which is

expressed as an avarage of the special orientation, k the
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Boltzmann constant, and T the absolute temperature. The values

of £o and em were estimated by the Cole-Cole plot. The values

of g of TrFE-VdF copolymer is calculated by assuming that Ae

arises mainly from the dipole orientation, in VdF-rich

amorphous phase and at the 62 transition region. Therefore,

N is given by

N

A A A' OS
(4)

where N is the Avogadro's number, M the molecular weight of

repeating unit, V the specific volume, f the weight fraction
s a

of amorphous region, and X the molar fraction of VdF in co-

polymer. The values of V and f
s A

calculated values of g

are taken from Table I. The

and g ■xunl=＼i2) are tableted in Table

IE , together with the values of £o
( £, /

and Ae. From these

results, it is speculated that the free rotation of dipole

moment of VdF-unit may occur in the 8i-transition region.

8-3-4 Crystal Form

As mentioned above, the crystal form of the 1 : 1 TrFE-

VdF copolymer is closely similar to that of B-form of PVdF,

and the main chain of the copolymer takes trans conformation

in crystal. This means that the unit cell of the copolymer

crystal has a permanent dipole and this has a possibility of

spontaneous polarization. According to Nakamura and Wada,30

the 8-form PVdF crystal has a sDontaneous nolarization and
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this material is classified as a ferroelectric polymers. It

will be considered that the TrFE-VdF copolymer also has a ferro-

electric nature similar to the 3-form PVdF crystal. In addition,

the trans conformation of main chain also seems to hold locally

in amorphous region. This structure also consider to contribute

to dielectric properites of this copolymers largely.

U)

10

5

0

0

TrFE

50

MOL-% -≫

100

TFE,

CTFE

Figure 4. Change of dielectric constant £' with polymer

composition for the TrFE-TFE and TrFE-CTFE copolymers,

at 1 kHz and 22 °C.
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8-5 Dielectric Properties of TrFE-TFE and TrFE-CTFE Copolymers

Figure 4 shows change of dielectric constant e' with

polymer composition for the TrFE-TFE and TrFE-CTFE copolymers,

at 1 kHz and 22 °C. As seen from the figure, the £'versus

10

r* 9

I-8
h

s

O 6

f5

o

_l 4
LU

Q

3

2

1

at 22 °C

2 3 4 5 6

log f

Figure 5. Change of dielectric constant e' with frequency f

for the TrFE-TFE copolymer system: O ; 38 mol% TFE; c , 17

mol% TFE; O , 12 mol% TFE; ･ , 49 mol% TFE and O , PTFE.
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polymer composition curve of the TrFE-TFE copolymer system

takes maximum at 38 mol% TFE, in the same manner as the TrFE-

VdF copolymer system.

Figure 5 and 6 show change of dielectic constant e' and

loss e" with frequency f for the TrFE-TFE copolymers. As seen

from the figure, the 38 mol% TFE copolymer exhbits the highest

e' value in the whole range of frequency investigated here.

aZ

to
3

UJ
Q

2

3
log

f

5 6

Figure 6. Change of dielectric loss £' with frequency

for the TrFE-TFE cooolvmers.
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The e' versus polymer composition curves of the TrFE-CTFE

copolymer system changes monotonously, as shown in Figure 4.

Figure 7 and 8 show change of e1 and e" with frequency for the

TrFE-CTFE copolymers.

3.5

U)

3.0

2.5

2 3 4 5 6

log f

Figure 7. Change of £' with frequency f for the

TrFE-CTFE copolvmers.
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to

1

0.1

0.01

･ CTFE( 18)
o CTFE(34)
3 CTFE(51)
c CTFE(71 )
c CTFE(89)

TrFE-CTFE

at 22°C

2 3 4 5 6

log f

Figure 8. Change of " with frequency f for the

TrFE-CTFE copolymers.

8-5 Piezoelectricity of TrFE-VdF Copolymers

Recently, it is found that the TrFE-VdF copolymer electret

exhibites the high piezoelectricity.20 23 Figure 9 shows change

of the d_, constant with polymer composition for the TrFE-VdF

copolymer electrets in both unstretched and stretched (x5) films.
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0

TrFE mol -"/.

100

VDF

Figure 9. Cahnge of the piezoelectricity

with polymer composition for the TrFE-VdF

copolymers electret.

In this measurement, the casting films from dimethylformamide

are used. As is seen from the figure, the d-., constant takes

maximum value at 50-55 mol% VdF content in both stretched and

unstretched samples. Tlie curve of the d_, constant versus

polymer composition shows similar tendency to that of the e1

versus polymer composition. In addition, the high value of

d.,, constant was observed not only in stretched sample but in

unstretched one, in the 1 : 1 TrFE-VdF copolymer. Usually,
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Table I. Piezoelectric properties of the 45 : 55 TrFE-VdF

copolymer electret films at room temperature: E , 300 KV/cm

T , 80 °C, and t , 1 hour. The films were prepared by

mpl t-r3.qi"inn mpthnrl

unstretched

crystal
form

PVdFa

TrFE-VdF
(44:55)

a

8

Data taken from ref. 5. 8 and 9

d31
(pC/N)

0

7

4

0

stretched

crystal
form

d31
(pC/N)

B

B

20

28

high value of piezoelectricity of polymeric material was

observed only in stretched sample. The increasing of the d,,

constant of the TrFE-VdF copolymer with increasing VdF content

in the region of VdF-rich polymer composition seems to relate

to the chainging of the crystal form from a to 3. Piezoelec-

tric properties of the 45 : 55 TrFE-VdF copolymer electrets

films at room temperature are tabulated in Table I, together

with those of PVdF electret. The films are prepared with melt-

casting method. The copolymer electret of stretched film

exhibites a very high value of the d.,-,constant, in the same

manner as the 6-form PVdF electret. At present time, the 3-forir

PVdF electret exhibites the highest value of the piezoelectric

cnriRi-atTl-aa fhp nnlvmprir: material.1 12
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GENERAL CONCLUSION
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In chapter 1, polymerization of trifluoroethylene (TrFE),

and copolymerizations of trifluoroethylene (TrFE) with vinyl-

idene fluoride (VdF), tetrafluoroethylene (TFE), chlorotri-

fluoroethylene (CTFE) and hexafluoropropylene (HFP) were

described. The polymerizations were carried out in bulk poly-

merization method at 22 °Cusing peroxide (3,5,6-trichloro-

perf luorohexanoyl peroxide) as an initiator. The monomer

reactivity ratios (r and r ) were obtained by use of the

Fineman and Ross method: rA(TrFE) = 0.5 and r (VdF) = 0.7

for TrFE-VdF copolymer system; rA(TrFE) =0.75 and rfi(TFE) =

0.95 for TrFE-TFE copolymer system; r (TrFE) = 0.5 and r

(CTFE) = 2.0 for TrFE-CTFE copolymer system; and r (TrFE) =

20.0 and r (HFP) = 0.01 for TrFE-HFP copolymer system.

In chapter 2, microstructure of polytrifluoroethylene

(PTrFE) chain was described. With the high-resolution fluo-

rine-19 NMR study of PTrFE and the Monte Carlo simulation of

the same polymerization system, the amount of the backward-

added monomer-units and their distribution in polymer chain

were estimated. The distribution is represented by the reac-

tivity ratios of head- and tail-position of unsymetrical

monomer to each propagating polymer radicals. The assignment

of absorption peaks in F NMR spectrum of PTrFE was made on

an empirical basis, and four possible microstructures, contain-

ing 5 carbon atoms along the polymer chain with -CF2~ group

as the central group, were figured out.

It was found that the percentage of backward-added TrFE-
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monomer in PTrFE chain polymerized at 22 °C was 50%. Denoting

CFH-position and CF2-position in TrFE (CFH=CF≫) by B and A,

respeatively, the reactivity ratio of B and A to the CF ･

propagating radical was estimated as B/A = 1/0.75 and that to

the CFH- radical was 1/1.33. These results indicated that

the TrFE-monomer was polymerized at random state with respect

to the head- and tail-positions: i.e., there was no difference

between head- and tail-positions in the adding reaction.

In addition, poly(vinylidene fluoride)(PVdF) chain was also

studied, in same manner as PTrFE. It was found that the percentage

of backward-added VdF-monomer in the PVdF chain polymerized at

22°Cwas 7%, and the reactivity ratio of B (CH2-position) and A

(CF2~position) to the CF2* radical was estimated at 1/0.02

and that to the CH2* was 1/0.05. These results indicated

that the VdF-monomer reacted to radicals from the tail-position

in high regularity independent of radical sorts.

In chapter 3, microstructures of TrFE-copolymers with VdF,

TFE, CTFE, and HFP were described. The normalized monomer-diad

and -triad fractions as a function of polymer composition were

obtained by use of the comonomer sequence distribution theory.

It was indicated that the TrFE-VdF, TrFE-TFE and TrFE-CTFE co-

polymer system were in random copolymer structures. The micro-

structures of the TrFE-VdF copolymers were also examined by use

of 19F NMR. The peaks assignments of NMR spectra were made on

an empirical basis. The normalized monomer-diad fractions were
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also obtained from the analysis of NMR data, and they agreed

well with calculated ones. This result indicated the accuracy '

of the monomer reactivity ratios. It was also found that the

amount of head-to-tail (H-T) structure in the TrFE-TrFE sequence

was very small, and that in VdF-VdF sequence was very large.

However, the amount of H-T structure in TrFE-VdF or VdF-TrFE

sequences was rather abundant. This result indicated that the

TrFE-monomer reacted to the CH2CF2 ･ propagating radical from ;:

tail-position with a considerably high probability. In most ::

cases, the TrFE monomer reacts to radicals with no distinct

difference between head- and tail-position.

In chapter 4, crystallization behaviors of PTrFE were de-

scribed. The electron micrograph showed the lamellar spherulites

character. The equilibrium melting temperature of PTrFE was

found to be 213°C from the plot of crystallization temperature

versus observed melting temperature; i.e., the Hoffman and

Weeks plot. The heat of fusion and the entropy of fusion were

found to be 1300 kcal/mol and 2.75 eu/mol, respectively, from

the analysis of polymer-diluent melting data. The surface free

energy of lamella of PTrFE crystal was found to be about 1.2

kcal/mol from the melting temperature - lamellar thickness data

obtained from the small angle x-ray diffraction method. The

crystallization kinetic was studied by calorimetric method.

The Avrami exponent was found to be about 2.7. The surface

free energy of lamella, calculated by the crystallization rate,
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was about 0.79 kcal/mol. This value seems to give fairly good

agreement with the above result by the small angle x-ray dif-

fraction method.

In chapter 5, the crystallization behaviors of TrFE-co-

polymers with VdF, TFE, CTFE and HFP were described. Among

these copolymers, the TrFE-VdF and TrFE-TFE copolymers system

were in crystalline state in whole range of polymer composition,

and these copolymer systems showed isomorphism replacement.

Especially, the linear relationship between melting temperature

and polymer composition was observed in the TrFE-TFE copolymer

system. This isomorphism replacement was treated theoretically

and agreed well with experimental result.

In the TrFE-VdF copolymers, the change of crystal form from

a form to (3 form was observed between 85 to 90 mol% VdF content.

Double endotherm peaks Tm and Tm" were observed in the DSC mea-

surement of the TrFE-VdF copolymers. It was found that the upper

peak was related to the crystal melting and the lower peak was

the molecular motion in crystal region.

In chapter 6, the transition behavior of PTrFE was described.

The studies were carried out (1) by mechanical relaxation mea-

surements, dealing with the influence of crystallinity, molecular

weight, cold drawing and copolymerization with VdF, and (2) by

dielectric relaxation measurement at various frequencies up to

300 KHz, and in the temperature range of -150 to 100°C. In

PTrFE, two transitions have been observed with peaks at 50°C
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(designated as a) and -20°C (designated as 3) by mechanical

relaxation measurement at 35 Hz. It was found that the a-

transition was related to micro-Brownian motion of main chain

in amorphous region, and the g-transition was related to local

molecular motion in both amorphous and crystalline regions.

In chapter 7, the transitions and relaxations of the TrFE-

VdF copolymers were described. In the thermal expansion mea-

surement of the 1 : 1 TrFE-VdF copolymer, two peaks were ob-

served, indicating two glass-to-rubber transitions. These two

transitions were also observed in mechanical relaxation study

with peaks at 40°C (designated as 6i) and -20°C (designated as

62), measured at 35 Hz. The Bi-transition was tentatively as-

■} ■}
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signed to the micro-Brownian motion of main chain in the amorphous t-.?

region which was rich in TrFE-units; the 32-transition was as- £t

signed to the micro-Brownian motion of main chain in the amorphous -.,-.-

region, rich in VdF-units.

In chapter 8, dielectric properties of TrFE-copolymers with

VdF, TFE and CTFE were described. The dielectric constant e1

of the TrFE-VdF and TrFE-TFE copolymer did not change linearly

with polymer composition, but took maximum at the middle point

of polymer composition. Especially, the value of e' of the

1 : 1 TrFE-VdF copolymer was about 15 (1 kHz and 22°C) , and

about 1.8 times larger than that of PVdF. PVdF has been dis-

tinguished among the crystalline polymers by a high e' as

£' = 8.5 (1 kHz and 22°C). The 1 : 1 TrFE-VdF copolymer
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electret exhibited very high piezoelectricity. The d31 constnat

of this material is 28 x 10
-12

C/N, being nearly equal to that

of the 3-form PVdF electret. At present time, the 3-form PVdF

exhibites the highest value of piezoelectric constant as the

polymeric material.

Further works are needed to understand the nature of the

piezoelectricity of the TrFE-VdF copolymer. It is generally

said that the values of piezoelecticity depend greatly on

conditions of preparation of films and conditions of measure-

ment. For the practical application of this copolymer electret,

it is important to examine reproducibility and long-time

durability. The study on the temperature dependence of the piezo-

electric property is also important in both foundimental and

practical aspects. In adition, the examination of the pyro-

electricity of the TrFE-VdF copolymer must be carried out.
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