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Abstract

Novel elastomers are made by reaction of hydroxyl-terminated polyacrylic

ester (HyTemp) with polyethylene glycol (PEG, number of ethylene glycol

units 1, 3, 6, 9) based cross-linkers. The influence of the cross-linker length,

the HyTemp/cross-linker (w/w) ratio and the cross-linking accelerator trifluor-

omethanesulfonate scandium salt (ScTFMS) on the structure and the proper-

ties of the materials are studied. The cross-linker length has not influence on

the glass transition (Tg) of the products because of the presence of the flexible

PEG units that cancels out the cross-linking effect associated to a shift to

higher Tg. A two-domain structure is seen by the presence of a dual Tg in sam-

ples cured with ScTFMS. Mathematical analysis of the modulated differential

scanning calorimetry curves offers for the first time the possibility to identify/

confirm structural differences in complex three-dimensional polymeric struc-

tures. Scanning electron microscopy and swelling experiments in ethyl acetate

respectively reveal an increase in the pore size (1.13 to 5.48 nm) and in the

absorption ability of the elastomers cured with different types and quantities of

PEG cross-linker. The new elastomeric materials are exhibiting a rubbery state

over a wide temperature range and absorptivity for the potential recovery of

pollutants in soil and/or water.
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1 | INTRODUCTION

Macromolecular engineering has assisted on the develop-
ment of new polymeric materials for an extensive range
of applications.1–3 The design and synthesis of polymers
can be directed to very specific areas due to the material's
properties, such as diversity of molecular architectures,

dimensional stability, mechanical orientability, durability,
ease of processability, malleability, and smart response to
external stimuli.4–6 Among the main polymeric classes, elas-
tomers are characterized by high flexibility, durability, and
reliability.7 They are often amorphous polymers with a glass
transition temperature (reversible glassy to rubbery state
transition) far below room temperature.5 Cross-linking
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through sulfur vulcanization or peroxide curing8,9 for
example, can influence the elastic behavior of long-chain
molecules by creating cross-linking points forming three-
dimensional (3D) networks. The resulting elastomers
exhibit different thermal and mechanical properties
depending on the chemical structure of both polymer
matrix and cross-linker, on their ratio and on the curing
reaction conditions. A variety of cross-linkers containing
two or more reactive (functional) groups, such as isocya-
nates, epoxides, carboxylic acids, and amines can be
used.10 Isocyanates are the most common cross-linkers
for manufacturing elastomeric polyurethanes however
their use is becoming more restricted due to tighter safety
regulations related to their production and toxicity.11 A
viable alternative to isocyanates are nontoxic cross-
linkers, such as diepoxides used in the production of
polyether elastomers from polyols.12,13 The cross-linking
density and the bulk properties of the 3D structures are
also affected by the use of cross-linking accelerators,
small molecules that can help initiate and accelerate the
cross-linking process.14 The accelerators can be organic
salts of metals, such as scandium or yttrium. For exam-
ple, their triflate salts provide increased rates of reaction
and are more cost effective.12

Among their excellent viscoelastic properties, elasto-
mers often show a very good ability to swell by absorbing
water or organic solvents within their structure.15 The
swelling is due to the solvent penetration into the void
space between the polymeric chain networks, which can
be influenced by external triggers such as pH, ionic
strength, and temperature. The chemical structure of
both polymer and cross-linker also influences the swell-
ing characteristics16–19 and the potential applications of
elastomers.8,20,21 For example, poly methyl methacrylate
(PMMA) or poly(ethylene glycol) diacrylate (PEGDA)
can be transformed into hydrogels through cross-linking,
producing substrates for biomedical applications includ-
ing tissue engineering and regenerative medicine, drug
delivery, cancer therapies and biosensing.22–25 Polyacryl-
amide homopolymers (PAAm) and PAAm copolymers
with methyl methacrylate monomer (MMA) formed
hydrogels with a variety of properties, such as better
mechanical properties or better biocompatibility and
swelling when compared with their basic polymer struc-
tures.26 The copolymerisation of PAAm with MMA pro-
duced hydrogels with different swelling behaviors
controlled by the porosity of the polymeric material.

HyTemp 4454, a hydroxyl-terminated polyacrylate
copolymer chosen in this research, is made by the copoly-
merisation of ethyl acrylate, butyl acrylate, methacrylic
acid, and vinyl chloroacetate and contains a small per-
centage of chlorine and carboxyl cross-linkable sites as
pendant groups of the backbone.13,27,28 HyTemp shows

excellent heat and processing properties and excellent
low-temperature performance when vulcanized with
peroxide.27 HyTemp is soluble in chloroform and ethyl
acetate and is reported to cure with a variety of non-
isocyanate cross-linkers, among them quaternary ammo-
nium compounds (halides).18,29,30 When triethylene gly-
col diglycidyl ether was used by the authors of this
article, two glass transitions were observed for the cross-
linked HyTemp 4454 structures, which was attributed to
two distinct regions with dissimilar thermal behavior.13

Metal salts such as trifluoromethanesulfonates are also
used as catalysts to accelerate the curing and to achieve a
high degree of cross-linking.31 Limited information about
modification processes of HyTemp is available in the
public domain because of restricted access to technical
meetings or Patents. Diamine cross-linking agents used
in a composition of the 1,8 -diazabicyclo [5,4,0] undec
-7-ene accelerator, a pyrrolidone type activator and a sec-
ondary or tertiary aliphatic amine are reported achieving
similar mechanical properties to HyTemp cured with
guanidine based cross-linking agent.32 Metal fatty acid
salts (stearate or oleate) are used as curatives in Zeon
products33 and to promote the cross-linking of mixtures
of polyamide or polyester with acrylate rubbers having
dissimilar functional groups.34

N,N0-di-o-tolylguanidine (DOTG) also reported as a
curative for HyTemp polyacrylate elastomers but cur-
rently is under US and EU REACH regulatory concerns.
Guanidine-free cured systems that maintain high perfor-
mance are highly desirable as alternatives to DOTG.35

The authors have used REACH compliant polyethyl-
ene glycol diglycidyl ethers having three or more ethyl-
ene groups in the chain in the cross-linking of synthetic
and natural precursors;36 it is expected to influence the
chemico-physical, thermal, and mechanical properties of
HyTemp and have a high potential on replacing current
cross-linkers. In this context, the aim of this project was
to study, the influence of the length and amount of poly-
ethylene glycol (PEG)-based cross-linking spacers on the
properties of cured HyTemp 4454. To achieve this, we
selected four diglycidyl ethers, namely ethylene glycol
(EGDGE, 1xPEG unit), triethylene glycol (TEGDGE,
3xPEG units), hexaethylene glycol (HEGDGE, 6xPEG
units) and polyethylene glycol (PEGDGE, 9xPEG units).
This is the first time in the literature that EGDGE,
HEGDGE, and PEGDGE cross-linkers are used in the
curing of HyTemp. Diepoxyoctane was also used to check
the influence of the oxygen atoms on the cross-linker
spacer and consequently on the properties of the
cured system. Trifluoromethanesulfonate scandium salt
(ScTFMS) was used in selected samples to accelerate the
curing process. We found that we can control by design
the bulk and thermal properties of the elastomeric
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materials and consequently their performance and appli-
cations. The only dual glass transitions observed by ther-
mal analysis are characteristic of some block
copolymers,37 further investigation is in progress for link-
ing this unique property to the materials and their poten-
tial applications. The important swelling ability of the
synthesized cross-linked materials makes them suitable
as potential nontoxic adjuvants38 for the recovery of pol-
lutants in soil or water.

2 | EXPERIMENTAL SECTION

2.1 | Materials and characterization
methods

EDGDE (CAS Number 2224-15-9) and PEGDGE
(CAS Number 26403-72-5, Mn 500) were purchased from
Tokyo Chemical Industry and Sigma-Aldrich respectively.
TEGDGE (99.8% by 1H NMR, Figure S1) and HEGDGE
(99.8% by 1H NMR, Figure S2) were synthesized at Cran-
field University according to procedures described.13,39

HyTemp 4454 (ZEON Chemicals, Figures S3–S5) was
kindly provided by AWE UK. ScTFMS (CAS Number
144026-79-9) was purchased by Fluka. All other reagents
and solvents were used as received from Sigma-Aldrich.
The chemical structure of soluble samples (typically
20 mg/mL) was analyzed by Proton Nuclear Magnetic
Resonance (1H NMR) on a Bruker Ascend 400 MHz spec-
trometer with a double resonance broad band probe,
BBFO model, in deuterated chloroform (CDCl3) or
acetone-d6 solution (Goss Scientific, >99.0%). Tetra-
methylsilane (TMS, Goss Scientific) used as an internal
reference while peak multiplicities are described in the
following way: multiplet (m).

Thermal analysis was performed on a Mettler Toledo
DSC3+ instrument and analyzed using STARe version
15.00 software. A 10–15 mg of the material was placed in
a Mettler Toledo 40 μL aluminum pan with a pierced lid,
with a nitrogen purge of 50 mL min�1. Samples were
cycled two times between �100 and 30�C at 10�C
min�1 heating/cooling rate, with the second cycle
being analyzed. MDSC was conducted using Mettler
Toledo's multifrequency modulated DSC, TOPEM.
MDSC experiments were performed in the same man-
ner as the regular DSC experiment, except that only
one cycle from �90 to 0�C was conducted. This had an
average heating rate of 2�C min�1, pulse height of
±0.5�C and pulse width of 15–30 s. Evaluation used a
calculation window of 120 s, window shift of 10 s and
smoothing window of 90 s.

Dynamic mechanical analysis (DMA) was done by
means of a Perkin Elmer DMA 8000 at oscillating

frequency of 1, 5, and 10 Hz using the single cantilever
configuration. Approximately 0.05 g of cured samples
was folded into rectangular aluminum pockets
(dimensions of 7.5 mm � 18 mm) because of the diffi-
culty in casting DMA bars with good integrity. The
samples were cooled down to �130�C using liquid
nitrogen and held isothermally for 5 min before
increasing the temperature up to 60�C at a heating rate
of 5�C min �1. One single sample of each composition
was analyzed by DMA.

The surface and interior morphology of selected sam-
ples were analyzed by using Scanning Electron Micro-
sope Hitachi SU3500 instrument at an acceleration
voltage of 20 kV at 80 Pa and Scanning Electron Micro-
scope (VEGA3, TESCAN) at an acceleration voltage of
10 kV and 3 nA beam current. For surface analysis, a
small section of each sample was cut with a knife and
imaged. The same samples were then freeze-dried to
remove water and a section was cut for imaging. For
interior morphology analysis, samples were prepared
using freeze-drying method to remove water and con-
sequently coated prior to imaging with 20 nm gold
film using sputter coater. The backscattered images
were captured at 1, 10, and 20 k magnifications.
Swelled samples were also analyzed; samples were
prepared by equilibrated in deionized water at 25�C
for 48 h. The swelled samples stored in the fridge to
reduce the temperature gradually to 5–7�C, then in
standard freezer to reduce temperature to �28�C and
finally stored in deep freezer at �60�C for 24 h. The
samples loaded in the freeze-drier and stored for
4 days, then were cut with stainless steel blade
(100 μm thick) and a cross-section of samples were
attached to SEM stud and gold-coated with 10 nm gold
before imaging.

The swelling properties of all cured materials were
studied using dried solid samples (20–30 mg) immersed
in ethyl acetate (for 2 h) and distilled water for the Scan-
ning Electron Microsopy (SEM) experiments (for 48 h)
under stirring (100 rpm) at ambient. The amount of sol-
vent was sufficient for the entire sample to be completely
submerged in it. The swelled gels were then removed
from the solvent and the swelling degree (SD) was calcu-
lated using Equation (1).

SD¼ Swelled sample gð Þ�dry sample gð Þ
Dry sample gð Þ �100: ð1Þ

2.2 | Curing procedure

HyTemp samples (0.5 g) were dissolved in 25 mL of ethyl
acetate, the cross-linker (1.00, 0.75, 0.50, and 0.25 w/w)
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was added to the solution and magnetically stirred for
10 min to promote homogeneous mixing (Batches A,
B, C, and D, respectively). ScTFMS (2% w/w) was
added to selected samples (Batch E) while stirred for
further 10 min. The solvent was evaporated, and the
samples were placed in a thermostatically controlled
oven at 70�C for up to 20 days. A small aliquot of the
reaction mixture was taken and analyzed by 1H NMR
spectroscopy on times 0, 4, 8, and 12 days. After cur-
ing the samples from batches A to D were purified
from excess of cross-linker by extraction with hot ace-
tone (Soxhlet). All cured products were dried and
characterized by DSC, MDSC, DMA, SEM, and swell-
ing measurements.

3 | RESULTS AND DISCUSSION

Four batches (A–D) of cross-linked HyTemp samples
were produced by using variable amounts (HyTemp:
cross-linker = 3.5:1.00, 3.5:0.75, 3.5:0.50, and 3.5:0.25
w/w) of five cross-linkers EGDGE, TEGDGE, HEGDGE,
PEGDGE, and DEO (Table 1). A fifth batch (E) was made
by using the same amounts of the five cross-linkers and
with an additional amount (2% w/w) of ScTFMS to accel-
erate the curing process under the same experimental
conditions (70�C) and observe for any structural differ-
ences in the cross-linked HyTemp samples.

The curing progress of all the samples was
monitored at regular intervals of 4, 8, 12, and 20 days

TABLE 1 Synthesis and properties of cured HyTemp samples starting from 3.5 g of HyTemp.

Sample Cross-linker Batcha Mass of cross-linkerb Tg by DSC (�C)c Tg by DMA (�C)d

CHTE-A EGDGE A 1.00 �36.4 �31.9

CHTE-B B 0.75 �36.7 �31.7

CHTE-C C 0.50 �38.1 �30.9

CHTE-D D 0.25 �37.6 Not testede

CHTE-E E 1.00f �38.9 and �10.8 �33.9

CHTT-A TEGDGE A 1.00 �38.7 �31.8

CHTT-B B 0.75 �38.1 �30.9

CHTT-C C 0.50 �37.2 �31.7

CHTT-D D 0.25 �37.6 Not testede

CHTT-E E 1.00f �39.2g �33.8

CHTH-A HEGDGE A 1.00 �39.0 �31.0

CHTH-B B 0.75 �38.1 �32.4

CHTH-C C 0.50 �38.1 �32.6

CHTH-D D 0.25 �37.6 Not testede

CHTH-E E 1.00f �45.2 and �38.4 �32.7

CHTP-A PEGDGE A 1.00 �39.2 �30.3

CHTP-B B 0.75 �38.4 �29.8

CHTP-C C 0.50 �37.9 �32.0

CHTP-D D 0.25 �37.8 Not testede

CHTP-E E 1.00f �47.4 and �39.2 �34.0

CHTD-A DEO A 1.00 �37.4 �31.4

CHTD-B B 0.75 �37.6 �30.1

CHTD-C C 0.50 �36.9 �31.6

CHTD-D D 0.25 �36.9 Not testede

CHTD-E E 1.00f �37.4 �30.7

aCuring time 20 days for batches A–D, 3 days for batch E.
bHyTemp mass = 3.50 g.
cMeasured at the inflection point.
dMeasured at the maximum of the tanδ peak.
eTraces recovered after evaporating solvent from Soxhlet washings.
fWith 2% w/w of ScTFMS accelerator.
gEvidence of a weak second transition.

4 DOSSI ET AL.

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20240152 by Test, W

iley O
nline Library on [18/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



(for example Sample CHTP-A, Figure 1) by 1H NMR, by
treating small aliquots (0.01 g mL�1) from each cured
mixture with acetone-d6 or CDCl3 for 1 h at room tem-
perature to remove any excess of unreacted polymer and
cross-linker. When short cross-linkers (EGDGE,
TEGDGE, and DEO) were used, the relative curing mix-
tures (Samples CHTE, CHTT, and CHTD, Batches A–D)
became insoluble in d-solvents after 3–4 days at 70�C.
The conversion of the mixtures from viscous liquid to a
gel (gelation point) matched with the beginning of the
formation of the 3D cross-liked structure.40 Longer gela-
tion times, up to 7 days, were observed instead in samples
CHTH and CHTP (Batches A–D) prepared using the
longer cross-linkers HEGDGE and PEGDGE, respectively
(Table 1). The progress of the curing was confirmed by
the reduced amount of the unreacted reagents—soluble
fraction in the deuterated solvent—and the consistency
of the insoluble fractions (more firm gels) in the same
solvent. In samples CHTH and CHTP a slowing of cross-
linker consumption was seen after gelation on day 7, in
comparison with those cured with CHTE, CHTT, and
CHTD; this difference was attributed to the chain length
of the cross-linker and the diluted pending glycidyl
groups in the gel structure after one of the two glycidyl
groups has reacted. The opposite effect has been observed
when alkyldiamine cross-linkers were used for the syn-
thesis of poly(N-isopropylacrylamide) (PNIPAAm) gels.41

All the samples from batches A–D were left in the
oven for a total of 20 days until the consumption of cross-
linker was completed/unchanged by 1H NMR, the

samples were then purified by hot extraction with
acetone (Soxhlet). The soluble residues from the extrac-
tion contained traces of unreacted polymer and cross-
linker; the relative highest absorptions of unreacted
cross-linker were observed in 1H NMR spectra of samples
CHTE-A (Figure S6) CHTT-A, CHTH-A, and CHTP-A in
accordance with the high HyTemp:cross-linker ratio used
(3.50:1.00 w/w). The separation of the two components in
the soluble fractions was not possible because of the
small amounts recovered. Vice versa, 1H NMR spectra of
samples from Batches B, C, and D confirmed that the tiny
amounts of extracts after purification were mainly made
of unreacted polymer. Figure 2 reports 1H NMR spectra
of the soluble fractions in acetone-d6 from CHTE samples
after purification (Peaks at 3.95–4.20 ppm are assigned to
methylene protons of polymeric pendant groups
COOCH2(CH2)nCH3), 3.90–3.95 ppm assigned to methyl
protons of polymeric pendant groups CH3COO, 3.40–
3.85 ppm assigned to methylene protons of cross-linker
groups OCH2CH2O and 3.20 ppm assigned to methine
protons of the two cross-linker rings CH-O.42 The final
products (transparent gels of different consistency
depending on the length of the cross-linker) were dried
and characterized by DSC, MDSC, DMA, and SEM.

All the samples from Batch E (CHTE-E, CHTT-E,
CHTH-E, CHTP-E, and CHTD-E) made in presence of
the curing accelerator ScTFMS (2% w/w) exhibited a rub-
bery yellow-orange texture after 1 day of curing. Addi-
tional curing experiments of HyTemp 4454, cured with
the PEGDGE cross-linker and a variable content of the

FIGURE 1 1H NMR curing monitoring of CHTP-A mixtures in acetone-d6 (expanded area from 4.2 to 3.9 ppm) at (i) 0 days (black line,

all soluble), (ii) 3 days (red line, all soluble), (iii) 8 days (blue line, only soluble fraction), (iv) 13 days (purple line, only soluble fraction), and

(v) 20 days (green line, only soluble fraction, traces of cross-linker). The broad multiplet signal centrered at 4.05 ppm is attributed to

HyTemp pendant methylene protons CH2-OOC, the small broad peak at 3.80–3.75 ppm is assigned to HyTemp pendant methyl protons

CH3COO, the signals at 3.30–3.75 ppm are assigned to the methylene cross-linker protons OCH2CH2O while the multiplet signal centered at

3.07 ppm is assigned to the methine protons CH-O ring of the cross-linker42 (Full spectra in SI).

DOSSI ET AL. 5
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accelerator (0.05%, 0.2%, and 0.5% w/w of the total mass
of the polymer and cross-linker) confirmed curing times
between 5 and 10 days. The color of the samples became
more vivid with increasing concentrations of ScTFMS
(Figure S7) suggesting that the samples retained some or
all the salt used. However, a separate paper noted that
the HyTemp 4454 resins cured with or without triflate
catalyst, turned golden after curing.13 The samples from
Batch E were not purified by hot extraction from acetone
as no residual cross-linker was detected by 1H NMR in
the soluble fraction after 1 day of curing (Figure 2). They
were left in the oven for a total of 3 days and then dried
and characterized by DSC.

Swelling experiments in ethyl acetate (2 h, ambient
conditions) of all cured samples (Batches A–E) proved
their ability to absorb the solvent and their volume
increased with decreasing amount of cross-linker
(Figure 3). Samples from Batch A absorbed more solvent
resulting to a high percentage of swelling compared to all
other samples from Batches B, C, and D (Table SWE -1, SI).
The swelling degree of the samples significantly
dropped in Batch E samples due to the high degree of
cross-linking and the very compact 3D structures of these
samples (CHTE-E, CHTT-E, CHTH-E, CHTP-E, and
CHTD-E). The random distribution of the curable OH
sites (pendantCOOH and end groupsOH) in the HyTemp
sample and the diffusion of the cross-linker molecules
during curing in absence of solvent have affected the
topology of the cross-linked microstructure of the cured
samples,43,44 and consequently the trend on the average
swelling degree in all samples but not in CHTD
(Figure 3). More investigation would be worth here for
better understanding the influence of the number of eth-
ylene glycol units (odd or even), presence of oxygen or
other atoms in the cross-linker and folding of the cross-
linker molecules (long or short) could influence the
structure of the final 3D structures.

3.1 | Thermal characterization of cured
samples

One of the main objectives of this research was to
evaluate the glass transition of the cured samples, a
second-order transition (with no heat transfer)45 in
which a polymer in a rubbery state on cooling changes
to glassy state, or vice versa; this was determined by
using DSC, both conventional and modulated, and by
DMA. In all the thermograms recorded between �100
and 25�C, the only distinguishable feature found by
DSC was the glass transition, apart from a few small
artifacts, possibly due to impurities or instrument noise.
Table 1 reports the Tg observed for the cured HyTemp
samples prepared using different cross-linkers and
HyTemp:cross-linker ratios (Batches A–D); for these
samples there appears to be no significant difference
between them, with all the Tgs being similar to pure
HyTemp (�37.2�C).38,45

This is exemplified in Figure 4 for cured samples
CHTE-A (black line), CHTT-A (red line), CHTH-A (blue
line), CHTP-A (green line), and CHTD-A (yellow-orange
line) made with the same ratio HyTemp:cross-linker
(3.50:1.00), and Figure 5 (Top) for cured samples
CHTE-A (black line), CHTE-B (red line), CHTE-C (blue
line), and CHTE-D (green line) made with the same
cross-linker (EGDGE) but variable amounts. Typically,
the introduction of a cross-linker to a polymer result in
an increase in the Tg due to a decrease in the mobility
of the polymer, hence leading to a decrease in free
volume.46 Vice versa, the incorporation of a flexible
spacer (comonomer) in an amorphous material increases
the molecular mobility and decreases the Tg.

47 The
hypothesis here is that the two cooperative effects with
the synergy of the relatively low cross-linking degree
maintained the Tg of the synthesized elastomers similar
to the value of the starting polyacrylate.

FIGURE 2 1H NMR spectra (from

4.3 to 2.9 ppm) of soluble fractions from

purification of CHTE samples from

batches A to E after 20 days of curing in

acetone-d6. (i) CHTE-A (black line,

soluble fraction from Soxhlet extraction),

(ii) CHTE-B (red line, soluble fraction

from Soxhlet extraction), (iii) CHTE-C

(blue line, soluble fraction from Soxhlet

extraction), (iv) CHTE-D (green line,

soluble fraction from Soxhlet extraction),

and (v) CHTE-E (yellow line, soluble

fraction of cured sample showing traces

of unreacted).
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FIGURE 4 DSC thermogram for

pristine HyTemp (light blue line) and

cured samples CHTE-A (black line),

CHTT-A (red line), CHTH-A (blue line),

CHTP-A (green line), and CHTD-A

(yellow-orange line) made with the same

ratio HyTemp/cross-linker (3.50:1.00).

From 2nd heating at 10�C.

FIGURE 5 Top—DSC thermogram

of HyTemp cured with differing

amounts of EGDGE cross-linker

(Samples CHTE-A, CHTE-B, CHTE-C,

and CHTE-D). Bottom—First derivative

of DSC curves shown above. DSC

thermograms for samples CHTT, CHTH,

CHTP, and CHTD are reported in

Figures S8–S11.

FIGURE 3 Swelling comparison of

cured HyTemp samples CHTE, CHTT,

CHTH, CHTP, and CHTD in ethyl

acetate. Batches A to E from left to right.
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The introduction of ScTFMS, as curing accelerator
had an important effect on the glass transition of the
samples in Batch E, as seen in Figure 6, Top. Samples
CHTE-E, CHTT-E, CHTH-E, and CHTP-E appeared to
have two glass transitions, shown by two steps. This was
more evident when taking the first derivative of the DSC
curve (Figure 6, bottom), which contained two inverted
peaks on the curves. Looking closely at the first derivative
for sample CHTT-E, there also appears to be two Tgs, at
�39.2 and��32.0�C (although a precise value could not
be calculated using the software). An example of the first
derivatives of the DSC scan for samples CHTE-A,
CHTE-B, CHTE-C, and CHTE-D (Figure 5, bottom) are
shown for reference, showing only the single peak. This
appears to be a kinetic effect, with the introduction of an
accelerator causing regions of the polymer to be cross-
linked in a different manner, hence a different Tg. Poly-
mers with two glass transitions have been seen in block
copolymers, for instance SEBS (Styrene-ethylene/butyl-
ene-styrene), with each block having a separate glass
transition.48 An additional glass transition has been pre-
viously seen with polymer composites with nanometric
particles and in polyurea networks.49,50 There are no
other reports of addition of an accelerator causing dual
glass transitions. Interestingly, the length of the cross-
linker appears to influence the temperature of the addi-
tional Tg which can be explained by the presence of both
end and side curable groups in HyTemp.27,28 With the
shortest cross-linker (Sample CHTE-E), the additional Tg

is at �10.8�C, then sharply decreases to �30�C for

sample CHTT-E, 45.2�C for sample CHTH-E, and finally
at �47.4�C for sample CHTP-E. This decrease in the
additional Tg with increasing length of cross-linker, was
associated to the increased mobility of the longer cross-
linker. The cooperative effect kept the Tg remarkably like
the pristine HyTemp in samples from Batches A to D but
in batch E the faster cross-linking appears to create a
two-domain structure with a second Tg.

Further analysis of samples CHTE-E, CHTT-E,
CHTH-E, CHTP-E, and CHTD-E was performed using
Mettler Toledo's TOPEM multi-frequency modulated
DSC. An example thermogram for CHTP-E is shown in
Figure 7. Modulated DSC provides the user with addi-
tional information, for instance heat flow can be split
into reversing and non-reversing components. A pure
glass transition should be completely reversing; however,
a glass transition is often accompanied by an enthalpic
relaxation,51 which would be non-reversing. As sample
CHTP-E appears to have two glass transitions (two steps
in the reversing curve), it also has two enthalpic relaxa-
tions (shown by two inverted peaks in the non-reversing
curve). As TOPEM is a multi-frequency technique, the
effect of frequency on the glass transition can also be
assessed. Figure 7 bottom shows the effect of frequency
on the storage heat capacity, this example clearly shows a
strong frequency dependency with the transition, which
is consistent with a glass transition.52

DMA measurements confirmed that the type and
amount of cross-linker in samples in Batches A–C had no
effect on the material's viscoelastic properties and glass

FIGURE 6 Top—DSC thermogram

of cured samples CHTE-E, CHTT-E,

CHTH-E, CHTP-E, and CHTD-E made

using with different cross-linkers.

Bottom—First derivative of DSC

thermograms shown above.
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transition temperatures (Table 1, Figure 8 for CHTE sam-
ples). The compositions of samples CHTE-D, CHTT-D,
CHTH-D, CHTP-D, and CHTD-D were not analyzed by
DMA due to traces recovered after evaporation of the sol-
vent from Soxhlet washings. The values of the glass tran-
sition temperature from the tan δ peak remained

constant at an average of �31.3 ± 0.8�C—similar value
to the Tg of pure HyTemp (Table 1). On the other hand,
the Tg temperature of Batch E samples (i.e., CHTE-E,
CHTT-E, CHTH-C, CHTP-E, and CHTD-E) was slightly
lower at an average of �33.0 ± 1.4�C compared with the
other Batches A–D due to the use of the accelerator

FIGURE 7 Top—Modulated

(TOPEM) DSC for sample CHTP-E,

showing the total flow (Blue line),

reversing (Red line) and non-reversing

(Black line) thermal profiles. Bottom—
Heat capacity (cp0) dependency from

frequency, at 7 mHz (Red line), 10 mHz

(Blue line), 20 mHz (Green line),

30 mHz (Purple line) and 50 mHz

(Brown line). MDSC thermograms for

samples CHTE-E, CHTT-E, CHTH-E,

and CHTD-E are reported in

Figures S12–S15.

FIGURE 8 Tan δ curves for samples CHTE-A (black line),

CHTE-B (red line), CHTE-C (blue line), and CHTE-E (yellow line).

DMA thermograms for samples CHTT, CHTH, CHTP, and CHTD

are reported in Figures S16–S19.

FIGURE 9 Tan δ curves for samples CHTE-E (black line),

CHTT-E (red line), CHTH-E (blue line), CHTP-E (green line), and

CHTD-E (yellow line).

DOSSI ET AL. 9
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(Figure 9). The second glass transition at lower tempera-
ture observed by DSC in samples CHTE-E, CHTT-E,
CHTH-C, and CHTP-E was not visible in the DMA
curves because it was hidden by the hump before the
main tan δ peak between �70 and �60�C. This hump is
associated to a rearrangement of the molecules resulting

in the relief of stresses frozen in the compositions by the
processing method.53

SEM micrographs gave an insight into the relation-
ship between the structure and the properties of selected
synthesized samples (CHTE-B, CHTE-E, CHTH-E,
CHTP-B, and CHTP-E) and confirmed the modification
of the bulk structure of HyTemp after cross-linking with
the various cross-linkers in accordance with the design
expectations.54,55 The samples were examined before and
after swelling in distilled water for 48 h at ambient tem-
perature. There is a correlation between the length
(EGDGE, HEGDGE and PEGDGE) and amount of cross-
linker (3.5:1 w/w and 3.5:0.75 w/w), the speed of the
cross-linking process (with (Batch E) or without (Batches
A–D) curing accelerator) the size of the pores captured in
the swelled samples (Table 2 and Figure 10).56 Sample
CHTE-E which cured quickly with the aid of the acceler-
ator and with the shortest cross-linker (EGDGE) was
characterized by higher porosity but smaller pore dimen-
sions (1.13 nm) after swelling (Figure S20, left) compared
with sample CHTE-B (1.56 nm) (Figure S20, middle) that

TABLE 2 Pore sizes of cured HyTemp samples before and after

swelling in water for 48 Hours at ambient temperature (obtained

from SEM images using ImageJ software).

Sample ID
Before swelling After swelling
Pore dimensions (nm)a

HyTemp N/A N/A

CHTE-E 0.29 ± 0.13 1.13 ± 0.18

CHTE-B 0.45 ± 0.03 1.56 ± 0.41

CHTH-E 1.25 ± 0.21 2.76 ± 0.12

CHTP-B 1.04 ± 0.21 4.92 ± 0.98

CHTP-E 1.57 ± 0.34 5.48 ± 1.24

aAverage of three samples.

FIGURE 10 Scanning electron micrographs of crosslinked HyTemp (top left), CHTE-E (middle left), CHTE-B (bottom left), CHTH-E

(top right), CHTP-B (middle right), and CHTP-E (bottom right) samples: (a) after cutting from freeze-drying and (b) after swelling in water

(48 h) and cutting from freeze-drying showing the interior morphology at magnification 20 k.
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was cured through a slower process without accelerator
and the same cross-linker. Sample CHTH-E made from
fast curing and a longer cross-linker (HEGDGE) exhib-
ited a higher porosity density (Figure S20, right) and pore
dimensions (2.76 nm) than the CHTE-E and CHTE-B
samples. In samples CHTP-B and CHTP-E, the poros-
ity was difficult to estimate due to pores being as not
well-defined as in the CHTH samples; their pores
(dimensions of 4.92 and 5.48 nm, respectively) were
larger compared with all the other swelled samples
examined by SEM. This analysis showed that the
longer the cross-linker (Samples CHTH and CHTP)
the larger the pore size when the elastomers were syn-
thesized with or without accelerator. No pores were
detected in HyTemp samples under the same experi-
mental conditions (Figure 10 and Figure S21). The
influence of the speed of the cross-linking process on
the pore size became negligeable as the cross-linker
length increased.

4 | CONCLUSIONS

The effect of the cross-linker length related to the num-
ber of ethylene glycol units and amount as well as the
presence of a cross-linking accelerator on the curing of
hydroxyl-terminated polyacrylic ester (HyTemp) was
explored. It was found that after 20 days at 70�C, the
novel 3D structures exhibited a remarkable increase in
pore size captured by SEM with increasing cross-linker
length and swelling ability. A kinetic effect induced by
the curing accelerator ScTFMS caused two-domain struc-
tures in the polymeric samples with a dual Tg. For the
first time, processing of the MDSC curves offered the pos-
sibility to capture structural differences in complex poly-
meric 3D structures. The new materials exhibit a
potentially wider operational range due to an additional
lower glass transition and high absorptivity opening the
doors for designing a new class of micropore polymeric
systems for the potential recovery of pollutants in soil
and/or water.
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