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Arylethynyl reactive groups have been widely used in high-temperature polymers, and therefore,
understanding their curing mechanism is of great importance for academic research and engineering
applications. However, no consensus has been achieved on the actual curing mechanism of arylethynyl-
containing resins so far. Herein, we present a density functional theory study on the thermal curing
mechanism of arylethynyl-containing resins using phenylacetylene and diphenylacetylene as model
compounds. It was discovered that the rate-determining step is the dimerization of arylacetylenes into
diradical intermediates. The possibilities of the Straus-type intermediates and concerted Diels—Alder
cycloaddition between two arylacetylenes can be ruled out. Cyclobutadiene and cyclic allene are the

Received 22nd December 2019, critical intermediates generated by the intramolecular coupling of diradicals. The formation of polyene is

Accepted 2nd March 2020 preferred by monoradical initiation rather than diradical growth. The overall reaction pathways can well
account for the formation of naphthalenic dimers, benzenic trimers, and polyenic chains. The computa-

tional results of reactivity for the dimerization of arylacetylenes were finally compared with the existing
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Introduction

High-performance polymers produced by thermal curing of the
resins containing arylethynyl groups have been widely used in
fields such as electronics and aerospace industries due to their
excellent thermal stability and mechanical durability." The
thermal curing of arylethynyl groups is a kind of addition-type
reaction, and no volatiles are produced during the reaction,
resulting in void-free cross-linked structures. It has been used in
a variety of high-temperature polymers, such as polyimides,*”
silicon-containing polymers,®'® and phenolic resins.""™* As
the cross-linked structures determine the overall performance
of the cured resins, a fundamental understanding of the curing
mechanism is of great importance from both academic and
engineering viewpoints.

The thermal curing mechanism of arylethynyl-containing
resins has been investigated based on oligomers or simplified
model compounds in the last few decades. However, the actual
curing mechanism is still inconclusive because of the complexity
of the curing reaction and the difficulty in characterizing
insoluble cured resins. Most of the studies were performed to
identify the curing products using solid-state nuclear magnetic
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experimental findings, and an agreement is shown.

resonance (NMR), Fourier-transform infrared spectroscopy (FTIR),
etc. It was speculated earlier by Landis et al. that cyclotrimeriza-
tion of acetylene units to an aromatic ring is the probable curing
reaction.’® NMR studies by Swanson et al also supported
that the major products are aromatic structures in the curing
of the acetylene-terminated polyisoimide."> However, Sefcik et al.
found that no more than 30% of the acetylene end-groups
undergo cyclotrimerization, through NMR characterization of
the structures of acetylene-terminated polyimide resins.'® Kovar
et al. proposed that Glaser and Straus coupling products might
be generated in the first stage, and the cross-links are further
formed through rearrangement, aromatization, and Diels-Alder
reaction.” In contrast, Gandon et al. found that the linear
dimers, ie., the Straus- and Glaser-type compounds, are not
the intermediates of thermal polymerization of arylacetylenes by
kinetic analysis.*®

Some other works indicate that the polyenic chains are
the major products in the curing of arylethynyl-containing
resins. For example, Koening et al. found that trans conjugated
polyenic chains are predominantly formed during the curing of
acetylene-terminated sulfone resins using FTIR." A number of
works have been reported for the curing reaction of phenylethynyl-
terminated polyimides (PETI) studied using NMR. Fang et al.
found that the major products in the curing of PETI-5 are polyene
structures.?® Furthermore, Roberts et al. found that a decrease
in the molecular weight of PETI oligomers can result in a
higher percentage of polyenes due to the higher concentration
of reactive end groups.®* Gandon et al. analyzed the products
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Scheme 1 Representative arylacetylene-containing oligomers: (a) acetylene-
terminated imide (ATI) oligomers,*® (b) phenylethynyl-terminated imide

(PETI) oligomers.2° (c) Possible cross-linked structures: benzenic trimers
(1), naphthalenic dimers (2), and polyenic chains (3).
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for the thermal polymerization of 4-(hexyloxy)phenylacetylene using
chromatography, spectroscopy, and spectrometry techniques.>?
The results indicated that the major products are polyenic
chains, and the rest are naphthalenic dimers and benzenic
trimers. They suggested a bimolecular initiation mechanism
generating diradicals to explain the experimental results.”> The
diradical mechanism was also proposed by Pickard et al. in a
previously published study.**

Despite a lot of experimental studies, no consensus has been
reached on the curing mechanism of arylethynyl-containing
resins. The experiments showed that the specific proportion
of curing products depends on many factors, including the
backbone structures and the density of reactive groups, and
therefore, the existing experimental findings of curing products
vary in different research studies, which could be naphthalenic
dimers, benzenic trimers, and polyenic chains (see Scheme 1c).
Various mechanisms, such as cyclotrimerization, Diels-Alder
reaction, Glaser- or Straus-type couplings, and free radical
polymerization, were proposed to explain the formation of
the corresponding curing products. Theoretical calculations,
which provide fundamental molecular-level information,
can be used to study the curing mechanism. Among them,
quantum chemical calculations were demonstrated to be an
efficient theoretical approach to reveal such complex curing
mechanisms.>>?® However, to our knowledge, there is no
comprehensive theoretical study on the curing mechanism of
the arylethynyl-containing resins so far.

The purpose of this work is to unveil the mechanism behind
the curing of arylethynyl-containing resins and explain the
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formation of corresponding cross-linked structures by quantum
chemical calculations. The potential energy surfaces of the possible
reaction pathways, which can enable the establishment of an
accurate kinetic model for the curing process, were first
explored for both phenylacetylene and diphenylacetylene.
Then, the reactivity for the dimerization of arylacetylenes was
examined systematically. We finally compared the computa-
tional results with the existing experimental observations, and
an agreement was found. The work unified the long-standing
inconclusive curing mechanism of arylethynyl-containing
resins which can guide the further development of new high-
temperature polymers.

Computational methodology

All calculations were implemented using the Gaussian 09 program
package.”” Molecular structures in the gas phase were optimized
using (U)M06-2X/6-311G(d,p).>**° The M06-2X functional was
chosen because it was shown to exhibit a good agreement with
the experiment for organic structures.*® Electronic energies
were calculated using (U)B3LYP/6-311G(d,p)*' with a D3 dis-
persion correction®” damped according to the scheme of Becke
and Johnson.** The UB3LYP functional is good at deriving the
activation barriers for the dimerization of phenylacetylenes.®*
This combination of methods, denoted as (U)B3LYP-D3B]J/
6-311G(d,p)//(UM06-2X/6-311G(d,p), was successfully applied
to the study of the intramolecular hexadehydro-Diels-Alder
reaction.”> HOMO-LUMO mixing for the initial guess was
used for open-shell singlet calculations of diradicals. Normal
mode analysis was performed to verify whether each optimized
structure is a minimum or a transition state. We calculated the
intrinsic reaction coordinate (IRC)***” to confirm the connec-
tion from each transition state to the corresponding reactants
or products.

Since the curing reactions of acetylene-terminated and
phenylethynyl-terminated oligomers were generally carried
out at temperatures of ca. 250 and 350 °C,”> respectively,
all thermal dynamic contributions were computed at 300 °C.
Scaling factor of frequencies is 0.946.°® AG and AH are the
calculated relative free energies and relative enthalpies, respectively,
including total electronic energies and thermal contributions.
AE, is zero-point energy (ZPE) corrected relative electronic
energies in the gas phase. Unless otherwise specified, all
discussed energies refer to AG values.

The classical transition state theory (TST) was used to
calculate the rate constants k(7) in the gas phase. The rate
equation is given by

An AGE
=T (5" 0

Here, kg is the Boltzmann constant, % is the Planck constant,
R is the ideal gas constant, and P° is the standard pressure
(10° Pa). AG* represents the standard molar Gibbs free energy
of activation for the considered reaction. An = 1 or 0 for
bimolecular or unimolecular reactions, respectively.
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Results and discussion

Considering the computational efficiency, we first chose phenyl-
acetylene, the simplest representative of arylacetylenes, as the
compound to model the acetylene-terminated oligomers
(Scheme 1a). Note that phenylethynyl is one of the most widely
used reactive groups in thermosets, and its cured materials can
exhibit an attractive combination of properties. Since the ethynyl
groups in phenylethynyl-terminated or -containing oligomers
usually bind to aryl groups at both ends, we used diphenyl-
acetylene to model the phenylethynyl-terminated oligomers
(Scheme 1b) as a comparison.

We organize the Results and discussion section as follows.
First, the favored pathways for the model reaction of phenyl-
acetylene are elucidated. The other competitive but unfavorable
pathways are also discussed. Next, the model reaction of
diphenylacetylene is compared with that of phenylacetylene
to explain the influence of the additional phenyl substituent on
the curing reaction. Finally, the reactivity of arylacetylenes in the
rate-determining step was examined. In particular, a comparison
of the computational results with the existing experimental
findings was made to verify the unveiled mechanism.

1. Curing mechanism of acetylene-terminated oligomers
using phenylacetylene as the model compound

Overview of the favored reaction pathways of phenylacetylene.
The reaction pathways are summarized in Scheme 2, which shows
how various cross-linked structures, including naphthalenic dimers,
benzenic trimers, and polyenic chains, are formed. Fig. 1 shows
the computed energy surfaces for these processes. Structures
of transition states in these pathways are given in Fig. 2. DFT
calculations show that the curing reaction starts with the
dimerization of phenylacetylene M to diradical intermediate
INT1. The diradical intermediate INT1 could then react with a
third molecule of phenylacetylene in ¢trans conformation to give
a diradical trimer RAD3, which can further undergo diradical growth
to form polyene products. In another competitive pathway, the
diradical intermediate INT1 could produce strained cyclic allene
INT2 and cyclobutadiene INT3 via an intramolecular coupling.
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Scheme 2 Curing mechanism of arylethynyl-containing resins based on
a phenylacetylene model compound study.
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The cyclobutadiene INT3 reacts with a molecule of phenylacetylene
to give diradical intermediate INT4, which undergoes ring closure
to yield Dewar benzene INT5. Isomerization transforms the Dewar
benzene INT5 to the corresponding benzene derivative P2.
Notably, how the thermal cyclotrimerization of acetylene
units occurs to form different substituted benzenes has been
theoretically investigated.>>*® However, the competition between
the cyclotrimerization and other curing reactions in the phenyl-
acetylene model study has not been thoroughly explored, because
the phenylacetylene could perform a more complex reaction as
discussed later. The strained cyclic allene INT2 could be rapidly
rearranged to naphthalene via an intramolecular hydrogen atom
shift. This process is the so-called dehydro-Diels-Alder (DDA)
reaction.”*> The last pathway is that the third molecule of
phenylacetylene abstracts a hydrogen atom from INT2 to generate
monoradical initiators RAD1 and RAD2 that could initiate chain
polymerization to form polyene structures. This process is similar
to the self-initiated thermal polymerization of styrene.**
Concerted and stepwise mechanisms of phenylacetylene
dimerization. The first step of the curing reaction corresponds
to the formation of the tail-tail diradical INT1 (Fig. 1), which is a
stepwise pathway to give Diels-Alder adduct INT2. In this step, the
activation energy is 20.0 keal mol ™, and the activation free energy
is 38.9 keal mol . The activation free energy is much higher than
the relative electronic energy because of the unfavorable activation
entropy in the bimolecular reaction. In the transition structure
TS1, the forming C-C bond is 1.76 A (Fig. 2). Theoretically, there
are other competitive stepwise pathways to give diradical inter-
mediates similar to INT1. Fig. 3 shows the head-tail transition
state TS1-2 and the head-head transition state TS1-3 for the
dimerization of phenylacetylene. The activation free energies of
TS1, TS1-2, and TS1-3 are 38.9, 49.8, and 59.0 kcal mol?,
respectively, indicating that the pathway through TS1 is favored.
Two molecules of phenylacetylene could also dimerize to
give two possible Diels-Alder adducts directly, which are con-
certed pathways. RM06-2X calculations show that the transition
state TS1-con1 is not a stationary point on the potential energy
surface because the restricted wave function is unstable. It
means that unrestricted wave function is better to describe
the electronic structures of the highly asynchronous optimized
geometries (Fig. 4). In contrast, RM06-2X locates the concerted
transition structure TS1-con2. The geometry of TS1-con2 is
more synchronous since the formed C-C bonds differ in length
by 0.41 A, which is much lower than that (1.25 A) through TS1-
con1. The activation free energy for TS1-con2 is 60.6 kcal mol .
The results above imply that the dimerization of phenylacetylene is
not a concerted pathway but a stepwise pathway, due to the larger
geometrical change required for the concerted pathways. In short,
the favored first step is the pathway through TS1 with an activation
free energy of 38.9 kcal mol . The rate constant calculated by the
TST method is 8.63 x 10~ ' s™' mol ' L™" at 300 °C.
Intramolecular couplings to form strained cyclic allene and
cyclobutadiene. The ring closure from diradical intermediate
INT1 to strained cyclic allene INT2 or cyclobutadiene INT3 is
not simple and may involve a series of conformational changes.
However, the contribution of conformational changes to
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Fig. 1 Energy surfaces of the favored reaction pathways of phenylacetylene. Gibbs free energies and enthalpies [in brackets] are calculated at 573.15 K in
the gas phase. Electronic energies with zero-point energy correction (in parenthesis) are also given.

Ts2 g TS3

Fig. 2 Transition states in the favored reaction pathways of phenyl-
acetylene. Bond lengths are given in A.

activation energies could be tiny. Therefore, we assumed that the
INT1 is the reactant and neglected the conformation changes. The
calculations indicate that the INT1 undergoes fast ring closures to
form strained INT2 and INT3. The activation free energies for TS2
(transition state for forming INT2) and TS6 (transition state for
forming INT3) are 12.1 and 10.5 kcal mol ", respectively. In TS6,
the forming C-C bond is 2.41 A long, which is very similar to the
length (2.40 A) of the forming C-C bond in TS2.

Provided that only the energetic aspect of the competitive
reaction is considered, the formation of INT2 is more favored

This journal is © the Owner Societies 2020
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Fig. 3 The other two competitive transition states for the dimerization of

phenylacetylene. The energies of the transition states are relative to the
energies of two phenylacetylene molecules. Bond lengths are given in A.
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Fig. 4 Transition states for the concerted Diels—Alder cycloaddition of
phenylacetylene to form cyclic allene directly. The energies of the transi-
tion states are relative to the energies of two phenylacetylene molecules.
Bond lengths are given in A.

than that of INT3 since the activation energies of TS2 and TS6
are 5.3 and 8.1 kcal mol ™', respectively. The higher activation
free energy of TS2 may be ascribed to the unfavorable activation
entropy arising from the more ordered geometry. In other
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words, the INT1 can only react via intramolecular coupling
to give cyclic allene INT2 at a relatively lower temperature.
Note that the competitive reaction significantly influences the
final products, which can be either the naphthalenic dimers or
benzenic trimers. The TST calculations based on the difference
in activation free energies indicate that the intramolecular
coupling to INT3 is about four times faster than that of INT2
at 300 °C. The rate constants for the formation of INT2 and
INT3 are 2.71 x 10° and 1.13 x 10° s~, respectively, both of
which are incredibly high. The results above suggest that the
benzenic trimers are more preferred than the naphthalenic
dimers among the final curing structures based on our phenyl-
acetylene model study.

Possibility of the Straus coupling product. Kovar et al
proposed that the enynes and diynes resulting from Straus
and Glaser couplings, respectively, might be the intermediates
of the curing reaction, in order to explain the formation of the
products such as naphthalenic dimers and benzenic trimers."”
However, it has been evidenced that the linear dimers are not
the intermediates of the curing reaction based on the model
compound study.'® According to our DFT calculations, it was
found that the diradical intermediate INT1 could generate
enyne, namely, Straus-type product, by an intramolecular
hydrogen shift (shown in Scheme 3). The transition structure
TS-St is shown in Fig. 5. The activation free energy of the
formation of enyne is 27.0 kcal mol !, which is much higher
than the activation free energies (12.1 and 10.5 kcal mol™") of
the intramolecular coupling reactions. Therefore, we can rule
out the formation of Straus-type products due to unfavorable
kinetics despite there being a reaction pathway.

Formation of benzenic trimer. The diphenylcyclobutadiene
INT3 can react with a phenylacetylene molecule to generate
Dewar benzene INT5, which then isomerizes into benzenic
trimer P2 (see Scheme 2). These reactions have been thoroughly
investigated in thermal cyclotrimerization of substituted
acetylene using quantum chemistry methods.*>*° In this study,
we attempted to elucidate the reaction pathway with density

O

. H
ph Xy H Ph — Ph
~Ph pr—(
H . Hydrogen Shift H
INT1 TS-St Enyne

Scheme 3 Intramolecular hydrogen shift of diradical INT1 into Enyne.
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Keal/mol ""33‘)-9\)’ (25.1)
127 Y-+
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Fig. 5 The transition state for the intramolecular hydrogen shift of
diradical INT1 into Enyne. The energies of TS-St are relative to the energies
of INT1. Bond lengths are given in A.
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functional calculations to understand the overall process of the
curing reaction. The favored pathway shown in Fig. 1 indicates
that the reaction of INT3 to INT4 via transition structure
TS7 requires an activation free energy of 26.9 kcal mol ' and
follows a diradical mechanism. Then INT4 undergoes ring
closure to yield Dewar benzene INT5 with an activation free
energy of 2.3 kcal mol . Finally, INT5 isomerizes to P2 with
an activation free energy of 22.5 kcal mol~'. These activation
free energies are lower than that (38.9 kcal mol ") for the
dimerization of phenylacetylene, suggesting that INT3 can
rapidly evolve into P2. The activation energies of the other
competitive pathways for the evolution of diphenylcyclobuta-
diene into benzene derivatives are presented in Fig. S1 and S2
of the ESL¥

Monoradical and diradical initiated polymerizations. Radical
polymerization of ethynyl groups into polyene is a critical step in
the curing reaction of oligomers containing arylethynyl groups.
Two processes could potentially initiate radical polymerization.
One is that the diradical intermediate INT1 reacts with another
phenylacetylene molecule to initiate diradical polymerization,
as shown in Scheme 2. The other diradical growth pathways
can be seen in Fig. S3 of the ESL{ The activation free energy is
22.3 keal mol ™, which is higher than that (10.5 keal mol ') of
the intramolecular coupling of INT1 to cyclobutadiene INT3.
Intramolecular coupling to INT3 occurs over 10> times faster
than diradical growth, as calculated using the TST method.

It was noted that short diradical polymer chains are more
likely to undergo intramolecular termination than grow to a
high-molecular-weight polymer in polymerization with diradical
initiators.** Moreover, the DFT calculations on self-initiated thermal
polymerization of styrene suggest that the diradical growth is
disfavored because the self-termination of the 1,4-diradical
occurs over 10'" times faster than the diradical growth pre-
dicted by the TST method.** We can see that the difference in
reaction rates between intramolecular coupling and diradical
growth in phenylacetylene polymerization is much less than
that in styrene polymerization. However, the intramolecular
coupling of INT1 is still more favored than the diradical growth,
because the diradical growth to RAD3 is a bimolecular reaction
with unfavorable activation entropies.

Nevertheless, the reaction energy surfaces show that the
activation energy of the diradical growth is at least 7 kcal mol
lower than that of the intramolecular coupling. It means that
the diradical growth is more favored than the intramolecular
coupling if only the energetic aspects of the competitive reactions
are taken into account. The higher activation energy for the
intramolecular coupling is probably due to the more substantial
activation strain energy. The results indicate that diradical growth
could probably occur at relatively lower temperatures and/or
higher concentrations under which the bimolecular diradical
growth is favored over the unimolecular cyclization.

Another consideration is that the strained cyclic allene INT2
could evolve into aromatic products by an intramolecular hydrogen
shift or by intermolecular hydrogen abstraction. Phenylacetylene
abstracts a hydrogen atom from cyclic allene INT2 to generate
styryl radical RAD1 and naphthyl radical RAD2, both of which
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are capable of initiating chain polymerization. This process is
similar to the Mayo mechanism for the spontaneous thermal
polymerization of styrene.*>*® The computational results show
that the restricted wave function of TS3 optimized by RM06-2X
is stable, while the UB3LYP calculation indicates that it is a
singlet diradical for the same structure. The (S*) value com-
puted by UB3LYP is 0.0134. The activation free energy of
the hydrogen abstraction is 26.0 kcal mol ", which is higher
than the activation free energy (19.5 kecal mol™') of the
intramolecular hydrogen shift. The activation energy of the
hydrogen abstraction is 1.7 kcal mol ™" significantly lower than
that of the intramolecular hydrogen shift, suggesting that the
monoradical initiator could be produced enough at relatively
lower temperatures and/or higher concentrations. Those
energetically favored effects for the bimolecular reaction have
also been discussed in the competitive reactions of enediyne
dimerization versus Bergman cyclization.*’

In addition, the difference in activation free energy between
the intermolecular hydrogen abstraction and intramolecular
hydrogen shift is 6.5 kcal mol *, which is much lower than that
(11.8 kecal mol™") between the diradical growth and intra-
molecular coupling. Finally, the rates at which the diradical
INT1 produces cyclic allene INT2 and cyclobutadiene INT3 are
slightly different, implying that the formation of polyene is
preferred by monoradical initiation instead of diradical growth.
This result is consistent with the previous experiment that the
high polymer produced in a diradical-initiated system primarily
results from monoradicals formed by a chain transfer
reaction.**
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2. Curing mechanism of phenylethynyl-terminated oligomers
using diphenylacetylene as the model compound

Fig. 6 shows the free energy surfaces of the favored reaction
pathways for diphenylacetylene. Corresponding transition struc-
tures are presented in Fig. 7. The other competitive but unfavor-
able pathways are presented in Fig. S4 and S5 of the ESL.{ The
computed energy surfaces of diphenylacetylene are very similar
to those of phenylacetylene. The formation of cyclic allene
INT2-Ph or cyclobutadiene INT3-Ph is stepwise. These processes
involve the diradical intermediate INT1-Ph with an activation
free energy of 45.4 keal mol ™" at 300 °C, which is 6.5 kcal mol ™"
higher than that for the dimerization of phenylacetylene.
The rate constant calculated by the TST method at 300 °C is
2.88 x 107 57" mol ' L™*, which is two orders of magnitude
lower than that of the phenylacetylene dimerization. This
implies that a higher temperature is required to cure the
diphenylacetylene. As previously mentioned, diphenylacetylene
is simplified from phenylethynyl-terminated oligomers. This can
explain the reason that the curing temperature of phenylethynyl-
terminated oligomers is about 100 °C higher than that of
acetylene-terminated oligomers and that the phenylacetylene-
terminated oligomers have a broader process window.?

The transition state for concerted cycloaddition of diphenyl-
acetylene is presented in Fig. 8. As expected, the restricted wave
function is proved to be unstable, and the activation free energy of
the concerted route is 55.1 kcal mol ', which is higher than that
of the stepwise route. The subsequent intramolecular couplings of
INT1-Ph to cyclic allene INT2-Ph and cyclobutadiene INT3-Ph
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Fig. 6 Energy surfaces of the favored reaction pathways of diphenylacetylene.
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Fig. 7 Transition states in the favored reaction pathways of diphenyl-
acetylene. Bond lengths are given in A.

require activation free energies of 8.7 and 8.0 kcal mol *,
respectively. The difference in the activation free energies between
TS2-Ph and TS6-Ph is only 0.7 kecal mol *, which is slightly lower
than that of 1.6 kcal mol™" between TS2 and TS6. It indicates that
the influences of the phenyl group and the hydrogen atom, which
are attached to the new bonding carbon atoms, are less marked
on the competitive intramolecular couplings.

The cyclobutadiene INT3-Ph can react with a diphenyl-
acetylene molecule to yield the diradical intermediate
INT4-Ph with an activation free energy of 29.0 kcal mol ™. Then
INT4-Ph undergoes ring closure to yield the Dewar benzene
INT5-Ph with an activation free energy of 2.1 kcal mol .
The INT5-Ph further isomerizes into P2-Ph with an activation
free energy of 24.8 kcal mol '. Besides, the activation free
energy for the diradical growth of INT1-Ph with another phenyl-
acetylene molecule is 23.0 kcal mol™", which is 15.0 kcal mol ™"
higher than that for intramolecular coupling of INT1-Ph to
tetraphenylcyclobutadiene INT3-Ph. The difference in activa-
tion free energies suggests that the formation of INT3-Ph
occurs over 10* times faster than diradical growth. It indicates
that diradical initiation is more disfavored in diphenylacetylene
polymerization than in phenylacetylene polymerization as
described above. If only the energetic aspect of the competitive
reaction is taken into account, the activation energy AEj is
—6.5 kcal mol ™", which is lower than that (—1.7 keal mol™") of

AG N
[8H]
(BE,) - g

kcal/mol

TS$1-Ph-con

1 55.1
' 125.9]
Q:zjk, (25.9)
l" unstable

Fig. 8 The transition state for the concerted Diels—Alder cycloaddition of
diphenylacetylene to form cyclic allene directly. The energies of the
transition state are relative to the energies of two diphenylacetylene
molecules. Bond lengths are given in A.
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diradical initiation in phenylacetylene polymerization. Both the
activation energies are negative, probably due to the fact that
the interaction in the transition state increases with respect to
the separate reactant molecules. Therefore, the phenyl groups
attached to the new bonding carbon atoms reduce the rate of
diradical growth. This is because transition structure TS4-Ph
suffers from additional interaction effects, which results in a
more ordered geometry and a lower entropy, but is not due to
the electronic effect. The activation free energy for abstracting a
hydrogen atom from cyclic allene INT2-Ph to a diphenylacetylene
molecule is 28.2 keal mol ™", which is only 3.3 kcal mol " higher
than that (24.9 kcal mol ™) of the intramolecular hydrogen shift
of INT2-Ph to produce the naphthalenic product P1-Ph.

The computational results above indicate that the propor-
tion of monoradical initiation in diphenylacetylene polymeriza-
tion is larger than that in phenylacetylene polymerization.
In addition, the rates for both the intramolecular and inter-
molecular hydrogen transfer in diphenylacetylene polymeriza-
tion decreases as compared with those in phenylacetylene
polymerization. The reason for this may be that the additional
phenyl groups increase the stability of INT2-Ph due to the
conjugation effect between phenyl and allene.

3. Dimerization of arylacetylenes and comparison with
experimental results

The curing temperature of resins depends on many factors such as
molecular diffusivity, the density of reactive groups, and the
location of groups on the molecule. Herein, we focus on the
reactivity of arylacetylene, which is essential to the molecular
design of new polymers containing arylethynyl groups. Many efforts
have been made to explore the influences of molecular structures
on curing temperature. However, the experimental overall activa-
tion energy, which is usually estimated from DSC analysis, involves
many factors such as diffusion of reactants that are incapable of
being studied using DFT methods. Recently, high-level quantum
chemical calculations revealed that electron-withdrawing groups
attached to the reacting centers and the substituents with high
donor abilities bound to the aryl systems reduce the activation
barriers for the dimerization of arylacetylenes.>**® The electronic
influence of the substituents on the reactivity of arylacetylenes
was analysed in detail. In this subsection, several arylacetylene
structures commonly used in high-temperature polymers were
chosen, and comparisons between our computed results with the
existing experimental studies were made. The aim was to verify
the reaction mechanism by reproducing the reactivity trends of the
model compounds (1-8 as shown in Scheme 4).

We also analyzed the activation barriers using the distortion/
interaction model.**”® The activation barrier AE* for a bimole-
cular reaction can be decomposed into the distortion energy AE}
and interaction energy AE{. The activation barrier can then be
represented as AE* = AEj + AE{, where E is the total electronic
energy without zero-point energy correction. The distortion
energy AEj is the energy required to distort the molecules. The
interaction energy AE; is related to the bonding capabilities and
interaction between the reactants, which is usually negative. All
of these computed results are shown in Table 1.
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Scheme 4 Dimerization of arylacetylenes 1-8 to diradicals.

Table1 Activation barriers (AE®), distortion energies (AE%), and interaction
energies (AE) in kcal mol™ for the dimerization of corresponding
arylacetylenes. The AE} and AE} are computed using B3LYP-D3BJ/
6-311G(d.p)

Compound AE*® AE®P AE} AEf
1 22.3 31.7 28.3 —6.0
2 20.9 29.8 20.9 0.0
3 20.2 29.1 21.2 —1.0
4 19.0 28.0 20.2 —1.2
5 15.2 24.2 16.8 —-1.6
6 20.8 29.6 21.2 —-0.4
7 19.0 28.1 20.0 -1.0
8 18.5 27.4 19.8 —1.3

“ (U)B3LYP-D3BJ/6-311G(d,p)//(U)M06-2X/6-311G(d,p). * (U)M06-2X/6-
311G(d,p).

From the free energy surfaces shown in Fig. 1 and 6, we can see
that the dimerization of two arylacetylenes is the rate-determining
step. The calculated rate constants are 8.63 x 10" and 2.88 x
1072 s7' mol™' L for phenylacetylene and diphenylacetylene,
respectively, at 300 °C. Considering the effect of diffusion in the
actual system, both of them are within a reasonable range. The
distortion energy for the dimerization of diphenylacetylene is
28.3 keal mol ', and the corresponding interaction energy is
—6.0 kcal mol ™" (Table 1, compound 1). For comparison, the
distortion and interaction energies are 20.9 and 0.0 kcal mol ™,
respectively, for the dimerization of phenylacetylene (Table 1,
compound 2). It implies that the extra bends of two C-C-C
angles for dimerization of diphenylacetylene, which reduce the
conjugative stabilization between phenyl and ethynyl, are the
principal contributors to the higher activation barrier.

Wright et al. investigated the substituent effects of the ethynyl
on the thermal curing kinetics and revealed that the new
arylethynyl endcaps such as naphthyl-ethynyl and anthracenyl-
ethynyl could accelerate the thermal curing rate.”’*> For
simplicity, we examined the dimerization of 2-naphthylacetylene,
1-naphthylacetylene, and 9-anthracenylacetylene (compounds 3-5
in Scheme 4). The computed results indicate that the activation
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barriers AE* decrease in the sequence of phenyl > 2-naphthyl >
1-naphthyl > 9-anthracenyl (see Table 1, compounds 2-5),
which is consistent with the experimental results. Structures
of the transition states are shown in Fig. S6 of the ESI.{ Besides,
the interaction and distortion energies of transition structures
follow the same sequence, which could be ascribed to the
increased conjugate stabilization of diradical centers. Notably,
the lower activation barrier of compound 5 (9-anthracenyl) mainly
comes from the higher conjugate stabilization of diradical
centers, since the distortion energy (16.8 kcal mol™ ") is much
lower than that of compounds 2-4. This distortion-acceleration
effect also exists in the stepwise hexadehydro-Diels-Alder
(HDDA) reactions accelerated by alkynyl substituents.>®

Sastri et al. investigated the effects of the relative positions
of the acetylenic substituents on the aromatic ring and
proposed that the additional resonance stabilization of radicals
could reduce the activation energy.’ Their experimental results
suggest that the activation energies of the 1,2- and 1,4-disubstituted
acetylenic compounds are significantly lower than that of the
1,3-disubstituted acetylenic compounds. Our computed results
indicate that the activation barriers AE* decrease in the sequence
of 1,3- > 1,4- > 1,2-disubstituted acetylenic compounds (see
Table 1, compounds 6-8). Structures of the transition states are
shown in Fig. S6 of the ESL.{ This is in good agreement with the
experimental results. The distortion/interaction analysis shows
that the decreasing activation barriers come from both decreasing
distortion and interaction energies.

A remaining consideration is the activation barriers
obtained by (U)B3LYP-D3BJ and (U)MO06-2X. The calculations
using both methods show the same variation tendency of
activation barriers (shown in Table 1). However, (U)M06-2X
predicts the activation barriers to be over an average of
9 kecal mol™' than (U)B3LYP-D3B]J. Since both methods are
based on a single reference configuration and cannot describe
the degenerated correlation effects, careful calibration against
both experimental results and multireference approaches is
necessary. It has been found that UM06-2X overestimates the
energies of the diradical transition states.>*>>* Many studies for
diradicals indicate that the activation barriers derived by the
UB3LYP functional are in good quantitative agreement with the
experimental results.>**>*® Therefore, the method used in this
study, namely (U)B3LYP-D3BJ/6-311G(d,p)//(U)M06-2X/6-311G(d,p),
is reasonable for the investigated system. The comparison of
computed results with the existing experiments confirmed the
proposed curing mechanism.

Summarizing the above results, the detailed curing mecha-
nism of the arylethynyl groups was elucidated, which can
explain the formation of cross-linked structures observed in
the existing experiments. We want to emphasize that the
fundamental understanding of this curing mechanism is of
value in developing the resins with high thermal stability and
excellent mechanical properties. The high thermal stability of
the cured resins mainly comes from the aromatic cross-linked
structures. Those aromatic structures are rigid, and therefore,
the resins based on these structures usually have low toughness.
In contrast, polyene structures derived from chain extension
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render the cured resin reasonable toughness but relatively low
thermal stability.>”® The computational results show that the
intramolecular coupling to form cyclic allene or cyclobutadiene
is the critical step in the formation of aromatic structures.
Additionally, the diradical and monoradical intermediates could
both initiate the polymerization of arylethynyl groups to form
polyenic chains. Our work provides an insight into the favored
reaction pathway of thermal curing of arylethynyl-containing
resins, which helps tune the final curing products.

On the other hand, the processing of the arylethynyl-containing
resins is highly dependent on the curing temperature. In general,
the processing window is related to the glass transition temperature
(T,) and the initial curing temperature of the uncured resin.>*” An
uncured resin with a lower T, and higher initial curing temperature
can be generally processed with a broader processing window.
However, a fast curing rate is often required to realize the economy
in curing time. Therefore, a low initial curing temperature is
needed in some cases. Our study for the dimerization of aryl-
acetylenes provides molecular-level information of this curing
reaction and gives a qualitative picture of controlling the curing
temperature of arylethynyl-containing resins.

Conclusions

We examined the thermal curing mechanism of the resins
containing arylethynyl groups by the DFT study. Two model
compounds of phenylacetylene and diphenylacetylene were
considered. The major cross-linking pathway includes the
dimerization of two arylacetylenes into a diradical intermediate,
which then undergoes the intramolecular couplings to strained
cyclic allene and cyclobutadiene, followed by the evolution into
naphthalenic dimer and benzenic trimer. The dimerization of
arylacetylenes into diradical intermediates was found to be the
rate-determining step. The Straus-type products were ruled out
due to the unfavorable kinetics. The monoradical initiation is
more favored than diradical growth for the formation of polyenic
chains. The overall reaction mechanism nicely explains the
formation of various curing structures, including naphthalenic
dimers, benzenic trimers, and polyenic chains. The reactivity
trends for the dimerization of arylacetylenes can be well
accounted for by the computed activation barriers. The compu-
tational results are consistent with the existing experimental
findings.
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