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to investigate the effect of a glycidyl polyhedral oligomeric silsesquioxane
(GPOSS) FNM on the cross-linking reactions, glass transition, breakdown
strength and dielectric properties of an amine-cured epoxy resin system. Since
many previous studies have considered POSS to act as an inorganic filler, a key
aim was to consider the impact of GPOSS addition on the stoichiometry of
curing. Fourier transform infrared spectroscopy revealed significant changes in
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is not made for the additional epoxide groups present on the GPOSS. These
changes, in concert with the direct effect of the GPOSS itself, influence the glass
transition temperature, dielectric breakdown behaviour and dielectric response
of the system. Specifically, the work shows that the inclusion of GPOSS can
result in beneficial changes in electrical properties, but that these gains are easily
lost if consequential changes in the matrix polymer are not appropriately
counteracted. Nevertheless, if the system is appropriately optimized, materials
with pronounced improvements in technologically important characteristics can
be designed.
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Introduction

It is generally accepted that the properties of a ther-
mosetting resin system are strongly influenced by the
structure of the constituent amorphous network and,
consequently, a considerable body of work has been
conducted to gain a better understanding of rela-
tionships between network topology and bulk
macroscopic properties [1-3]. In order to modify the
properties of an epoxy resin system, different
approaches have been used, including the use of fil-
lers with different sizes and shapes, controlling the
chemical structure of the constituent components
(resin, hardener and additives), varying the stoi-
chiometric ratio, changing the curing regime, etc.

Although many studies have investigated the effect
of altering the structure of epoxy resin systems
through the addition of reactive moieties (so-called
reactive diluents), the vast majority of such studies
has focused on the mechanical properties of the
modified material [4-6]. However, a small number of
studies reported in the literature have considered the
impact of comparable species on electrical properties
[7], where the concept was based on covalently
bonding functional groups into the network. This
strategy was termed functional network modification
(FNM). However, few of these studies have consid-
ered in detail the effect of the modifier on the curing
reaction and stoichiometry of the system. Changing
the stoichiometric epoxy:hardener ratio is reported to
affect the thermal [8], mechanical [9, 10] and electrical
[11, 12] properties of epoxy resin systems.

For epoxy resin-based systems, maintaining an
appropriate reactant stoichiometry is a crucial aspect,
as it is one of the principal factors influencing the
degree of cross-linking. The presence of functional
groups in the bulk system can also have a significant
effect on the ultimate electric properties. Indeed, an
investigation by Nguyen et al. [12] of epoxy resins
demonstrated the marked reduction in dielectric
breakdown strength that occurs when systems are
formulated using an unbalanced stoichiometry.
Separate work has demonstrated that the presence of
unreacted amines can markedly increase electrical
conductivity [13]. Although such results cannot
demonstrate unambiguously that residual functional
groups degrade the electrical properties of cured
epoxy resins, they do highlight stoichiometry as a
relevant and contributory factor. Conversely, the

12949

inclusion of tailored functional groups through the
addition of an appropriate FNM has the potential to
influence the curing reaction and, since stoichiometry
plays an important role in determining the final
cross-linked structure, such factors must be carefully
evaluated in order to account for changes in reactive
components.

In the study reported here, we set out to explore
the effect of a glycidyl polyhedral oligomeric
silsesquioxane (GPOSS) FINM on the electrical char-
acteristics of an epoxy resin and, in particular, to
examine the impact on bulk properties of any con-
sequent changes in stoichiometry. This was achieved
by comparing two different sets of samples and
evaluating their performance as dielectric materials
based on their bulk electrical properties. Specifically,
two sample sets were considered. In the first of these,
the included POSS was considered as a molecular
reactant and the reaction stoichiometry was com-
pensated accordingly, such that the ratio of epoxide
group and amine group was held constant, taking
into account the additional epoxide groups supplied
by the GPOSS. In the second, uncompensated set of
systems, the POSS was simply considered as a silica-
based nanofiller, whereby the matrix resin formula-
tion was held constant throughout and the GPOSS
was simply added to give the required weight per-
centage. Such uncompensated system should there-
fore contain an excess of epoxide groups and a
different network structure compared to compen-
sated equivalents. Knowing this, the influence of
residual functional groups and their impact on the
molecular dynamics can be explored, analysed and
the disparity between both system types can be
established through dielectric processes.

Experiment
Materials and sample preparation

The samples examined in this study were formulated
using the following three components. The epoxy
resin was a diglycidyl ether of bisphenol A (DGEBA)
epoxy resin (DER 332, n ~ 0.028 — molar mass
340 g mol ") supplied by Sigma Aldrich, which has
an epoxide equivalent weight (EEW) of
172-176 g mol~'. The chosen FNM was a glycidyl
polyhedral oligomeric silsesquioxane (GPOSS -
molar mass 1338 g mol™") supplied by Hybrid-
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Plastics (EP0409) with an EEW of 167.23 g mol ™.
Finally, the chosen hardener was the commercial
polyetheramine system Jeffamine D-230 (molar mass
about 230 g mol ™), with an amine hydrogen equiv-
alent weight of 60 g mol . The chemical structure of
each of these compounds is shown in Fig. 1. To
produce the samples, the epoxy resin was first pre-
heated at 50 °C for 60 min to reduce its viscosity,
after which time, the required masses of resin, FNM
and hardener were thoroughly mixed using a mag-
netic stirrer, for 10 min. The resultant mixture was
then degassed and cast into steel mould, which were
then placed in a fan oven. The curing regime was
selected based on a previous study [14], where the
samples were cured at 80 °C for 120 min, then post-
cured at 125 °C for 180 min to give uniform film
specimens with a nominal thickness of 200 pm. These
were stored in vacuum until use.

Two approaches were used in formulating the
systems containing GPOSS. First, the GPOSS was
added by carefully evaluating the stoichiometric
ratios through calculating the overall epoxide content
of the system (DER 332 plus GPOSS). Then, the
required quantity of Jeffamine D-230 was added,
such that the total number of epoxide groups in the
system equal to the number of amine hydrogens
accounting for both N-H protons. Samples were

(a)
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manufactured with different loadings of epoxide
groups supplied by the GPOSS (1 EG%, 4 EG%, 10
EG% and 30 EG%). Subsequently, such specimens are
referred to as epoxide compensated systems and
designated X EG% GPOSS, where X indicates the
number percentage of epoxide groups supplied by
the GPOSS. This approach equates to treating the
GPOSS explicitly as a molecular reactant. Second, the
FNM was added as a simple weight percentage of the
combined mass of DER 332 and Jeffamine D-230
1 wt%, 4 wt%, 10 wt% and 30 wt%), without modi-
fying the ratio of DER 332 to Jeffamine D-230. Sub-
sequently, such specimens are referred to as epoxide
uncompensated systems and are designated Y wt%
GPOSS, where Y indicates the weight per cent of the
GPOSS. This approach equates to treating the GPOSS
as a silica-based nanofiller, as in a number of previ-
ous studies [15, 16]. The formulation of each system is
listed in Table 1.

Characterization techniques

Samples produced as above were characterized using
the following techniques. An attenuated total internal
reflectance (ATR) Fourier transform infrared (FTIR)
spectrometer system (ATR-FTIR iD7 Nicolet iS5 from
ThermoScientific) was used to obtain FTIR spectra.
Before spectra were obtained from any of the above

NISA® PN P

(b)

OH 1

(c)
H,oN NH,

CH, CH,

Figure 1 The chemical structure of a resin (DER 332), b functional network modifier (GPOSS) and ¢ the hardener (Jeffamine).
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Table 1 Formulation of the
reference and GPOSS Material system Resin (g) FNM (g) Hardener (g) FNM wt%
modified systems Neat Epoxy 7.45 0.00 2.55 0
1 EG% 7.38 0.07 2.55 0.7
4 EG% 7.15 0.29 2.56 2.9
10 EG% 6.73 0.71 2.56 7.6
30 EG% 5.26 2.16 2.58 27.6
1 wt% 7.45 0.10 2.55 1
4 wt% 7.45 0.40 2.55 4
10 wt% 7.45 1.00 2.55 10
30 wt% 7.45 3.00 2.55 30

specimens, a background check was run and, then,
data were acquired from 4000 to 500 cm™'. Each
spectrum was an average of 16 measurements,
OMNIC software was used to collect the spectra and,
subsequently, these were standardized using a stan-
dard normal variate correction approach.

For each system, the glass transition temperature
(T,) was determined by differential scanning
calorimetry (DSC). For this, a Perkin Elmer DSC7 was
used, after being calibrated using 5 mg of high purity
indium. Data were acquired under a nitrogen atmo-
sphere and all samples were subjected to two thermal
cycles using a heating/cooling rate of 10 °C min™".
First, the specimen was heated from 20 to 170 °C,
then cooled from 170 to 20 °C and, finally, heated
again from 20 to 170 °C. All the data reported here
were obtained from the second heating scan.

The dielectric response of the samples was mea-
sured using a Solartron 1296 dielectric interface
linked to a Schlumberger SI 1260 impedance gain-
phase analyser, which was connected to a sample
holder incorporating parallel 30 mm circular elec-
trodes. To ensure good contact between the sample
and the electrodes, the opposing surfaces of each
sample were sputtered with circular gold electrodes,
30 mm in diameter. Dielectric measurements were
conducted at room temperature and the data were
acquired as a function of frequency from 0.1 Hz to
0.1 MHz using an applied AC voltage of amplitude
1V.

The AC breakdown behaviour of the various sys-
tems was examined using a Phoenix Type 600C
instrument. A ramped 50 Hz AC voltage was applied
to the sample of interest and increased at a rate of
500 V/s until failure occurred. The test cell com-
prised of two opposing steel ball-bearing electrodes,
of diameter 6.3 mm, which were replaced every 10
tests, to prevent electrode pitting from potentially

affecting the acquired breakdown data. Each sample
was placed between the ball bearings and immersed
in silicone oil to present flashover, 15 to 20 sites were
tested for each system and the resulting data were
analysed assuming a two parameters Weibull distri-
bution function, as is common practice.

Results and discussion
FTIR spectroscopy

Figure 2 provides an overview of the FTIR spectra
obtained from all the systems considered here,
spanning the complete sampled range; as indicated
above, these data were processed using a standard
normal variate approach. While this is sufficient for
many purposes, to permit a more quantitative com-
parison of sample-to-sample variations, the data were
further processed using the absorption at 1509 cm ™"
as an internal calibrant. This feature is commonly
ascribed to phenyl carbons [17] and, since the DER
332 content of all the systems considered here is
known, the strength of the absorption at this
wavenumber provides a means of scaling each
spectrum. Such an approach has previously been
employed elsewhere [18-20]. The resulting data will
henceforth be referred to as scaled data/spectra and,
in discussing these, three spectral regions are of
particular interest, namely, around 3400 cm” !, from
1250 to 1080 cm ™" and from 970 to 915 cm ™.
Consider, first, absorption around 3400 cm ™},
which is associated with hydroxyl groups [21-23]
(see Fig. 3). During the curing process, epoxide
groups in the system react with primary/secondary
amines supplied by the hardener, to generate a
hydroxyl group and a secondary/tertiary amine.
Both the resin and the GPOSS contain epoxide groups
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Figure 2 FTIR spectra of reference and GPOSS modified systems: a compensated stoichiometry; b uncompensated stoichiometry.
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Figure 3 FTIR spectra of reference and GPOSS modified systems illustrating hydroxyl peaks observed at ~ 3400 cm ™"
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: a compensated

system, showing little variance in intensity; b uncompensated systems having significantly varying intensity.

within their chemical structure and, therefore, varia-
tions in the stoichiometric ratio of the resin/GPOSS/
hardener would be expected to impact the FTIR
spectra of the systems in this region. In the case of the
compensated systems (X EG% GPOSS), the substitu-
tion of epoxide groups from the resin with epoxide
groups from the GPOSS results in only small varia-
tions in the hydroxyl region of the spectra (see
Fig. 3a) and, where differences do exist, these are
mainly related to small baseline offsets. Conversely,
in the case of the uncompensated systems, absorption
related to OH groups decreases progressively as the
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GPOSS loading increases, as shown in Fig. 3b. Com-
paring the reference epoxy with the 30 wt% GPOSS
system, for example, the integrated intensity under
the hydroxyl peak is reduced by more than 30% in
the latter system; in contrast, the specific amount of
hardener used to formulate 30 wt% GPOSS is
reduced by less than 25% compared with the refer-
ence system based upon a balanced epoxide/amine
stoichiometry. As such, while the reduction in the
OH content is likely to be, predominantly, a conse-
quence of reduced cross-linking reactions between
epoxide groups and the hardener in the
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uncompensated systems, the magnitude in this
appears to be somewhat in excess of expectations
based solely in stoichiometric variations, implying
that additional factors are also influencing the data.

Figure 4 shows a spectral region chosen to include
the range from 1250 to 1080 cmfl, which is related
strongly to ether groups; these can be divided into
aromatic, aliphatic and disilyl categories. The pro-
nounced peak spanning 1250-1230 cm™' has previ-
ously been ascribed to the antisymmetric stretching
of phenyl ethers [24, 25] and, as such, its intensity
should be determined solely by the DER 332 content
of each system. As indicated above, absorption at

——— Necat Epoxy

~ 1EG% GPOSS (@)
~ 4EG% GPOSS

——— 10EG% GPOSS

~— 30EG% GPOSS

Normalized Absrobance (A. U.)

Y

L] L] L] Ll
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Wavenumber (cm'')
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1509 cm™! relates to the same molecular component
and, therefore, the strength of these two peaks should
be linearly related, as is the case. Absorption in the
range 1180-1140 cm™' has previously been ascribed
to organic ethers, including both aliphatic and aro-
matic [26, 27]. As such, the strength of this absorption
band should be determined by the cumulative effect
of the aromatic ether groups in the DER 332, the
aliphatic ethers within the POSS structure plus any
ethers formed during curing. Absorbance at
1040 cm™" has, similarly, been associated with the
stretching of both (a) aromatic ethers [28] and
(b) aliphatic ethers [24].

—— Neat Epoxy .
-----1Wt% GPOSS (b)
-~ 4Wt% GPOSS .
-+ 10wt% GPOSS
- 30wt% GPOSS Y

Normalized Absrobance (A. U.)

[
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Figure 4 FTIR spectra of reference and GPOSS modified systems
for a compensated systems in 1600—1000 cm™" absorbance range
b uncompensated systems in the 1600-1000 cm™' absorbance

range ¢ uncompensated systems in comparsion with reference neat
epoxy in the 1350-950 cm™" absorbance range.
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Consider, first the series of compensated systems
(X EG% GPOSS), where the epoxide/amine ratio was
held constant (see Fig. 4a). Since DER 332 is very
close in composition to the ideal DGEBA case, for
every epoxide group there will be very close to one
aromatic ether; the GPOSS structure, similarly, con-
tains one aliphatic ether per epoxide group. Conse-
quently, while the substitution of DER 332 epoxides
with GPOSS epoxides will have some effect on the
specific total ether content of the compensated sys-
tems, due to their different EEW values, this factor
will, in practice, be negligible. The marked reduction
in the intensity of the absorption around 1160 cm ™' is
therefore not consistent with the assertion that
absorption in the range 1180-1140 cm ™" is simply the
cumulative effect of all organic ethers, including both
aliphatic and aromatic [26, 27]. Rather, the intensity
of the absorption around 1160 cm™' varies in a
comparable manner to that discussed above for the
1250-1230 cm™ ' region, suggesting therefore, that
absorption around 1160 cm ™" is primarily of a similar
origin — aromatic ether groups. Considering, now, the
absorption at 1040 cm ~1 where two features are
worthy of note: the reference epoxy system, which
should contain no aliphatic ethers, is characterized by
appreciable absorption around this wavenumber;
substitution of DER 332 epoxide groups with the
same number of GPOSS epoxide groups results in a
marked increase in the strength of the absorption at
the wavenumber. While overlap with the strong and
broad disilyl ether peak around 1080 cm™' that is
associated with the silica core of the GPOSS compli-
cates matters somewhat, as discussed elsewhere, we
nevertheless, suggest that these data corroborate
previous publications that have associated this
absorption band with both aromatic and aliphatic
ethers but suggest that the influence of the latter may
be dominant [29].

In the case of the uncompensated systems (Y wt%
GPOSS), significant differences in behaviour are evi-
dent (see Fig. 4b and c). First, while the 10 wt%
GPOSS and 30 wt% GPOSS systems both clearly
evince reduced absorbance at 1160 cm ™}, this is not
so apparent for the systems containing 1 wt% and
4 wt% of GPOSS, presumably, due to peak overlaps
that, effectively, serve to increase the background
absorption. Nevertheless, in general, the effect of
GPOSS  introduction on the absorption around
1160 cm™! appears equivalent in both the compen-
sated and uncompensated sample sets — a reduced
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fraction of DER 332 leads to reduced absorption, as
would be expected if this absorption band, as pro-
posed, were primarily related to the aromatic ether
content of the system. Conversely, the absorbance at
1040 cm™! appears to increase more dramatically on
the inclusion of GPOSS in the Y wt% GPOSS systems,
compared with the equivalent, compensated X EG%
GPOSS samples set (see Fig. 4c, which compares
selected data). While a contributory factor to this is
that, for any case where X =Y, Y wt% GPOSS sys-
tems contains somewhat more GPOSS per unit mass
of sample than does the nominally equivalent X EG%
GPOSS (see Table 1), this difference is not great
(~ 10% when X =Y = 30). Therefore, this factor is
insufficient to account for the marked differences
shown. While epoxide/amine reactions dominate
under the curing conditions used here, where an
excess of epoxide groups is present, it has been
shown that etherification/homopolymerization reac-
tions between epoxide and hydroxyl group can occur
and that this increases in importance with increasing
temperature. We therefore suggest that the increased
absorbance seen at 1040 cm™! in, for example,
30 wt% GPOSS compared with 30 EG% GPOSS, is
due to the reaction of excess epoxide and hydroxyl
groups in the former system, leading to the formation
of additional aliphatic ethers. Since etherification/
homopolymerization involves consumption of
hydroxyl groups, this suggestion also explains the
hydroxyl deficit discussed above in connection with
Fig. 3b.

Figure 5 shows the FTIR spectral range associated
with epoxide groups. From Fig. 5a, all systems for-
mulated with a compensated stoichiometry exhibit
comparable absorption within the wavelength region
shown; the peak shape varies little from system to
system, as does the peak intensity. Conversely, in the
systems where the inclusion of GPOSS was not stoi-
chiometrically compensated, systematic variations
are evident. Contrast, for example, data obtained
from the reference epoxy with those from the 30 wt%
GPOSS system. The absorption peak in the latter
system is characterized by a pronounced peak span-
ning the wavenumber range 900-920 cm ™', together
with a broad shoulder at higher wavenumbers; in the
reference epoxy, the absorption takes the form of a
single broad feature (peak maximum ~ 930 cm™)
which, presumably, equates to the high wavenumber
shoulder seen in the spectrum of the 30 wt% GPOSS
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-1EG% GPOSS
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- 4EG% GPOSS
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T Ll L3
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Figure 5 FTIR spectra of reference and GPOSS modified systems
illustrating the epoxide absorbance region 1000-870 cm™' for
a compensated systems b uncompensated systems in comparison

system. Intermediate formulations are characterized
by a progressive variation between these extremes.
The spectral region shown in Fig. 5 has been
widely used as a means of evaluating the consump-
tion of epoxide groups through curing reactions. For
example, Cholake et al. [18] contrasted the evaluation
of the extent of cure of an amine/DGEBA system
using a number of different absorption bands in both
the near and mid-IR (mIR) spectral regions. This
study concluded that, while the use of absorbance
around 915 cm™! is not straightforward during the
final stages of curing, where the epoxy concentration
is low and the accurate evaluation of the strength of
the 915 cm ™' band is consequently challenging, this
approach nevertheless “gives most accurate results in
mIR region”. The above conclusions were drawn
using data published by Fraga et al. [30], which
reveal reduced absorption at 915 cm ™" with increased
curing time, plus evidence of a relative increase in
absorption around 935 cm™' as curing proceeds;
equivalent behaviour has also been reported in an
FTIR study of the curing behaviour of DGEBA /oc-
taglycidyl-POSS systems [31]. While, in the above
examples, C-O oxirane stretching was taken to result
in absorption at 915 cm™', this wavelength is not
ubiquitous and, rather, is dependent upon the local
environment. For example, the equivalent vibrational
mode has been observed at 907 cm™" in tetraglycidyl
diamino diphenyl methane and, of particular

12955

(b)

1 '

1} ]

|} '

| !

] ]

! L.

] 4

1 'i‘

! (R

1 ]

i "1,
s

—— Neat Epoxy

-~ 1wt% GPOSS
-« - 4wt’% GPOSS
-----10wt% GPOSS
<=« 30wt% GPOSS

LS LS L4 LS
1000 980 960 940 920 900 880

Normalized Absrobance (A. U.)

i ———

Wavenumber (cm')

with where the dashed lines at 915 cm™" represents the GPOSS’s
epoxide peak and at 930 cm™' represents the epoxide peak
originating from epoxy resin.

relevance to the work described in this publication,
has been reported to be displaced to a wavenumber
below 915 cm ™" in the same commercial octaglycidyl-
POSS used here [31]. As such, we interpret the data
shown in Fig. 5 as follows.

The comparability of the FTIR absorption around
930 cm™! (remnant epoxide-related peak) seen in the
X EG% GPOSS systems aligns well with the invari-
ance in the absorption around 3400 cm™" (hydroxyl-
related peak) discussed previously and suggests
similar levels of cross-linking in all these systems. In
contrast, in the Y wt% GPOSS systems, the increasing
excess epoxide content results in increased absorp-
tion around 915 cm ™' as a consequence of unreacted
epoxide groups, whose FTIR behaviour mirrors that
of the reactants. Furthermore, comparison of the data
obtained from 4 wt% GPOSS and 30 wt% GPOSS
reveals not just an increase in the strength of the
absorption peak in the latter system but also its dis-
placement to lower wavenumbers. As it has been
reported that the C-O oxirane stretching vibration
occurs at a lower wavenumber in GPOSS than in
DGEBA [31], this variation may indicate the prefer-
ential consumption of epoxide groups from the latter
component.

From the above account, it can be seen that, in the
case of the X EG% GPOSS compensated systems, the
addition of GPOSS results in only small variation in
the acquired FTIR spectra, suggesting that
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substitution of epoxy groups from the DER 332 resin
with epoxide groups from the GPOSS has only a
minor effect on the reactions that occur within the
system during curing. However, the variations seen
in the range 1150 to 1000 cm™' suggests that this
equivalence is not exact, albeit that interpretation of
the changes seen in the wavenumber range are
complicated by the presence of the strong di-silyl
ether absorption from the GPOSS core. In the case of
the uncompensated Y wt% GPOSS systems, the
inclusion of the GPOSS resulted in reduced absorp-
tion in the hydroxyl region of the spectrum, which
we associate with two factors: a reduction in hydro-
xyl formation through the reaction of epoxide and
amine groups; consumption of hydroxyl groups by
their reaction with excess epoxides, giving rise to the
formation of additional aliphatic ethers. Furthermore,
particularly at high GPOSS loading levels, the Y wt%
GPOSS systems exhibit feature that we interpret as
retained, unreacted epoxide groups present as chain
ends within the system.

Differential scanning calorimetry

Heat flow data obtained by DSC are presented in
Fig. 6, which show the influence of the material
composition on the glass transition of GPOSS modi-
fied systems. Derived T, values, defined here as the
inflection point of the DSC traces, for both compen-
sated and uncompensated GPOSS-modified systems
are listed in Table 2. From Table 2, it can be seen that
the addition of GPOSS suppresses T, in both sets of
system, albeit that the reduction in T, is much more

Neat Epoxy

- ~ 1EG% GPOSS
---=- 4EG% GPOSS
10EG% GPOSS
J0EG% GPOSS

(a)

Heat Flow

»»»»»»»»»

T T

40 50 60 70 80 90
Temperature (C)

Y T
100 110 120
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marked in the uncompensated systems. As such, we
suggest that while non-ideal stoichiometries serve to
reduce T,, so does the substitution of epoxide groups
from the DER 332 with epoxide groups from GPOSS
and that both affects act in an additive manner. These
findings are in good agreement with the behaviour of
the T, reported for epoxy resin systems modified by

the inclusion of different POSS-based moieties,
including (triglycidylisobutyl-POSS (TGIB-POSS)
[32], octaepoxy-POSS [33] and

octa(aminophenyDsilsesquioxane [34]. In the case of
the compensated systems, the variation in T, result-
ing from the inclusion of the GPOSS may be associ-
ated with a number of factors.

Consider, first, changes in free volume, since a
significant body of work has been reported concern-
ing the relationship between T, and the free volume
present within resin networks [35-38]. In the systems
studied here, the reaction of the epoxide functional
groups within the GPOSS structure results in the
incorporation of the silica core as nodes within the
thermoset resin network. The resulting network
topology will, therefore, be altered, which may lead
to the free volume present within the system being
increased. The increase in the free volume can also
result from a localized plasticization effect formed
around the unreacted GPOSS groups, in a behaviour
similar to the localized plasticizing effects observed
on the addition of low molecular weight compounds
suggested by Su C-H et al.[39]. However, Hao et al.
[40] suggested that the presence of POSS molecules in
POSS-rich polymeric networks results in a reduction
in free volume; Raftopoulos et al. [41] concluded that

—— Neat Epoxy
- 1 wt% GPOSS
- 4 wt% GPOSS
10 w1% GPOSS
30 wt% GPOSS

(b)

Heat Flow

T T T T T

40 50 €0 70 80 90 100
Temperature (C)

T
110 120

Figure 6 DSC traces of reference and GPOSS modified systems for a compensated systems b uncompensated systems.
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Table 2 DSC measurements

for reference and GPOSS Sample Compensated systems Uncompensated systems
modified epoxy systems T," (°C) Width of T, ( °C) T, (°C) Width of T, ( °C)
Neat epoxy 85.3 18 85.3 18
1% 84.9 19 83.2 21
4% 84.4 20 81.6 28
10% 80.1 22 78.1 41
30% 75.7 24 57.5 45

*Uncertainty in Tg: £ 2 °C

POSS molecules influence the T, of the host polymer
by acting as immobile units within the system. Such
assertions suggest that the reduction in T, reported
here for the GPOSS modified systems should, there-
fore, be the consequence of factors other than
increased free volume.

From Table 1, it is evident that systems 1 EG%
GPOSS to and 4 EG% GPOSS exhibit T, values that
are statistically equivalent to that of the reference
systems, while higher loading levels lead to signifi-
cant reductions in T,. For low GPOSS loadings, Lee
and Lichtenhan [42] reported increased T, values for
such modified systems, which they associated with
the presence of the cage-like structures of the POSS;
Liu et al. [43] suggested that POSS can improve the
thermal stability of the resin system by restricting
chain mobility. Elsewhere, Heid et al. [44] reported
that high loadings of GPOSS (about 20 wt%) dis-
placed T, to lower values (reduced by 7 °C), a result
they explained in terms of increased chain mobility
resulting from reduced cross-linking density in the
modified systems, where the inclusion of high load-
ing of GPOSS was suggested to generate regions in
which the POSS molecules interacted leading to their
crystallization. It is worth highlighting that, although
this work claimed stoichiometric compensation, the
methodology used was not disclosed for “confiden-
tiality reasons”, preventing objective assessment of
the approach. Similarly, Florea et al. [45] proposed
that in systems formulated using sufficiently large
numbers of POSS molecules, these would interact
with each other forming localized regions containing
a high concentration of POSS. Finally, Takala et al.
[46] used epoxy-functionalized POSS molecules of a
comparable form to that used in this study together
with an anhydride-cured BADGE resin and, as in our
work, reported a gradual reduction in T,. Although
this study did not clearly address stoichiometric
factors, which can clearly suppress T,, these workers

highlighted the role of flexible vertex-bonded side
chains present in both of their POSS systems as key
elements that serve to increase molecular mobility. A
similar explanation has been proposed in connection
with the observed reduction in T, in DGEBA poly-
merized together with hydroxy-functionalized POSS
in the presence of a tertiary amine catalyst [47]. A
related contributory factor could be the reduction in
the concentration of aromatic groups within the sys-
tem that is an inevitable consequence of the substi-
tution of DGEBA epoxy groups with GPOSS epoxy
groups; according to Neville and Lee [48], aromatic
groups influence the glass transition temperature of
the epoxy resin, where systems with reduced aro-
matic contents are reported to have deteriorated
thermal behaviour. Bacosca et al. [49] suggested that
the glass transition temperature is related to the
number of aromatic rings available in the system,
while Ramirez et al. [33] explained that the presence
of aromatic groups in the polymeric structure hinders
the segmental rotation motion during the glass tran-
sition process, which would shift T, to higher tem-
peratures. In summary, we suggest that the reduction
in T, seen in the stoichiometrically compensated
systems is best understood in terms of changes in
network topology and associated molecular
constraints.

In the case of the uncompensated systems, T,
decreases more rapidly with increasing GPOSS con-
centration and the glass transition process is broad-
ened significantly compared with the compensated
systems described above. For instance, comparison of
the behaviour of 30 EG% GPOSS and 30 wt% GPOSS
reveals a dramatic increase in the width of glass
transition, 4T,, in the latter system, from 6 to 27 °C.
In the uncompensated systems, the total number of
epoxide groups from both the DER 332 and the
GPOSS exceeds the number of reactive groups pro-
vided by the hardener. Under such circumstances,
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the curing reactions may proceed until, ideally, all
active groups of the hardener are consumed. The
FTIR data discussed above suggest that, although
some etherification occurs, a significant fraction of
unreacted epoxide groups remain within the network
as chain ends. The reduced degree of overall cross-
linking that results, combined with variations in the
local network topology and free volume, explain the
observed marked reduction in T, and the increase in
ATg seen in the Y wt% GPOSS systems. Furthermore,
the width of the glass transition process indicates a
variation in local constraints and/or that number of
different molecular configurations/species con-
tributing to the observed behaviour in the glass
transition region [50]. To conclude, we suggest that
the variations in T, shown in Fig. 6 are a result of two
factors that act additively: the introduction of GPOSS
serves directly to reduce T, by modifying the net-
work topology and associated molecular constraints;
non-optimal stoichiometries compound this through
reduced cross-link densities, further variations in
local network topologies and, in particular, the
inclusion of epoxy-terminated branched structures.

AC breakdown strength

The data obtained from AC breakdown testing were
analysed assuming a 2-parameter Weibull distribu-
tion and resulting Weibull plots are presented in
Fig. 7. Derived values of the scale (o) and shape (f)
parameters along with the per cent change in the
former quantity relative to the reference samples are
listed in Table 3. In the case of the compensated
systems, the inclusion of 1%, 4%, 10% and 30% of the
epoxide groups from the GPOSS can be seen to result
in improvements in the breakdown strength by some
16%, 22%, 17% and 12%, respectively, compared to
the reference epoxy. In the case of the uncompen-
sated systems, only in the case of 1 wt% GPOSS was
an improvement in performance seen (an increase of
7% in «); all the other uncompensated systems
showed either a statistically insignificant change or a
reduction in breakdown strength. It has been sug-
gested in several studies that the POSS molecule
facilitates localized charge motion within resin sys-
tems [32, 44, 46, 51], which serves to suppress the
accumulation of free charges in the bulk, resulting in
a more homogeneous electric field throughout the
system. Consequently, as the external electric field
increases, the internal field is kept uniform by the

@ Springer

J Mater Sci (2021) 56:12948-12964

POSS through a process termed by Takala et al. [46]
“temporary charge scavenging”. This process would
continue until the breakdown strength is globally
exceeded and the system fails. Such an explanation is
consistent with the increased breakdown strength
values seen within the X EG% GPOSS sample set,
albeit that the breakdown strength of the 10 EG%
GPOSS and 30 EG% GPOSS compensated systems are
lower than that of 4 EG% GPOSS, indicating that o
does to vary monotonically with GPOSS loading
level. Furthermore, the very different dependence of
breakdown strength on GPOSS content seen in the
uncompensated systems demonstrates that the
observed behaviour is a consequence of synergistic
factors related to both the presence of the GPOSS,
changes in the network structure and the influence of
retained functional groups.

Furthermore, it has previously been suggested
[44, 45] that phase separation of POSS can occur in
epoxy-based matrices, to form localized regions
containing a high concentration of POSS. This addi-
tional level of inhomogeneity may provide a potential
explanation for the reduction in breakdown strength
seen at high GPOSS loading levels in both compen-
sated and uncompensated systems.

Dielectric spectroscopy

The effect of the stoichiometry on the dielectric
behaviour of the GPOSS modified systems is illus-
trated in Fig. 8. Generally, the real part of the relative
complex permittivity, ¢, increases with increasing
GPOSS loading, as shown in Fig. 8a and b. This
variation is in good agreement with behaviour pre-
viously reported, where Takala et al. [46] explained a
similar increase in ¢” in terms of factors other than the
POSS loading, such as the size and dispersion of the
POSS. Conversely, Huang et al. [34] and Heid et al.
[44] suggested that the silica core of POSS results in
an increase in the mobility of charge carriers and it is
this that increases the real part of the relative per-
mittivity. Finally, it is possible that the observed
increase in ¢” has the same origin as the reduction in
T, seen on introducing GPOSS, namely that the
presence of the GPOSS serves to facilitate increased
local mobility of dipolar species in response to the
applied field. Nevertheless, this increase in ¢ com-
bined the increase in breakdown strength described
above may have important technological conse-
quences. Taking 4 EG% GPOSS as an example, this
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Table 3 AC breakdown
strength data of the Sample Compensated systems Uncompensated systems
compensated and Weibull o (kV/mm) Weibull B %BD  Weibull oo (kV/mm) Weibull B %BD
uncompensated GPOSS
modified epoxy resin systems Neat epoxy 121.9 27 100 121.9 27 100
1% 141.8 55 116 130.1 27 107
4% 148.6 56 122 122.3 20 100.3
10% 142.9 22 117 116.5 15 96
30% 136.5 26 112 103.2 13 85

system is characterized by a 10% increase in ¢" and a
22% increase in the Weibull scale parameter, o,
compared with the base resin: this equates to a
potential increase in the energy storage capacity of
the system of around 50%.

Figure 8c shows the dependence of the imaginary
part of the relative permittivity, ¢”, on the formula-
tion for the X EG% GPOSS sample set. The peak in
the imaginary permittivity observed at frequencies
above 10* Hz is commonly attributed to the epoxy p-
relaxation [37, 52-54] which, in amine-cured systems,
originates from the motion of hydroxyl groups
formed during cross-linking, together with a degree
of cooperativity from the cross-links’ surrounding

structure [28]. From the FTIR data presented in
Fig. 3a, it is evident that the inclusion of the GPOSS
results in only marginal variations in the concentra-
tion of hydroxyl groups, which is largely indepen-
dent of GPOSS concentration in these systems. As
such, we suggest that the marked increase in the
strength of the B-relaxation that can be seen in Fig. 8a
should not be associated with an increase in the
number of the associated diploes but, rather, with
reduced local constraints, as a result of changes in the
local molecular topology around the cross-links as a
consequence of the inclusion of the GPOSS. That is, it
is related to cooperativity with the cross-links” sur-
rounding structure and, as such, mirrors the
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Figure 8 Real and imaginary part of the complex permittivity of reference and GPOSS modified systems a ¢” for compensated systems

b ¢’ for uncompensated systems ¢ ¢ for compensated systems d ¢ for uncompensated systems.

explanation for the reduction in T, in the X EG%
GPOSS sample set proposed above.

Consider now the Y wt% GPOSS systems where no
compensation was made for the additional reactive
epoxide groups present in the GPOSS. In considering
the data presented in Fig. 8b and d, two frequency
ranges need to be discussed. First, the peak in ¢ at
frequencies above 10* Hz related to the B-relaxation
and is therefore associated with the motion of dipolar
species generated during curing. In these systems, it
is evident that the strength of this dielectric feature
decreases with increased GPOSS loading, despite the
above inference drawn from the X EG% GPOSS
sample set that increasing the GPOSS content serves
to increase molecular mobility in the system. We
therefore suggest that, in the Y wt% GPOSS systems,
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the dominant factor is rather a reduction in the con-
centration of the dipoles that contribute to this
relaxation process, an assertion that aligns with the
reduced hydroxyl absorbance seen in FTIR data
presented in Fig. 3b. At frequencies below 10 Hz, the
data shown in Fig. 8d evince an increase in the
imaginary part of the relative permittivity of the
modified systems with decreasing permittivity, par-
ticularly for systems formulated using higher GPOSS
loading levels. Heid et al. [32] reported similar low
frequency behaviour, which they associated with
phase separation of their POSS leading to interfacial
polarization. While a similar explanation may apply
here, two additional factors should also be consid-
ered. First, Heid et al. [32] employed trigly-
cidylisobutyl POSS, which features only three
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pendant epoxide groups and which would therefore
be more susceptible to phase separate. Second,
although claimed workers claimed stoichiometric
compensation, the absence of detail concerning this
prevents objective evaluation of their approach. In
contrast, the behaviour of the fully compensated
systems presented in Fig. 8c reveals no evidence of
comparable low frequency processes which, by
implication, implies no tendency for GPOSS phase
separation. Rather, this phenomenon appears to be a
characteristic of non-optimal matrix stoichiometry
and, presumably, modified charge transport dynam-
ics. Indeed, in a separate study by David [55] on
stoichiometric mixing on epoxy curing, it was
observed that both either excess amine or excess
epoxide groups produced samples with high ionic
conduction levels providing evidence to the claim of
modified charge transport dynamics.

Conclusions

The results presented above demonstrate that the
behaviour of the two sets of systems considered here
diverge increasingly as the loading level of GPOSS
increases. FTIR spectroscopy shows that if appropri-
ate stoichiometric compensation is made for the
additional epoxide groups present on the GPOSS,
then the presence of GPOSS has only a small effect on
the cross-linking reactions that occur during curing.
As such, we suggest that the reduction in T, that is
observed in this sample set is caused by changes in
network topology and associated molecular con-
straints as a result of the flexible vertex groups that
link the GPOSS silica core to the reactive terminal
epoxides. In contrast, if the GPOSS is added without
consideration of the modified epoxide:amine ratio
that results, then the presence of the consequent
additional epoxide groups significantly modifies
cross-linking, acts to promote etherification reactions
and leads both to a reduction in the hydroxyl content
of the system and the retention of unreacted epoxide
chain ends. These changes manifest themselves as an
additional influence on Ty, such that, in the case of
the stoichiometrically uncompensated systems, T,
decreases more rapidly with increasing GPOSS con-
centration than in the stoichiometrically compensated
systems. If appropriate stoichiometric compensation
is made, then the addition of GPOSS can result in a
marked increase in material breakdown strength: all
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compensated systems exhibited improved perfor-
mance, with the maximum breakdown strength being
seen in the compensated system containing 4% of
GPOSS. In the case of the uncompensated systems,
only system containing 1 wt% GPOSS exhibited
increased breakdown strength, indicating that while
the presence of GPOSS is, in itself electrically bene-
ficial, if its addition results in adverse changes to the
matrix structure/chemistry, these latter factors
swamp the benefits conferred by the GPOSS. In both
system sets, the addition of GPOSS results in a gen-
eral increase in the real part of the relative permit-
tivity, albeit that a high GPOSS loading levels, this is
more marked in the stoichiometrically uncompen-
sated systems. In the compensated systems, the
strength of the PB-relaxation increases with GPOSS
loading. Since this process is generally accepted to
arise from the motion of hydroxyl groups and adja-
cent network segments formed during the reaction of
epoxide and amine groups, the invariance in the
strength of the FTIR hydroxyl peak within this sam-
ple set implies that the observed increase in the
strength of the P-relaxation is not related to an
increase in the number of the associated diploes but,
rather, with changes in local constraints. This paral-
lels our explanation for the reduction in Ty in the
X EG% GPOSS sample set. Conversely, in the
uncompensated systems, where FTIR shows a
reduction in hydroxyl concentration with increased
GPOSS loading, it is this factor that is dominant in
causing a reduction in the strength of this dielectric
feature. Furthermore, these systems also evince
increases in ¢’ at frequencies below 10 Hz, which
appears to be a characteristic of non-optimal matrix
stoichiometry and, presumably, modified charge
transport dynamics. Such an interpretation aligns
with the reduction in breakdown performance
exhibited by uncompensated systems compared with
their stoichiometrically compensated counterparts.
In summary, the two system sets considered here
reveal markedly different forms of behaviour. While
the inclusion of GPOSS can result in beneficial
changes in electrical properties, these gains are easily
lost if consequential changes in the matrix polymer
are not appropriately counteracted. Nevertheless, if
the system is appropriately optimized, materials with

pronounced improvements in technologically
important characteristics — such as breakdown
strength and energy storage capacity — can be
designed.
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