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The conversion behavior of 2MEP4FS, a polymer with thermally reversible DielseAlder cross-links, is
modeled. A processing method is developed to create small, homogeneous prepolymer samples. The
glass transition temperature of the prepolymer is estimated using temperature modulated differential
scanning calorimetry and equated with the conversion of the polymer. Comparing the measured energy
with the literature and computational estimates, the fully cured polymer appears to have a large portion
of its moieties unreacted. An autocatalytic model is considered to approximate the reaction rate of
2MEP4FS as a function of conversion and temperature. Outside of the ﬁtted temperature range, the
model underpredicts the reaction rates at room temperature and 100  C. Manual mixing of the monomers is determined to be inadequate to obtain a maximum level of cross-linking. Viscosity measurements made at room temperature and elevated temperatures are correlated with the conversion of the
prepolymer.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Healable materials have built-in mechanisms for self-repair.
When activated, these mechanisms mitigate damage, extending
the useful life of the structure or coating. There are several approaches to designing such materials, including embedding
healing-agent-ﬁlled capsules [1], hollow ﬁbers [2], or vascular
networks [3] into a host material, using reversible intermolecular
interactions like hydrogen bonding [4,5], or using reversible covalent bonds like the DielseAlder adduct [6e9] or others [10]. A more
detailed survey of the ﬁeld is given in Ref. [11]. In the DielseAlder
(DA) reaction, a diene and dienophile react in a cycloaddition to
form a cyclohexene ring. This reaction is thermally reversible; the
retro-DielseAlder (rDA) reaction separates the cyclohexene ring
into the original diene and dienophile groups. In a polymer system,
using DielseAlder adducts as cross-linking bonds means the crosslinks can be formed, separated, and re-formed. A recent review of
the literature on polymers formed by DA reaction between furan
and maleimide moieties is given in Ref. [12].
Cross-link formation in a traditional highly cross-linked polymer like epoxy generally proceeds in only one direction
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(increasing). In a DA-based polymer, however, the rDA reaction
means the number of cross-links can decrease depending on the
thermal and mechanical conditions. Since the thermal and mechanical properties of the polymer are dependent on the number of
established cross-linking bonds [13], knowledge of the number of
cross-links present at any given time is important for predicting
material behavior.
2MEP4FS is one example of a healable polymer with Dielse
Alder cross-links. It is formed from the reaction of a tetrafuran
diene, 4FS, and bismaleimide dienophile, 2MEP. Plaisted et al.
[14,15] have extensively tested this polymer. They refer to the tetrafuran as ‘4F’, where we use the name ‘4FS’ to distinguish this
monomer from the original 4F used by Chen et al. [7], which has
one less ester group due to the synthesis route. Notably, Plaisted
and Nemat-Nasser [14] successfully demonstrated complete fracture healing, even obtaining fracture stresses after multiple healings that exceeded the initial, virgin fracture stresses. Since the DA
adduct is generally weaker than the surrounding covalent bonds, it
is preferentially broken by a propagating crack tip [6]. When the
fracture surfaces are brought back together at a temperature below
where the rDA reaction occurs, DA adducts are re-established,
healing the damage.
One aspect of 2MEP4FS unaddressed by Plaisted is an estimate
of the number of DA cross-links present in the fully cured polymer.
Here, we seek to make this estimate using DSC thermal measurements with theoretical and empirical approximations. A processing
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method for producing homogeneous small samples suitable for our
experiments is outlined. A model is developed that correlates the
measured glass transition temperature (Tg) with the relative
number of established DielseAlder cross-links. A second model is
developed for the rate of DA cross-link formation in 2MEP4FS as a
function of temperature and the number of established cross-links.
Special cases are considered to determine limits on the applicability
of the rate model. Finally, the models are applied to mechanical
measurements of 2MEP4FS during polymerization to describe the
viscosity as a function of cross-linking. In future work, this
approach could be used to describe other mechanical and thermal
properties as a function of the number of established cross-links.
2. Experimental
2.1. Material synthesis
The bismaleimide 2MEP and tetrafuran 4FS monomers (Fig. 1)
were synthesized according to established procedures [7,16]. At
room temperature, 2MEP is a solid powder, while 4FS is a viscous
liquid. Obtaining a well-mixed ﬁnal polymer, 2MEP4FS, poses a
challenge. Chen et al. [7] used simple mixing to combine two dissimilar monomers before heating to cure the polymer. This
approach is evaluated later and found to be insufﬁcient for
2MEP4FS.
Large samples (on the order of grams) can be efﬁciently produced by separately heating the monomers to melt the 2MEP and
reduce the viscosity of 4FS before mixing [14,15,17]. This procedure
does not facilitate the preparation of the small samples (on the
order of 10 mg) required for differential scanning calorimetry (DSC)
thermal measurements. To minimize the initial polymerization
before DSC testing, the hot mixture must be quenched, which is
challenging when working with relatively large monomer quantities. The unused prepolymer also amounts to wasted material, a
signiﬁcant drawback when monomer production is a timeconsuming endeavor. Scaling down the monomer quantities addresses these issues, but quickly and precisely combining and
effectively mixing small quantities of hot, low viscosity monomers
proved difﬁcult.
For the small samples used here in DSC and viscosity experiments, a polymerization procedure was developed to minimize
wasted material, but still enable a precise mixture ratio of monomers. At room temperature, a stoichiometric proportion of 2MEP
was added to 4FS in a disposable glass culture tube. The monomers
were manually mixed and then placed under high vacuum. While
still under vacuum, the culture tube was submerged in a preheated
90  C silicone oil bath for 20e35 s depending on the sample size.
The light yellow opaque monomer mixture quickly became transparent as the 2MEP melted and bubbled vigorously as trapped
gases were pulled out. Once the contents settled, the culture tube
was quenched in liquid nitrogen to slow the polymerization process. After rewarming the culture tube to room temperature in a
water bath, the vacuum was broken and the 2MEP4FS prepolymer
was ready for testing. At this stage, the prepolymer was a transparent yellow in color and qualitatively similar in viscosity to the

Fig. 1. The tetrafuran and bismaleimide monomers.
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starting 4FS monomer. Quantitative viscosity measurements are
discussed later.
2.2. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were
performed using a TA Instruments DSC 2920. The instrument was
conﬁgured with a liquid nitrogen cooling accessory and 50 mL/min
nitrogen purge gas. All samples were tested in sealed hermetic
aluminum pans. Baseline and cell constant calibrations were performed for all heating rates. Temperature and heat capacity calibrations were performed for the modulated DSC experiments using
indium and sapphire respectively.
A series of isothermal curing experiments were used for kinetic
modeling. Two DSC samples were prepared from a fresh batch of
2MEP4FS prepolymer for each experiment. A total of 4 scans were
required to measure the initial Tg, reaction energy during curing,
and ﬁnal Tg. Here, Tg was taken as the inﬂection point in the
reversible part of the heat ﬂow [18].
Scan 1) One sample was immediately tested in the DSC, while
the second was stored in liquid nitrogen. Sample 1 was cooled
from room temperature to 80  C over a period of 10 min, the
maximum cooling rate capable by the instrument. It was then
heated at 3  C/min with 1  C/min sinusoidal modulation
through the glass transition temperature (initial Tg).
Scan 2) Sample 2 was removed from the liquid nitrogen and
rapidly heated to room temperature using large aluminum heat
sinks. It was quickly loaded into the DSC, cooled to 80  C, and
heated at 30  C/min to the desired curing temperature. The
sample was held isothermally at this temperature for an
extended period of time. When the heat ﬂow was deemed to
have equilibrated, the sample was cooled to room temperature.
Scan 3) Scan 2 was repeated on sample 2 to establish a baseline
heat ﬂow.
Scan 4) Sample 2 was scanned a third time using a 3  C/min
heating rate and 1  C/min sinusoidal modulation from room
temperature through the glass transition temperature (ﬁnal Tg).
Four different curing temperatures were used for kinetic
modeling: 60, 70, 80, and 90  C. Additional special cases are discussed later.
2.3. Viscometry
A Brookﬁeld HADVII þ viscometer was adapted to turn a custom
spindle inside a culture tube containing the prepolymer. The
spindle had a hemispherical end and was fabricated from 5/16 inch
precision steel rod. A threaded hole was machined into the opposite
end, allowing it to be screwed onto the motor shaft of the
viscometer. The 10  75 mm borosilicate glass culture tube was
mounted in a bracket, which was slid up and into position using a
pair of linear bearings riding along precision steel shafts. A ring
mounted on one shaft between the bracket and the instrument
acted as a stop, enabling the culture tube to be reliably positioned
such that the gap around the spindle was estimated to be constant.
Nylon set screws secured the culture tube and bracket in position. A
picture of the setup and important dimensions are given in Fig. 2.
Measurements were made by recording the height of the ﬂuid in
the culture tube and the torque required to turn the spindle at the
prescribed rotational speed: 200, 105, 10, 5, 1, or 0.1 rev/min. The
useful torque range of the instrument was between 10% and 100% of
the maximum torque, 1.437 mN$m. Since the ﬂuid thickness is
small, the torque, T, is related to the dynamic viscosity, h, by
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Fig. 2. The modiﬁed rotational viscometer system with relevant dimensions. The modiﬁcations allow measurements to be made inside the glass culture tube used to produce the
2MEP4FS prepolymer.

assuming a linear variation in Newtonian ﬂuid displacement between the rotating spindle and ﬁxed culture tube:
RZs þh

T ¼
0

3_

2phRðxÞ q
dx;
Rt  Rs

The DSC results for the 2MEP4FS prepolymer samples used for
kinetic modeling are summarized in Table 1.

(1)
3.1. Conversion rate modeling

where q_ is the angular speed (rad/sec), Rs is the radius of the
spindle, and Rt is the inner radius of the culture tube. Performing
the integration and rearranging yields the estimated viscosity:

8TðR  R Þ

t
s
:
h¼ 
q_ 3p2 R4s þ 16phR3s

3. Results & analysis

(2)

Viscosity results from the experimental setup were found to
underpredict the true viscosity of a known ﬂuid by w11%
(Supplemental Material). For our future application of 2MEP4FS as
the matrix in laboratory-scale prepreg composite layers, this constitutes a reasonable estimate.
Viscosity measurements were performed at room temperature
(22  C) for neat 4FS and 2MEP4FS prepolymer prepared according
to the small-sample procedure. The viscometer setup and measurement method were then modiﬁed to test a second prepolymer
sample at an elevated temperature. The sample was also prepared
according to the small-sample procedure, and a DSC sample was
taken to measure the initial Tg. The viscometer spindle and a large
oil bath had been preheated to 90  C. The hot spindle was quickly
attached to the viscometer, and the room temperature culture tube
was mounted and slid into position. The bottom half of the apparatus was then lowered into the oil bath. A video camera recorded
the time, torque, and rotational speed for later analysis. Initially, the
sample required the highest rotational speed, 200 rev/min, in order
to effectively measure the torque. This speed was periodically
stepped down as the polymerization proceeded and the torque
would reach 100%. Once the required torque exceeded the capability of the instrument at the lowest rotational speed, the instrument was turned off and raised out of the bath. The culture tube
and spindle were quickly cooled and separated, leaving the
2MEP4FS intact as a thin ﬁlm inside the culture tube. The height of
the polymer was measured, and a small sample was removed for
DSC testing to determine ﬁnal Tg.

The conversion, a, of the polymer describes the level of crosslinking, where a ¼ 0 indicates no cross-linking bonds are present
and a ¼ 1 is fully cured material with a maximum number of crosslinks. Conversion is given as:

a ¼

HT  Hr
;
HT

(3)

where HT is the total heat energy of the reaction and Hr is the residual heat energy required to complete the polymerization. The
change in conversion over time is then:

da
dHr =dt
¼
;
HT
dt

(4)

where the heat ﬂow rate dHr/dt is directly given by the DSC.
In the present study, the heat energy of the reaction for each
experiment is determined from the difference between scans 2 and
3. The majority of this energy is given off during the isothermal step

Table 1
DSC experimental results for 2MEP4FS. The ﬁrst four samples were used to model
the reaction and estimate the total heat energy, HT. The sample prepared by
manually mixing the monomers at room temperature (special case 1) is considered
the fully uncured case. The sample prepared by rapidly mixing the monomers at an
elevated temperature (the large-sample method) is considered the fully cured case.
The sample cured at 100  C is special case 2.
Processing method Small
Cure Temp ( C)
Initial Tg ( C)
DCp0 (mJ/g/ C)
Hm (kcal/mol
DA adducts)
Final Tg ( C)
DCpN (mJ/g/ C)

Small

Small

Small

Manual mix Large
monomers

60
70
80
90
90
18.03 17.45 17.26 17.36 23.97
e
e
e
e
332.88
10.31 10.99 11.15 11.65
9.50
83.71
e

92.29
e

95.15
e

99.85
e

92.46
e

Small

90e95 100
e
17.83
e
e
e
12.38
101.20 97.68
277.60 e
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of scan 2. The energy released during the temperature ramp step of
scan 2 is also accounted for by considering the divergence from
linearity of the heat ﬂow as a function of temperature above Tg and
relative to scan 3. The only unknown is the total energy of the reaction. Typically, this is determined by heating an uncured sample
of material until all exothermic energy has been given off and the
heat ﬂow equilibrates [19]. In the present thermally-reversible
polymer, this is not a feasible technique as the rDA reaction will
consume energy and separate the DA adduct, reducing conversion.
Instead, the data are ﬁtted to the DiBenedetto equation to estimate
the total energy. The equation uses the properties of fully cured and
fully uncured material cases to estimate the glass transition temperature as a function of conversion [19,20]:

Tg  Tg0
la
¼
:
TgN  Tg0
1  ð1  lÞa

(5)

The glass transition temperatures Tg0 and TgN are for the fully
uncured and cured cases respectively. The parameter l is the ratio
of the change in heat capacity around the glass transition temperature of the fully cured and uncured cases: DCpN/DCp0. Here, the
fully cured case is taken as the polymer prepared using the large
sample fabrication method. The large sample had been cured for
5 h at 90e95  C and allowed to cool to room temperature over a
period of approximately 10 h before a small piece was broken off for
DSC testing. The fully uncured case is assumed to be the monomers
after manual mixing, the ﬁrst step of the small sample fabrication
procedure. If the initial Tg for each curing case is assumed to be on
the curve given by the DiBenedetto equation (Fig. 3), the ﬁnal Tg is
given by:

af ¼ ai 

DHr
HT

;

(6)

where DHr is the measured change in residual heat energy. A least
squares ﬁt of all four curing cases gives an average total heat of
polymerization of 12.5 kcal/mol DA adduct.
The estimated DA adduct energy is less than the 23 kcal/mol DA
adduct determined by Chen et al. [6] for 3M4F, another thermally
reversible polymer. Considering the bonding energies for carbone
carbon single and double bonds, the DA adduct energy is estimated
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to be 37 kcal/mol (Appendix A). Density functional theory (DFT)
calculations of potions of the monomers and 2MEP4FS polymer
estimate the adduct energy to be 24e27 kcal/mol (Appendix A).
These comparisons suggest a signiﬁcant number of moieties
remain unreacted in the ﬁnal 2MEP4FS polymer.
The rate of DA cross-link formation (rate of conversion) in
2MEP4FS varies with conversion and temperature. Two models are
considered as potential candidates to approximate the kinetics of
the reaction: nth order and autocatalytic. An nth order reaction
assumes the conversion rate decreases with the concentration of
unreacted moieties according to a power law:

da
¼ kð1  aÞn :
dt

(7)

Conversely, an autocatalytic reaction assumes the products
catalyze the reaction, leading to an initial increase, maximum, and
then decrease in reaction rate as the unreacted moieties are
consumed:

da
¼ kð1  aÞn am :
dt

(8)

the parameters n and m are the reaction order, and the rate constant k is assumed to follow the Arrhenius relationship:



Ea
;
kðTÞ ¼ A exp 
RT

(9)

where A is a pre-exponential factor, Ea is the activation energy, R is
the universal gas constant, and T is the absolute temperature. The
two models exhibit signiﬁcantly different behavior at low conversion: at a ¼ 0 the nth order model predicts a maximum reaction
rate, while the autocatalytic model predicts a reaction rate of zero.
Since the present processing methods do not facilitate investigation
of the reaction at low conversions, it is unclear from the DSC data
which model is more appropriate for 2MEP4FS. Therefore, each
model was ﬁt to the DSC experimental results using a least squares
method. The autocatalytic model was deemed a better ﬁt across all
four curing temperatures (R2 ¼ 0.998 versus R2 ¼ 0.994 for the
ﬁtted nth order model). A physical mechanism in this reaction that
would cause it to behave in an autocatalytic manner is unknown.

Fig. 3. The DiBenedetto curve was developed considering the fully cured and uncured 2MEP4FS cases. The DSC data from the four curing temperatures (60, 70, 80, 90  C) are ﬁtted
to the curve by assuming HT. The intersection of the tangent lines from a ¼ 0 and a ¼ 1 gives the approximate gel point of 2MEP4FS as agel ¼ 0.545.
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Park et al. [21] uses an autocatalytic model for the cross-linking of
another DielseAlder-based healable polymer, although a rationale
is not given. Here, the ﬁtted autocatalytic model (Fig. 4) gives a total
reaction order for 2MEP4FS (m ¼ 0.35 þ n ¼ 1.87) of 2.22. A logarithmic ﬁt of lnk versus 1/T (Fig. 4 insert) gives an activation energy
Ea of 55.2 kJ/mol and pre-exponential factor A of 9  105.
3.1.1. Special case 1: manual-mix only
Sample preparation would be greatly simpliﬁed if the monomers could be combined at room temperature and fully cured
without the intermediate steps of the small-sample processing
procedure. Chen et al. [7] used simple mixing to combine 2MEP and
4F monomers in their study. The effect of this preparation method
on the reaction and ﬁnal conversion of 2MEP4FS was studied using
DSC.
A stoichiometric ratio of 2MEP and 4FS monomers was combined in a glass culture tube and hand-mixed vigorously for
approximately 5 min, at which time the light yellow, opaque
mixture was visually homogeneous. High vacuum was brieﬂy
applied to remove air trapped during mixing. Two small samples of
the mixture were then transferred to aluminum DSC pans, which
were subsequently sealed and tested following the previously
established procedure with a 90  C curing temperature.
Comparing the results of the manually mixed sample with the
expected behavior given by the DiBenedetto curve, the change in
conversion (calculated from the measured energy released during
polymerization) is underpredicted given the measured change in
Tg. A likely explanation for the missing energy is that it has gone
into melting small 2MEP particles that were not fully dissolved in
the 4FS. Due to the energy consumed during the reaction, estimating the conversion rate for comparison with the ﬁtted autocatalytic model is problematic. Particularly, the conversion rate is
initially determined to be negative as energy is consumed by the
sample during the initial portion of the reaction. The ﬁnal Tg of the
manually-mixed 2MEP4FS is 7.4  C below the ﬁnal Tg of the
2MEP4FS prepared according to the small-sample procedure.
Incomplete mixing of the monomers could lead to the formation of
fewer cross-linking bonds in the ﬁnal polymer. During the smallsample processing procedure, the rapid heating of the monomers
melts the 2MEP and lowers the viscosity of the mixture, while the

high vacuum leads to violent bubbling as trapped gasses are pulled
out. This bubbling likely enhances mixing of the monomers, leading
to a prepolymer that is more homogeneous than that achieved by
manual mixing alone.
3.1.2. Special case 2: high temperature cure
Next, we investigate the effect of curing the 2MEP4FS prepolymer at 100  C, which is near TgN. Plaisted and Nemat-Nasser cured
their 2MEP4FS at this temperature, and subsequently obtained
excellent crack healing results, even demonstrating improved
resistance to fracture after healing [14]. In the present study,
2MEP4FS prepolymer was prepared according to the standard
small-sample processing procedure and tested following the
aforementioned DSC method using a 100  C curing temperature.
The conversion rate is observed to be lower than predicted by the
ﬁtted autocatalytic model (Fig. 5). The total measured energy also
suggests a ﬁnal conversion of a ¼ 1.05, meaning there should be
more cross-links formed than in the material produced using the
large-sample processing method, which had been cured at 90e
95  C. DSC measurements of the 100  C cured sample give a ﬁnal
conversion of a ¼ 0.98, indicating there are fewer cross-links after
the curing process has completed and the sample has cooled. The
retro-DielseAlder (rDA) reaction offers a possible explanation for
these observations. During curing at 100  C, the DA and rDA reactions may both be occurring, slowing the overall rate of cross-link
formation. The literature gives the rDA reaction as starting at 110  C
[7], but this observation was made based on dynamic DSC scans.
Assuming the rDA reaction is occurring, increased moiety mobility
due to softening of the material at the glass transition temperature
and additional thermal energy could lead to more cross-links being
formed despite the rDA reaction. Once the material cools, however,
the rDA reaction reduces the overall conversion of the sample. This
explanation suggests that there is a maximum level of cross-linking
for the polymer, and it is below the total number of DA adducts
possible.
3.1.3. Special case 3: room temperature cure
After preparation according to the small-sample processing
method, the 2MEP4FS prepolymer is at room temperature (22  C).
During previous experiments, the prepolymer spent only a minimal

Fig. 4. The conversion rate of 2MEP4FS as a function of conversion and temperature is ﬁtted with the autocatalytic model (solid lines). Increasing the temperature increases the
conversion rate of the polymer. Despite starting at similar initial conversions, the samples cured at higher temperatures required more heating time, leading to more conversion
during the ramp step and the staggered starts in the data. The ﬁrst isothermal data points were truncated as the instrument response had not yet stabilized. (Insert) A linear ﬁt of
the autocatalytic model rate constants gives the parameters for the Arrhenius relationship (9).
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Fig. 5. The experimentally measured conversion rate of 2MEP4FS at 100  C is compared with the rate predicted by the ﬁtted autocatalytic model (solid line).

amount of time at this temperature before being cured at an
elevated temperature. But, if the prepolymer is subsequently
worked with or used elsewhere such as in a composite prepreg, it
could spend an extended period of time at room-temperature. We
seek to evaluate the rate of cross-link formation at ambient conditions. Since the ﬁtted autocatalytic model predicts a slow rate of
conversion at room temperature, measuring the heat ﬂow over an
extended period of time using DSC as previously done is not
practical. Instead, a series of prepolymer DSC samples were tested
after different periods of time at room temperature. By comparing
the change in Tg between samples, an average conversion rate can
be estimated and compared with the predicted autocatalytic
behavior.
Seven DSC samples were created from one 2MEP4FS prepolymer preparation and tested after nominal periods of 8 min,
30 min, 1 h, 3 h, 6 h, 1 day, and 3 days at room temperature. Since
the modulated DSC test requires approximately 1 h for a complete
scan according to the previously established procedure, the 30 min
and 1 h samples were held at room temperature and then stored in
liquid nitrogen until the instrument was ready. The DiBenedetto

equation (5) is used to translate the observed Tg to conversion, a.
The change in conversion between samples gives a series of average
conversion rates. These rates are signiﬁcantly lower than those
predicted by the ﬁtted autocatalytic model (Fig. 6). Room temperature is signiﬁcantly below the temperature range used to ﬁt the
autocatalytic model, and the predicted conversion rates are very
slow. At 22  C, there may be insufﬁcient thermal energy to overcome energy barriers to the reaction. Another possibility is the
2MEP monomer is precipitating out of the 4FS. During the smallsample process, the 2MEP is melted and dispersed in the 4FS. But
since the material is cooled before signiﬁcant cross-linking occurs,
there are still large quantities of unreacted 2MEP monomers. At
room temperature, there could be a crystallization process
competing with and inhibiting polymerization.
A visual investigation was conducted using a series of 2MEP4FS
polymer ﬁlms. The ﬁrst ﬁlm was prepared following the initial
portion of the small-sample processing method, but without
quenching. Instead, the hot prepolymer was removed from the
culture tube and placed between two nylon ﬁlms in a preheated
90  C oven. Two more ﬁlms were prepared following the entire

Fig. 6. Average conversion rates of 2MEP4FS at room temperature (22  C) are compared with the rate predicted by the ﬁtted autocatalytic model (solid line).
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Fig. 7. Polarized light microscopy images of 2MEP4FS polymer ﬁlms cured at 90  C after the prepolymer spent (A) zero time, (B) 5 min, and (C) 24 h at room temperature.

small-sample processing method, with the room temperature
prepolymer distributed between nylon ﬁlms. The prepolymer was
held at room temperature for 5 min and 1 day respectively, before
being cured at 90  C. Observed using cross-polarized light microscopy, the three 2MEP4FS ﬁlms have bright regions that could be
caused by small crystals (Fig. 7). The number of these bright regions
increases with the time the prepolymer spent at room temperature
before ﬁnal curing. It was noted that the density of the bright regions did not change as a result of curing.
If the crystals are 2MEP precipitates, the ﬁnal conversion of the
2MEP4FS polymer may be reduced. A new series of three prepolymer DSC samples were prepared following the small-sample
processing method. The samples were held at room temperature
for 1 h, 4 h, and 1 day respectively before being cured at 90  C in the
DSC. After curing, each sample was scanned to estimate ﬁnal Tg
(scan 4), and the associated conversion was normalized by the
conversion obtained for the earlier 90  C cured sample that had
spent minimal time at room temperature. The results show no
signiﬁcant changes, with normalized ﬁnal conversions of 1.0041,
0.9999, and 1.0004 respectively. The consistent results indicate that
time at room temperature does not negatively affect cross-linking
in the ﬁnal, cured 2MEP4FS polymer. Since the low ﬁnal conversion of the manual-mix only case (special case 1) was attributed to
poor mixing of the monomers, the present results suggest the
observed crystalline regions are not 2MEP precipitates.
3.2. Application to viscosity measurements
The formation of cross-linking bonds in 2MEP4FS leads to
changes in thermal and mechanical properties. In the previous
section, the change in glass transition temperature was explored
and related to the conversion of the polymer. Using this relationship, 2MEP4FS prepolymer viscosity can be correlated with
conversion.
Viscosity is a measure of the resistance to ﬂow of a ﬂuid subjected to mechanical shearing. During polymerization at a constant
temperature, the prepolymer will initially have a minimum viscosity. As cross-linking between the monomers proceeds, the
average molecular weight and viscosity increase, eventually going
to inﬁnity when the material becomes solid. At this gel point, a
continuous polymer network has formed. The evolution of viscosity
with conversion and the gel point are important parameters for
processing the prepolymer, particularly in composite applications.
There are a number of standard viscosity measurement techniques available. Calibrated funnels or capillary tubes can be used
to estimate viscosity based on the movement of the ﬂuid as a
function of time [22]. A falling sphere (or rising bubble) viscometer
relies on a sphere moving through a ﬂuid at terminal velocity [23].
Stokes law relates this velocity with a drag force, which depends on
viscosity. Ghezzo et al. [17] successfully used the falling sphere
method to characterize the viscosity of 2MEP4F prepolymer as a
function of time and temperature. Rotational viscometers apply an
external torque to an object in the ﬂuid to produce angular rotation
[24]. The relationship between torque and angular speed is related

to the viscosity of the ﬂuid. Rotational viscometers include the cup
and bob, cone and plate, and electromagnetically spinning sphere
types [25]. Plaisted [15] used a cone and plate viscometer to estimate the initial viscosity of 2MEP4FS prepolymer as 0.112 Pa$s
(112 cP) at 90  C.
In the present work, a cup and bob-type rotational viscometer
was modiﬁed to make measurements directly inside the production culture tube. This approach offers several beneﬁts. Following
the small-sample processing method yields prepolymer at a minimum initial conversion, but the limited quantity of material
(<0.3 mL) precludes most of the aforementioned viscosity
methods. The electromagnetically spinning sphere approach is
possible but limited to 10 Pa$s [25], which is too low for the present
materials at room temperature. Effectively transferring this small
quantity of prepolymer to a cone and plate-type viscometer would
be challenging.
3.2.1. Room temperature
The 4FS monomer exhibited an average viscosity of 94 Pa$s
(940 P), while the initial measurement of 2MEP4FS prepolymer was
345 Pa$s (3450 P). The viscosity of the 2MEP4FS prepolymer was
tracked as polymerization proceeded (Fig. 8), until the required
torque exceeded the capability of the instrument. Since approximately 10 min elapsed between the completion of the smallsample processing method and the ﬁrst viscosity measurement,
an exponential ﬁt of the data gives the initial viscosity of the
2MEP4FS prepolymer as 208 Pa$s (2080 P). This indicates that the
combination of the 2MEP and 4FS monomers roughly doubles the
viscosity of the 4FS monomer alone at room temperature.
3.2.2. Elevated temperature
Since the 2MEP4FS prepolymer needs to be cured at an elevated
temperature to achieve maximum cross-linking, knowledge of the
viscosity at such a temperature is useful. The initial and ﬁnal Tg are
used with the DiBenedetto equation and the ﬁtted autocatalytic
model to estimate viscosity as a function of conversion (Fig. 9).
Given the initial and ﬁnal conversions (ai ¼ 0.075, af ¼ 0.577)
and the observed time between them (7 min), numerical integration of the autocatalytic model gives an average polymerization
temperature of 73.1  C. This is signiﬁcantly lower than the 90  C oil
bath where the experiment was conducted. The discrepancy can be
attributed to a non-constant sample temperature over the course of
the test. The spindle had been preheated in an oven, but it had to be
taken out and attached to the viscometer prior to sliding the sample
into position and lowering the apparatus into the hot bath. The
cooling associated with this delay coupled with the sample starting
at room temperature likely meant the prepolymer did not approach
90  C until later in the experiment. The average polymerization
temperature is also weighted by conversion rate. Since the
maximum conversion rate for any given temperature occurs at low
conversions, an initial period of low temperature will disproportionately skew the average temperature down. The viscosity data
suggest the temperature was relatively low at the start of the test.
The initial viscosity measurement was 0.817 Pa$s (817 cP), which is
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Fig. 8. The viscosity of 2MEP4FS prepolymer as a function of time at room temperature after the conclusion of the small-sample processing method. The exponential ﬁt gives an
initial viscosity of 208 Pa$s.

higher than the 0.112 Pa$s estimated by Plaisted [15]. Decreasing
the temperature would increase the viscosity. Thermal expansion
effects on the geometry of the experiment are estimated to be small
and were not considered in the calculations.
The ﬁnal conversion, af ¼ 0.577, can be taken as the approximate
gel point of the polymer. Another estimate of the gel point is given
by the Flory-Stockmayer equation [26]:

1

agel ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
rðfF  1ÞðfM  1Þ

(10)

where r is the stoichiometric ratio, is fF the functionality of furan,
and fM is the functionality of maleimide. This equation gives the gel
point for stoichiometric 2MEP4FS as 0.577, which matches the DSCmeasured estimate. A third estimate of gelation is given by the
intersection of the tangents at a ¼ 0 and a ¼ 1 on the DiBenedetto
curve (Fig. 3) [27]. This method gives a gel point of agel ¼ 0.545. For
a true measurement of the gel point, dynamic rheometric analysis
should be used to ﬁnd the point where tand becomes frequency
independent [28].
4. Discussion and conclusions
The conversion and conversion rate models are useful tools for
estimating the number of DielseAlder cross-links in 2MEP4FS as a
function of glass transition temperature, time, and sample temperature. Using DSC measurements and the DiBenedetto relationship between Tg and conversion, the total heat energy of the
reaction was estimated to be 12.5 kcal/mol DA adduct. Comparing
this result with another DA adduct measurement in the literature
(23 kcal/mol [6],), a simple theoretical estimate (37 kcal/mol,
Appendix A), and a computational estimate (24e27 kcal/mol,
Appendix A) suggests that even at the maximum measured conversion, a signiﬁcant portion of potential DA adducts are unformed
in 2MEP4FS. Based on the computational estimate, only half of the
potential DA adducts are established when a ¼ 1. The energy
measured during DSC experiments included the temperature ramp
and isothermal portions of the test. It could be argued that these
measurements miss the initial energy given off during manual
mixing of the monomers. While true, estimating the elapsed time
and the initial reaction rate at room temperature suggests the
missed energy accounts for less than 1% conversion.

The conversion rate model was determined by ﬁtting DSC data
for 2MEP4FS cured isothermally at temperatures ranging from
60  C to 90  C. Assuming an autocatalytic reaction provided a better
ﬁt of the data than an nth order model. These two approximations
exhibit signiﬁcantly different behaviors at low conversion levels,
but due to the processing method and temperature ramp, this
period of the reaction was not captured. Outside of the ﬁtted
temperature range, the conversion rate was underpredicted by the
model. At room temperature, insufﬁcient thermal energy to overcome energy barriers or other processes like crystallization could
be inhibiting polymerization. The time spent at room temperature
before curing at an elevated temperature did not affect the ﬁnal
conversion of the polymer. At 100  C, the rDA reaction could be
separating DA adducts, although this is 10  C below the estimated
onset observed in the literature [6,7]. The rDA reaction would
reduce the conversion rate and ﬁnal conversion of the polymer. The
ﬁnal conversion was found to be highest for 2MEP4FS cured at 90e
95  C.
The small-sample processing method provided an efﬁcient
method for effectively mixing small quantities of 2MEP and 4FS
monomers, while minimizing the initial conversion. Manual mixing of the monomers was determined to be insufﬁcient to obtain
maximum conversion in the ﬁnal, cured polymer. The developed
approach will be useful in future experiments where the 2MEP4FS
prepolymer must be manipulated before ﬁnal curing, such as preparing unidirectional ﬁber prepreg layers and multilayered healable composites. The small-sample approach conserves monomer
supplies, but experiments must be modiﬁed to use small quantities
of material. Here, a rotational viscometer was adapted to make
viscosity measurements on a small quantity of prepolymer. At room
temperature, the prepolymer was estimated to have an initial viscosity approximately twice that of neat 4FS. In a hot oil bath, the
ﬁrst viscosity measurement of 2MEP4FS prepolymer was higher
than others have estimated, but DSC results and the autocatalytic
model indicate the sample had not yet reached the bath temperature. Modiﬁcations to the experimental setup or an alternative
approach, such as the electromagnetic spinning sphere, could
reduce the temperature variability.
Rotational viscometer measurements were made as a function
of time and combined with DSC measurements of Tg to estimate
viscosity as a function of conversion. The ﬁnal conversion of the
viscosity sample tested at an elevated temperature was taken as the
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Fig. 9. The viscosity of 2MEP4FS prepolymer measured in a 90  C oil bath. The dashed line gives the estimated gel point of the polymer as measured by DSC at the conclusion of the
viscosity test. The gaps in the data are due to delays waiting for the reading to stabilize after stepping down the rotational rate of the spindle.

gel point. Since the ﬁnal viscosity measurement is limited by the
torque capability of the instrument, the quantity of prepolymer in
the culture tube will inﬂuence the end of the experiment. This
suggests we have underpredicted the gel point of 2MEP4FS, even
though our estimate agrees reasonably well with estimates determined by other methods. Dynamic rheometric analysis would be
useful here for monitoring the complex viscosity during polymerization and obtaining a better determination of the gel point.
The models developed here can be used to characterize additional mechanical properties of 2MEP4FS as a function of conversion. Fracture toughness would be one property of particular
interest, given the healing capability of this polymer. Plaisted and
Nemat-Nasser [14] studied the fracture and healing behavior of
2MEP4FS, and found that under ideal conditions, samples required
more stress to propagate cracks after healing than in their virgin
state. The samples had been cured at 100  C for an extended period
of time. In a separate DSC study, Plaisted [15] determines the Tg of
his cured 2MEP4FS to be 93  C. Assuming this polymer has been
treated comparably to the polymer used in the fracture study, the
data presented in the current work suggest that the conversion of
the samples was below the maximum level; they were not fully
cured. After fracture, the samples were healed at a temperature of
95  C, which happens to be the approximate temperature determined to achieve maximum cross-linking in 2MEP4FS. Additionally, if there are a signiﬁcant number of unreacted functional groups
in the polymer sample, there would be a surplus of moieties at the
fracture surface available to heal the crack. Hence, the present
conversion study offers a rational explanation for the observed

Fig. 10. The simulated DielseAlder reaction used to estimate the energy released by
the formation of a DA adduct in 2MEP4FS.

increase in fracture resistance. New fracture measurements of
2MEP4FS at different levels of conversion will be considered in
future work.
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Appendix A. DielseAlder adduct energy
The energy given off by the formation of a DielseAlder (DA)
adduct can be roughly estimated from bond energies. A carbone
carbon single bond gives off 345 kJ/mol, while a carbonecarbon
double bond gives off 612 kJ/mol [29]. The DA reaction converts the
three double bonds and one single bond of the diene and dienophile moieties to a cyclohexane ring with one double bond and
ﬁve single bonds. This process requires 2181 kJ/mol reactants and
releases 2337 kJ/mol product, resulting in an exothermic reaction of
156 kJ/mol or 37 kcal/mol DA adduct.
A more precise estimate of the energy released by the formation
of the DA adduct can be obtained from computational simulations
of the reaction [30]. Thermochemistry calculations for optimized
4FS and 2MEP monomers and the 2MEP4FS adduct were performed
by the software package Gaussian09 revision C.01 [31]. The calculations used Density Functional Theory with the M062X meta-GGA
hybrid functional [32] and fully optimized contracted triple-z basis
set from Ahlrichs and co-workers [33]. The difference between the
combined enthalpies of the partial monomers before the reaction
and the enthalpy of the ﬁnal DA adduct was taken as the energy
released due to the reaction. It has been previously reported that
M062X gives thermodynamic quantities with an average error of
2.5 kcal/mol when compared with higher theory levels [30], which
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makes it a suitable choice for these calculations. Preliminary calculations using a minimal model of the DA reaction conﬁrmed that
M062X was better able to reproduce the MP2 energies than other
investigated functionals. For the actual 2MEP4FS calculations, approximations were required in order to avoid excessive computational cost due to the large size of the system. The molecules
furthest from the functional groups and DA adduct were assumed
to have a minimal effect on the released energy and therefore, only
the portions of the monomers near the functional groups were
included in the calculations. Atoms were incrementally added to
the tethering chains in the preliminary schemes to get to the ﬁnal
schemes shown in Fig. 10. It was observed that increasing the
number of atoms to better represent the monomers and polymer
increased the calculated energy given off the by the DA adduct. This
suggests the tethering atoms in each monomer have a signiﬁcant
effect on the frontier molecular orbitals of the functional groups in
the reactants and product. The total exothermic energy of the
simulated reaction was found to be 24 and 27 kcal/mol DA adduct
for the endo- and exo- products respectively.
Appendix B. Supplementary data
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.polymer.2013.12.030
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