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The kinetics of the high temperature (isotropic — mesophase) and low temperature
(mesophase — crystalline) transition of PBFP at T, and T(1), respectively, and its local
dynamics were studied by differential scanning calorimetry (DSC) at variable heating and
cooling rate and by dielectric relaxation spectroscopy (DRS). While on heating no
substantial effect of the rate on both transition temperatures was found, T(1) and T,
showed a strong dependence on the cooling rate. The high temperature transition revealed
thermally activated behaviour with an activation energy of E; = 400 kdJ/mol, whereas the
transition at T(1) showed the typical signature of supercooling. This finding is consistent
with the picture that the isotropic/mesophase transition at T,, is controlled by long-range,
strongly hindered, chain diffusion that leads to the long-range orientational mesomorphic
order. In contrast, the low temperature transition, the enthalpy of which is far larger and the
temperature of which depending linearly on the cooling rate, indicates a kinetical control by
nucleation as characteristic for a (2D — 3D) crystallization process.

Complementary information about the molecular dynamics in the various phases was
obtained by DRS that revealed three relaxation processes, which were assigned to the
dynamic glass transition («), local motions of CFz—groups in the glassy state (8-process)
and cooperative fluctuations of side-groups both in the mesophase and crystalline state
(A-process). Interestingly, both the Arrhenius-type 8- and A-relaxation are characterised by a
non-zero activation entropy, which indicates the cooperative nature of the underlying
molecular dynamics. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Polyphosphazenes are available in a wide range of prop-
erties due to a great variation of side-groups substitu-
tions [1]. Since the synthesis of polyphosphazenes at
high molecular mass was first described [2], polyphos-
phazenes were the subject of considerable scientific and
technological interest [1]. The relation between struc-
ture and final properties is of course important for the
recently developed polyphosphazenes with novel archi-
tectures [3] as well as for more “classical” polyphosp-
hazenes, like poly-bis-(trifluoroethoxy)- phosphazene
(=PBFP, see Fig. 1).

One of the striking aspects of polyphosphazenes is
their combination of high-temperature stability and a
wide range of values for the glass transition tempera-
ture (7Ty), the latter depending on the nature of the sub-
stituted side groups [2, 4]. For polyphosphazenes, low
energy barriers for rotation are mainly related with low
values of T, e.g., PBFB combines thermal stability up
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to 600 K with a value for 7, of 207 K [2]. The structure
of PBFP depends on the temperature. In addition to the
glass transition, PBFP shows a thermotropic transfor-
mation, 7'(1), between 330-350 K and a melting tem-
perature, Tp,, at about 500 K [5, 6]. These values appear
to depend on molecular mass as well as on thermal his-
tory [5, 7, 8]. The T (1)-transition is attributed to side
group mobilisation as well as to the onset of thermally
induced backbone motions [8]. Cooling from tempera-
tures above 7'(1) results in highly crystalline specimens
below T'(1) [3, 8]. Various aspects of these transitions
have been reported in literature (a short overview is
given in [8]). A high degree of crystallisation at tem-
peratures below 7'(1) is indicated by the absence of
a measurable effect in the specific heat at T, during
differential scanning calorimetry DSC) [S]. However,
the degree of crystallization may depend on molecular
mass and thermal history [8]. Further, freshly precipi-
tated PBFP shows a different crystalline modification
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Figure 1 Schema of Poly-bis(trifluoroethoxy-phosphazene).

than after repeated heating and cooling: monoclinic vs.
orthorhombic [4]. Above T(1), PBFP is reported to be
2-dimensionally ordered in a pseudo-hexagonal lattice
(2D) [4, 8]. At Ty, the 2D meso-phase transforms into
an isotropic melt. However, strong small angle X-ray
diffraction remains, indicating the persistence of short-
range order above Ty, [8].

Repeated heating and cooling around 7°(1) im-
plies repeated transformation of the pseudo-hexagonal
meso-phase into the highly ordered 3-dimensional (3D)
orthorhombic phase, and vice-versa. The kinetic pa-
rameters of transitions in PBFP (e.g., rate and tempera-
ture) are probably related to molecular rearrangements
taking place in the vicinity of 7Ty, and 7'(1), while the
transition temperatures would depend on the process-
ing conditions [5]. Repeated passing through 7'(1) and
Ty at various cooling/heating rates may then reveal rel-
evant factors for the kinetics of the transitions in PBFP.
The results of isothermal DSC studies on the transition
kinetics for PBFP indicate an extreme sensitivity to un-
dercooling within a very short temperature range for
both the transition at 7(1) as well as at T, [6]. How-
ever, phenomenological knowledge on the kinetics of
the transitions involved remains incomplete as these
transitions were as yet usually studied at fixed heat-
ing/cooling rates or under isothermal conditions. Possi-
ble applications of PBFP inevitably imply processing,
which proceeds non-isothermally rather than isother-
mally. Hence, from both the scientific as well as from
the technological point of view, non-isothermal kinet-
ics of the PBFP transitions is important. For the study
of non-isothermal kinetics, DSC is highly appropriate
[9], whereas dielectric relaxation spectroscopy (DRS)
is a powerful technique for the study of molecular dy-
namics in most polymer materials [10, 11]. Therefore,
it was decided to study non-isothermal kinetics of tran-
sitions in PBFP at different DSC cooling/heating rates
in conjunction with dielectric experiments.

2. Experimental procedures
2.1. Synthesis, structure determination
and differential scanning calorimetry

The synthesis was performed on the basis of reported
methods [2, 12]. The yield was white fibrous polymer
with a mass of 2.1 g. A film was obtained by disso-
lution of the fibres into acetone and subsequent cast-
ing into a PTFE mould followed by vacuum drying.
The resulting film thickness was about 40 pum. For
the phase identification and structure determination, a
range of techniques was applied. Molecular mass was
determined by Gel Permeation Chromatography (GPC)
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on a Waters 4510 apparatus, supplied with a styragel
column, enabling the determination of the molecular
mass upto 3 x 10°. This GPC apparatus was calibrated
with polystyrene standards. A molecular mass M,, =
248,000 was determined on a PBFP sample, the poly-
dispersity index amounted D = 2.45. X-ray diffrac-
tion was performed with a High-Temperature Guinier
camera and a Siemens diffractometer, applying Cu-K,-
radiation of 0.154 nm. HT-Guinier X-ray diffraction
concerned heating (at 0.2 K/min) of a freshly precip-
itated PBFP specimen in a protecting (nitrogen) gas
atmosphere. The intensity of the diffracted X-rays was
photographically recorded as a function of the diffrac-
tion angle 0 < 20 < 30° for temperatures between
room temperature and 493 K. The diffractometer scan
from a freshly precipitated specimen was obtained at
ambient temperature for the same range of diffraction
angles. For comparison, a scan was performed from a
cyclophospazene specimen in a crystalline form. NMR
measurements were performed on a Varian VXR-400S
using THF as solvent.

Differential scanning calorimetry was performed on
a Perkin Elmer DSC-7 apparatus. Thermal history can-
not be ignored in a sequential DSC study based on one
specimen. The basic advantage of such an approach
is to eliminate interfering variables like variations in
molecular mass or in synthesis. To eliminate variations
in thermal history, cooling and heating, schemes were
chosen containing at least three melting steps. The last
step was followed by free cooling to room temperature
(RT) and subsequent storage of the sample at RT. Cal-
ibration of the DSC apparatus was performed by mea-
suring the melting points of mercury and indium. All
results were base-line corrected. Measurements were
made in an inert (nitrogen) gas atmosphere. Peak tem-
perature deviations for the melting of indium were less
than 1 K, variations in the fusion enthalpy did not ex-
ceed 0.5 J/g. The specimen was placed in an aluminium
pan closed with an aluminium lid. The specimen was
not removed from the pan during the DSC study. The
heating/cooling rates applied were 2.5, 5, 10, 25 and
50 K/min. The temperature range studied was 173—
513 K. Duplicate measurements showed that the in-
accuracies in the peak integral (= enthalpy change for
a certain transition) were less than 8%. The measure-
ment scheme is shown in Fig. 2A (series A with a vari-
ation in cooling rate) and 2B (series B with a variation
in heating rate). Accurate recordings were made only
during the steps in which these variations were con-
ducted: Step 7 (Series A) and 5 (Series B). However,
wherever possible, values of 7(1) and T, and of corre-
sponding enthalpy changes were collected. To get in-
formation about micro-structural changes, polarisation
microscopy (Jenapol equipped with Mettler hot-stage
FP82) was performed on a PBFP sample prepared from
the melt. Images were taken at a magnification of 200
on cooling from just above Tp,. The cooling rate applied
was about 10 K/min.

2.2. Dielectric measurements
Dielectric experiments were performed over 8 decades
in frequency from 1072 to 10° Hz with partially
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Figure 2 (a) DSC scheme for Series A: variation of cooling rate in step 7; (b) DSC scheme for Series B: variation in heating rate in step 5.

overlapping frequency ranges. For frequencies be-
tween 1072 and 10* Hz, a frequency response anal-
yser (Schlumberger 1260) equipped with a custom-
made dielectric interface was used, while for the upper
frequency range (10°—10° Hz) a HP4284A precision
LCR-meter was used. To obtain planar, circular sam-
ples, solid material of PBFP was heated together with
quartz fibres, acting as spacers, between two circular
brass plates well above T, and subsequently cooled to
room temperature under constant pressure. This proce-
dure resulted in samples of a thickness about 50 um
and a diameter of 20 mm. For dielectric measurements,
the sample was placed in a cryostat (Novocontrol), the
temperature of which was controlled with an accuracy
better than 0.05 K by a nitrogen gas flow. To ensure
isothermal conditions during the acquisition of the di-
electric spectra, the sample temperature was varied in
steps typically 2.5 or 5 K, which resulted in an effective
heating/cooling rate of about 0.5 K/min. More experi-
mental details can be found in [10].

For a quantitative analysis of the dielectric data, the
raw spectra were fitted to the semi-empirical Havriliak-
Negami (HN) function, which enables one to account
for asymmetric peak broadening by two independent
shape parameters a and b [13]:

& — €

£0) = oot G

(M

Here, &* is the complex permittivity, depending on
the angular frequency w, while &4, and &; denote the
high-frequency permittivity and the static permittiv-
ity. To deal with significant electrical conductivity,
which is a typical feature for most polymers above
their glass transition temperature T,, we have calcu-
lated the alternative “loss” spectrum &” geriy (@) from
the real part of the complex permittivity according to
Equation 2

7w 0&'(w)
2 0lnw’

” _
deriv —

2

In contrast to the measured loss, which contains
both contributions from dielectric relaxation pro-
cesses and (Ohmic) conduction (characterised by
“dc”-conductivity og. according to &”(w)= ¢ (w) +
Odc/€ow), the quantity ej . only represents losses
from relaxation terms as they are manifested in
&(w). A detailed description of the derivative
technique and related transformations is given in
[11].

For a quantitative analysis of the relaxation spec-
tra, either e . or ¢’ was fitted with the corre-
sponding expression of the HN function [derivative
Eheriv (nn) OF €fpy] yielding relaxation times and re-
laxation strengths for each spectrum &”(w, T) (see
Figs 9-11).
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Figure 3 DSC curves as obtained in Series A Cycle 4 Step 9 (heating)
and Step 7 (cooling). The two insets show the dependence on the cooling
rate around 7'(1) (inset I) and Ty, (inset II).
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Figure 4 The values for 7(1) and Ty, as a function of cooling rate.

3. Results
3.1. Differential scanning calorimetry, NMR
and polarisation microscopy

Typical DSC curves are shown by Fig. 3, whereas
Table II gathers the results of the DSC measurements.
In Table III and Fig. 4, values for T'(1) and T3, and for
the corresponding enthalpy changes, are related with
the cooling rates applied. The following observations
are made:

TABLE I NMR shifts for PBFP in ppm

1. No dependence of values of 7(1) and Ty, on the
cycle number can be found (see Table II). Hence it is
thought that these values are not influenced by cumu-
lative thermal history.

2. On first DSC heating, the value for 7'(1) for the
freshly precipitated specimen equals about 341 K. In
all other cases, this value is on heating 357 =4 K. On
DSC heating, the Tp,, value equals 498 £ 2 K. These
values correspond with the results obtained from HT
Guinier X-ray diffraction.

3. On DSC cooling, the value for 7(1) is between
341 and 335 K, whereas T, ranges from 486 to 474 K.

4. The magnitude of the enthalpy effect at 7'(1) is
much larger than at T,.

5. Atthe glass transition temperature, no measurable
ACp-effect could be detected.

6. Careful study of the results presented in Table II—
Series B reveals no relationship between heating rate
and values for 7' (1) and T;,, or with the correspond-
ing enthalpy changes. Further, no relationship is ap-
parently present between the values observed for 7'(1)
and T, (and corresponding enthalpy changes) and cycle
number.

7. The value of T'(1) and its corresponding enthalpy
change decrease with increasing cooling rate. The value
of T, also decreases with increasing cooling rate. How-
ever, the enthalpy change at T, tends to be small for low
as well as high cooling rates. Note that the differences
observed are at the edge of significance.

8. For Series A, the value for 7'(1) in Step 9 is higher
than in Step 5 which is higher then in Step 1. The en-
thalpy change at 7'(1) on subsequent heating equals
that on directly preceding cooling (compare enthalpy
changes for 7(1) in Step 7 and Step 9 in Table II,
Series A).

The NMR chemical shift values are gathered in
Table 1. The observed shifts do not reveal any signifi-
cant indication for deviations from the known structure
of PBFP. The values of T(1) and T, reported so far
correspond very well with literature data (cf. [7, 14]).
They were also confirmed by hot-stage polarisation mi-
croscopy. Hence, it is concluded that on cooling during
polarisation between Ty, and 7(1) the meso-phase is
present and below T'(1) the crystalline phase is formed.

3.2. X-Ray diffraction
The X-Ray diffractometer scan of freshly precipitated
PBFP is presented in Fig. 5a together with a scan

"H-nmr Remarks BC-nmr Remarks 31P-nmr Remarks
1.73 singlet 119.78 CF;3, split quartet long-distance —-4.17 singlet
128.05 coupling 3JCF; = 277.2 Hz
3.58 THF 67.98 CHo,, split triplet 2JCF; = 37.9 Hz
67.60
4.42-4.43 CHa>, split quartet long distance- 67.40 split triplet THF
coupling 3J = 7.6 Hz 66.96
64.70 split quartet THF
63.57
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Figure 5 Diffractometer scans for semi-crystalline PBFP (a) and crystalline cyclophosphazene (b).

for crystalline cyclophosphazene (b). On heating, HT-

Guinier X-ray diffraction yielded 7(1) = 339 £ 5 K

and T, = 493 + 10 K. By digitizing the HT-Guinier

photograph, various diffraction scans at individual tem-

peratures were extracted which are displayed in Fig. 6.
The following observations are made:

For Fig. 5

The diffractometer peaks for the cyclophosphazene
show an increased peak/background ratio compared
to the corresponding peaks for the PBFP specimen.
Hence, the PBFP specimen cannot be considered as
fully crystalline. However, the overall appearance (with
sharp peaks strongly present) of the diffractometer scan
indicates a high degree of crystallinity.

For Fig. 6

At about 333 K the ratio between the maximum intensi-
tiesat20 ~ 10° and at 20 = 20° changes from less than
unity to larger than unity. On increasing the tempera-
ture, the peak at about 26 =~ 10° broadens significantly
around 483 K, an effect that already happens at about
333 K forthe peak at 20 ~ 20°. Above this temperature,
the peak corresponding to a spacing of about 1.0 nm

Intensity [a.u.]

0 10 20 30
20

Figure 6 X-ray diffraction intensity as a function of diffraction
angle 26 for various temperatures obtained from a HT Guinier
experiment.
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Figure 7 3D-representation of the conduction-free loss &, ;. of PBFP during cooling from 523 K.

remains present, although the melt is generally de-
scribed as isotropic [4].

3.3. Dielectric measurements

A 3D representation of the conduction-free loss €}, .,
for PBFP on cooling is given in Fig. 7, the inset shows
the loss &” in the glass transition region. Both spec-
tra reveal various relaxation phenomena and the two
thermal transitions at 7'(1) and of T,, which manifest
themselves as sharp, frequency independent changes in
the dielectric response. The values for 7(1) and of Ty,
(360 and 500 K on heating, 340 and 480 K on cooling)
agree well with those obtained from DSC (cf. Table II)
and show a slight hysteresis between heating and
cooling.

Three dielectric relaxation processes were found,
which were denoted 8, o and A in the order from
low to high temperatures. The Arrhenius presentation
(Fig. 8) of the relaxation time dependence 7(7') allows
the classification of molecular relaxations into “sim-
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Figure 8 Activation plot for all dielectric relaxation processes found in
PBFP.
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ple” thermally activated processes (t obeys the Ar-
rhenius law Int = Inty + E,/RT) and relaxations
obeying the Vogel-Fulcher-Tammann (VFT) relation
Int = Into + E,/R(T — Ty) which is characteristic
for the dynamic glass transition. Here, Ty is the (Vogel)
reference-temperature, and R is the gas constant.

The B-relaxation, visible at the low temperature/high
frequency edge in Fig. 8, shows Arrhenius behaviour
with a low activation energy E, = 31 kJ/mol typical for
localised molecular motions. In contrast, the ¢-process
clearly reveals the typical VFT-curvature in the 7 vs.
1/ T plot which is indicative for cooperative relaxations
associated with the dynamic glass transition in PBFP.

At temperature somewhat below T7(1) and in
the whole temperature range of the mesophase
(T(1) < T < Ty), another relaxation process A was re-
vealed by the fit techniques described before. This pro-
cess changes strongly on passing 7(1), while in the
mesophase regions an Arrhenius-like behaviour is iden-
tified (cf. Fig. 9). Obviously, this process is sensitive to
the degree of molecular order that changes during the

7 !
@ ‘::v
" \
D -5
o
3+
AT 2 cooling
¥ )heating
1 1 1 1
15 2.0 25 3.0 3.5
1000/T [1/K]

Figure 9 The relaxation time 7(7) as a function of the reciprocal tem-
perature for the 7 (1) and Ty, transitions.
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TABLE III Cooling rate and values for 7(1) and Ty,

T(1) Tm

Cooling rate Enthalpy Position ~ Enthalpy
K/min Position change (J/g) (K) change (J/g)
25 341.1 -30.3 485.9 -3.0

5 341.2 —29.7 485.1 -1.6

10 340.6 —28.4 479.9 -1.5

25 339.2 —27.9 4749 —-1.7

50 335.7 —28.0 475.1 -2.1

transition from 3D to 2D order. However, it should be
noted that the temperature dependence of the relaxation
time of the A-process may reflect two phenomena: (i)
true thermal activation of molecular motions for a given
molecular structure, and (ii) changes in the molecular
packing reflecting the kinetics of the phase transitions.
Therefore activation parameters were deduced from the
7,(T) dependence (see Fig. 9) exclusively at tempera-
tures sufficiently far from 7'(1) and Ty,.

4. Discussion

4.1. Dielectric relaxation processes

In a previous section we have identified three dielectric
relaxation processes being present in PBFP, denoted «,
B and A. We will now discuss the a-relaxation in more
detail.

From the VFT-behaviour, indicated by a curved
graph log(t) vs. 1/T (cf. Fig. 8), we have concluded
that the «-process is the dielectric manifestation of
the dynamic glass transition involving the PBFP back-
bones. Extrapolating the VFT-fit curve to a relaxation
time 7(7) = 100 s allows to determine an operationally
defined glass transition temperature, which usually is
in fair agreement with 7 values as determined by DSC.
In this way, a T, value of 205 K was obtained for PBFP,
whichis very close to that (7, = 207 K) reported by [2].
It should be noted that there are only a few 7, data avail-
able from the literature, most likely because of the high
crystallinity of PBFP at temperatures below 7 (1) which
gives rise to only small AC-effects in the calorimet-
ric response. This property of many polyphosphazenes,
reaching rather high degrees of crystallinity (up to 90%
[5]) is also manifested in the dielectric results shown
in Fig. 10. Here, the upper curve reveals a sharp drop
in the high frequency permittivity at 7°(1), indicating
that most of the mobile polymer fraction is frozen-in
upon crystallization. A simple analysis of the &'(T)
steps around 7, and 7T'(1) yields a crystallinity of at
least 80%. Despite this high crystallinity, the dielectric
a-process, although weak in intensity, does obviously
not suffer from the presence of a chain extended crys-
talline phase. In other words, the remaining amorphous

polymer fraction still exhibits bulk dynamics implying
the existence of amorphous regions well separated from
the crystalline phase.

In contrast to the a-process, the B-relaxation clearly
obeys the Arrhenius law, which, in combination with
the low activation energy of E5 = 31 kJ/mol, supports
its assignment to local motions within the PBFP struc-
ture. However, the pre-exponential factor log(ty) =
—19 is far from a value typical for “true” local motions
(log(tso) ~ —12[16]) exclusively involving simple en-
ergy barriers (e.g. bond rotational potentials).

An interesting approach to interpret the activation
parameters of the dielectric relaxations has been sug-
gested by Starkweather [16]. Based on the Eyring equa-
tion for absolute reaction rates, he proposed an analysis
which enables the evaluation of the activation entropy
AS and the zero-entropy activation energy Ej , from
the experimental Arrhenius parameters E and t... He
derived an expression (Equation 3),

!/

E =R (141022 4+l ) s ras. @
2mh f

which predicts the apparent activation energy E} as a
function of the activation entropy ASa and the tem-
perature T’, which is the temperature of the relaxation
peak maximum at the frequency f = 1 Hz. In case of
ASa = 0, Equation 3 yields the so-called zero-entropy
activation energy E4 o. From the same expression, in-
serting the experimentally determined activation en-
ergy, we obtain the activation entropy at the temperature
T’ according to Equation 4:

Asa= e R (14X 1 r 4)
= — — n—- +In—
AT A 2mh f

According to Starkweather, non-cooperative (local)
motions are characterised by a negligible activation en-
tropy, whereas cooperative relaxations possess a non-
zero AS value. This classification can be rationalized
by the assumption that the degree of molecular order
determines the degree of cooperativity of a particular
motional process, which is related with local order per-
turbations implying entropy fluctuations. A positive ac-
tivation entropy then signifies that the motional process
requires a temporary higher disorder in its excited state.
Equations 3 and 4 have been applied to the Arrhenius-
type relaxation processes in PBFP, the results are sum-
marised in Table I'V.

From Table IV it becomes clear that the g-
relaxation shows a substantial degree of cooperativ-
ity while its zero-entropy activation energy is very low
(~20 kJ/mol). Although the detailed molecular mech-
anism associated with the dielectric B-process is not

TABLE IV Activation parameters for dielectric relaxation processes in PBFP

Process Ty (K) Evy (kJ-mol~1) log(too) Ea (kJ-mol~1) Eao (kJ-mol™!) AS (kJ-mol~'K™1)
B - - —-19.1 31.2 20.3 0.12

o 188.0 3.60 -9.3 - - -

A (mesophase) - - —12.7 72.4 75.4 —0.01

A (cryst.) - - -232 140.0 778 0.19
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TABLE V Relevant data for the Kissinger analysis

Cooling rate Tm 1000/T;, In(Tj)?/ |9
2.5 485.9 2.0580 11.4557
5 485.1 2.0614 10.7593
10 479.9 2.0838 10.0446
25 474.9 2.1057 9.1073
50 475.1 2.1048 8.4150
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Figure 10 High frequency permittivity e, (top, triangles), relaxation
strength of the A-process Aeg; (middle) and relaxation time 7, (bottom)

obtained from fits of the dielectric spectra £'( f) and &} ;, (f). For com-

parison, the measured permittivity at 480 kHz is shown as well (top,
circles).

known yet (cf. results and discussion given in [17]),
the high activation entropy implies that the relaxation
process involves somehow cooperative reorientations
of the CF3-groups.

Let us now focus on the A-relaxation which was as-
signed to highly correlated motions involving the CF3-
groups in the crystalline and the mesophase. This pro-
cess, which shows up directly in Fig. 7, reveals a strong
discontinuity at 7'(1) in the relaxation time 7(7") (cf.
Figs 8 and 9) while the relaxation strength Ag(7") drops
to some extent at the crystalline — mesophase transi-
tion (cf. Fig. 10). Well separated from the discontinuity
around 7'(1), the relaxation time was fitted to an Arrhe-
nius law both below and above T(1) and subsequently
analysed using Equations 3 and 4. As expected, the
measured activation energy E, drops when the system
undergoes a transition from the crystalline state to the

mesophase. Interestingly, this change is almost exclu-
sively caused by a change in activation entropy, while
the zero-entropy activation energy E 4 o remains practi-
cally unchanged (75.4 vs. 77.8 kJ/mol). In other words,
upon changing from a 3D to a 2D positional order, the
A-process obviously looses its high cooperativity indi-
cating that the gain in translational mobility results in
the vanishing of severe sterical hindrance.

Inspection of Fig. 10 reveals another interesting fea-
ture in the dielectric properties of PBFP: At about
100°C, a discontinuity in both Ae(T) and 7, (T") shows
up, which suggests the existence of a possible, phase
transition between different mesophases. At the present
stage one can only speculate about the existence of
such a transition, since more experimental evidence is
needed to confirm a fine-structure in the mesophase of
PBFP.

4.2. Transitions at T(1) and T, on heating
and cooling

The PBFP X-ray diffractometer scan (Fig. 5) corre-
sponds fairly well with the data given by Nakamura
[8] for a PBFP specimen of rather low molecular mass
(M,, = 5 x 10%). Nakamura et al. [8] suggested that the
presence of the monoclinic phase be at least partly re-
lated with the average molecular mass of the specimen
concerned. The corresponding value for the present
specimen was 2.5 x 10° with a polydispersity index
of 2.45. According to [8] the value for 7'(1) for the first
heating was 346 K, to compare with the present 341 K
(see Table II). Flory-Fox plots give the relation between
the value of 7'(1) and/or T;,, and molecular mass [7]. The
present value for 7' (1) corresponds well to the literature
data quoted. It is commonly observed that on first heat-
ing the value of T'(1) is lower than on repeated heating
and that the difference between first and second heat-
ing is of the order of 10 K [5]. The present results are
in perfect correspondence. Apparently, chain unfolding
and the onset of backbone mobility start easier from the
monoclinic than from the orthorhombic state, although
differences in molecular mass as well as degree of crys-
tallisation may exert a certain influence [7, 8].

The crystallinity above T'(1) contributes to the crys-
tallinity below T'(1) [5]. Sequential melting and cool-
ing increases 7'(1), see point 8. in Section 3.1 and see
Table II. However, the value of 7'(1) does not depend on
the cycle number. Clearly, chain alignments are main-
tained during the rather short times of melting, but are
lost on prolonged storage at room temperature at the
end of a cycle.

On heating, the values for T(1) and T, as obtained
from dielectric measurements in virtually isothermal
conditions (see Section 3.3) and from HT-Guinier X-
ray diffraction (see Section 3.2) with a very low heating
rate of 0.2 K/min, agree with the ones obtained by DSC.
It is already noted that transitions in PBFP are related
with rearrangements of side groups and/or backbone
segments. Compared to the heating rates applied, re-
arrangement rates on a molecular scale will always be
fast. No relation between values for 7(1) and T;, and
DSC heating rates applied could be established. This
excludes kinetics solely governed by thermal activation
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[9]. Apparently, at the present experimental conditions,
neither the 7' (1) nor the Ty, transition show a rate de-
pendent kinetics.

Above the melting point, the interactions between the
backbones are weaker, yielding a broadening of X-ray
diffraction peaks (see Fig. 6). However, strong small an-
gle X-ray diffraction remains. Hence, it can be said that
on passing Ty, only small adjustments in the molecular
packing occur, implying only small enthalpy changes,
as is observed. In the solid state, the full width at half
maximum (FWHM is inversely related to the X-ray
correlation length) of the inner X-Ray diffraction peak
with a spacing of about 1.0 nm is not very sensitive for
a variation in molecular mass [8]. Above T;,,, FWHM
for a higher value of M,, is smaller than for a lower
value of M,,, while T, itself is lower for a lower value
of My,. Hence, it is assumed that ordering in the solid
state is primarily determined by the mutual packing of
the backbones.

On cooling, the transition from the melt to the
2D meso-phase is determined by the cooling rate
(see Fig. 4). However, crystallization usually presumes
long-scale chain diffusion allowing a thermal nucle-
ation & growth process. Apparently, the curvature of the
plot in Fig. 4 reflects the occurrence of thermal activa-
tion, in contrast with the transition at 7'(1) on cooling.
Assuming a temperature of a fixed stage of an ther-
mally activated transition and that the relevant thermo-
dynamic and kinetic parameters are constant within the
temperature range studied, the relation between cool-
ing rate, peak temperature and reciprocal temperature
takes the form of the so-called Kissinger-equation [18].
At the transition temperature, T,, the relaxation time
7 for the A-relaxation eaches a minimum (cf. Fig. 9,
where log 7 is plotted against the reciprocal temper-
ature). The occurrence of such an extreme can be re-
lated with the rate of temperature change [19]. Suppos-
ing that this minimum corresponds to a fixed transition
stage, the Kissinger analysis is applied in the present
case (see Table V). Then, an activation energy of about
400 kJ/mol is obtained to be compared with 125 kJ/mol
for LLDPE, 160 kJ/mol for PHBA (as derived from the
data given by Chuah et al. [20]) and 328 kJ/mol for
nylon 11 [18]. Apparently, the steric hindrance in com-
bination with dipole-dipole interactions and H-bonding
due to the side groups contribute effectively to the value
of the activation energy.

The linear relation between 7' (1) and the cooling rate
(see Fig. 4) disproves the role of thermal activation at
this transition, i.e., this transition kinetics is solely gov-
erned by the supercooling attained. The larger the cool-
ing rate was, the lower the temperature of transition and
hence the smaller the amount of transformed phase as
is shown by the negative relation between the value of
A H and the cooling rate (cf. Table III). The foregoing
implies that the enthalpy change induced by the 7'(1)-
transition evolves suddenly instead of gradually, which
is indeed found (compare the curves on heating and on
cooling in Fig. 3). During the transition, the 2D chain
extended mesophase transforms into a 3D orthorhom-
bic chain extended form [8]. The observed kinetic dif-
ferences for the A-relaxation are related with highly cor-
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related motions involving CF3-groups in the crystalline
and meso-phase (see Section 4.1). Hence, the transition
involved is thought to proceed via the displacements of
the CF3-containing side groups to perform this 2D/3D
rearrangement.

5. Conclusions

1. The kinetics of the high temperature (isotropic —
mesophase) transition of PBFP is controlled by a long-
range, strongly hindered, chain diffusion (at an acti-
vation energy of about 400 kJ/mol) that leads to the
long-range orientational mesomorphic order.

2. The kinetics of the low temperature (mesophase
— crystalline) transition of PBFP shows the typical
signature of supercooling indicating that this transition
is controlled by nucleation as characteristic for a (2D
— 3D) crystallization process.

3. DRS revealed three relaxation processes, which
were assigned to the dynamic glass transition («), local
motions of CFz—groups in the glassy state (B-process)
and cooperative fluctuations of side-groups both in the
mesophase and crystalline state (A-process).

4. Both the Arrhenius-type 8- and A-relaxation are
characterised by a non-zero activation entropy, which
indicates the cooperative nature of the underlying
molecular dynamics.

5. For the (3D) crystalline phase, a large value for
the activation entropy and for the apparent activation
energy; whereas for the (2D) meso-phase, a rather small
value for the apparent activation energy with a non-zero
entropy activation energy.

6. Extrapolation of the relaxation time data for the
«-relaxation, obeying the VFT-law, yielded a value for
T, corresponding very well to literature data.
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