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ABSTRACT: Dielectric spectroscopy (10> Hz to 10° Hz)
was employed to investigate the molecular dynamics of
hyperbranched polyesters where the number of the gener-
ation is systematically varied from 2 to 5. As a first result,
the dielectric properties depends strongly on the genera-
tion of the hyperbranched polymers. For higher genera-
tions (3 to 5) at temperatures below T, two relaxation
processes are observed, a y-process at lower temperatures
and a B-process at higher ones. The apparent activation
energies are around 100 kJ/mol which seems to be too
high for truly localized processes. For the Generation 2,

only the y-process is observed. For all investigated poly-
mers the dielectric o-relaxation could not be observed
because of strong conductivity effects. Therefore, the con-
ductivity is systematically analyzed which obeys the pecu-
liarities found to be characteristic for semiconducting
disordered materials. Especially, the Barton/Nakajima/
Namikawa relationship is found to be valid. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 113: 24772484, 2009
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INTRODUCTION

Dendrimers are highly branched, globular macromo-
lecules with a great number of arms emanating from
central core.” The stepwise synthesis of dendrimers
affords molecules with highly regular branching pat-
tern, a definite molecular weight, a low polydisper-
sity index and a well-defined number of peripheral
groups.’

In recent years, dendritics (dendrimers, hyper
branched and star polymers) have shown promise
for different applications for instance in fields rang-
ing from gene delivery to magnetic resonance imag-
ing to the development of vaccines, antiviral,
antibacterial and anticancer therapeutics.*”

A comparison of the features of dendritics with
those of linear polymers shows that the dendritic
architecture can provide several advantages for
instance for drug delivery application. For example,
the multivalency of dendritics can be used to attach
several drug molecules, targeting groups and solubi-
lizing groups to the periphery of the dendritics in a
well defined manner. Furthermore, the more globu-
lar shape of dendritics, as opposed to the random
coil structure of most linear polymers, could affect
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their biological properties, leading to the discovery
of interesting effects related to macromolecular
architecture.

Hyperbranched (hb) polymers on the other hand,
can be synthesized by a one step method without
many and tedious purifying techniques. This makes
them advantageous over dendrimers in that sense.
They retain the main features of dendritic macromo-
lecules and show properties intermediate to those of
dendritics and linear polymers.>” These dominate
the high potential for applications in, for example,
coating and resin applications and as additives for
linear polymers. Moreover, their use in high-tech
applications, such as catalysis, microelectronics, thin-
film technology, and sensorics as well as many other
applications are increasing strongly.'®*’

The field of aliphatic hb polyesters with hydroxyl
groups at the peripheral surfaces is dominated by
products based on bishydroxy- methyl propionic or
dimethylol propionic acid (DMPA). With the com-
mercially available Boltorn* brands (from Perstorp)
prepared by AB, + B; approach with stepwise slow
monomer addition as shown in Figure 1. They are
polydisperse polymers i.e. no protection groups are
used to control dendritic growth. Hyperbranched
growth is instead controlled by stoichiometric ratios

*Boltron is a trademark of Perstop.
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Figure 1 Synthetic scheme for the synthesis of Boltron- type aliphatic polyesters with a core molecule (stepwise slow
monomer addition). The B in the right formula symbolize the OH group.

of core-to-chain extenders and carefully chosen proc-
essing conditions to avoid side reactions. Perstorp
hyperbranched polyesters resemble dendrimers in
that sense that they consist of a core, from which
branches extend, giving core/shell structure with a
functional surface.

Dielectric Relaxation Spectroscopy (DRS) is a use-
ful method to investigate structure property relation-
ships of polymers.’™* This method is sensitive to
molecular fluctuations of dipoles within the system.
For polymers these fluctuations are related to the
molecular mobility of groups (subglass processes),
segments (segmental dynamics) or the whole poly-
mer chain as well which are show up as different
relaxation processes. For details see.*** The fluctua-
tions of dipoles are taken as a probe for structure.

Malmstrom et al.*® found two relaxation processes
below the glass transition temperature (subglass
processes), for the fifth generation (H50) of hyper-
branched polyester with hydroxyl units as the termi-
nal groups: (a) a low temperature y-process because
of the fluctuations of hydroxyl groups, and (b) a -
process originating from the reorientation of the
ester groups at higher temperatures than the former
one. They do not report an o-relaxation process
related to glassy (segmental) dynamics although the
glass transition can be measured by thermal meth-
ods. The hiding of the o-relaxation is because of con-
ductivity and/or electrode polarization effects which
overlays this relaxation process. This seems to be a
general feature for these aliphatic hb polyesters
because this effect on the dynamic glass transition
was also found for polyurethanes based on the 4th
generation of hb polyester (trade name Boltorn®
H40).*” On the other hand, the glassy dynamics was
investigated in the case of the linear/hb polyurethanes
blends and in the polyurethanes networks**™° using
dielectric spectroscopy.

Recently, thin films of aromatic hyper branched poly-
esters was investigated by Serghei et al.>’”* using DRS
to study confinement effects. Three relaxation proc-
esses namely; o, B, and y were detected. A pro-
nounced confinement effect on the alpha process was
observed. With decreasing film thickness the slower
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relaxation modes of the dynamic glass transition were
gradually suppressed, resulting in an increase of the
average relaxation rate and a decrease of the dielectric
strength. On the other hand, an inverse trend was
detected for the dilatometric glass transition. The
divergence between the microscopic dynamics and
macroscopic thermal expansion proves that different
experimental techniques do not necessarily deliver
similar results when applied in confinement.

The aim of the present study is to study the dy-
namics of a series of aliphatic hyper branched poly-
esters with hydroxyl group as terminal groups in
dependence on the generation number (2nd to 5th),
nomenclature as H20 to H50 in the text, in the bulk.
The effect of molecular weight (generation number)
on the molecular dynamics and the conductivity will
be considered.

EXPERIMENTAL
Materials

The hyper branched polymers used in this study are
aliphatic polyesters synthesized using ethoxylated
pentaethritol as central cores and 2, 2-bis (methylol)
propionic acid as dendritic units. They are polydis-
perse polymers, i.e. no protection groups are used to
control dendritic grows. Hyperbranched growth is
instead controlled by stoichiometric ratios of core-to-
chain extenders and carefully chosen processing con-
ditions to avoid side reactions. The materials are
supplied by Perstorp, Sweden, under the trade name
Boltorn H20 — H50 (indicating the second to the fifth
generations). The glass transition temperatures for
the investigated samples were found® by DSC to be
303, 308, 321, and 320 K with increasing number of
generation. Size exclusion chromatography was
applied to determine the molecular weights of these
hyper branched g)olymelrs.8 The molecular weights
were found to be”: 2100, 3500, 5100, and 7500 g/mol,
respectively. The products are all hydroxyl func-
tional. Hydroxyl number, molecular weight and poly-
dispersity of Boltorn polymers from the data sheet
provided by Perstorp are presented in Ref. 53.
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Dielectric measurements

The samples were pressed at a temperature of 333 K
between two gold-plated stainless steel electrodes of
20 mm in diameter. Fused silica fibers with a diame-
ter of 50 pm were used as spacer material (parallel
plate capacitor geometry). The samples were
annealed at temperatures above the glass transition
temperature in vacuum for 12 h to remove water as
much as possible.
The complex dielectric function

e'(v) =€'(v) —ie"(v), )

where, v is the frequency, ¢ the real part, ¢’ the
imaginary or loss part, was measured in a frequency
range from 10” to 10° Hz using a frequency response
analyzer Solatron/Schlumberger FRA 1260 con-
nected to a buffer amplifier of variable gain (Chelsea
dielectric interface). The temperature of the samples
was controlled by a custom-made gas jet heating
system operated with liquid nitrogen. Before each
frequency sweep the sample was thermally equili-
brated at the selected temperature with a stability of
0.05 K. The temperature range of the measurements
was limited up to 323 K or 333 K because of the
melting of the samples.

RESULTS AND DISCUSSION

Figure 2 illustrates the dependence of imaginary
part of the complex dielectric permittivity &’ on tem-
perature for the investigated samples for four differ-
ent frequencies (log (v[Hz]) = —0.5, 0.5, 3, and 5).
The dielectric behavior for the lowest generation of
the hb polymers (H20) is quite different from that of
the higher ones. For the latter cases, at the lower fre-
quency two relaxation processes are identified as
peaks in €”. The process at lower temperature (at
about 220 K) is attributed according to the litera-
ture®* to the motion of hydroxyl groups and is fur-
ther called y-process. The peak broadens and shifts
to higher temperatures with increasing frequency as
expected. The peak at higher temperature is sharper
and has a higher intensity in comparison with the y-
process. Its maximum position is at about 280 and
300 K for the lower frequencies (log(v [Hz]) = —0.5
and 0.5) and shifts outside of temperature window
for the higher frequencies. Its maximum position is
about 50 to 60 K lower than the glass transition tem-
perature measured by DSC. This means that it could
not be related to glassy dynamics (a-process). There-
fore this process is assigned as P-process, which
might originate from the orientation fluctuations of
the ester groups. The B-process is overlaid by a con-
ductivity contribution and/or electrode polarization
effects which probably hides the expected peak
because of the o-process related to the glass transi-
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tion. For the sample H20 for the lower frequencies
an abrupt increase of ¢” just above the temperatures
of v relaxation is observed. At moderate and higher
frequencies (log (v [Hz]) = 3 and 5) only the y relax-
ation could be seen clearly here followed by a wing
of the B relaxation peak and conductivity or/and
electrode contributions.

Figure 3 gives the dielectric loss &” as a function
of frequency at different temperatures ranging from
252 to 313 K. All investigated samples show the
broad peak of the y-process at temperatures below
273 K. No conductivity contribution could be consid-
ered here but only a wing of the B relaxation peak is
observed within this temperature range. This relaxa-
tion peak shifts towards higher frequencies with
increasing temperatures. The general inspection of
Figures 2 and 3 shows that the values of ¢’ at low
frequencies and higher temperatures for the sample
H30 are much lower than that of the other samples.
This is most pronounced for the sample H20 show-
ing a strong increase of the dielectric loss at low fre-
quencies. That strong increase of &’ with decreasing
frequency is probably because of conductivity and/
or electrode polarization for these polymers of spe-
cial architecture. A clear relaxation peak (B-relaxa-
tion) at temperatures beginning from 273 K is
observed which overlaid by dc conductivity for H40
and H50 samples. On the other hand, the loss peak
of H20 is masked by the dc conductivity. No re-
markable contribution of conductivity of sample H30
could be seen in both figures.

In the first part, the y-Relaxation is discussed in
detail for all samples where in the second part the
B-process and the conductivity is analyzed.

v-Relaxation

The model function of Havriliak-Negami (HN-func-
tion)™ is fitted to the isothermal data® to describe
the different relaxation processes and to extract the
relaxation rate at maximum loss v, and the dielectric
strength Ae. The HN-function reads

Ag
(1 + (i35)Ben) YN

@)

ern(V) = &x +

with the parameters Ae-dielectric strength or inten-
sity, vo characteristic frequency which is related to
the peak frequency v, but depends on the asymme-
try parameter yHN44 and e, = €'(v) for v > v, The
fractional shape parameters By and ypn describe
the symmetric and asymmetric broadening of the
complex dielectric function when compared with
Debye formula. Because they are related to the
slopes of log ¢” versus log v for low and high fre-
quencies with respect to v, 0 < Byn < 1 and 0 < Bun
YN < 1 holds.**

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 ¢” versus temperature for the three label frequencies for the nvestigated samples.

The activation plot [Fig. 4] shows the temperature
dependence of the relaxation rate, log v, for
y-process of the four samples under consideration.
The temperature dependence of log v, for the
gamma relaxation can be described by an Arrhenius
relation.

In10E4
kgT

log(vy) = log vy, = 3
where, v, is the so called pre-exponential factor, kg
the Boltzmann constant E, denoting the activation
energy. The activation energy is ordered 106, 98.8,
and 90 kJ/mol for H30, H50, and H40, respectively.

Journal of Applied Polymer Science DOI 10.1002/app

These values are in good agreement with the data
given in refs. 8 and 54 as 115, 98, and 93, respec-
tively. This may reflect unexpecting independence
on the generation number ie., on the molecular
weight in such systems of unique architecture. The
relatively high values of the apparent activation
energies here might be because of the high density
of the hydroxyl groups. In other words, the high val-
ues of activation energies for such systems could be
explained by the high hindrance of the fluctuation of
the hydroxyl groups. For the H20 sample, a remark-
able deviation from Arrhenius like behavior is
observed. The temperature dependence of the
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Figure 3 Log-log plots of the imaginary part & of the dielectric function versus frequency v for the four investigated
samples at selected temperatures. [The symbols in each Figure correspond to the same temperature].

relaxation rates seems to follow the VFT- model.””>°

It could be attributed to the higher OH density in
this lowest generation which led to stronger intera-
molecular interactions rather than the intermolecular
ones. This hindered more and more the fluctuation
of OH groups which leads in consequence to co-op-
erative processes causing the VFT behavior.

36 38 40 42 44 45 48 50
1000 KIT

Figure 4 Activation plot of the y-process for the different
investigated generations as labeled.

B-Process and Conductivity

The B-process is also fitted using the HN-model. It
is in cases of H40 and H50 overlaid by a conduc-
tivity contribution. Conductivity effects are treated
in the usual way by adding a conductivity contri-
bution,

Go

go(2mv)°’ @

log fv, [Hz])

3.2 3,3 3,4 35 3,6 37
1000 KIT

Figure 5 The activation plot of the PB-process for the
labeled generations.
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Figure 6 The dependence of the real part of ac-conduc-
tivity, o/, on the frequency at significant temperatures in
Kelvin of the 2™ generation sample H20.

to the dielectric loss, where o is related to the dc -
conductivity of the sample and g, is the dielectric
permittivity of vacuum (g, = 8.854 x 10 As

]
=
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V' m™). The parameter S (0 < S < 1) describes for
S < 1 non-Ohmic effects in the conductivity.

The dependence of relaxation rate on the inverse
temperature for the B-process is given in Figure 5.

It is clear from the figure that the temperature de-
pendence of relaxation rate for the B-process follows
Arrhenius behavior. The B-process of H20 disap-
pears because the strong effect of conductivity and/
or electrode polarization as stated previously. The
activation energies of the investigated samples are
ordered in the same way as for the y-process H30,
H50, and H40 (127, 116, and 114 kJ/mol). This pro-
cess appears at higher temperatures in comparison
with y-process. It was attributed to the orientation of
the ester groups as previously discussed. Although
its apparent activation energies is too high to be con-
sidered due such localized motions, its values are
comparable with that of y-process. It can be con-
cluded that the molecular dynamics in such polymers
with a special architecture are more complicated
because of the intra- and inter-molecular interactions
and do not follow a generation (molecular weight)
dependence.

s"(Sm™

< -1 8 1 2 3 P 858 § 1

log{v[Hz]

Figure 7 The imaginary and real parts of the complex permittivity and of the complex conductivity (in Q 'm™) vs. fre-
quency v (in Hz) at 308 K for the investigated samples. The symbols correspond to the same generations.

Journal of Applied Polymer Science DOI 10.1002/app
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The anomalous large values for the dielectric loss &’
in the region of low frequency and high temperatures
is attributed usually to the ionic conduction and/or
electrode polarization. To discriminate between con-
ductivity and electrode polarization it is useful to con-
sider the complex conductivity c*. Its relationship to
the dielectric relaxation function is given by c*(v) =
iwepe*(v), with the real part o'(v) = imepe”(v) and the
imaginary part 6”(v) = iwgpe' (V).

Figure 6 shows the frequency and temperature de-
pendence of the real part of the complex conductiv-
ity, o/, for the sample H20. It becomes clear from
Figure 6 that ¢’ has a plateau on the low frequency
side which bends off at a certain critical frequency
o, and results for ® > . in a power law depend-
ence of the type ¢ ~ o° (s < 1). This plateau
obtained for ¢’ can be extrapolated to the dc conduc-
tivity for v tends to zero. The behavior noticed here
seems to be the typical of the materials characterized

by relatively high conductivity (e.g., ionic
glasses,®”®! jion conducting polymers,”' electron-
62-64

conducting conjugated polymers
carbon black composites®>°®).
The lines are the fit of Jonscher equation to the data.
The plateau value and the critical frequency .
decreases with decreasing temperature [see the lon-
ger row in Fig. 6]. This finding may indicate that the
dc and ac conductivity are closely related to each
other and based on the same mechanism of charge
transport. For higher temperatures, there are pro-
nounced signs of electrode polarization- shorter
rows. The frequency and temperature dependence of
the conductivity shows the well-known universal
features of semi conducting disordered materials.
Figure 7 illustrates graphically the frequency de-
pendence of the conductivity and permittivity, (real
and imaginary parts), at a fixed temperature 308 K
for the four investigated samples. The abrupt
increase of & with decreasing frequency in bislope
like behavior for, H20, at lower frequencies range
reflects the superposition of the electrode polariza-
tion with the dc conductivity that masked the peak
of B-process in &”(v) spectrum. This is shown in the
o’ plot as a plateau for the conductivity followed by
a shoulder for the electrode polarization. On the
other hand, only pure conductivity could be seen for
the other three generations that overlaid the peak of
the B-process. The conductivity contribution seems
to be very low for the H30 sample.
Jonscher equation® eq. (5) is fitted to the data of
the frequency dependence of the conductivity for
the four investigated polymers

or conducting

o' (V) = 60 + AV® = o[l + (v/ve)°] )

Some examples for the fit of eq. (5) to the data were
given in Figure 8 for the sample H20 as a represen-
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Figure 8 The fit parameters of eq. (5) for the sample H20.
(a) DC conductivity vs. characteristic frequency, (b) DC
conductivity and the characteristic frequency vs. reciprocal
temperature. (Inset) Dispersive index s vs. reciprocal
temperature.

tative example. A good description is noticed here
over the whole frequency window. The deviation at
the lower frequencies is because of the electrode
polarisation plays the main role. Figure 8 illustrates
graphically the fit parameters. dc conductivity as a
function of v, shows linear relation for the higher
three generations H30, H40, and H50 without any
remarkable effect of the molecular weight. This is
consequence of the Barton/Nakajima/Namikawa
(BNN) relationship.”” Only the H20 sample shows a
deviation from linearity and has higher values of
conductivity than the other three samples. This is
because of the coincidence between conductivity and
electrode polarisation.

CONCLUSION

Molecular relaxation and properties of hyper-
branched polyesters of generation varied systemati-
cally between 2 and 5 are studied using the
Broadband dielectric spectrometer. The generation
affect strongly the dielectric properties. The conduc-
tivity effect is too high and masks the o-relaxation.
The conductivity is systematically analyzed which

Journal of Applied Polymer Science DOI 10.1002/app
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obeys the peculiarities found to be characteristic for
semiconducting disordered materials. The Barton/
Nakajima/Namikawa relationship is found to be
valid. Two relaxation processes at lower tempera-
tures than the glass transition one were observed.
Both relaxation processes, y-process at lower temper-
atures and a B-process at higher ones, have too high
apparent activation energies. This is attributed to the
complicated structure of such polymers.
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