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ABSTRACT: Continued progress in understanding the relaxa- 2% o

tions and mechanical performance of covalent adaptable networks EDA .

(CANs) will lead to the further adoption of these unique materials 10001 o * o

across a wide range of applications. Using a model CAN system 3 ®

consisting of dynamic, aromatic disulfides in epoxy-amine 3 8001

thermosets, several network characteristics were found to vary as + ‘;‘ ?)—/O_O_S‘s o/_<é’

a function of disulfide concentration and topological placement. 600 C

The mass density was found to increase significantly with the —o - _@_S

disulfide concentration, while the glass transition temperature 400 : : : \S—@—NHz
120 140 160 180 200

decreased linearly with disulfide content (from 190 to 130 °C), as
measured by modulated differential scanning calorimetry and
dynamic mechanical analysis. Furthermore, the apparent activation energy of the glass transition, E,, as estimated by time—
temperature superposition, decreased with increasing disulfide concentration. Significant changes in the sub-T, relaxations were also
observed and correlate strongly with the concentration and placement of disulfide bonds within the network.

Ty (°C)

H INTRODUCTION For structural applications, engineering polymers require a
Thermoset polymers containing dynamic bonds continue to T, much greater than the intended service temperatures to
expand in complexity as new chemistries are developed, and maintain the desired glassy properties and avoid dramatic
the dynamic behavior is characterized. The combination of softening of the material and ultimately failure of the structural
sufficient exchangeable moieties within a thermoset and a component. It is also preferred to minimize the creep
stimulus (e.g., heat or light) allows for topological rearrange- compliance of a material when engineering for structural
ment of the network and permits reprocessing of a nominally applications, and highly cross-linked polymer networks usually
intractable material. By combining the desirable aspects of meet this requirement due to the topological constraints of

thermoset polymers (e.g, mechanical robustness, insolubility,
and thermal stability) with the reprocessability of thermo-
plastic polymers, materials can be developed that possess both
high-performance properties and improved sustainability.

. L . contrast, accelerating the relaxation kinetics above T, in
These dynamic moieties can range in strength from non- o . 8
covalent interactions such as metal—ligand coordination, > CANs could facilitate the reprocessing or thermoforming of

host—guest complexes,* and hydrogen bonding™® to dynamic CAN composites. This dual optimization of creep resistance

dense covalent cross-linking; however, the introduction of
exchangeable bonds in CANs could dramatically change that
behavior, especially at temperatures approaching T, In

covalent bonds such as (retro-)Diels—Alder reactions,”® and facile reprocessing relies heavily on how kinetics change
transesteriﬁcation,g’m boronic ester exchange,“’n urethane near the glass transition; thus, it is critical to determine how
exchange,"”'* and disulfide exchange,"”~"® with more chem- the inclusion of dynamic bonds affects local network dynamics
istries being continually adapted for polymeric materials. across a broad temperature range. Detailed measurements of
Polymeric materials that include dynamic covalent bonds are relaxation kinetics near T, and above are also useful for the
often referred to as dynamic covalent polymers, vitrimers, or general study of how segmental and dynamic exchange kinetics

covalent adaptable networks (CANs), the latter of which will
be used throughout this work. CANs are also divided between
associative and dissociative, depending on the exchange
mechanism of the dynamic bond present.'””° While the
detailed assessment of dynamic covalent bonds and their
interplay with network dynamics has begun to be established in
rubbery, low T, systems, '*'%*! studies of high T, materials is
relatively unexplored, perhaps arising from slower molecular
diffusion and confounding local relaxations.

couple in CANs and other dynamic polymer networks.
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Table 1. Relative Concentration of Monomers Used for Each Composition in the FDS and Resultant Mole Fraction of

Disulfide Bonds in the Networks

FDS compositional table

name mol % DGEBA mol % BGPDS
DGEBA-MDA 100 0
DGEBA-DTDASO 100 0
DGEBA-DTDA 100 0
BGPDSS0-MDA Ny S0
BGPDSS0-DTDASO Ny Ny
BGPDS-MDA 0 100
BGPDSS0-DTDA 50 50
BGPDS-DTDASO 0 100
BGPDS-DTDA 0 100

mol % MDA mol % DTDA mol fraction of S—S

100 0 0
1

50 50 g
0 100 l
3

1

100 0 g
1

S0 S0 z
2

100 0 3
0 100 %
3

S

S0 S50 g
0 100 1

Because these dynamic covalent moieties are bound within a
network, their ability to exchange will naturally be influenced
by the mobility of the network in which they reside.”””>* The
segmental dynamics of polymer networks can vary widely
across temperatures, and the most prominent thermal
characteristic of a cross-linked network tends to be its glass
transition, where the characteristic time scales of segmental
dynamics change by many orders of magnitude over a
relatively narrow temperature range. In addition to T, another
important concept within glass formation is the apparent or
effective activation energy of the glass transition, E, which
describes the temperature sensitivity of dynamic properties
near T, as defined by eqs 1 and 2, where x is a dynamic
variable (e.g, relaxation time, 7, or viscosity, #), R is the
universal gas constant (8.314S J/mol K), and T is temper-
ature.”>*® This effective activation energy is similar to the
dynamic fragility index, m, (which can be thought of as an
effective activation energy normalized by T,, as given by eq 3),
and materials with low E, are considered strong glass formers
and often follow Arrhenius temperature dependences, while
those with high E, are considered fragile glass formers and
often follow super-Arrhenius temperature dependences.”®’
The apparent activation energies of many glass-forming
materials have been tabulated by Qin and McKenna,”® and
these data illustrate how the E, values observed in most
polymeric materials are dramatically greater in magnitude (ca.
200 to 1200 kJ/mol) than many dynamic exchange chemistries
used in CANs (ca. 10 to 200 kJ/mol).>'07'>!28731 1t jg
important to emphasize that these E, values are effective or
apparent activation energies because they are temperature
sensitivities calculated in the same way as usual activation
energies, but the glass transition is not simply a thermally
activated Arrhenius process; however, the use of E, provides an
intuitive framework for comparing temperature sensitivities
among materials.

Eg = R—a(lnl %)
o) (1)
Eg = EefflT=Tg (2)
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E, = In 10 RT;m (3)

While relaxation behavior at temperatures near and greater
than T, can help determine viable service temperatures and
reprocessing conditions, relaxation behavior in the glassy state
can also have dramatic implications for properties like
toughness in structural materials.””">* These sub-T, relaxa-
tions have been analyzed in myriad glass-forming systems and
typically correspond with processes like intramolecular
motions (e.g, backbone crankshaft fluctuations or aromatic
ring flipping) or local cage-like rattling.”> ™" Because each of
these sub-T, relaxations corresponds with local mobility, they
can indicate processes that dissipate energy in the material and
have been correlated with high toughness.”>*"

This work aims to assess how the inclusion of dynamic
aromatic disulfide bonds (as a function of both the relative
concentration and topological placement within the network)
within high-T, epoxy-amine thermosets affects the glassy
dynamics of the polymer networks. It is hoped that this study
of a model CAN system will help expand the utility of high-T,,
dynamic glasses by correlating critical relaxation processes and
network design to macroscale performance, such as strength
and toughness.

B MATERIALS AND METHODS

Materials. Diglycidyl ether of bisphenol A (DGEBA), 4,4'-
ethylenedianiline (EDA), m-phenylenediamine (mPDA), (+)-epi-
chlorohydrin (ECH), benzyltriethylammonium chloride (BTEAC),
potassium iodide (KI), potassium carbonate (K,CO;), magnesium
sulfate (MgSO,), and dichloromethane (DCM) were purchased from
Sigma-Aldrich and used as received. 4,4’-Methylenebis-
(cyclohexylamine) (PACM) was purchased from Sigma-Aldrich and
was melted at 80 °C and filtered before use. Bis(4-hydroxyphenyl)
disulfide (BHPDS) was purchased from Ambeed and used as
received. 4,4'-Dithiodianiline (DTDA) was purchased from Oakwood
Chemical and used as received. Isopropyl alcohol was purchased from
Fisher Scientific and used as received. 4,4’-Diaminodiphenylmethane
(MDA) was purchased from Alfa Aesar and used as received.
Methanol was purchased from VWR International and used as
received.

Synthesis of Bis(4-glycidyloxyphenyl) Disulfide. Bis(4-
glycidyloxyphenyl) disulfide (BGPDS) was synthesized using a

https://doi.org/10.1021/acs.macromol.4c01012
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Figure 1. (a) Chemical structures of epoxy and amine components used in this work, where the primary FDS compositions are shown in the blue
box and the additional control cross-linkers are shown below. (b) 2D compositional space available when varying content of both dynamic epoxide
and amine, with the 9 FDS compositions shown as blue points. (c) Scheme of the radical-mediated disulfide exchange which occurs in the

compositions studied.

procedure adapted from those of Takahashi et al. and Memon and
Wei.> 40 Briefly, 50 g BHPDS, 400 mg KI, and 280 mg BTEAC were
dissolved in 400 mL ECH and 80 mL methanol in a 3-neck round-
bottom flask and heated to 60 °C under N, atmosphere and stirred.
Then a 50 wt % aqueous solution of K,CO; (48 g of K,COj5 in 48 g of
DI water) was added to the flask dropwise and allowed to react for 5
h. The reaction mixture was then allowed to cool under stirring, water
was added to separate the organic layer, and the organic layer was
then washed twice more with DI water. The organic solution was
dried over MgSO,, and the excess ECH was distilled off to obtain a
crude BGPDS product. To this crude product were then added 400
mg of KI, 280 mg of BTEAC, and 40 mL of methanol, and the
mixture was heated to 60 °C under a N, atmosphere and stirred.
Another S0 wt % aqueous solution of K,CO; (48 g K,CO; in 48 ¢ DI
water) was added to the flask dropwise and allowed to react for 2 h.
The reaction mixture was then allowed to cool under stirring; water
and DCM were added to separate the organic layer, and the organic
layer was then washed twice more with DI water and dried over
MgSO,. The organic solution was concentrated by distilling off DCM,
and the concentrate was then reprecipitated from isopropyl alcohol
and dried in a vacuum oven at 60 °C, yielding pure BGPDS (typical
yields ~60—75%). Epoxide equivalent weight (EEW) measurements
were made using titrations according to ASTM D1652, and BGPDS
batches yielded average EEWs of 190—200 g/eq. 'H and *C NMR
spectra are shown in Figures S1 and S2, respectively.

Preparation of Epoxy Samples. The stoichiometric ratio of
epoxide/primary amine was maintained at 2:1 for all formulations. All
epoxy compositions were prepared by melting the epoxide and amine
components separately, mixing the components vigorously until
achieving a homogeneous resin, and degassing the resin at 90 °C in a
vacuum oven. The degassed resin was then poured into a rectangular
silicone mold (25 mm X 75 mm X 2 mm) and repeatedly degassed
and purged with vacuum and N,. All compositions were then
precured at 110 °C for 30 min. Compositions were then cured at 160
°C for 8 h or, if their final glass transition temperatures were greater
than 160 °C, as measured by differential scanning calorimetry (DSC),
they were cured at 160 °C for 2 h and 190 °C for 2 h. These different
post-cure schedules are explained further in the Supporting
Information (Figure S3). Samples were allowed to cool naturally to
room temperature and then were sectioned and polished to
dimensions required for additional testing. Table 1 lists the primary
compositional series studied, denoted hereafter as the fully dynamic
series (FDS). Additionally, six control compositions were created by
curing either DGEBA or BGPDS with EDA, mPDA, or PACM. For
these control cross-linkers, the relevant mole fraction of disulfide

bonds in the network is 0 or % when cured with DGEBA or BGPDS,

respectively.

Dynamic Mechanical Analysis. Cured resins were sectioned and
polished to samples with nominal dimensions of 3 mm X 1 mm X 40
mm. Dynamic mechanical testing was performed on a TA Instruments
RSA G2 instrument in tensile geometry with a gap of 30 mm.
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Temperature sweeps were performed at 1 Hz with mean tensile strain
of 0.1% from —120 to 225 °C at 2.5 °C steps with a 60 s soak at each
step. Temperature and frequency sweeps were performed for each
composition at ~T, & 15 °C at 2.5 °C steps at frequencies from 0.01
to 10 Hz with mean tensile strain of 0.1%. These dynamic mechanical
measurements were performed on all compositions shown as blue
points in Figure 1b and the control compositions, and a replicate was
tested for the 4 corners and the center point.

Modulated DSC. Temperature-modulated DSC (mDSC) was
performed on a TA Instruments DSC250 in TA Zero aluminum pans
under a N, flow. Sample sizes were typically 11—16 mg. In order to
erase thermal history, samples were heated to about 50 °C above T,

and then cooled to about 50 °C below T, at 3 °C/min with a
modulation amplitude of 1 °C and a period of 60 s. All compositions
were tested via mDSC in triplicate.

Mass Density Measurements. The mass density of each
composition was measured in triplicate using a 20 mL glass

pycnometer with water at ambient temperature (23 + 1 °C).

B RESULTS AND DISCUSSION

The nine compositions selected for the FDS compositional
series (the blue points in Figure 1b) were chosen as a way to
probe the extremes of the compositional space along with
varying combinations of components to help elucidate the
effects of each monomer. This selection also provides several
compositions in the nonreprocessable and reprocessable
regions, as well as a few near (or on) the mean-field
percolation threshold. As defined here, the percolation
threshold is meant to signify the boundary between
compositions below which, if every disulfide bond were
hypothetically broken, there would remain a permanent
polymer network of infinite molecular weight. This percolation
concept and its implications on reprocessability in CANs have
been discussed for a thiol-epoxy system with exchangeable
ester moieties by Li et al."' The six additional control
compositions were studied to assess how well observed trends
continue to hold when disulfide bonds are only placed in the
diepoxide monomer and the amine cross-linker structure is
changed. EDA was used because of the additional carbon atom
in the bridge between aromatic carbon rings relative to MDA,
mPDA was chosen because the amines are located on a single
aromatic carbon ring with no bridge, and PACM was chosen
because its structure is similar to that of MDA but with
aliphatic carbon rings instead of aromatic ones.

As a way of condensing the 2D compositional space
available due to the ability to place disulfide bonds either
within the diepoxide or the diamine cross-linker, trends in
properties have been plotted against the total mole fraction of

https://doi.org/10.1021/acs.macromol.4c01012
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disulfides in the networks to make the visual representations of
data simpler. Because of the 2:1 stoichiometric ratio of
diepoxide/diamine, increasing the relative concentration of
disulfide-containing diepoxide (BGPDS) has a greater increase
on the total mole fraction of disulfides than increasing the
relative concentration of disulfide-containing diamine
(DTDA).

Mass Density. The mass density of each composition was
measured because it is an important quantity when designing
materials for applications where lightweightness is a key factor
and also because it can provide an indication of the relative
packing density of the polymer network. As shown in Figure 2,

1351 o fps R
- ¢ EDA s o
K: $ mPDA
§ 1301 ¢
3 B PACM ¢
a °
2 1.25 1 L
2 L
a ¢
9 1.20 -
[}
=

1.15 -

0.0 0.2 0.4 0.6 0.8 1.0

mol Fraction with S-S

Figure 2. Trends in bulk mass density for each composition studied.

as the relative concentration of disulfide bonds within the
network increases, the bulk mass density of the composition
increases almost linearly. This trend holds across the FDS
compositional series and the control cross-linker compositions.
While most of the increase in density that occurs when
including disulfide-containing monomers could be due to the
heavier atomic mass of sulfur (see Figure $4), some could also
be due to more efficient packing of network segments allowed
by the more flexible disulfide bonds. It has been reported that
more flexible segments tend to allow increased packing
density,"** and DFT simulations of these and similar aromatic
disulfide-containing monomers have reported a “folded”
conformation around the disulfide bond, which could allow
improved packing relative to a more rigid, linear segment.’’
Changes in effective packing fraction (even of only a few
percent) can have dramatic impacts on the behavior of
materials in the glassy state,*”** and the implications of the
changes in bulk density observed here will be discussed along
with the relevant properties throughout this work.

It is worth noting that for the points where two
compositions have an equal mole fraction of disulfides in the

network (i.e., at % and %), the composition with more BGPDS

present always has the slightly higher density. This would
suggest that, although the disulfide bonds are present in the
same molar concentration relative to the overall network,
BGPDS allows slightly more effective packing than DTDA.
This relatively increased packing effectiveness could be because
the disulfide bond present in BGPDS is less topologically
restricted than in DTDA (i.e., the aromatic disulfide moiety in
DTDA is “tethered” at four points due to the diamine’s tetra-
functionality, while the aromatic disulfide moiety in BGPDS is
“tethered” only at two points due to the diepoxide’s
bifunctionality) or it could also be due to the additional
flexibility of the ether linkages present in BGPDS between the
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aromatic disulfides and the cross-linking sites. When BGPDS
replaces DGEBA, the absence of the methyl groups in the
isopropylidene bridge in DGEBA could also reduce the local
free volume, causing an increase in mass density.*

The general trend of density among the control cross-linker
compositions [ie., p(mPDA) > p(MDA) > p(EDA) >
p(PACM)] is likely due to differences in local free volume
or relative cohesive energy density of the amine cross-linkers.
Specifically, as the cross-linker monomers become longer, there
will tend to be increased free volume in the network, resulting
in reduced mass density, and aliphatic carbon rings in place of
aromatic ones (in the case of PACM) would also result in
increased free volume and thus lower mass density. Positron
annihilation lifetime spectroscopy is a technique that could
potentially probe the length scales necessary to determine if
the relative free volume in these materials also decreases with
increasing disulfide concentration, which would provide further
evidence of more efficient packing of the network in the glassy
state,*™*” and the authors intend to use this method in the
future to continue investigating the local glassy dynamics of
this model system.

Modulated DSC. mDSC experiments were performed on
each composition as a method to assess how the inclusion of
disulfide linkages within the epoxy-amine networks influences
the glass transition characteristics. The characteristics most
easily accessible via mDSC are properties such as the glass
transition temperature, T, transition breadth, 6T, and
transition specific heat capacity step change, Ac, (see Figure
SS). By using mDSC, it is simpler to deconvolute reversible
and nonreversible/kinetic heat flow components, allowing
direct calculation of the reversing specific heat capacity, c,, and
its derivative with respect to temperature through the glass
transition.">*’

Glass transition temperatures, Ty, were determined as the
inflection point of ¢, in the transition region, or equivalently as
the maximum in dc,/dT, and are shown as a function of
disulfide inclusion in Figure 3. There appears to be a clear,

190
Y FDS
180 ¢ EDA
170 - $ mPDA
* ¥ PACM
G160 ™
> 150 -
140 e
| L 2
130 M
120 1+ , , , . =
0.0 0.2 0.4 0.6 0.8 1.0

mol Fraction with S-S

Figure 3. Trends of glass transition temperature, Ty, as measured by
mDSC for each composition studied.

relatively linear decrease in T, with increasing inclusion of
disulfide bonds within the network, which could be expected
because when disulfides are included in the networks, they are
replacing a significantly stiffer methylene or isopropylidene
bridge when included through the diamine or diepoxide,
respectively.””*" As the network becomes more flexible on
average, it is expected that material T, would decrease. It is
again worth noting that for the points where two compositions
have an equal mole fraction of disulfide bonds in the network

https://doi.org/10.1021/acs.macromol.4c01012
Macromolecules 2024, 57, 7112-7122
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(ie., at % and %), the composition with more BGPDS present

always has the lower T, [as also observed via dynamic
mechanical analysis (DMA) below]. This more dramatic
lowering of the glass transition temperature would suggest that
disulfide bonds included via BGPDS are more flexible than
those included via DTDA, due to either the topological
“tethering” logic mentioned above in relation to the density
differences and/or the additional ether linkages present in the
BGPDS structure. Among the control cross-linkers, while the
use of mPDA in place of MDA seems to cause little change in
T,, the use of EDA and PACM both seem to cause a lowering
of the glass transition temperature relative to MDA, with
PACM exhibiting the lowest T,s of the nondynamic cross-
linkers tested. These decreased glass transition temperatures
could again be expected, as the ethylene bridge between the
aromatic carbon rings present in EDA is more flexible than the
methylene bridge present in MDA, and the aliphatic carbon
rings in PACM are much more flexible than the aromatic
carbon rings in MDA.

Temperature Sweeps and Time—Temperature Super-
position. Temperature sweeps were performed on each
composition as a method to determine the viscoelastic
properties over a broad range of temperatures, which is useful
for determining potential application temperatures and for
identifying features like sub-T, relaxations and the glass
transition. Although there is no universally accepted
nomenclature for these relaxations, one common practice is
to assign each relaxation a Greek letter in descending
temperature order (starting with the glass transition as the a
relaxation, then the next highest temperature as the f
relaxation, and so on).”*>>*' Example temperature sweeps
are shown for the completely nondynamic composition
DGEBA-MDA (Figure 4a) and completely dynamic compo-
sition BGPDS-DTDA (Figure 4b) with a few points of interest
noted (see Figures S6—S23 for all temperature sweeps). At the
higher temperatures, the relatively sharp and intense o
relaxation peak, or glass transition peak, is noted, and the
temperature at which the maximum in this tan 6 peak occurs is
denoted as T, in this work. At lower temperatures, two broader
and less intense sub-T, relaxation peaks are labeled. Specifically
the one present around —60 °C is labeled as the f peak
according to convention, as this relaxation is commonly
observed in epoxy-amine materials and is attributed to the
motion of the dangling glycerol groups that form at the
epoxide-amine cross-linking reaction sites.”>*® The other sub-
T, peak, occurring around 10—50 °C, has been labeled as the
B’ peak to distinguish it from the more typical B relaxation
which occurs in epoxy-amine thermosets. These lower
temperature relaxations will be discussed in more detail below.

Figure 4c summarizes the measured T,s for each
composition studied, clearly illustrating a relatively linear
decrease in T, with an increasing molar fraction of disulfide
bonds among all the FDS and control compositions. The
observed trends are essentially identical to those regarding T,
as measured using mDSC, which are discussed in more detail.
It is worth mentioning that the Tgs as defined here for DMA
are systematically a few degrees higher than those as measured
via. mDSC. This slight variation in T, as measured with
different techniques is common and highlights that the glass
transition occurs over a range of temperatures and is highly
dependent upon time and length scales of the experiment.”
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Figure 4. Example temperature sweeps for a completely nondynamic
composition (a) and a reprocessable, dynamic composition (b). (c)
Trends of glass transition temperature as measured by DMA for all
compositions studied.

Another observation worth noting in Figure 4b is the sudden
decrease of the storage modulus (and increase in the loss
modulus and tan §) at temperatures exceeding about 200 °C,
which also occurs in the other networks containing dynamic
disulfide bonds (see Figures S6—523). This deviation from the
rubbery plateau is reminiscent of a terminal flow regime
present in thermoplastic polymers and likely corresponds with
a dramatic softening of the material due to the relatively facile
topological rearrangement afforded by disulfide exchange at
these temperatures. This deviation from the rubbery plateau
was only observed in compositions containing disulfide bonds,
and while the onset of this deviation occurred at similar
temperatures in nearly all the systems studied here (likely
driven by concerted disulfide exchange relaxation times
dropping below about one s), a more rigorous rheological
study will be performed on this model system to elucidate the
exchange kinetics in more detail and how the disulfide
relaxation relates to disulfide concentration and topological
placement and is coupled to the segmental dynamics.

https://doi.org/10.1021/acs.macromol.4c01012
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To analyze the changes in the segmental dynamics near the
glass transition as a function of disulfide inclusion within the
networks, temperature and frequency sweeps were completed
on each composition near T, so that time—temperature
superposition (tTS) could be performed. Horizontal shifting
was performed manually with the temperature step nearest the
composition T, used as the reference temperature, and an
example master curve is shown in Figure 5, illustrating the
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Figure S. Example tTS master curves for the fully dynamic
composition (BGPDS/DTDA) for storage modulus, E’, (a); loss
modulus, E”, (b); and tan § (c).

appropriateness of tTS within this temperature range. The
unshifted and shifted curves for all compositions are compiled
in the Supporting Information (Figures S24—S83). The shift
factors (ar) for each composition were then fit to a Vogel—
Fulcher—Tammann (VFT) form (eq 4), where x represents a
dynamic variable such as relaxation time (7) or viscosity (77), x,
represents the high temperature limit of that variable, T is
absolute temperature, T, is a fitting temperature to set the
divergence of the property, and B is a material fitting
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parameter. An example of this VFT fitting using the shift
factors to create the master curves in Figure S is shown in
Figure 6a, and the fits for all compositions are given in the
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Figure 6. (a) Example VFT fit to tTS shift factors for the fully
dynamic composition (BGPDS/DTDA). (b) Trends of apparent
activation energy, E,, for all compositions studied.

Supporting Information (see Figures S24—S83). The VFT
form is often employed for certain relaxations, like the glass
transition, because it captures the super-Arrhenius temperature
dependence which occurs.”>**** It is also worth noting that
the VFT equation is equivalent to the commonly used
Williams—Landel—Ferry form.

x(T) = xoexp[%]

RB

Eg,VFT = . 2
0
(-3

8

(4)

(5)

By fitting the tTS shift factors for each composition to the
VFT model, the effective activation energy at the glass
transition, E;, could be analytically calculated according to eq
5. The calculated E, values for each composition are shown in
Figure 6b. As can be seen, there appears to be a general trend
of decreasing E, as the relative concentration of disulfide bonds
within the network increases. This overall decrease in effective
activation energy with disulfide bond inclusions is likely due to
the increase in network flexibility as carbon linkages are
replaced with disulfides. This relationship of stronger glass
formation (ie, lower E, or fragility) with more flexible
networks has both experimental and simulation support.””*>>>
The relationship between E; and T, is also shown in Figure 7,
where a relatively linear relationship is observed (and this
range of E;s and T,s would lie on the right-hand side of the
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Figure 7. Cross-plot of apparent activation energy at the glass
transition, E, and glass transition temperature, T,, for all
compositions studied.

cloud of polymer glass former data collected in Figure 3 of the
work by Qin and McKenna®®). This linear relationship makes
sense for this material system, where the general cohesive
energy density and reactive chemistry are held constant while
the average flexibility of the network is systematically increased
(by increased inclusion of disulfide linkages). A potential
influencing factor of the general trend of decreasing dynamic
E, with increasing disulfide inclusion could also be the relative
packing density of the network. Again, if the increase in bulk
density of the materials with a higher disulfide content is due
to an increase in the relative packing density of the glass, this
increase in effective packing fraction could also lead to the
decrease in effective activation energy. Heterogeneities of
packing density within the network caused by differences in the
spatial distribution of disulfide bonds (especially in composi-
tions with mixed diepoxide and/or diamine constituents)
could alternatively lead to packing frustrations and relatively
higher E,, which could explain why, although there is a general
decrease in E; with disulfide inclusion, this relationship is
somewhat “noisy”.””>* The fact that this trend is not as “clean”
or idealized as that of the glass transition temperature helps to
illustrate the importance of assessing material properties such
as effective activation energy near T, when characterizing these
types of materials (which are especially relevant when broadly
considering the healability and reprocessability kinetics of
CANS) because the relationship depends on both chemical and
topological parameters. For those points where two
compositions have an equivalent mole fraction of disulfide
bonds, the composition with greater inclusion of the disulfide-
containing diepoxide BGPDS has the lower E,, which, again, is
likely due to the slightly greater flexibility of BGPDS relative to
the disulfide-containing diamine DTDA. When comparing
effective activation energies of the glass transition among the
control compositions when no disulfide bonds are included in
the network, the trend follows the expected relative flexibility
of the cross-linkers [i.e., Eg(mPDA) > Eg(MDA) > Eg(EDA) >
Eg(PACM)] ; however, the trend is not as consistent when
BGPDS is used as the diepoxide, and all the E,s are relatively
similar (while the composition with PACM as cross-linker still
has the lowest E, among the control cross-linkers). This
alteration to the trend in E, would suggest that the increased
flexibility due to the presence of disulfides in the epoxide
component of the network dominates the decrease in effective
activation energy of the glass transition, especially among the
aromatic amine cross-linkers.
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When comparing the effective activation energies to those of
relevant dynamic exchange chemistries, it is important to
reiterate how much greater the glass forming temperature
sensitivities (i.e., Egs) are in magnitude. If the segmental
dynamics influence the exchange kinetics (and thus the overall
measured relaxation kinetics of a network), which is almost
certain near T, and possible even at higher temperatures, then
the effective activation energies of glass formation will
influence the temperature sensitivities measured through
experiment (e.g., stress relaxation).”> As an example, if we
extend the calculation of the apparent activation energy
through the VFT fitting of the BGPDS/DTDA system (which
has the lowest E, values of the FDS compositions studied in
this work) to temperatures greater than T, using eq 1, the
effective activation energy, E.g would reach values comparable
to the aromatic disulfide bond dissociation energy (e.g, 180
kJ/mol) around 190—195 °C. For more fragile glass-forming
materials, this “crossover” temperature would be even higher
(see Table S1), suggesting how the temperature sensitivity of
the dynamic properties in the temperature range at which these
materials would be feasibly reprocessed is almost certainly
strongly influenced by the network dynamics. This influence
on the temperature sensitivity emphasizes how important it is
to account for the glass formation kinetics and segmental
dynamics in attempts to accurately measure the exchange
kinetics and reprocessability of CANs. The dramatic (super-
Arrhenius) reduction in relaxation kinetics due to the sluggish
network dynamics also illustrates the inappropriate nature of
determining a topological freezing temperature, T,, by
extrapolation if T, is anywhere near the T, as recently
discussed by Martins and co-workers.”"

It is desirable to be able to reprocess and heal CAN
materials under the mildest conditions possible because this
corresponds with a safer and less energy intensive procedure
and also helps to avoid material degradation. Because these
materials have relatively high glass transition temperatures
among CANs and because the disulfide exchange that allows
reprocessing and healing cannot occur appreciably below T,
detailed understanding of the relaxation/exchange kinetics and
dynamics near T, (via effective activation energy) can help to
find the mildest conditions necessary for stimulating sufficient
segmental dynamics to facilitate disulfide exchange and thus
heal/reprocess the network. Combining this study with
additional dynamics work (e.g,, stress relaxation and isothermal
creep) at temperatures greater than T,, where the relaxation
behavior is likely controlled primarily by the disulfide exchange
kinetics, will help to deconvolute segmental and exchange
behavior, to gain detailed understanding of the transition
between dominant relaxation mechanisms in highly cross-
linked networks, and to optimize these and similar CAN
materials for both reprocessability and creep resistance via
chemical and topological engineering.

Sub-T, Relaxations. As mentioned above, two distinguish-
able sub-T, relaxations were observed in the compositions
studied: the typical B relaxation peak ubiquitous in epoxy-
amine networks, which has been shown to correspond with the
activated motion of dangling glycerol groups present at the
epoxide-amine cross-linking sites around —60 to —50
°C,'7*>3° and an additional relaxation observed at temper-
atures between about 10 and 50 °C, which is denoted f’ in this
study. To analyze the details of the sub-T|, relaxations, the tan &
data for each temperature sweep were baselined between —120
°C and the local minimum just before the onset of the a
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relaxation peak. These tan o data were then fit to two Gaussian
peaks so that the relaxation peak temperature, breadth,
amplitude, and area could be calculated to compare the
relative location and intensity of each sub-T, relaxation across
each composition. The peak temperatures for both relaxations
for each composition are shown in Figure 8a, and the areas of
the relaxations, representative of their relative intensity, for

each composition are shown in Figure 8b.
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Figure 8. (a) Temperatures corresponding to the center of Gaussian
fits to # and f’ peaks for each composition. The upper and lower
dashed gray lines are guides to the eye at 10 and —54 °C, respectively.
(b) Total areas of Gaussian fits to f and B’ peaks for each
composition. (c) Normalized areas of f'/f peaks for each
composition.

The peak temperature at which the f relaxation occurs is
essentially constant across all compositions (with an average of
—54 °C for the FDS), which could be expected because this
relaxation is attributed to the presence of the dangling glycerol
groups which form at the epoxide-amine cross-linking reaction
sites,”***® which are present in all systems. Meanwhile, it can
be seen that the relative area of the f relaxation decreases with
an increasing concentration of disulfide bonds in the network.
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This decrease in relative intensity can likely be attributed to the
relative decrease in apparent cross-linking density, which
occurs as the network becomes more flexible on average with
the inclusion of more disulfide bonds (see Figure S87) ;359057
however, there is also a relatively insignificant difference in f
relaxation intensity between the compositions with equal mole
fraction of disulfide bonds, so additional study with techniques
like dielectric spectroscopy could help elucidate the details of
these changes more precisely. The trend in relative 3 relaxation
intensity among the control compositions without disulfide
bonds (i.e, PACM > EDA > mPDA ~ MDA) could possibly
be explained by an increased breadth of the relaxation. In the
case of DGEBA-EDA, the additional methylene group between
the aromatic rings of the cross-linker provides additional free
volume which could allow more secondary relaxation modes or
at least a more heterogeneous activation of them. In the case of
DGEBA-PACM, both the intensity and breadth of the
transition likely increases due to the presence of cycloaliphatic
groups (in place of the aromatic rings as in MDA), as observed
previously in polyester glasses.”*

The behavior of the f’ relaxation appears to change
dramatically depending on whether disulfide linkages are
included in the network. For those compositions without any
disulfides, the peak temperature occurs on average at 55 °C,
whereas for all compositions with disulfide bonds present
(seemingly regardless of relative concentration), the peak
temperature occurs on average at 10 °C. The relative area of
the B’ relaxation also changes dramatically when disulfide
bonds are present in the network, with a relatively negligible
area/intensity for those compositions without any disulfides
and a relatively intense ' peak for those compositions with
disulfides. The ' relaxation even becomes more intense than
the S relaxation for all compositions containing disulfides,
except for the material with the lowest concentration of
disulfide bonds (i.e., DGEBA/DTDASO0). Figure 8c shows the
trend of the ' peak area normalized by the area of the f§ peak
to illustrate the apparent correlation of this additional sub-T
relaxation with the relative concentration of disulfide linkages
in the network. The significant shift in both the temperature at
which the relaxation occurs and the relative intensity would
suggest that the §’ relaxation present in the networks without
any disulfide bonds likely has an origin distinct from the f’
relaxation occurring in the disulfide-containing compositions.
When comparing compositions with an equal mole fraction of
disulfide bonds, there is very little difference between their sub-
T, responses when observed in the normalized representation
in Figure 8c. This similar response suggests that the topological
placement of disulfide bonds within the network (i.e., via the
diepoxide or diamine) has a less significant effect than the
overall relative concentration of disulfides. The trend in
relative 8 relaxation intensity among the control compositions
with disulfide bonds is somewhat weak, but follows an
approximate trend of PACM =~ EDA > MDA > mPDA,
which suggests that the relative flexibility of the cross-linker
used can influence the ' relaxation, but that it tends to be a
secondary effect, at least among the relatively stiff cross-linkers
chosen here.

While the ' relaxation intensity clearly seems to correlate
with the presence of disulfide bonds within these network
materials (and occurs at a distinct temperature from the
significantly less intense f’ relaxation existing in the
compositions without any disulfide bonds), it is difficult to
determine if the relaxation actually corresponds with activated
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motion of the disulfide linkages themselves (like how the f
relaxation corresponds with the activated motion of dangling —
OH groups) or has another molecular origin. It could be that
the f’ relaxation in all compositions corresponds with a “cage-
rattling” or Johari—Goldstein-type relaxation, which onsets
prior to the glass transition,” and that the inclusion of
disulfide bonds (even at relatively low concentrations) causes a
significant change on the activation temperature of this process
and its relative intensity. Additional experiments on this model
system using techniques like dielectric spectroscopy are needed
to more confidently determine the origin of these p’
relaxations, which is important not only for fundamental
understanding of the glassy physics involved in these and
similar dynamic systems but also for optimization of these sub-
T, relaxations as a way of tuning mechanical properties and
fracture behavior for structural applications of reprocessable
thermoset networks.

B CONCLUSIONS

This work studied how the inclusion of aromatic disulfide
bonds in highly cross-linked epoxy-amine thermosets (as a
function of both relative concentration and topological
placement) changed various network characteristics within
the glass. The bulk mass density was found to increase
significantly with increasing mole fraction of disulfide bonds in
the network (from 1.18 to 1.34 g/cm®) with the inclusion of
disulfides via the diepoxide (i.e., BGPDS in place of DGEBA)
having a slightly more significant effect than inclusion via the
diamine cross-linker (i.e., DTDA in place of MDA). Although
most of this increase in mass density is due to the higher
atomic mass of sulfur (as compared to the hydrocarbon
linkages, the disulfides are replacing), the more flexible
disulfides could also be causing slightly increased effective
packing in the networks, which could also explain some of the
increase in density and changes observed in other glassy
characteristics.

The glass transition temperature was found to decrease
relatively linearly (from about 190 to 130 °C) as a function of
disulfide concentration within the network, as measured by the
inflection point in the step change of heat capacity in mDSC
and the peak in tan 6 from DMA temperature sweeps;
however, for compositions with equivalent overall mole
fraction of disulfide bonds in the network, compositions with
greater inclusion of disulfides via the diepoxide component had
lower Tgs. This increased depression of T, due to disulfide
inclusion in the diepoxide (as compared to inclusion of
disulfides in the diamine cross-linker) could be because the
diepoxides are effectively bound to the network by two points
as opposed to four points in the diamine cross-linkers, so the
additional flexibility of the disulfide bond (and thus the overall
network) is more pronounced.

By performing both temperature and frequency sweeps for
each composition near its respective T,, tTS was performed,
and the horizontal shift factors were fit to VFT forms. By
performing VFT fits, the effective activation energy of the glass
transition, E, was calculated for each composition, which
allowed a comparison of how the relative temperature
sensitivity of dynamic variables changes with aromatic disulfide
inclusion within the networks. It was found that E, generally
decreased with increased mole fraction of disulfide bonds in
the network (from over 1000 to about 500 kJ/mol), which can
be expected as the network becomes more flexible on average,
and, again, it was found that inclusion of disulfides through the
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diepoxide had a more pronounced decrease in E, when
compared to inclusion through the diamine.

Two distinct sub-T, relaxations were also observed in the
DMA temperature sweeps, denoted as the f and ' relaxations.
The f relaxation, which is ubiquitous in epoxy-amine materials
and typically occurs around —60 °C, was observed to decrease
in relative intensity with increased inclusion of disulfide bonds,
likely because of the decrease in apparent cross-link density as
the network becomes more flexible on average. The p’
relaxation was observed to increase in relative intensity and
decrease in peak temperature when disulfides were included
within the network but remain relatively constant as a function
of mole fraction of disulfide bonds in the network. While the
presence of this additional sub-T, relaxation clearly seems to
correlate with the presence of aromatic disulfide bonds in the
thermosets, additional investigation (e.g., via dielectric spec-
troscopy) is needed to clarify its molecular origins.
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