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Rheological and Chemical Analysis of Reverse Gelation in a
Covalently Cross-Linked Diels—Alder Polymer Network
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ABSTRACT: A network polymer, incorporating dynamic and reversible cross-links, was synthesized using the
Diels—Alder reaction. Fourier transform infrared (FTIR) spectroscopy was used to characterize the reaction rate
and thermodynamic equilibrium over a broad temperature range. Equilibrium conversion of the furan and maleimide
varied from 74% at 85 °C to 24% at 155 °C, demonstrating significant depolymerization via the retro-Diels—Alder
reaction. The gel point temperature, as determined by rheometry using the Winter—Chambon criterion, was 92
°C, corresponding to a gel-point conversion of 71%, consistent with the Flory—Stockmayer equation. The scaling
exponents for the complex moduli, viscosity, and plateau modulus, in the vicinity of the gel-point, were determined
and compared with experimental and theoretical literature values. Further, the material exhibited a low frequency
relaxation owing to dynamic rearrangement of cross-links by the Diels—Alder and retro-Diels—Alder reactions.

Introduction

Traditionally, thermosets are irreversibly cross-linked poly-
meric networks possessing essentially infinite molecular weight
that cannot be melted, molded, or dissolved.! Such materials
are durable and find use in a wide array of applications such as
adhesives,> coatings,* dental materials,®’ and composites.®’
In contrast, the incorporation of reversibly labile functionalities
into the polymer backbone enables manipulation of network
connectivity and allows behavior analogous to melting, molding,
and dissolution through depolymerization to low molecular
weight species. This reversion significantly extends the capabili-
ties and utility of these cross-linked materials, at the expense
of thermal stability. Furthermore, polymers that contain revers-
ible linkages have been used to create stimulus responsive
polymers that display novel properties such as shape mem-
ory,m’ll crack healing,lz’13 and stress relief.'*

In principle, most polymerizations are reversible; however,
realizing depolymerization often leads to complete and irrevers-
ible degradation of the polymer network. Certain polymers,
including those created by radical and ionic polymerization,
often depolymerize when heated above a ceiling temperature.
Ceiling temperatures are typically quite high and, at such
temperatures, irreversible degradation of other molecular struc-
tures generally occurs; however, a few polymers, including
poly(oi-methyl styrene) and poly(isobutene), display more
moderate ceiling temperatures (61 and 50 °C, respectively).'
In condensation polymerizations, condensate removal favors the
forward reaction, thus the retro-reaction is only achieved when
the condensate is present in significant quantities. Consequently,
polymers such as polyacrylhydrazones undergo dynamic net-
work rearrangement, but do not revert to monomer, '® and exotic
approaches are required to create systems that undergo a sol—gel
transition, but do not exhibit dynamic network rearrangement
in the gel state.'”

The Diels—Alder (DA) reaction, a [4 + 2] cycloaddition
between a diene (e.g., furan) and dieneophile (e.g., maleimide),
is thermally reversible via the retro-Diels—Alder (rDA) reaction
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(Scheme 1).!®* The DA reaction is attractive as a reversible
linkage as the rDA reaction occurs at moderate temperatures
and does not liberate a small molecule. The subject of more
than 17 000 papers, the DA reaction is well studied,'® but its
use in polymer chemistry is comparatively limited. Nevertheless,
a variety of macromolecular structures have been synthesized
utilizing the DA reaction of maleimides and furans, including
linear polymers,>® networks,'>'*"*? hydrogels,>* and dendrim-
ers.”* Moreover, DA adducts have been incorporated into
monomers bearing other polymerizable functionalities, allowing
DA/rDA reactions to be exploited in materials polymerized via
common mechanisms such as the reaction between epoxy and
amine functionalities,” and free-radical (meth)acrylate poly-
merizations.**?’

Network reversibility owing to the rDA reaction has been
demonstrated through solubility studies;>"?>?% however, the
temperature dependence of the equilibrium constant, and
therefore conversion, in these networks remains relatively
unexplored. Typically, polymers above their glass transition
temperature have sufficient molecular mobility to reach ther-
modynamic equilibrium when sufficient time is allowed for
completion of the reaction. Accordingly, in polymers formed
by the DA reaction, the final conversion is a function of
temperature, as demonstrated in linear polymers cross-linked
by the DA reaction.”®

The molecular weight evolution during a step-growth po-
lymerization, such as a DA polymerization, proceeds geo-
metrically and is accompanied by an exponential increase in
viscosity. Moreover, for systems capable of cross-linking, the
material undergoes gelation, a critical point that occurs when a
single macromolecule first spans the sample, and the material
transitions from a liquid sol to a solid gel. The creation of a
macromolecular gel is accompanied by a divergence in the
viscosity and an emergence of an elastic modulus. Typically,
as the reaction proceeds, the elastic modulus increases until
complete conversion is achieved or the material vitrifies. The
mechanical properties of all polymeric materials vary with
temperature as they pass through transitions such as crystal-
lization, glass transition, or other molecular relaxations. Unlike
conventional, nonreversible networks, the cross-link density of
polymers containing DA adducts is dependent on the temper-
ature, leading to the establishment of a gel-point temperature.
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Scheme 1. Diels-Alder/Retro-Diels-Alder Reaction between a
Furan and Maleimide®
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“ Polymer networks are formed when the Diels—Alder pathway is
utilized in monomers with multiple reactive functionalities.
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Figure 1. (A) Fractional furan conversion during isothermal polymer-
izations of 1:1 stoichiometric mixtures of PPTF and DPBM, at various
temperatures. (B) Ultimate furan conversion after PPTF-DPBM po-
lymerization. The dashed line represents the gel-point conversion
predicted by the Flory—Stockmayer equation, where fiy = 2 and f¢ =
3 (i.e., bismaleimide and trifuran). Maleimide conversions are identical
and not plotted for clarity.

The gel-point conversion for the step-growth polymerization
between maleimide and furan monomers is well-predicted by
the Flory—Stockmayer equation

_ 1
V(L= fi)(1 = f)

where p, is the gel-point conversion, 7 is the stoichiometric ratio,
and fy; and fr are the degree of functionality for the maleimide
and furan monomers, respectively.>**' The gel-point conversion
is shifted by changing either the monomer functionality or the
stoichiometric ratio and determined experimentally using rhe-
ometry to compare with the predicted value. Observation of a
material’s complex response to an oscillatory shear stress allows
application of the Winter—Chambon criterion,

G'(w) 0G" (w) D" 2)
which states that the real and imaginary moduli follow identical
power law frequency scaling at the gel-point, for w < 1/tp where

(e))

P,
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Figure 2. Plot of the natural logarithm of the equilibrium constant (in
M) versus reciprocal temperature, allows determination of the heat
and entropy of reaction through the van’t Hoff equation. The fit excludes
the data at low temperature where vitrification is evident, preventing
the DA reaction equilibrium from being achieved.

7o 1s the characteristic relaxation time of the smallest molecular
species.®? The gel-point conversion for an irreversible polym-
erization is typically determined by quenching the reaction,
leading to a trial-and-error process. Nevertheless, several
researchers have performed accurate mechanical measurements
near the gel-point, validating the Winter—Chambon criterion
in a rheometer.’* 3 Others have utilized off-stoichiometric
monomer ratios so that the gel-point is achieved near the final
conversion.*® Chiou et al. monitored the polymerization of thiol-
ene resins using rheometry and inferred the conversion at the
gel-point by IR spectroscopy.”’ In contrast, DA-based networks
display inherent coupling of conversion and temperature, thereby
allowing fine and reversible control of the conversion near the
gel-point, all within a single sample.

Here, the reversible reaction between furan and maleimide
functionalities is exploited to examine the complex interplay
between the Diels—Alder equilibrium, kinetic limitations as-
sociated with the mobility in the cross-linked network, the glass
transition, and the sol—gel transition using IR spectroscopy and
rheometry over a broad temperature range. The mechanical
properties of the material are also examined using rheometry
as a function of temperature, and therefore conversion, which
facilitates the examination of several theoretical descriptions
of the gelation process.

Experimental Section

Materials. Pentaerythritol propoxylate triacrylate (PPTA), 1,1'-
(methylenedi-4,1-phenylene) bismaleimide (DPBM), furfuryl mer-
captan, triethyl amine, and dichloromethane were obtained from
Sigma-Aldrich and used without further preparation.

Synthesis of Pentaerythritol Propoxylate Tris(3-(furfurylthiol)-
propionate) (PPTF). To a mixture of 10.0 g (0.019 mol) of PPTA
and 7.1 g (0.063 mol) of furfuryl mercaptan, a catalytic amount of
triethyl amine was added, heated to 40 °C, and allowed to react
for 24 h while stirring. The triethylamine and residual furfuryl
mercaptan were removed under vacuum (0.2 mmHg) at 45 °C.
Absence of peaks in the '"H NMR spectrum of the product due to
residual acrylate (6.35, 6.06, and 5.82 ppm) or thiol (1.91 ppm)
confirmed complete reaction and subsequent purification of PPTF.

Polymer Synthesis. Polymer samples were prepared by com-
bining PPTF and DPBM at a 1:1 furan to maleimide ratio
(Scheme 2). The material was briefly heated (less than 5 min)
to ~155 °C to melt the DPBM, and mixed until homogeneous.
Upon cooling, a glassy yellow solid, insoluble in common
organic solvents, was formed. The solid material visibly reverted
to a liquid upon heating to ~110 °C.
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Scheme 2. Monomers Used for Copolymerization: (A) DPBM,
and (B) PPTF, Where n ~ 1
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FTIR Spectroscopy. Spectroscopic studies were performed
with a Nicolet Magna 750 series II Fourier-transform infrared
(FTIR) spectrometer equipped with a MCT detector and a
horizontal transmission temperature-controlled stage (accurate
to 0.1 °C). Samples for IR spectroscopy were produced by
casting a thin film of a freshly prepared solution of PPTF and
DPBM in dichloromethane (at a 1:1 furan to maleimide
functional group stoichiometric ratio) onto a NaCl crystal and
rapidly evaporating the solvent under vacuum. Typically, less
than three minutes elapsed between mixing and the initial spectra
collection. Reaction during the sample preparation was assumed
to be negligible as the DA reaction between furan and maleimide
proceeds slowly at ambient temperature. The number of scans
per spectrum (between 16 and 512) was adjusted based on the
reaction rate. Conversion of the furan and maleimide function-
alities was evaluated by monitoring the evolution of the furan
peak area, centered at 1010 cm™!, and the maleimide peak area,
centered at 690 cm™!.3%:3?

Rheometry. Rheological measurements were performed using
an ARES rheometer (TA Instruments), configured with a parallel-
plate geometry. The lower fixture incorporated a Peltier plate,
providing temperature control, while the upper fixture was
equipped with a poly(p-phenylene sulfide) (PPS) plate to
minimize the temperature gradient across the sample. The
polymeric material was heated on the Peltier plate at 115 °C,
liquefying the material and enabling intimate contact with both
plates. Above and below the gel-point temperature, strain sweeps
were conducted from 0.1 to 10 rad/s to verify the material was
in the linear viscoelastic regime. Viscosity experiments were
conducted over a strain rate ramp from 1.0 to 500 1/s to verify
that the material was strain rate independent.

Results and Discussion

FTIR Spectroscopy. Furan conversion (as determined by
FTIR spectroscopy) versus time for PPTF-DPBM copoly-
merizations at several temperatures is shown in Figure 1A.
FTIR spectroscopy enables facile determination of both furan
and maleimide conversion independently and simultaneously;
however, as the functionalities are consumed at equal rates in
the DA reaction, for clarity, maleimide conversions are not
shown. Whereas the polymerization reaction rate increases
monotonically with cure temperature, the ultimate conversion
is not monotonically dependent on the temperature. As the
polymerization proceeds, there is an increase in the cross-linking
density and the glass transition temperature (7); however, once
the T, of the polymerizing material equals or exceeds the
temperature (7cyre), mobility limitations become significant and
thus the polymerization rate is severely reduced, i.e., the network
vitrifies. Typically, higher cure temperatures result in greater
conversions until 7y exceeds the ultimate attainable 77, at full
conversion.*® The increased maximum conversion when the
polymerization temperature is raised from ambient to 60 °C (see
Figure 1A) is attributed to a delay in the onset of vitrification
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at the higher temperature. While it might be expected that
vitrification should be further delayed at 80 °C (Figure 1A), a
decrease in the maximum conversion is observed. As the
polymerization temperature is increased above approximately
45 °C, the reaction transitions from kinetic control (a conse-
quence of vitrification) to thermodynamic control associated with
the attainment of the equilibrium reaction extent as dictated by
the thermodynamics of the DA reaction. This transition can be
inferred from Figure 1B where, below 45 °C, vitrification limits
the attainable conversion; whereas, above 45 °C, the DA reaction
is at or near thermodynamic equilibrium.

Figure 1B illustrates that, above 45 °C, as the temperature is
raised, the equilibrium is increasingly driven from the DA adduct
to the reactants, via the rDA reaction. The gel-point conversion,
as predicted by the Flory—Stockmayer equation, eq 1, is 0.707
for bismaleimide—trifuran polymerization; from the conversion
data, the gel-point temperature can be estimated to be 92.5 £+
0.5 °C (Figure 1B). Moreover, the temperature range neighbor-
ing the gel-point temperature is well within the thermodynami-
cally controlled reaction regime, allowing facile examination
of the gel-point without complications associated with vitrifica-
tion.

The equilibrium conversion is further decreased to 24% at
155 °C; however, an irreversible side reaction becomes apparent
at higher temperatures. At long residence times, above 120 °C,
the maleimide peak area begins to decrease, while the furan
peak area increases. This decrease in the maleimide peak area
likely can be attributed to maleimide homopolymerization,
initiated at high temperature as demonstrated by Hopewell et
al.,*! which is accompanied by a corresponding increase in furan
concentration as the loss of maleimide drives the equilibrium
further toward the reactants.

The equilibrium constant for the reaction between a male-
imide (M) and a furan (F), producing a DA adduct (A)

__1Al ___p 3
IMIIET ¢ (1 —p)? ©

can be calculated for a stoichiometric mixture of reactants using
the conversion, p (see Figure 1B), and the initial concentration
of either reactant, co. A plot of the natural logarithm of the
equilibrium constant versus inverse temperature, Figure 2, allows
the heat of reaction (AH,°) and entropy of reaction (AS,°) to be
determined from the slope and intercept. The heat and entropy
of reaction were found to be —40 £ 1 kJ/mol and —106 + 3
J/(mol/s), respectively. This calculated heat of reaction is
significantly lower than the reported values (ranging from —84
to —104 kJ/mol) given for reactions between substituted furans
with maleic anhydride,** however, it compares favorably with
an estimate of ~32 kJ/mol for the kinetically favored endo
conformation of a furan—maleimide adduct.*?

The rate of consumption of furan by reaction with the
maleimide is written as

d[F] _
dr

where kr and k, are the forward and reverse rate constants,
respectively. For a stoichiometric mixture of furan and male-
imide, the reverse rate constants were determined at 25, 45,
60, and 80 °C (see Supporting Information). The pre-exponential
factor and activation energy for the retro DA reaction are
determined from an Arrhenius plot to be (5.6 4= 0.3) x 10 s7!
and 88 £ 2 klJ/mol, respectively (see Figure 3). Activation
energies of 102 to 114 kJ/mol have been measured for
substituted furans and benzoquinones,** suggesting that the
measured value is reasonable. The Arrhenius parameter deter-
mination allows for the adduct half-life to be expressed as a
function of temperature,

—k{F]M] + k,[A] “)
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Figure 3. Arrhenius plot of the natural logarithm of the rDA rate
constant (in s~!) versus reciprocal temperature. The dashed line
represents a fit of the data that allows the pre-exponential factor and
activation energy to be determined from the intercept and slope,
respectively.
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Figure 4. Elastic modulus versus frequency for a PPTF/DPBM network.
Frequency sweeps were performed at 75 (H), 80 (@), 85 (A), 87 (V),
89 (®), 91 (triangle pointing left), 93 (triangle pointing right), and 95
°C(@).
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The adduct half-life, and thus the half-life of a cross-link, at
the gel-point (i.e., 92.5 °C) is calculated to be approximately
600 s, demonstrating the dynamic nature of the DA cross-link.
The Arrhenius temperature dependence significantly decreases
the reaction rate, and at 66 °C the adduct half-life is ap-
proximately 1 order of magnitude longer. At room temperature
the adduct half-life is on the order of days.

(&)

Rheometry. The application of a small-amplitude sinusoi-
dal deformation to a material yields a complex response,
where the modulus is separable into the storage or elastic
modulus, G', and the loss or viscous modulus, G". Here, the
behavior of the DA material at low temperatures, or high
conversions, is that of a typical cross-linked polymer,*
demonstrating a constant value for the elastic modulus at low
frequency (i.e., a plateau modulus, G,) as seen in a frequency
sweep at 75 °C for the PPTF/DPBM network (Figure 4). As
temperature increases, a drop-off in the low-frequency modulus
occurs (Figure 4), and a cross-over in the elastic and viscous
moduli is observed (Figure 5), demonstrating liquid-like be-
havior and relaxation at long timescales. Typical chemical gels
form irreversible bonds; however, DA cross-links are dynamic,
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Figure 5. Elastic (filled symbols) and viscous (open symbols) moduli
versus frequency at temperatures above (95 °C, @), near (91 °C, triangle
pointing left), and below (87 °C, ¥) the gel-point temperature.
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Figure 6. Tan O for several frequencies between 0.63 and 10 rad/s
versus temperature for a single, representative data set, demonstrating
frequency independence (i.e., a cross-over) at 92.1 °C. The upper and
lower frequency limits are within the valid range of the Winter—Chambon
criterion, where 1/, < 1/7o. Directions of arrows indicate increasing
frequency.
constantly breaking and reforming over timescales dictated by
the DA reaction kinetics and mobility restrictions, resulting in
continuous network rearrangement on timescales associated with
the temperature-dependent kinetics described above for the DA
and rDA reactions. This low frequency behavior is analogous
to that displayed by physical gels, such as gelatin,*® which are
connected by chain entanglements and other weak associations
such as hydrogen bonds or ionic interactions, allowing network
relaxation at long timescales. Network rearrangement has the
consequence of adding a lower frequency bound to the
Winter—Chambon criterion (eq 2), corresponding to the longest
relaxation time of the network, 7;. It should be noted that the
relaxation in the DA network, as determined by the G'-G" cross-
over at 87 °C, occurs on, the same order of magnitude, 10?> —
103 s, as the half-life of the adduct determined from the kinetics.
Several distinguishing mechanical properties of the DA
material, readily observed by rheometry, can be used to
characterize its sol and gel states (see Figure 5). When the DA
material is heated to 95 °C, above the gel-point temperature
(i.e., below the gel-point conversion), the viscous modulus is
greater than the elastic modulus, characteristic of a liquid-like
sol. Conversely, the elastic modulus is greater than the viscous
modulus at 87 °C for most of the frequency range, characteristic
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Figure 7. Plateau modulus (left) and the viscosity (right) as a function
of the relative distance from the gel point and temperature. The lines
indicate the fits of the data to (7) and (8) on the liquid and solid sides,
respectively.

of a solid-like gel. At 91 °C, the elastic and viscous moduli
exhibit similar frequency scaling at higher frequencies, indicat-
ing that the material is near the gel-point as defined by the
Winter—Chambon criterion, eq 2; however, unlike typical
chemical gels, the moduli exhibit liquid-like scaling at lower
frequency owing to network relaxation.

The Winter—Chambon criterion, eq 2, can be re-expressed
in terms of the ratio of the viscous to elastic modulus (i.e., tan
0) which, at the gel-point, demonstrates frequency independence.
A plot of constant frequency tan O curves versus temperature
(Figure 6) reveals an intersection that precisely marks the gel-
point. The gel-point temperature was thus determined from
several data sets to be 92.1 £ 0.2 °C, corresponding to a
conversion of 70.9 £ 0.5%, in excellent agreement with the
gel-point conversion predicted by the Flory—Stockmayer equa-
tion, eq 1. Whereas other researchers have demonstrated some
extent of reverse polymerization at raised temperatures, to our
knowledge, this is the first clear demonstration of a temperature
controlled sol—gel transition in cross-linked DA polymers, in
the absence of a solvent. For example, high temperature '3C
NMR spectroscopy performed on crack-healing DA materials
demonstrated reversion to 70% conversion; however, the
tetrafuran-trimaleimide system used in that work would require
a reversion to 40.1% conversion to achieve reverse gelation,
indicating that “softening” and “remendability” was achieved
exclusively through network rearrangement rather than liquid
flow.'?

The frequency cross-over in tan 0 determines the frequency
scali%g of the storage and loss moduli, u, through the relation-
ship,

_um
0=" ©)

yielding u = 0.56 £ 0.02. As the conversion approaches the
gel-point from the sol phase (i.e., the liquid side of Figure 7),
the viscosity divergence is described by the power law,

n Olel™ @)
while the emergence of a plateau modulus, beyond the gel-point
(i.e., the solid side of Figure 7), is described by the power law,

G, Olelf )
where € is the relative distance from the gel point
e= p—p gel (9)
p gel

and s and ¢ are characteristic scaling exponents.
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Table 1. Experimental and Theoretical Values of Scaling
Exponents Associated with Gelation

u S t ref
mean field 1 0 3 31, 53
electrical—mechanical  0.72 0.75 1.9 50, 53
analogy
Rouse model 0.67 1.3 2.6 51
experiment 056+£0.02 14402 1.234+0.03

The diverging and subsequent emerging nature of the viscosity
and modulus, respectively, in the vicinity of the gel-point are shown
in Figure 7. A zero shear modulus is not observed in DA
networks owing to their long-time relaxation, and is thus
supplanted by the corresponding plateau modulus as determined
by the inflection point in the elastic modulus. The plateau
modulus was normalized by the temperature to eliminate the
entropic contribution (G ~ T, i.e., via rubber elasticity) and fit
to eq 8 (dashed line, Figure 7), yielding = 1.23 £ 0.03. The
viscosity was fit to eq (7) (solid line, Figure 7) and normalized
by the activation energy (i.e., 7 ~ exp(E,/RT)lel™ %), yielding s
=14+0.2.

The scaling exponents u, s, and ¢ are the foundation for a
universal description of gelation. Several theories attempt to
predict these exponents, an overview of which is shown in Table
1. Mean field approaches have been used, but are typically
successful only at high values of € or when the distances
between branch points are large, e.g., vulcanization.*'**4° De
Gennes’ electrical-mechanical analogy establishes an equivalent
scaling of the modulus and macroscopic conductivity and, unlike
mean field theory, predicts the divergence of the viscosity.”
The Rouse model describes linear polymers as a series of
identical beads and springs, and assumes hydrodynamic interac-
tions are screened at sizes smaller than the monomer level. The
Rouse model can be extended to describe networks and has been
shown to predict the scaling exponents successfully when the
distance between network junctions is small.”'~?

For the DA material, the frequency scaling of the elastic and
viscous moduli at the gel-point, u, is most similar to the Rouse
model prediction. For other systems, experimental values have
been observed to be in the range of 0.19 to 0.92.°* Deviations
of u from the Rouse model prediction have been suggested to
occur because of chain overlap,*>? and the discrepancy between
the measured value and the Rouse model may occur because
the molecular weight of the PPTF monomer is sufficient to allow
chain overlap. Such behavior would be manifest by a value of
u less than that predicated by the Rouse model.

The viscosity scaling exponent s agrees well with both the
Rouse model prediction and literature values.**® It should be
noted, however, that the error indicated for s only reflects
random error and not the systematic error in the gel-point
conversion, which can have considerable impact on the scaling
determination. As the scaling exponents (i.e., u, s, and f) are
interdependent and are related through**~*>°

f— _su
T 1-u
the experimentally determined values for the exponents u and
s can be used to calculate the plateau modulus exponent, yielding
t = 1.8 £ 0.3. This value is inconsistent with the experimentally
determined value for ¢ (see Table 1), which could simply be
due to the sensitivity of the exponents to the precise location
of the gel-point conversion.

(10)

Conclusions

A cross-linked polymer was formed by the DA reaction between
furan and maleimide moieties, and the furan conversion was
measured using FTIR spectroscopy. Below 45 °C, vitrification
limited the ultimate attainable conversion, while above 45 °C, the
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final conversion is determined by the thermodynamic equilibrium.
At sufficiently elevated temperatures, the equilibrium shift through
the retro-DA reaction results in depolymerization and reverse
gelation. The gel-point temperature of the material was determined
by the Winter—Chambon criteria to be 92.1 4 0.2 °C, which, in
conjunction with spectroscopic data, is consistent with the gel-
point predicted by the Flory—Stockmayer equation for trifuran-
bismaleimide system. The DA adduct half-life was on the same
order of magnitude as the longest relaxation time for the network
at 87 °C, further illustrating the dynamic nature of the DA cross-
link. The rapid and temperature dependent reversible DA reaction
enables facile manipulation of conversion and thus allows the
scaling exponents u, s, and ¢ to be determined in the vicinity of
the gel-point. These exponents were found to be similar to other
values in the literature; however, they were not consistent with
values predicted from mean field theory, electrical—mechanical
analogy, or the Rouse model.

Networks formed by the Diels—Alder reaction have been
proposed for remendability, recyclability, and removability,
properties that are not accessible in conventional thermosets.
The crack healing ability of these networks can be attributed to
the constant breaking and reforming of cross-links, which allows
affected areas to form new cross-links. Furthermore, because
the reaction is controlled by thermodynamics over a large
temperature range, the cross-linking density can be controlled
and these materials can be removed and recycled by reversion
to low molecular weight species. These results not only
demonstrate the utility of the Diels—Alder reaction in polymer
science, but they also illustrate the potential of reversibly labile
cross-links for the creation of novel materials.
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