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Abstract

The molecular dynamics in a variety of poly(ethylene isophthalate)s (PEISs) is studied by broadband dielectric spectroscopy (BDS). The
materials comprise non-substituted main chain polyesters and polyesters with semifluorinated (oxydecylperfluorodecyl) side chains. Combining
temperature-dependent small angle X-ray scattering (T-SAXS), differential scanning calorimetry (DSC) and BDS it can be shown that the
microphase separated semifluorinated polymers exhibit independent dynamic glass transition relaxations taking place in the separate microphases.
Additionally in the glassy state, the non-substituted polymers show an Arrhenius-type relaxation whose activation energy decreases gradually from
52 to 40 kJ/mol with increasing main chain flexibility. The semifluorinated polymers exhibit a relaxation assigned to fluctuations of the perpen-
dicular component of the fluoroalkyl end group with activation energies between 38 and 40 kJ/mol. With increasing flexibility of the main chain,
the dynamics of the backbone becomes faster for the non-substituted polymers while an opposite trend is observed in the oxydecylperfluorodecyl

substituted side-chain materials. A detailed explanation of the molecular origin of the relaxations is provided.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers with semifluorinated side chains have been inves-
tigated for about 15 years. The term ‘“‘semifluorinated” here
stands for chemical segments consisting of an alkyl- and a per-
fluorinated alkyl part, which are connected by a covalent C—C
linkage, having the general structure X;—(CH,),,—(CF,),,—Xo.
Alkyl- and perfluoroalkyl chains are thermodynamically not
miscible with each other. Therefore, such compounds are
characterized by a strong microphase separation resulting in
the formation of typically layer-like, well-organized solid-state
structures [1,2]. If such semifluorinated segments are attached
to polymeric backbones, the microphase separation of the

* Corresponding author.
E-mail address: tsuwi@physik.uni-leipzig.de (J. Tsuwi).

0032-3861/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2006.04.072

semifluorinated segments can often be maintained assuming
that the number of C-atoms in the semifluorinated (SF) seg-
ments (in both alkyl and perfluoroalkyl parts) is above a critical
value. This is demonstrated for a set of polymers with varying
polymer backbones and different semifluorinated side chains,
for instance semifluorinated polystyrene [3], polystyrene—pol-
yisoprene diblock copolymers [4], polymethylmethacrylate [5],
polyesters [6—9], polysulfones [10], segmented polyester—
polysulfone block copolymers [11,12] and others. In special
cases where the semifluorinated side chains are long enough,
the ordered solid-state results in the formation of a well-
organized surface structure, resulting in polymeric materials
with extremely low surface free energy [13—16]. Additionally,
it turned out that the principal structural behaviour in the bulk
and close to a surface is well comparable [14,15]. The structure
formation in the surface layer depends not only on the chemical
structure, but also on the film formation techniques (spin
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coating, dip coating, etc.) and the thermal history of the sample
(annealing conditions, environmental conditions at storage,
etc.). The results obtained until now were often not directly
comparable because both the nature of the polymeric main
chains as well as the detailed structure of the semifluorinated
side chains were different. Thus, the complex interactions be-
tween main chains and side chains on the one hand and the prop-
erties in the bulk and close to a surface on the other hand could
not completely be understood. Therefore, we started to use
completely analogous semifluorinated side chains in order to
obtain a comparison of the influence of semifluorinated side
chains on the properties of the resulting polymer. Here, we
would like to demonstrate the results for semifluorinated
polyesters. We studied the thermal properties and the molecular
dynamics of polyesters with systematic variation of the polymer
backbone while keeping the semifluorinated side chains con-
stant, thus comparing the influence of semifluorinated side
chains on fully aromatic and semiaromatic polyester main
chains. Long oxydecylperfluorodecyl segments [—O—(CH,),o—
(CF,)9—CF5] were chosen as semifluorinated side chains to
have a strong driving force for microphase separation, as dem-
onstrated before [6,9]. The principal chemical structure of the
polymers investigated is outlined in Fig. 1 and the denotations
of the investigated polymers are summarized in Table 1.

The fully aromatic polyester 1 and the semiaromatic poly-
esters 3, 5 and 7 without any side chain were compared to
polyesters with semifluorinated side chains (aromatic polyes-
ter 2 and semiaromatic polyesters 4, 6 and 8, respectively).
The semifluorinated polymers contained constant semifluori-
nated (SF) side chains: —O—(CH,);o—(CF,)o—CFs;.

The comparison of polymers 2, 4, 6 and 8 having the same
semifluorinated side chains allows us to evaluate the influence
of the side chains on the backbone dynamics. Comparing poly-
mers 1, 3, 5 and 7 enables us to study systematically the effect of
main chain flexibility on the relaxational dynamics in the semi-
fluorinated polymers. For that a combination of experimental
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Fig. 1. General chemical structure of the polyesters investigated (where R; is
—H or —O—(CH,)y—(CF,)9—CFj3, and R, is —Ph or —(CH,),, with m =2, 4
or 6. The chemical groups R; and R, and the denotations of the investigated
polymers are summarized in Table 1.

tools like differential scanning calorimetry (DSC), tempera-
ture-dependent small angle X-ray scattering (T-SAXS) and
broadband dielectric spectroscopy (BDS) is applied. The latter
enables one to analyse separately fluctuations in the main chain
and the side chain.

2. Experimental
2.1. Synthesis

All polymers under discussion were synthesized by transes-
terification polycondensation in the melt, using for the fully ar-
omatic polymers 1—2 transacetylation polycondensation [6,8]
and for the semiaromatic polymers 3—8 transesterification of
dimethyl esters with the aliphatic diols [10,17]. The chemical
characterization of the polymers used for the current investiga-
tion is summarized in Table 2.

2.2. Characterization methods

2.2.1. Viscosity measurements

Inherent viscosities as a measure for molar masses were de-
termined by using an Ubbelohde viscometer at 25 °C, penta-
fluorophenol/chloroform (1/1 v/v) as solvent mixture and
a polymer concentration of 0.5 grams per deciliter (g/dL).

2.2.2. SEC measurements

Size exclusion chromatography was carried out by a Knauer
(Germany) apparatus using a mixture of pentafluorophenol/
chloroform (1/2 v/v) as eluent, PL MiniMix D separation col-
umns, and RI detection. Molar masses were calculated relative
to narrowly distributed polystyrene standards.

2.2.3. X-ray scattering

Small angle X-ray measurements were carried out at the
polymer beamline A2 at HASYLAB (DESY Hamburg). The
linear detector was placed in order to measure the scattering
intensity as a function of the scattering vector ¢ (=(47t/A)sin § =
21/d, where A=0.15 nm) from 0.2 to 2.85 nm ™! (with corre-
sponding Bragg spacings from 30 to 2.2 nm, respectively).
The samples had a thickness of about 0.5—1 mm and were
wrapped into aluminium foil (with a thickness of 15 pum). The
following temperature protocol was used: the samples were
heated to 573 K with 3 K/min, held there for 5 min and subse-
quently cooled down to room temperature with the same rate.

Table 1 Table 2

Chemical composition of the polymers investigated Chemical characterization of the polymers under investigation
Polymer R, R, Polymer Ninn (g/dL) M, sgc (g/mol) M, sec (g/mol) My /M, (—)
1 —H —Ph— 1 Not soluble in all solvents known for polyesters

2 —0—(CHy)0—(CF,)o—CF; —Ph— 2 0.33 28,000 57,600 2.06
3 —H —(CHy),— 3 0.71 15,200 54,500 3.59
4 —0—(CH,),0—(CF,)o—CF; —(CHy),— 4 0.04 43,200 92,700 2.15
5 —H —(CHy)4— 5 0.41 8750 18,500 2.12
6 —0—(CH,)p—(CF,)9—CF;5 —(CH,)4— 6 0.19 Not detectable (isorefractive)

7 —H —(CHy)6— 7 0.39 11,600 24,900 2.15
8 —0—(CH,)90—(CF,)o—CF; —(CHy)¢— 8 0.39 Not detectable (isorefractive)
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Accumulation and waiting time were chosen so that tem-
perature steps from frame to frame correspond to temperature
intervals of 3 K.

2.24.DSC

DSC measurements were performed using a DSC-7 (Perkin
Elmer) at a heating and cooling rate of 20 K/min. Glass tran-
sition temperatures were determined by the half-step method.

2.2.5. Broadband dielectric spectroscopy (BDS)

To prepare the samples, the materials were heated in vacuum
until they melted and kept between two brass electrodes (diam-
eter: 10 mm) with 50 pm glass fibre spacers. Isothermal dielec-
tric measurements were performed in the frequency range from
0.1 Hz to 10 MHz using a High Resolution Dielectric Alpha-an-
alyser (Novocontrol GmbH). Dielectric spectra were obtained
starting from the highest temperature for the range 500—
120 K in steps of 2 K. In this temperature range, the polymers
were found to be thermally stable. The sample temperature
was controlled by a gas heating system based on evaporation
of liquid nitrogen (Quatro, Novocontrol GmbH) with a precision
of +£0.02 K. Details of the set up are found elsewhere [18].

The dielectric loss ¢” was fitted to a superposition of a con-
ductivity contribution with one or two relaxation functions
according to Havriliak and Negami [19].

Ae
m 7[] n (in)ﬁ]Y] (1)

The first part on the right-hand side of the equation describes
the conductivity while the second part (that is added) is the di-
pole contribution to the dielectric loss function. In this notation,
one relaxation process is assumed. ¢ and v are dimensionless
parameters describing the symmetric and asymmetric broaden-
ing of the distribution of relaxation times, respectively, with
0< (6, By) <1.For =v=1,Eq. (1) coincides with the ideal
Debye-relaxation. ¢, is the permittivity of free space and g, is
the direct current (d.c.) conductivity. The exponent s equals
one for Ohmic behaviour while deviations (s < 1) are caused
by electrode polarization or Maxwell—Wagner polarization
effects (a is a factor having the dimensions [Hz)*~! for
s # 1). From the fits according to Eq. (1) the relaxation rate
1/Tmax can be deduced which is given at the frequency of max-
imum dielectric loss ¢’ for a given temperature. Within experi-
mental uncertainty, Eq. (1) describes our data well. The term Ae
is the relaxational strength, which can be used to estimate the
value of the net dipole moment taking part in the relaxation
process. This can be done through the Kirkwood—Frohlich
theory [20—23] from the relation
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where gpk represents the Kirkwood—Frohlich dipole correla-
tion factor, u is the net dipole moment, n the dipole density,
kg is the Boltzmann constant, T is the absolute temperature
and ¢, as explained in Eq. (1).

3. Results and discussion
3.1. Temperature-dependent SAXS

The solid-state structure of the investigated polymers with
semifluorinated side chains shows similarities concerning their
typical layered structure due to the non-compatibility of the
backbone with the side chains. Earlier investigations [8,9] at
room temperature and molecular modelling [7] confirm the ex-
pected intra-molecular phase separation with interdigitation of
the side chains.

Fig. 2 shows a temperature-dependent small angle X-ray
scattering contour plot of semifluorinated polymer 8 as an ex-
ample for the substituted polyesters. From the figure, it can be
observed that at room temperature the sample has stable layers
(d ~ 5.45 nm). With increasing temperature, a slight increase
in the d value is observed at about 82 °C followed by a general
negative thermal expansion coefficient up to 151 °C where the
layer structure collapses. Above 151 °C, no layer structures are
observed. On cooling, layer formation is detected at 145 °C and
the layer distance increases gradually reaching a stable d value
of about 5.5 nm at 59 °C. The behaviour displayed by polymer 8
in Fig. 2 is representative of all the semifluorinated polymers in-
vestigated with slight differences in the temperature at which
stable layers are formed and/or deformed. For purposes of
this paper, it is sufficient to observe that the semifluorinated
polymers investigated have stable layers at room temperature
that disappear at elevated temperatures and reappear on cooling.
This thermal characteristic is fully reversible.

3.2. Differential scanning calorimetry (DSC) of
non-substituted samples

The thermal behaviour of the non-substituted main chain
polyesters 3, 5, and 7 based on m-linked isophthalic acid and
different diol spacers can be described by an amorphous struc-
ture (only glass transition detectable, see Fig. 3a). T, shifts to
lower temperatures with increasing length of the diol in the
backbone. In contrast, the fully aromatic polymer 1 does not
show any thermal transition over the entire temperature range
of measurement (highly crystalline [24], no T, in DSC visible,
but expected to be ~ 150 °C [25] and weak effects in SAXS
(compare Table 3)).

3.3. Differential scanning calorimetry (DSC) of
semifluorinated samples

In Fig. 3b, the DSC curves of all the semifluorinated poly-
mers 2, 4, 6 and 8 are presented. It can be observed from the
figure that three main endothermic peaks exist. For purposes
of clarity, the peaks are labeled i, ii and iii according to their
order of occurrence from low to high temperature and using
the fully aromatic polymer 2 as the reference. The assignment
of the peaks has already been done earlier [8]: peak i (52 °C)
corresponds to melting/crystallization (T,,) of the semi-
fluorinated side chains, ii (130 °C) is the glass transition
temperature (T) of the polymer backbone, and iii (198 °C)
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Fig. 2. Temperature-dependant SAXS contour plot of polymer 8 for both heating and cooling with 3 K/min in the temperature range 30—300 °C.

is the isotropization temperature (7;), where the ordered lay-
ered structure disappears.

The transition temperatures of the investigated polymers as
obtained by DSC and T-SAXS are shown in Table 3. From the
comparison of thermal behaviour of the fully aromatic polymer
2 with the semiaromatic polymers 4, 6 and 8 in Fig. 3b, three
observations can be made. Firstly, T, of the semiaromatic back-
bone is shifted to lower temperatures in 4 and not observable
by DSC in 6 and 8. Secondly, T}, of semifluorinated side chains
occurs in the temperature range between 75 and 100 °C up from
52 °C with increased endothermic intensity. Thirdly, 7; is gen-
erally reduced in the semiaromatic polymers compared with
polymer 2.

A=02Wlg N
=

- o

Normalized heat flow ——> endo

-50 0 50 100 150 200 250
Temperature (°C)

3.4. Broadband dielectric spectroscopy (BDS)

Fig. 4 shows the frequency dependence of the dielectric
loss ¢” for both the fully aromatic and semiaromatic non-
substituted main chain polymers at different temperatures.
Two relaxation processes, B and B* (according to the sequence
of their mean relaxation times) are observed for the fully aro-
matic polyester (Fig. 4a). For the semiaromatic main chain
polyester, an additional faster process, v, is detected showing
up as a shoulder on the high frequency wing of the B-process
(Fig. 4b) at freezing temperatures. At elevated temperatures,
the low frequency wing of the dielectric loss ¢” curve rises
steadily due to conductivity contributions from mobile charge

b

| A=02W/g

R, = -O-(CH,),(~(CF,),-CF,

Normalized heat flow ——> endo

-50 0 50 100 150 200 250
Temperature (°C)

Fig. 3. DSC plots of the non-substituted (Fig. 3a) and the semifluorinated substituted side chain (Fig. 3b) polyesters under discussion. The numbers i, ii and iii in

Fig. 3b represent the three thermal transitions as explained in the text.
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Table 3
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Summary of thermal transition temperatures of the non-substituted and the substituted polyesters as obtained by DSC (second Heating Run), temperature-

dependant SAXS and broadband dielectric spectroscopy (BDS) measurements

Polymer To (°C) DSC/T-SAXS /BDS (c 5 Tm (°C) pscrr-saxs/Bps T; (°C) psc/r-saxs/BDS d (nm) (T—SAXS)b
1 —/~165%; ~265%; ~325%/— —/~405/— — —

2 1307110; 140/21.5; 85 521/—/47.4 197—/— 4.65¢

3 62.2/—/58.7 — — —

4 15.2/65/23.6; ~40 77175167 86/—/— 5.60¢

5 25/—/18.5 — — —

6 —/—181.3; ~40 94/—/87.5 170/—/— 5.65¢

7 —3/—/—10 — — —

8 —/—164.1; ~40 83/82/75.2 155/145; 151/— 5.50¢

T,, Try and T; are the glass transition, melting and isotropization temperatures respectively. The layer distances d for the semifluorinated-substituted polymers are

also included.
ATpsc = +0.1 K; ATrgaxs = £1.5...2 K.

# Tyry1-12 — phase transition between different layer structures (corresponds to Ty).
® Only polymers 2, 4, 6 and 8 have d-relaxations (from which by extrapolation to 1/ =0.01 a glass transition temperature could be deduced) from BDS and

d values from T-SAXS.
¢ T, glass transition temperature.
T, (transition not known yet).
¢ 1t — ht phase transition, taken from Ref. [24].
 See also Ref. [8]
¢ Taken from Ref. [17]

[=%

carriers. Additionally, electrode polarization or Maxwell—
Wagner polarization effects can be seen. The temperature
dependence of the dielectric loss of the semifluorinated
substituted side-chain polyesters is shown in Fig. 5. From
the figure two relaxations ysg and 3 below room temperature
can be observed followed by melting of side chains between
315 and 365 K and finally the o and & regions occur which
are dominated by conductivity contributions. In the vicinity
of the side chain melting, the a-process is hardly observable
in the more flexible backbone polymers 6 and 8. One more
peculiar observation in Fig. 5 is the relaxation intensity of
vsg and B. The fully aromatic polymer 2 has a higher ygsg-
relaxational strength when compared to the P-relaxation.
The semiaromatic polymer 4 shows an opposite effect, while
6 and 8 having almost evened ygr and B intensities. It should
be noted that ysr and P are relaxations originating from the
semifluorinated side chain and the main chain (as will be
shown later in the paper), respectively. By analysing them in
detail together with the d-relaxation, it is possible to elucidate
the effect of the side chain on the molecular dynamics of the
main chain and vice versa.

3.5. Influence of main chain flexibility on its
relaxation behaviour

Fig. 6 shows the temperature dependence of the relaxation
times of four samples (1, 3, 5 and 7) that differ in the structure
of their main chains. It should be stated again here that the
structure was varied by substituting R, (according to Fig. 1)
with either phenyl ring (—Ph—) or —(CH,),—, —(CH,),— or
—(CH,)¢— diol groups. The B-process is observed in all the
polymers, with the most flexible polymer 7 showing an addi-
tional yg-relaxation. An a-process is observed in 3, 5§ and 7
while polymer 1 shows a B*-relaxation instead.

3.6. The a-process

This is the dynamic glass transition process of the
polymers. The data can well be described by the empirical
Vogel—Fulcher—Tammann (VFT) [26] function as

1 1 —DT,
—=—ceX
T T, P T-T,

3)

where D is the fragility parameter [27], T, is the Vogel temper-
ature or the ideal glass transition temperature, 7 is the relaxa-
tion time and 7, (=1/27v,) is a preexponential factor. The
calorimetric glass transition temperature (T) is conventionally
defined as the temperature at which the relaxation time is
100 s [28]. By extrapolating the VFT dependence to logarithm
1/Tmax = —2, the Ty’s of the compounds can be deduced. The
values obtained for the semiaromatic polymers 3, 5 and 7 are
in agreement with DSC data within £10 °C (see Fig. 3, Tables
3 and 4). The a-process becomes faster with increasing length
of the aliphatic diol spacers due to the internal plasticization
effect as observed in other polymeric systems [29,30]. The
T, of polymer 1 could not be estimated from the VFT fit be-
cause it presents a different kind of dynamics, which is sepa-
rately discussed as a B*-process.

3.7. The B*-process

Polymer 1 is a rigid fully aromatic polyester that is highly
crystalline [25] and hence does not show a glass transition
(Fig. 3) in accordance with other studies [31—33]. The temper-
ature dependence of its relaxation time 7 can be described by
the Arrhenius equation,

1 1 —Ex
—=—ceX
T T, P RT

4)
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Fig. 4. (a) Dielectric loss ¢’ versus frequency of the non-substituted basic
aromatic polymer 1 at different temperatures as indicated. (b) Dielectric spec-
tra for the semiaromatic polyester 7 at temperatures of 144 K (1), 150 K (O),
160K (A),284 K (V),290 K (<) and 320 K (). Continuous lines (—) are
fits according to Eq. (1) while dashed (— —) and dotted (- - - ) lines indicate
the separated conductivity and dipole fluctuation contributions, respectively.

with E, denoting the activation energy and R is the universal
gas constant. Its activation energy is 62 kJ/mol, similar to that
obtained for the B-process in semicrystalline PET [31] and
amorphous PEN [34]. It is assigned to fluctuations of carbonyl
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Fig. 5. Normalized dielectric loss ¢” versus temperature of the semifluorinated

substituted side-chain aromatic polymer 2 ([J) and the semiaromatic polymers
4(0O),6(A)and 8 (V) at 970 Hz.
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Fig. 6. Activation plot of the non-substituted main chain polyesters 1 (H), 3
(@),5 (A)and 7 (V). The dotted lines indicate Arrhenius fits according to
Eq. (4). Straight lines are VFT fits according to Eq. (3). Both Arrhenius and
VFT fit parameters are shown in Table 4. Representative error bars are indi-
cated; otherwise, error bars are smaller than the size of the symbols.

Table 4
Arrhenius and Vogel—Fulcher—Tammann (VFT) fit parameters of the non-
substituted PEIs

Polymer Arrhenius fit parameters VFT fit parameters

yg-Relaxation B-Relaxation a-Relaxation (dynamic

glass transition)

Ex log(1/7,) Ea log(1/7,) log(l/r;) A (=DT,) T,
(kJ/mol) [75 ()] (KJ/mol) [, ()]  [15 ()]  (K) X)
1 - - 528 155 - - -
3 - - 528 155 109 197.8 331
5 - - 418 146 11.3 205.5 291
7 20.5 13.1 410 152 145 412 260

groups coupled with the phenyl rings [33]. Because the poly-
mer is highly crystalline, the mobility of the carbonyl groups
and the phenyl rings is presumably constrained hence it has
a low dielectric strength (Agg =0.09 at 290 K).
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3.8. The B-process

The B-relaxation is observed in all non-substituted polymers
(Fig. 6). It has Arrhenius-type temperature dependence with
activation energies between 41 and 53 kJ/mol (Table 4) and is
assigned to fluctuations of the carbonyl groups which are adja-
cent to the phenyl rings. Flips of the latter have activation ener-
gies of about 0.5 eV [35] (=48.2 kJ/mol) thus supporting the
above interpretation. In the high temperature limit, the -relax-
ation has unrealistic high values for 7, [36] (see Table 4). This is
presumably caused by the fact that the coupling between phenyl
rings and fluctuations of the carbonyl groups becomes weaker
with increasing temperature. Hence a simple extrapolation of
the PB-relaxation rate to high temperatures is not justified.
With increasing chain flexibility, the process becomes faster
(see Fig. 6) owing to unrestricted motion of the carbonyl and
the phenyl groups.

3.9. The yg-process

The yg-relaxation is observed only in polymer 7 with the
most flexible R, group. The fact that it is observed in the sample
with a six-fold aliphatic spacer and not in the others proves that
the process originates from the substituted spacers that consti-
tute R,. It is also spacer length dependent. The Arrhenius-type
temperature dependence relaxation rate with low activation
energy (~20 =+ 5 kJ/mol, see Table 4) and the weak dielectric
strength (Ae < 0.05) are characteristic of localized fluctuations
[36]. This process is assigned to librational fluctuations of the
alkoxy linker [37,38]. Since the aliphatic spacer itself is non-
polar, its mobility can be dielectrically active only if some
adjacent polar group is connected to it, for example an oxygen
atom. It has been pointed out in side-chain liquid crystalline
polymers [39—43] and related studies [44] that the process is
observed for polymer systems with at least four spacer units.
This agrees well with our observation that the yg-relaxation
is only observed in polymer 7, which has six —CH,— spacer
units.

3.10. The effect of substituting semifluorinated side
chains on the main chain relaxation

From the SAXS results, the semifluorinated polymers are
microphase separated and have stable layers. Molecular
dynamics in microphase separated systems is known to be
characterized by independent motions in each microphase
[29,45—47]. For our case, the backbone and the semifluo-
rinated side chains form two microphases. It is therefore ex-
pected that each phase exhibits a separate glass transition
process, which we denote as a and & for the main chain and
the perfluoroalkyl domains, respectively.

3.11. The a- and 6-processes
The o-relaxation is usually described as the motion of the

polymer backbone segments [48]. For the non-substituted
PEIs, it was found out that the calorimetric and dielectric

T,’s were in good agreement. In microphase separated systems,
a subtle interplay between the dynamics of the polymer
backbone and the attached side groups characterizes the
a-relaxation. The apparent glass transition temperatures of
the backbone increase systematically with increasing flexibility
(see Table 3 for the dielectrically determined glass transitions;
a-relaxation. Polymer 6 shows higher values both for Ty, Ty,
and T;. Work is currently going on in order to understand this
exceptional case). A corresponding decrease in layer distance
d (with the exception of 6) for the semiaromatic polymers
was also reported in an earlier publication [17]. This may be in-
terpreted to mean that the flexible backbones attain favourable
conformation in order to accommodate the rigid CF groups and
hence results in smaller values of d. In turn, the aliphatic spacer
groups (both from the side chain and from R;) around the back-
bone slow the a-process. The non-substituted PEIs show the
opposite trend. Polymer 4 in Fig. 7 shows a faster backbone
motion before melting, interpreted as an earlier dynamic glass
transition of the main chain due to the well segregated micro-
phase. After melting of side chains, main chain fluctuation is
slowed down and simultaneously the side chain undergoes its
own glass transition, presented here as the d-process. Thus
we assign the d-relaxation to the dynamic glass transition of
the fluoroalkane domain in accord to our earlier work [29]
and other studies [46]. The d-process exhibits a temperature-
dependent relaxation rate described by Eq. (3). The estimated
T, for the CF domain is about 40 °C for all the semiaromatic
polymers and 85 °C for aromatic polymer 2. For a maleimide
backbone as that used in Ref. [29], the T, for the CF domain
was found (calculated from T, values) in the range from 26
to 50 °C. This indicates that mobility of the CF domain depends
on the flexibility of the main chain. The T,’s from DSC and the
solid—solid transition(s) from T-SAXS may be considered to
reflect motion of the CF microphase. For the flexible polymer
4, the glass transitions of both domains are within close proxim-
ity thus only one T, is detected in DSC. The highly flexible

log (17, (s

region of side
chain melting

1000/T (K™

Fig. 7. Activation plot of the semifluorinated substituted side-chain polymers 2
(J),4(0O),6(A)and 8 (V). The dotted lines indicate Arrhenius fits accord-
ing to Eq. (4), while straight lines are VFT fits according to Eq. (3). Dashed
lines indicate the temperature range, within which melting of side chains oc-
cur. Representative error bars are indicated; otherwise, error bars are smaller
than the size of the symbols.



7196 J. Tsuwi et al. | Polymer 47 (2006) 7189—7197

polymer 8 shows no calorimetric 7, presumably because it
takes place simultaneously with the side chain.

3.12. The B-process

With the CF units attached, the B-process generally becomes
faster as shown in Fig. 7 (polymer 8 is not shown because there
was no well-defined peak to realize good fits. See Fig. 5 in-
stead). Polymers 2 and 6 have faster dynamics than 4. The
net dipole moment estimated from Eq. (2) gives 4.8 Debye
(1D =23.336 x 107> As m) for the rigid main chain polymer
2 and 18.4 D for both 4 and 6 at 220 K. The estimated dipole
value for 4 and 6 is too high to be accounted for only by an ester
group relaxation. The magnitude of the dipole moment of the
ester group is in the range 1.65—1.80 D [49,50], which is closer
to the estimated values of polymer 2 than for 4 and 6. With the
side chain attached at R, phenyl ring mobility is hindered. The
main chain and the side chain for polymer 2 are both rigid and
the bulk of the dielectric loss originates from dipole relaxation
of the ester group. It is known that carbonyl (and so ester) group
relaxation occurs at lower temperatures than phenyl ring mo-
tion [51]. Given that 4 and 6 have flexible main chain polymers,
coupled carbonyl/phenyl dynamics is enhanced resulting in
increased dielectric loss intensities (Fig. 5) and dielectric
strengths.

3.13. The ysp-process

From Fig. 7 the ygg-relaxation is observed in all semifluori-
nated polymers unlike the yg-relaxation, which is only detected
in polymer 7. An Arrhenius fit gives activation energies between
38 and 40 kJ/mol which is higher than that obtained for the yg-
process. The ygg-relaxation is two decades in frequency slower
at 142 K than the yg-process. This indicates that the molecular
origin of ygg- and yg-processes is not the same. The ygg-relax-
ation is assigned to librational motion of the perpendicular com-
ponent of the fluoroalkyl end group in accordance to our
previous work [29] and similar investigations [45,46].

The activation energy of ysg-relaxation is compared to other
values in other fluorinated side-chain polymers: 31 kJ/mol [45]
(with —C4Fy fluoroalkane unit on the side chain), 17 kJ/mol
[46] (—CgFy3), 30—36 kJ/mol [29] (—C;F;s), 31 kJ/mol [45]
(—CgF17), 36—37 kJ/mol [29] (—CgF;9) and 38—40 kJ/mol
(—CoF2) in this study. The polymers used in Refs. [29,45]
have a linear backbone separated by different lengths of methyl
spacers from the fluoroalkane side chain unit. A structure of
ordered phase [52,53] was envisaged in analysing the results.
By doubling the length of the fluoroalkane (CF) unit in
Ref. [45], EA was unchanged indicating that varying the length
of CF unit does not affect £ (within 10% uncertainty [29]). In
Ref. [29], an activation energy of 33 £ 3 kJ/mol was obtained
by varying the backbone structure (with constant spacer length
of four units) and 35 £ 2 kJ/mol by changing the spacer length.
The analysis of E 5 for the different polymers with fluoroalkane
side groups and different lengths of methyl spacers indicates
that the dynamics of the ygg-relaxation is influenced by the
type and flexibility of the backbone.

T8
o Oy R, 50
Polyester backbone
n
Microphase separated perfluoroalkyl unit
9

Scheme 1. Scheme to illustrate the different relaxation mechanisms discussed in
the paper. The «- and d-processes can be considered as independent glass
transition processes of the backbone and the semifluorinated micro-domains, re-
spectively. The fully aromatic main chain with no side chains (sample 1) shows
a B*-process instead because it’s highly crystalline and hence does not have an
a-process. B-relaxation is due to fluctuations of C=0 groups. yp is a relaxation
arising from the alkoxy substituents. ygg-relaxation is as a result of fluctuations
at the terminal position of the fluoroalkyl unit.

4. Conclusions

Broadband dielectric spectroscopy has been employed to
investigate the molecular dynamics in a variety of non-fluori-
nated and semifluorinated polyesters of subsequently varied
molecular structure. The semiaromatic backbone exhibits an
a-process which is assigned to the dynamic glass transition.
For the highly crystalline backbone, a B*-process is observed
instead. At lower temperatures two more processes B and yg
occur, the former assigned to relaxation of the carbonyl group
while the latter is obtained only after substituting one phenyl
ring with diol groups. The semifluorinated side chains exhibit
a d-process assigned to a dynamic glass transition of the semi-
fluorinated microphase. Additionally, an independent ygg-pro-
cess is observed that is assigned to librational fluctuations of
the perpendicular component of the fluoroalkyl end group.
A scheme to illustrate the different relaxation mechanisms is
provided (Scheme 1). The polymers studied are characterized
by a strong thermal reversibility as seen from temperature-
dependent SAXS data. The layered structure can be regarded
as typical of microphase polymers. It has been found that
by attaching the semifluorinated side chains, mobility of the
main chain is enhanced. Introducing flexibility to the back-
bone of the semifluorinated materials has an opposite tendency
to the plasticization effect found in the non-substituted poly-
mers. This results in shifting the T, of the polymer towards
its melting temperature.
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