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Phase transitional behavior has been investigated for a series of ethylene (E) and tetrafluoroethylene
(TFE) two-component copolymers on the basis of the temperature dependent measurement of X-ray
fiber diagrams taken for the uniaxially-oriented samples. The usage of such uniaxially-oriented samples
has allowed us to clarify the structural changes more definitely than before. So far, the crystalline
transition from the low-temperature phase to the high-temperature phase had been assumed to occur
continuously, but the detailed analysis of the X-ray reflections at higher scattering angles revealed for the
first time that the transition is of the thermodynamically-discontinuous first-order type between the
monoclinic and the pseudohexagonal phases. This phase transition temperature shifted toward lower
temperature side as the TFE content became higher. The analysis of the X-ray reflection profile allowed us
to imagine that low-temperature shift of the transition point is considered to occur due to the easier
thermal motion of the planar-zigzag chains around the chain axis because of looser packing of chains
containing higher population of bulky CF2CF2 groups. From these experimental data a phase diagram has
been built up to show the phase transition behaviors of a series of E/TFE copolymers in a systematic
manner. The characteristic features of the structural disordering including trans–gauche conformational
exchange have been also discussed on the basis of the data of polarized infrared and Raman spectra
combined with the X-ray diffuse scatterings.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Ethylene (E)–tetrafluoroethylene (TFE) copolymers [–(CH2CH2)–
(CF2CF2)–] have been attracting many attentions industrially and
scientifically because of their characteristic physical properties
such as good mechanical properties, excellent chemical resistance,
and high weatherability [1]. This copolymer is unique in such
a point that the skeletal chains may be assumed approximately as a
combination of the segments of polyethylene –(CH2CH2)n–, poly-
tetrafluoroethylene –(CF2CF2)n–, and poly(vinylidene fluoride)
–(CH2CF2)n– in a random manner. Because of sensitive structural
balance between E and TFE segments, the stability of molecular
conformation is considered to change depending on the E/TFE
relative content. This characteristic feature reflects on the phase
transition behavior occurring in the heating and cooling processes
as well as the crystal structure detected at room temperature
[2–14]. In a previous paper, we reported a systematic change in
: þ81 52 809 1793.
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All rights reserved.
crystal structure exhibited at room temperature for a series of E/TFE
copolymers on the basis of X-ray fiber diagrams and polarized
infrared and Raman spectra of uniaxially-oriented samples [14].
The copolymer takes a planar-zigzag chain conformation at room
temperature although, strictly speaking, the repeating period
changes slightly depending on the content [3,14,15]. This copoly-
mer had been said to show the phase transition phenomenon
between the orthorhombic-type unit cell and the pseudohexagonal
cell by changing the temperature [3,4,6–10,12,13]. Since the TFE
segments possess larger volume than the E segments, the chain
packing becomes looser with increase in TFE content. It may be
easily speculated that the phase transition temperature should be
lower for a copolymer sample with higher TFE content. In fact,
some papers had been published to show this phenomenon on the
basis of X-ray diffraction data [6–10]. Unfortunately, however, the
unoriented samples were mostly used in these studies for the X-ray
diffraction measurements. So the separation of overlapping
reflections is difficult to do, making the analysis more or less
ambiguous. Besides only a few innermost reflections were mostly
investigated for the discussion because the wider angle reflections
were too weak to analyze in a quantitative manner for the
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Fig. 1. DSC thermograms measured for a series of uniaxially-oriented E/TFE copolymer
samples at the heating rate of 10 �C/min. The figures in parentheses are enthalpy
changes in kcal/mol monomeric unit at phase transition or melting point.

Fig. 2. X-ray fiber diagrams taken for uniaxially-oriented E/TFE 50/5
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unoriented samples. As will be reported here, utilization of uni-
axially-oriented samples makes it possible to trace the change in
the reflection profile more clearly and in a wider diffraction angle
region. The observation of higher-angle reflections has lead us to
the new and crystallographically important finding about the
thermodynamic transition mode: the transition had been believed
to be apparently continuous second-order type but the higher-
angle data revealed for the first time that it should be assigned to
the first-order type occurring in a discontinuous mode. Beside, we
have noticed that the orthorhombic-type unit cell, which was
proposed for the E/TFE copolymer of 50/50 E/TFE content [3], is not
reasonable but should be of a monoclinic type judging from the
characteristic reflections observed for a series of this copolymer.

Another important point of our present report is about the
monomer components in the copolymer sample. Although there
had been several papers describing the phase transition behavior of
E/TFE copolymer sample with ‘‘50/50 molar content’’, for example,
the samples actually used were not the pure two-component
systems but contained to some extent the third component such as
hexafluoropropylene or perfluoropropylvinylether judging from
the sample source. The third (and forth) monomer component was
reported to affect sensitively the phase transition behavior
[6,10,16]. Therefore we may not conclude easily that the transition
characteristics reported so far can be applied to those of the truly
two-component system without any doubt. The reason why we
reported the crystal structure exhibited at room temperature for
a series of uniaixially-oriented two-component E/TFE copolymers
is based on such a serious situation [14]. The 2-dimensional X-ray
diffraction pattern changes remarkably depending on the E/TFE
content. Each member of this series shows the phase transition at
individually characteristic transition temperature as described in
0 copolymer sample at various temperatures (heating process).
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as an incident X-ray beam.
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a later section. Therefore the third component makes such
a systematic transition behavior more complicated and ambiguous.
We need to use purely two-component systems of E and TFE
monomeric units only.

In this way, in spite of the publication of relatively many papers,
the accurate analysis of the phase transition behavior had not yet
been made enough satisfactorily because the utilization of unor-
iented samples of more or less three-component system made the
data analysis seriously ambiguous. From all the present situations
mentioned above, we have investigated in detail the phase transi-
tion behavior of a series of uniaxially-oriented E/TFE copolymers on
the basis of the temperature dependent measurement of X-ray fiber
diagrams mainly. In some cases, we combined the X-ray diffraction
data with the vibrational spectroscopic data for the concrete
discussion on the conformational disordering in the phase transi-
tion. Based on the experimental data we have successfully deduced
a kind of phase diagram which should show our new concept about
this E/TFE copolymer system.
2. Experimental section

2.1. Samples

A series of E/TFE copolymers were synthesized by a radical
polymerization reaction in the perfluoropentyl difluoromethane
solution. The chemical composition was analyzed by the molten-
state 19F NMR measurement and the fluorine ultimate elementary
analysis. The monomer contents of these copolymers were as
follows: E/TFE¼ 61/39, 50/50, 35/65, and 29/71 mol%.

The samples were molten and quenched into ice-water bath to
produce the low-crystalline materials, which were stretched about
three times the original length at about 100 �C and then annealed at
about 20 �C below the melting temperatures for 3 h under tension.
The thus-prepared uniaxially-oriented samples with ca. 0.3 mm
thickness were supplied to the X-ray diffraction and Raman spectral
measurements. The oriented thin films of ca. 20 mm were used for
the infrared spectral measurements.

2.2. Measurements

The X-ray fiber diagrams were measured using a MAC Science
DIP1000 X-ray diffraction system with a graphite-mono-
chromatized Mo-Ka line (l¼ 0.71073 Å) as an incident X-ray beam.
An imaging plate was used as the 2-dimensional detector.
Temperature dependent measurements of the X-ray fiber diagrams
were performed by blowing nitrogen gas onto the sample set on
a goniometer head using a cryostat CryoMini Coldhead and
a Rigaku temperature controller in the range of �150 to þ260 �C.
The temperature was monitored by a thermocouple attached
directly to the sample. The temperature fluctuation was about
�1.0 �C. The DSC thermograms were obtained by DSC Q1000 (TA
instruments, USA) in the temperature range of �50 to þ300 �C at
the heating rate 10 �C/min.

The Raman spectra were measured for the uniaxially-oriented
samples at the various temperatures using a home-made heater.
The spectra were measured using a JASCO NRS-2100 laser Raman
spectrophotometer at the back-scattering geometry with a laser
beam of 532 nm wavelength. The resolution power was 2 cm�1. The
polarized infrared spectra were measured at various temperatures
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with a Varian FTS-7000 Fourier-transform infrared spectrometer
equipped with a wire-grid polarizer. The resolution power was
2 cm�1.

3. Results and discussion

3.1. Phase transitional behaviors

Fig. 1 shows the DSC thermograms measured for a series of
uniaxially-oriented E/TFE samples in the heating process. The peak
temperatures and enthalpy changes were estimated for the endo-
thermic peaks detected in these curves. The quite small endo-
thermic peaks in the relatively low-temperature region correspond
to the phase transitions although the details of structural changes
are not known from the DSC data only. The sharp peak located at
around 230–280 �C corresponds to the melting point [2,7,17]. The
systematic discussion about these data will be made in a later
section.

3.1.1. E/TFE 50/50 copolymer
Fig. 2 shows the temperature dependence of X-ray fiber diagram

taken for the uniaxially-oriented E/TFE 50/50 copolymer sample.
The molecular chain takes the planar-zigzag conformation as
known from the fiber period 5.1 Å estimated from the interlayer
spacings [3,4,14,15]. The fiber diagram is as a whole diffuse: the
diffuse scatterings can be detected for all the layer lines, indicating
a disorder in relative height of the adjacent zigzag chains. Fig. 3
shows the equatorial line profile obtained from Fig. 2. The inner-
most reflections at 2q¼ 8.2� and 9.3� (Mo-Ka) suggest the presence
of rectangular unit cell even at low temperature as reported in Refs.
[4,5]. These reflections are indexed as 120 and 200 on the basis of
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apparently rectangular unit cell a¼ 8.53 Å, b¼ 11.72 Å, and c (fiber
axis)¼ 5.15 Å. These two reflections approach each other appar-
ently continuously with increasing temperature and merge into
one at around 100 �C. However, when we focus on the higher-angle
region around 2q¼ 22�, the reflection (160 and 430) is found to
coexist with a newly appearing reflection at about 2q¼ 23� when
the temperature is in the range of broad endothermic peak of 50–
100 �C (Fig. 1). As the temperature increases furthermore, the
higher-angle reflection increases in intensity and the original
lower-angle reflection disappears completely. Therefore, we may
say that the transition is not continuous but it occurs discontinu-
ously in the thermodynamical 1st-order mode between the
apparently orthorhombic-type cell and the pseudohexagonal cell as
seen in Fig. 4, although many researchers had believed the
continuous 2nd-order-type transition from the innermost reflec-
tions only.

As already reported, the trans-zigzag chains at lower tempera-
ture experience the conformational disorder above the transition
point through the partially-occurring trans–gauche exchange
[12,18,19]. We performed the temperature dependent measure-
ment of infrared and Raman spectra for uniaxially-oriented E/TFE
50/50 copolymer sample. For example, Figs. 5 and 6 show,
respectively, the polarized infrared spectra and Raman spectra
taken at the various temperatures in the heating process. The bands
at 581 cm�1 increased in intensity as the temperature was
increased and the bands at 890, 845 cm�1, etc. assigned to the
trans-zigzag bands decreased in intensity. The similar observation
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can be made also in the Raman spectra as shown in Fig. 7 for the
intensity exchange between the trans (832 cm�1) and gauche
(820 cm�1) bands. Fig. 8 shows the temperature dependence of the
absorbance estimated for these several infrared bands. In this figure
a half-width of 1454 cm�1 band is also plotted against temperature,
which reflects the activity of thermally-activated rotational motion
of the molecular chains in a crystal lattice. From Fig. 7, we can
Fig. 9. Temperature dependence of X-ray fiber diagram taken for uniaxially-oriented
E/TFE 61/39 copolymer sample (heating process).
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evaluate the conformational energy difference between the trans
and gauche forms by performing the logarithmic plot of relative
intensity of the trans (832 cm�1) and gauche (820 cm�1) bands
under the assumption that the relative contents of trans and gauche
forms are in proportion to the Boltzmann distributions:
Xi f exp(�Ei/kT) where Xi is the relative fraction of i conformer, Ei is
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the corresponding conformation energy, and k is the Boltzmann
constant. The energy difference DE¼ Egauche� Etrans was obtained
asþ3.0 kcal/mol monomeric unit. This indicates that the trans form
is appreciably more stable than the gauche conformation. By
referring to the energy calculations [19,20], the conformational
barrier of the CC torsional angle around CH2–CF2 bonds is lower
than those of CH2–CH2 and CF2–CF2 bonds. Therefore we may
speculate that the conformational disordering between the
Fig. 12. X-ray fiber diagrams taken for uniaxially-oriented E/TFE 35/65 sample at
various temperatures (heating process).
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low- and high-temperature phases occurs through the trans–gau-
che conformational motion around the CH2–CF2 linkages. Besides,
the structural changes should be associated with the rotational
motion of the whole chains as speculated from the remarkable
change in the half-width of 1454 cm�1 band (Fig. 8). The similar
treatment can be made also for the X-ray diffraction data. From
Fig. 4 we plot the logarithm of relative intensity ratio of the
reflections intrinsic to the low- and high-temperature phases
against temperature, leading to DE¼ 12.0 kcal/mol. Since the four
chains are included in the unit cell [3], the energy difference of the
low- and high-temperature phases is about 3.0 kcal/mol mono-
meric unit, which is consistent with the result obtained by the
vibrational spectroscopy.

3.1.2. E/TFE 61/39 copolymer
In Fig. 9 are shown the X-ray fiber diagrams of the uniaxially-

oriented E/TFE 61/39 sample taken at various temperatures.
Compared with the 50/50 copolymer, the 1st and 3rd layer lines
become more diffuse because the contribution of planar-zigzag
ethylene sequences of 2.55 Å period is increased gradually in the
structure factors as already reported previously [14]. The temper-
ature dependence of the equatorial line profile given in Fig. 10
shows the similar behavior to that of E/TFE 50/50 copolymer
(Fig. 3). The unit cell parameters are determined to be a¼ 8.33 Å,
b¼ 12.00 Å, c (fiber axis)¼ 5.18 Å, and g¼ 90� at �100 �C. The
higher-angle reflections at about 22� (160 and 430) are weaker
above the transition point of ca. 130 �C, and the newly appearing
Table 1
Tentative unit cell parameters of uniaxially-oriented E/TFE samples at �100 �C

E/TFE a/Å b/Å c (fiber axis)/Å g/�

61/39 8.33 12.00 5.18 90
50/50 8.53 11.72 5.15 90
35/65 8.81 12.51 5.14 93
29/71 8.89 12.30 5.13 93
reflections coexist with them in the transition region. In Fig. 11 are
plotted the lattice spacings evaluated from Fig. 10. The reflections
observed above the phase transition temperature can be indexed
based on the pseudohexagonal lattice of a¼ b¼ 5.60 Å and
g¼ 120�. In this way, the E/TFE 61/39 copolymer shows also the
discontinuous first-order type phase transition between the
apparently rectangular cell and the pseudohexagonal cell.

3.1.3. E/TFE 35/65 copolymer
Fig. 12 shows the X-ray fiber diagrams of the oriented E/TFE 35/

65 copolymer measured at the various temperatures. The first layer
line detected between the equatorial and the bright 2nd layer lines
becomes further weaker than the case of E/TFE 61/39 copolymer
[14]. This comes from the coherent scattering from the randomly-
arrayed E and TFE units along the molecular chain as the E/TFE
content deviates from 50/50 ratio. The relatively long E sequences
and TFE sequences with 2.55 Å periods are generated at some
probabilities, resulting in weaker intensity of the original first layer
reflections of E/TFE 50/50 copolymer [14]. As the temperature
increases, the layer lines become more diffuse but keep the inter-
layer spacings corresponding to the planar-zigzag form even at
120 �C.

As shown in Fig. 13, the innermost equatorial reflection at
2q¼ 8.0� is apparently single at room temperature and might be
indexed as 120. But it is found to consist of two components at
�120 �C. Therefore, it is impossible to assume an orthorhombic unit
cell but we need to reduce the symmetry to monoclinic. These two
reflections are indexed as 120 and 120. The unit cell parameters are
a¼ 8.81 Å, b¼ 12.51 Å, c (fiber axis)¼ 5.14 Å, and g¼ 93.0� as
shown in Table 1. The three reflections (120, 120, and 200) in the 2q

region of 8–10� merge into one at higher temperature. On the way
of transition, the higher-angle peaks at 2q¼ 20–26� coexist with
the newly appearing reflections, indicating an occurrence of the
discontinuous first-order phase transition between monoclinic
1.80

-100 0 100 200
Temperature/ °C

Fig. 14. Temperature dependence of the lattice spacings estimated for several X-ray
equatorial reflections of uniaxially-oriented E/TFE 35/65 copolymer sample.



Fig. 15. X-ray fiber diagrams taken for uniaxially-oriented E/TFE 29/71 copolymer sample at various temperatures (heating process).

Fig. 16. Comparison of X-ray fiber diagram between uniaxially-oriented E/TFE 29/71 copolymer and polytetrafluoroethylene measured at low and high temperatures.
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lattice and pseudohexagonal lattice as plotted in Fig. 14. Above the
transition point they change discontinuously to the pseudohexa-
gonal lattice.

3.1.4. E/TFE 29/71 copolymer
Fig. 15 shows the X-ray fiber diagrams taken for the E/TFE 29/71

copolymer at the various temperatures. The layer line reflections
are sharp and intense at �150 �C. As the temperature increases,
these reflections become more diffuse [13]. When we investigate
the X-ray fiber diagram taken at the various temperatures, we can
notice the existence of diffuse layer line in between the clear first
layer and equatorial lines. As compared in Fig. 16 these diffuse layer
lines (white arrows) are similar to those observed for polytetra-
fluoroethylene sample [21–23], and so they are considered to reflect
the partial presence of helical sequential parts included in the
skeletal chain of this copolymer, giving a shorter fiber period of
5.1 Å than the perfect zigzag form. Fig. 17 shows the temperature
dependence of the equatorial line profile estimated from Fig.15. The
equatorial line becomes sharper with increasing temperature. The
innermost reflections consist of two peaks at 8.2� and 8.4� (120 and
120) in addition to the weaker reflection at about 9.4� (200). We
need again to apply the monoclinic unit cell instead of the ortho-
rhombic cell (Table 1). With increasing temperature these three
reflections merge into one above the room temperature as shown in
Fig. 18(a). Above 0 �C, the higher-angle reflections at 2q w 20�

decrease in intensity and the new reflection appears separately
at 22.5� and increases in intensity (Fig. 18(b)). Therefore, this
copolymer is considered to exhibit also the thermodynamic first-
order transition between monoclinic and pseudohexagonal cells.
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copolymer obtained from Fig. 15.
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estimated for several X-ray equatorial reflections in the region 2q¼ 21–24� of uni-
axially-oriented E/TFE 29/71 copolymer sample.
3.2. Phase diagram

When we see the lower-angle X-ray equatorial region (2q¼ 8–
10�) as shown in Fig. 19(a), the transition occurs apparently
continuously in the 2nd-order type for a series of E/TFE copolymers.
However, observing the higher-angle region, e.g. 2q¼ 21–24�

(Fig. 19(b)), all the copolymer samples treated here are found to
exhibit the discrete first-order phase transition between the low-
temperature monoclinic lattice and the high-temperature pseu-
dohexagonal lattice.

On the basis of the X-ray diffraction and DSC data presented in
this paper, we build up a phase diagram as shown in Fig. 20. The
transition from low-temperature monoclinic to high-temperature
pseudohexagonal phases occurs discontinuously and the phase
transition temperature changes depending on the E/TFE content in
a systematic manner. The vertical bars show the temperature
region of the coexistence of the low- and high-temperature phases.
The transition behavior may be classified into three groups. Group C
for the members with high amount of TFE content shows the
transition similar to PTFE in a relatively low-temperature region.
The melting point is quite high when TFE content is close to PTFE.
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The transition of the group B is sensitive to the ethylene content as
seen in the relatively sharp change of transition temperature in this
region. In the group A, the transition point is closer to melting point
by increasing E content. As known well E/TFE copolymer with 100%
E content or polyethylene shows the transition from pseudohexa-
gonal to melt at almost the melting point [24–27].
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Fig. 20. Phase diagram of E/TFE copolymer built up on the basis of DSC and X-ray fiber
diagram data obtained in the heating process. Filled and open circles represent the
melting and transition temperatures, respectively.
3.3. Characteristic features of structural disordering

As for the structural change, the molecular conformation is
essentially the planar-zigzag form and it is disordered more or less
above the transition temperature due to the trans–gauche confor-
mational exchange as discussed for E/TFE 50/50 copolymer sample
based on the infrared and Raman spectral data [12,18,19]. But the
degree of this conformational exchange is not very high and
different from the cases of vinylidene fluoride–trifluoroethylene
(VDF–TrFE) copolymers [28,29] and vinylidene fluoride–tetra-
fluoroethylene (VDF–TFE) copolymers [28,30–32]. Based on the
molecular dynamics simulation, we have found that the E/TFE
copolymers are overwhelmingly stable as the trans-zigzag form and
the conformational disorder occurs at lower probability [19]. In
other words, the order-to-disorder transition is considered to occur
mainly through the rotational motion of essentially trans-zigzag
chains with some conformational disordering.

Fig. 21 shows the temperature dependence of relative intensity
of the Bragg reflections and the diffuse scattering on the 2nd layer
line. For example, in the case of E/TFE 50/50 copolymer, the Bragg
reflection (122) starts to decrease in intensity around 60 �C, cor-
responding to the small endothermic peak in the DSC thermogram.
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The diffuse scattering increases in the same temperature region.
The similar observation can be made for all the E/TFE copolymers
treated in this paper. The intensity change occurs in the phase
transition temperature region. The diffuse scattering along the
horizontal line is considered to come from the disorder in relative
height of the neighboring zigzag chains in the unit cell. We might
speculate the structural disordering in the phase transition of E/TFE
copolymer as follows.

At low temperature, the trans-zigzag chains are packed in the
monoclinic lattice. As the temperature approaches the phase
Low-temperature phase High-temperature phase

heat

a

b

Fig. 22. A schematic illustration of structural transition between the low- and high-
temperature phases of E/TFE copolymer.
transition region, the rotational (or librational) motion of the
zigzag chains starts to occur and some conformational exchanges
occur also between the trans and the gauche forms. These two
types of motion may be correlated with each other as indicated by
the molecular dynamics calculation [19]. The chain packing
becomes of a hexagonal type. At the same time, the relative height
of the neighboring chains is shifted randomly by translational
motion. As a result, the correlation between the neighboring chains
becomes weaker, reflecting on the increase of X-ray diffuse scat-
tering intensity and the decrease of Bragg reflection intensity as
seen in Fig. 21. Judging from the similarity in the temperature
dependence of X-ray diffraction, IR/Raman, and DSC thermal data,
this type of structural disordering is considered to occur commonly
for all the members of E/TFE copolymer although the transition
temperature and the melting temperature are different depending
on the E/TFE content as already pointed out in Figs. 1, 19, and 20.
Fig. 22 illustrates the structural changes in a schematic manner.
4. Conclusions

In the present paper we have measured the 2-dimensional X-ray
fiber diagrams of a series of two-component E/TFE copolymers as
a function of temperature and built up a phase diagram successfully
to clarify the transition scheme of this copolymer. As known from
the remarkable changes in the X-ray equatorial line profile and the
diffuse scattering intensity, the transition occurs between the
monoclinic and pseudohexagonal lattice attendant with the rota-
tional and translational disordering of the trans-zigzag chains with
the partial conformational exchange between trans and gauche
forms. This conformational disordering was supported reasonably
by the temperature-dependent measurements of infrared and
Raman spectra [12,18,19]. The phase transitional behavior of E/TFE
copolymer is appreciably different from that of VDF/TrFE
copolymer in such a point that the chain conformation is over-
whelmingly stable in the trans-zigzag form and the trans-to-gauche
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conformational change occurs at relatively low frequency in the
E/TFE cases.

As for the crystal structure of the low-temperature phase, the
previously-proposed orthorhombic cell is inconsistent with the
X-ray diffraction data presented here. Rather the crystal lattice of
monoclinic type is more plausible as known from the successful
indexing of all the observed reflections including the well-
separated equatorial line reflections such as 120 and 120 and so on.
The details of the crystal structure analysis will be reported in
a separate paper.

The structural changes revealed in the present paper have inti-
mate relation with the temperature dependence of mechanical
property as known from the detailed measurements of the dynamic
viscoelastic property [33,34]. The Young’s modulus decreases
remarkably in the order-to-disorder phase transition temperature
region because of the conformational disordering of the molecular
chains as well as the rotational/translational motion of these chains.
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