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ABSTRACT: Designing high-temperature polymers with excellent process-
ability is a long-standing challenge because of the implacable contradiction
between high thermal stability and low curing energy. Traditional designs
based on scientific intuition and trial-and-error experiments have not been
efficient strategies for the discovery of new heat-resistant resins. In this work,
we developed a materials genome approach to facilitate the design of new
heat-resistant resins with the desired properties. By defining the gene and
extracting key features for properties, we proposed a two-step strategy to
screen candidate resins obtained from combinations of genes. A new kind of
heat-resistant resin was predicted by rapid screening and was further verified by theoretical simulations and experimental studies.
The basic framework developed for the present materials genome approach can be generalized for the rapid design of other high-
performance materials.

■ INTRODUCTION
Heat-resistant polymers and their composites have been widely
used in aerospace, information, and electronic industries.1−3

With the development of modern industries, a variety of heat-
resistant polymers have been developed for use in long-term
applications at elevated temperatures. New heat-resistant
polymers are expected to have incredible thermal stability
and excellent processability, but high thermal resistance in
polymers is usually accompanied by undesirable poor
processing characteristics, such as an extremely high curing
temperature and large curing enthalpy. For example, polyimide
and phthalonitrile resins, two well-known heat-resistant
polymers, face a series of problems associated with their
processing.4−6 This contradictory relationship between high-
temperature resistance and excellent processability has made
the exploration and exploitation of new heat-resistant polymers
a long-standing challenge.
The increasingly stringent requirements in terms of

properties and processing conditions for future applications
in the aerospace industry render the list of suitable resins
currently available vanishingly small and limit the choices to a
tiny number of heat-resistant resins. Silicon-containing
arylacetylene resin, which possesses relatively better process-
ability than polyimide and phthalonitrile resins with no
deterioration at high temperatures, is a promising candidate
for heat-resistant applications.7 Resins of this kind, such as
poly(silane arylacetylene) (PSA), were first exploited by Itoh
et al.8 and were further improved by Du et al.9−11 Most silicon-
containing arylacetylene resins decompose with 5% weight loss
above 600 °C and have low viscosities (below 2 Pa·s) at their
processing temperature. However, the thermal curing temper-
ature and exothermic enthalpy of silicon-containing arylacety-

lene resins are usually higher than ca. 240 °C and ca. 350 J/g,
respectively, which are unsuitable for the processing and
manufacturing of high-performance composites.12 The goal of
this study is to identify new silicon-containing arylacetylene
resins with high-temperature resistance and low curing
energies (low curing temperatures and enthalpies).
The traditional design strategies based on scientific intuition

and trial-and-error experiments are bound by high costs and
time-consuming synthetic procedures. Therefore, a new
paradigm for the design of these materials is of great
importance for discovering advanced materials in a more
efficient and economical way. A materials genome approach
rooted in computation, experiments, and database searches
could accelerate the development of advanced materials.
Recently, materials genome approaches have been developed
for discovering advanced materials, including new alloys13 and
inorganic materials.14,15 However, it is challenging to develop a
materials genome approach for polymers because of the
fundamental obstacle in polymer discovery resulting from the
immensely vast and complex chemical and morphological
spaces of polymers. Recently, Ramprasad et al. established a
materials genome approach to accelerate the discovery of on-
demand polymers, such as polymer dielectrics.16−20 Their
works opened up opportunities for machine learning and
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informatics approaches in polymer design. Nevertheless, the
materials genome approach for screening polymers with a
variety of essential properties still need to be developed,
especially for the cured resins with complicated three-
dimensional cross-linked structures.
In this work, we applied a materials genome approach to the

design of new heat-resistant and low-energy curing silicon-
containing arylacetylene resins. Because heat-resistant poly-
mers have more complex structures (such as chain connectivity
and cross-linking) than most materials, developing a materials
genome approach for screening resins with targeted properties
is quite challenging. In the developed method, we first defined
the “genes” of the resins and identified key features that are
indicative of the thermal properties and curing properties by
analyzing the available data. Then, we screened candidate
resins using the key features that indicate the desired
properties in a two-step manner. Density functional theory
(DFT) and molecular dynamics (MD) simulations were used
to verify the screening results. Finally, we experimentally
synthesized the screened resins that were expected to have
excellent combinations of high-temperature resistance and
lower curing energy. The thermal decomposition (5% weight
loss) of the synthesized resin occurs at 655 °C, and the
exothermic peak with a much lower curing enthalpy (241.9 J/
g) appears at 207 °C. The agreement between the screening
results and experimental observations demonstrates the validity
of the materials genome approach, which could be further
applied in the design of other advanced materials.

■ RESULTS AND DISCUSSION

Definition of Genes in Silicon-Containing Arylacety-
lene Resins. The first task in constructing a materials genome
method is defining the genes of silicon-containing arylacetylene
resins. In biology, a gene is a sequence of nucleotides in the
DNA or RNA that codes for a functional molecule. Gene
sequences and genetic codes are the two main themes. When
applying the concept of a gene to the field of polymers, the
gene sequence and genetic code can refer to the structure and
structure−property relationship of the polymer.21 From a

structural perspective, the gene sequence of a polymer can be
expressed as the sequence of chemical units that construct the
polymer. Moreover, the polymer chains can also cross-link to
form polymer networks.
In general, chemical groups such as −CH2−, −CO−, −O−,

and −C6H4− can be considered as the genes that make up
polymer chains following a specific sequence.17,20 Such a
definition allows structural design in vast chemical space, but it
makes the synthesis quite challenging. To balance the flexibility
of the structure design with the practical challenges of
experimental synthesis, we defined the genes of silicon-
containing arylacetylene resins in terms of synthetic routes.22

Silicon-containing arylacetylene resins can be synthesized via
(1) a reduction with Zn and (2) a Grignard reaction.23,24 In
these synthetic routes, diynes and chlorosilanes are necessary
reactants (see Figure 1a). As such, silicon-containing
arylacetylene can be expressed as a combination of two
essential genes. The first kind of gene is derived from one
diyne monomer containing two alkynyl groups (−CC−A−
CC−, where A is the chemical group connecting the two
alkyne units), and the second kind of gene includes the Si
moiety, which is derived from a chlorosilane (−Si(R1) (R2)−)
in which R1 and R2 are substituents connected to the Si atom.
Either of these genes can be altered to construct a new
polymer, but herein, we only focused on the diyne “genes” and
fixed the chlorosilane “genes” as dichlorodimethylsilane
because ample chemical space is available for the design of
the diyne, and they are practically synthetically accessible.
Before the screening, a series of diynes with various chemical
structures were collected from the available chemical data-
bases, including SciFinder, ChemSpider, and PubChem.
Similarity searches, as well as downloading and processing of
the molecules, were performed through the application
program interface of each database and RDKit software.25

Once each polymer chain was represented as a sequence of
genes, high-throughput screening can then be implemented
with a specific “genetic code”, that is, the structure−property
relationships. We attempted to optimize the following
properties by structural design: heat resistance, curing

Figure 1. Gene definition and key features chosen for the materials genome method. (a) Screening approach for the rapid design of heat-resistant
silicon-containing arylacetylene resins. (b) Correlation between 5% decomposition temperature and bond dissociation energy (BDE) of the
weakest bond in polymers. The data of 5% decomposition temperatures are collected from the PoLyInfo database.26 (c) Correlation between
curing exothermic peak temperature in DSC curves and the |HOMO−LUMO| of various kinds of resins. The DSC data are collected from the
literature listed in Section 2 of the Supporting Information.
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temperature, and viscosity. Heat resistance is essential for
silicon-containing arylacetylene resins. Improving the heat
resistance of a resin can broaden its application scope in
aerospace and astronautics. Curing temperature is associated
with the processing conditions. A low curing temperature can
reduce the cost and inconvenience associated with the
processing12 and decrease the internal stress caused by cross-
linking. The viscosity of silicon-containing arylacetylene resins
is fairly low compared with those of polyimide and
phthalonitrile resins. However, improving the thermal stability
often makes processing more difficult (e.g., high curing
temperature and high viscosity at the processing temperature)
(for an example, see Figure S2), which limits the applicability
of many heat-resistant resins. Therefore, we included the
viscosity of the resin as a screening criterion to ensure that the
identified resins were suitable for processing methods such as
resin-transfer molding (RTM).
Because it is challenging to explore the “genetic code” of

silicon-containing arylacetylene resins, that is, to reveal the
quantitative relationship between polymer structures and
properties such as heat resistance and curing temperature, we
identified key features that characterize heat resistance and
curing temperature by analyzing existing experimental and
computational data. We collected the 5% decomposition
temperatures (Td5 values) of more than 400 polymers from the
PoLyInfo database26 and then plotted the Td5 values versus the
bond dissociation energy (BDE) of the weakest bond in the
structure of each polymer. The resulting plot is shown in
Figure 1b. As shown, the heat resistance of the resin is closely
related to its BDE, where the Pearson correlation value is ca.
0.68. A high BDE generally improves the heat resistance of the
polymer, resulting in a high value of Td5. The molecular weight
and location of the weakest bond in the structure have smaller
effects on the heat resistance of the polymer. Therefore, the
BDE can be considered a key feature for evaluating thermal
stability for genes.
The |HOMO−LUMO| gap between the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) is usually used to predict the reactivity of a
molecule. We also analyzed the curing conditions of acetylene-

containing polymers (the data are collected from the literature
listed in Section 2 of the Supporting Information) and plotted
their curing exothermic peak temperatures (Texo

p values)
obtained from differential scanning calorimetry (DSC) curves
versus the |HOMO−LUMO| (calculated by DFT) for various
kinds of resins, and the resulting plot is shown in Figure 1c.
The positive correlation between Texo

p and the |HOMO−
LUMO| shown in the figure suggests that the |HOMO−
LUMO| can be used as a key feature for evaluating the curing
temperature. Notably, we used the |HOMO−LUMO| to
compare the reactivities of the reactants with the same reactive
groups and similar constituents so that other factors
influencing the activation energy can be ignored.27,28 The
identification of these two key features enabled fast calculations
and, therefore, high-throughput screening. Unlike the proper-
ties of heat resistance and curing temperature, the relationship
between the chemical structure and zero-shear viscosity can be
directly established by a group contribution method.29 We
have tested the validity of the group contribution method in
predicting the viscosity of heat-resistant polymers, such as
silicon-containing arylacetylene resins and polyimides, with a
broad range of viscosities varying from 0.0623 to 9 Pa·s. The
results demonstrate that the model is valid for predicting the
zero-shear viscosities of silicon-containing arylacetylene resins
(see Figure S1).

Two-Step Screening of New Silicon-Containing
Arylacetylene Resins. We proposed a two-step strategy to
rapidly design and screen new silicon-containing arylacetylene
resins with high-temperature resistance and excellent process-
ability (see Figure 1a). Before the high-throughput screening, a
library of 324 diynes was collected from chemical databases
(for detailed structures, see Section 5 of the Supporting
Information). The diynes were combined with dichlorodime-
thylsilane to generate a series of candidate resins. Sub-
sequently, the first step of the screening was performed
based on BDE as a key feature. The BDEs of the weakest
bonds in the candidate resins were calculated by DFT (for the
detailed method, see Section 1 of the Supporting Information).
Because we calculated the BDE of the bond in the repeating
unit of a polymer chain, the molecular structure of the resin in

Figure 2. Two-step computational high-throughput screening of heat-resistant resins. (a) First-step screening: plot of the difference between the
BDE of the weakest bond in candidate resins and the BDE of Si−CH3 vs the number of candidate diynes. Data points above the screening criterion
of BDE are distinguished with a blue color. (b) Second-step screening: plot of zero-shear viscosity vs the |HOMO−LUMO| of the 84 candidate
resins. The dashed line denotes the zero-shear viscosity threshold η = 0.5 Pa·s. (c) Structures of the candidate diynes that meet the requirement of
zero-shear viscosity in the second-step screening.
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the calculation corresponds to a polymer chain. Figure 2a
shows the calculated BDEs for the 324 candidate resins. In the
figure, we have sorted the diyne “genes” by their BDE in
descending order and given each a corresponding sequence
number. We then defined a threshold of 372 kJ/mol for this
screening. This threshold value is the lowest BDE of the Si−
CH3 bond in the backbone of a well-known PSA resin.30,31 If
the BDE of the weakest bond is higher than that of Si−CH3,
the thermal stability of the candidate resin could be better than
that of PSA. As such, the candidate resins containing bonds
with BDEs lower than 372 kJ/mol were eliminated in the first
step of this screening. After applying the BDE as a constraint
for these candidate resins, the number of potential candidates
was decreased from 324 to 84.
We continued to conduct the second step of the screening

by using the second key feature for curing temperatures (i.e., |
HOMO−LUMO|) and the zero-shear viscosity as constraints
on the remaining 84 candidate resins. The |HOMO−LUMO|s
and zero-shear viscosities of the candidate resins were
calculated by DFT and the group contribution method. As
shown in Figure 2b, we plotted the zero-shear viscosities of the
candidate resins as a function of their |HOMO−LUMO|s. For
RTM, which is widely used for manufacturing high-perform-
ance composites, the optimum viscosity is approximately 0.1−
0.5 Pa·s, and the mold pressures are difficult to handle for
resins with a viscosity higher than 0.5 Pa·s.32 We, therefore,
used a zero-shear viscosity lower than 0.5 Pa·s as a threshold to
screen candidate resins. The zero-shear viscosity threshold can
immediately eliminate a portion of the candidate resins (those
above the dashed line in Figure 2b), and 18 structures
remained after this step. We then selected the resin with the
smallest |HOMO−LUMO| among the remaining structures
(the molecular structures are shown in Figure 2c) as the most
promising resin. 2,7-Diethynylnaphthalene is a target gene for
constructing promising resins with an excellent combination of
properties. The screened resins containing 2,7-diethynylnaph-
thalene were named PSNP resins.
Theoretical Verification of the Properties of the

Screened Resins. We performed theoretical simulations to

judge whether the PSNP resins would have higher temperature
resistance and better curing properties than PSA resins. DFT
calculations and MD simulations were first carried out to
elucidate the reaction activation energies and thermal proper-
ties of the PSNP resins and the original PSA resin.
The activation energies of the curing reactions for the PSNP

and PSA resins were calculated by DFT to determine if the
PSNP resins could be cured at a lower temperature. The
dimerization of two alkyne units is the rate-determining step in
the curing reactions of the PSNP and PSA resins, such as
cyclotrimerization and Diels−Alder reactions (see Figure
3a).33−36 We, therefore, calculated the activation energies of
the dimerization of two alkyne units for the PSNP and PSA
resins. The transition states were searched, and the activation
energies were obtained (see Figure 3b). As shown, the
activation energies of the PSNP and PSA resins are 32.67 and
34.13 kcal/mol, respectively. The lower activation energy in
the reaction of the PSNP resins indicates that the curing
temperature could be lowered by substituting 1,3-diethynyl-
benzene for 2,7-diethynylnaphthalene.
Because the silicon-containing arylacetylene resin is highly

cross-linked, it is challenging to characterize the Tg using
existing instruments such as DSC.37 For linear polymers, the
Tg can now be well predicted by the surrogate models
constructed through data-driven methods such as the machine
learning method.16−18,38 For the cross-linked polymers,
however, the degree of curing should be included in the
prediction model. Because the present work centers on the
PSA and PSNP resins, we employed MD simulations to obtain
the glass-transition temperatures of the cured resins instead of
developing surrogate models.
A cross-linking approach based on a cutoff distance criterion

and a multistep relaxation procedure was used to mimic the
curing reaction of silicon-containing arylacetylene resins (for
details, see the Methods section and Figure S3). Cyclo-
trimerization and Diels−Alder reaction between alkynyl groups
were considered in the curing procedure,39 as shown in Figure
3a. We obtained the glass-transition temperatures by
examining the variation in density as a function of temperature.

Figure 3. Simulation verification of the screening results. (a) Cross-linking reactions of alkyne units considered in the MD simulations: Diels−
Alder reaction and cyclotrimerization reaction. The cured structures formed by Diels−Alder reaction and cyclotrimerization reaction are marked
with blue and red areas, respectively. (b) Activation energies of silicon-containing arylacetylene resins containing 1,3-diethynylbenzene (red) and
2,7-diethynylnaphthalene (blue). (c) Glass-transition temperatures of the PSNP and PSA resins as a function of the extent of reaction. (d)
Viscosities of the PSNP and PSA resins as a function of temperature.
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The dependence of the density on temperature can show an
abrupt change, which is usually used to determine the glass-
transition temperature.40 The glass-transition temperatures of
the resins were plotted as a function of conversion, as shown in
Figure 3c. One can see that replacing the 1,3-diethynylbenzene
gene with 2,7-diethynylnaphthalene can increase the glass-
transition temperature.
The glass-transition temperatures (Tg

∞ values) of the fully
cured resins were predicted to be 857 and 795 °C for the
PSNP and PSA resins, respectively, by fitting the simulation
data with the Venditti−Gillham equation41 and extrapolating
(for details, see section 8 of the Supporting Information). The
increase in Tg

∞ indicates that the new PSNP resins could be
more temperature-resistant than the PSA resins. The elevation
in the Tg

∞ of PSNP can be attributed to the increased fraction
of ring structures in the polymer. The ring structures are found
to be positively correlated with the Tg because the rings can
increase the stiffness of the polymer chain and reduce the
mobility of the segments.16 For most heat-resistant thermoset-
ting resins, there is a positive correlation between their 5%
thermal decomposition temperatures and their glass-transition
temperatures (see Figure S4). The elevated Tg values indicate
that the resistance to thermal decomposition is improved. The
simulation observations support the screening results that
replacing 1,3-diethynylbenzene with 2,7-diethynylnaphthalene
can improve the thermal stability of silicon-containing
arylacetylene resins.
We also calculated the viscosities of the PSA and PSNP

resins by MD simulations. Because the cross-linking reaction
occurs during curing, it is challenging to determine the
viscosity of the resins during the curing process by MD
simulations. We, therefore, developed a simulation method
combining the curing reaction and nonequilibrium MD
simulations for studying the variation of viscosity during the
curing of silicon-containing arylacetylene resins (for details of
the method, see Section 10 of the Supporting Information).
Figure 3d shows the viscosities as a function of temperature.
The viscosity first decreases and then increases with increasing
temperature. The onset of the increase in viscosity corresponds
to the curing reaction. The viscosity of the PSNP resin is

slightly higher than that of the PSA resin, which is in
agreement with the zero-shear viscosities calculated for these
two resins in the computational screening (0.4242 Pa·s for the
PSNP resin and 0.1773 Pa·s for the PSA resin, as shown in
Figure 2b). The viscosity of the PSNP resin, which is lower
than those of common polyimide and phthalonitrile resins,
makes it suitable for most processing methods, such as RTM.

Experimental Verification of the Screening Results.
We finally presented a proof-of-concept experiment aimed at
testing the validity of our materials genome method. 2,7-
Diethynylnaphthalene was synthesized, and the corresponding
silicon-containing arylacetylene resin (PSNP resin) was
prepared by a Grignard reaction between dimethyldichlor-
osilane and 2,7-diethynylnaphthalene.42 For comparison, the
PSA resins were also prepared using the method described in
our previous works.39 The PSNP and PSA resins were both
thermally cured with the same procedure (the details are given
in the Methods section).
We characterized the thermal curing behaviors of the PSNP

and PSA resins by DSC, and the DSC curves are shown in
Figure 4a. The DSC profile of conventional PSA resins showed
an exothermic transformation of the thermal curing reaction in
the range of 214−256 °C, and the peak was observed at 238
°C. In the DSC profile of the PSNP resins, the exothermic area
of the thermal curing reaction is shifted to a lower temperature
range (178−234 °C) with a peak at 207 °C. As such, the
curing reaction of the PSNP resins could be conducted at a
lower temperature than that of the PSA resins. Such an
advantage results from the replacement of 1,3-diethynylben-
zene with 2,7-diethynylnaphthalene. Moreover, the curing
enthalpy of the PSNP resin is 241.9 J/g, which is 173.3 J/g
lower than that of the PSA resin (415.2 J/g).
The apparent activation energies for curing of the PSA and

PSNP resins, obtained from DSC curves, were compared with
DFT results (for the detailed method, see Section 19 of the
Supporting Information). The results are presented in Table
S6. Both the experiments and DFT computations show that
the activation energy for the curing of the PSNP is significantly
lower than that of the PSA resin, which verifies the screening
results. The activation energies obtained from experiments are

Figure 4. Experimental verification of the computational screening results. (a) DSC curves (10 °C/min in N2) of the PSNP and PSA resins. (b)
Plots of viscosity as a function of temperature for the PSNP and PSA resins. (c) TGA curves (10 °C/min in N2) of the cured PSNP and PSA resins.
(d) Plot of curing exothermic peak temperature vs 5% decomposition temperature. (e) Plot of curing exothermic enthalpy vs curing exothermic
peak temperature. The chemical structures of the resins for the solid points in (d,e) are listed in the right side of (e). Except for the thermal results
of the PSNP and PSA resins, other data in (d,e) are collected from the literature listed in Section 21 of the Supporting Information.
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lower than those computed by the DFT. This is because the
DFT computations center only on the internal alkynes whose
reactivity could be lower than that of terminal alkyne.
Moreover, only the rate-determining step, that is, the
dimerization of two alkyne units, was considered in the DFT
computations. The computation results could overestimate the
activation energy because other types of curing reactions, such
as Glaser coupling and Strauss coupling reactions, can lower
the apparent activation energy in the experiments.
Figure 4b shows the viscosity of the PSNP resin as a

function of temperature. With increasing temperature, the
PSNP resin gradually melts, and the viscosity decreases. As the
temperature increases beyond 140 °C, the alkynyl groups react
with each other, and the resin begins to cross-link, which leads
to a dramatic increase in viscosity. Moreover, the viscosity of
the melting PSNP resin is comparable to that of the PSA
resins. The window for processing is larger than 60 °C, which
is suitable for most processing methods. Notably, the
experimental and simulation results drew the same conclusion
that the viscosity of the PSNP resin is higher than that of the
PSA resin, which agrees with the screening results. On a
quantitative level, the experimental viscosities of PSA and
PSNP resins at processing temperatures are in the range of
0.2634−0.6837 Pa·s and 0.4727−0.8953 Pa·s, respectively.
The simulation viscosities of PSA and PSNP resins are lower
than the experimental viscosities, which are 0.019 and 0.027
Pa·s, respectively (Figure 3d). The difference arises because
the experimental viscosities approach the zero-shear viscosities
predicted in the screening procedure, while the simulation
corresponds to the case with a high shear rate. Moreover, the
MD simulation does not take into account the effect of the
molecular weight distribution.43

Thermogravimetric analysis (TGA) was finally performed to
reveal the thermal stability of the new PSNP resins. Figure 4c
shows the TGA curves of the cured PSA and PSNP resins.
Under a nitrogen atmosphere, both of these resins tolerate
high temperatures with little mass loss until 550 °C. The cured
PSNP resins decompose with 5% weight loss at 655 °C, that is,
Td5 = 655 °C. This Td5 is higher than that (627 °C) of the
cured PSA resins. The residual yield at 800 °C is 92.3%, which
is larger than that (90.3%) of the cured PSA resins. The TGA
results indicate that the presence of the naphthyl “gene” in the
backbone improves the thermal stability. We found that the
positive correlation between the BDE and thermal stability can
apply to the PSA and PSNP resins. The BDE of the weakest
bond of PSNP is 19.93 kJ/mol higher than that of PSA.
Accordingly, the 5% thermal decomposition temperature of
PSNP is 28 °C higher than that of PSA. This comparison can
validate our screening method for thermal stability. Because
there is a positive correlation between Td5 and Tg for heat-
resistant resins (Figure S4), the experimental results of Td5 can
be in correspondence with the simulation results of Tg; that is,
the PSNP resins can have both a high Td5 and Tg.
To highlight the advantages of the present materials, we

compared the properties of the PSNP resins to the properties
of similar resins currently available (silicon-containing
arylacetylene resins cured by alkyne units). We first plotted
the curing exothermic peak temperatures (Texo

p values) against
Td5 (see Figure 4d, note that the data were collected from the
literature listed in Section 21 of the Supporting Information).
Only the PSNP resin (indicated by the red star) exhibits a
combination of properties superior to those of the PSA resins;
that is, the PSNP resin possesses a higher Td5 and a lower Texo

p

than the PSA resins. We then plotted the curing enthalpy
(ΔH) vs Texo

p (see Figure 4e). Five types of arylacetylene
resins, including PSNP resins, exhibit lower Texo

p and ΔH
values than the PSA resins. Considering the data in both Figure
4d,e, the PSNP resins exhibit the most desirable combination
of properties, that is, a higher Td5, a lower Texo

p , and a lower ΔH
compared to the PSA resins. The new resins designed herein
offer both high-temperature resistance and low curing energy.
Finally, we aimed to provide an intuitive explanation for why

PSNP resins exhibit better comprehensive properties than the
original PSA resins. The structural difference between PSNP
and PSA is the alkyne-containing groups, where PSNP and
PSA include naphthalene and benzene, respectively. Notably,
there are four candidates containing a naphthalene ring among
the 18 down-selected candidates with excellent thermal
stability and low viscosity. The resin containing 1,3-
diethynylnaphthalene or 2,6-diethynylnaphthalene could be
another promising resin besides the PSNP (see Figure 2c),
which implies the advantage of naphthalene in designing heat-
resistant resins. The donor ability of the substituent attached to
the alkynyl unit has a substantial influence on the dimerization
of arylacetylenes.44 Compared with benzene, the enhanced
donor character of naphthalene can reduce the activation
barrier of the dimerization and stabilize the diradical
intermediates, leading to a decrease in the curing temperatures.
Because of the introduction of the naphthalene ring, the weight
fraction of reacted alkyne groups in the PSNP was reduced,
which leads to the low curing enthalpy of the PSNP. Moreover,
the naphthalene ring is more thermally stable than other
chemical units in the PSA and PSNP resins because of its high
BDEs. The introduction of the naphthalene ring reduces the
weight fraction of weakly bound units (especially Si−CH3) in
the PSNP resins, resulting in a higher Td5 than that of the PSA.
However, thermally stable units are usually associated with
rigid chemical structures and higher molecular weights, which
can lead to higher viscosity, such as the case in the PSNP resin.
In this work, the best balance between thermal stability and
processability was found with silicon-containing arylacetylene
resins.

■ CONCLUSIONS
In summary, we have addressed the apparent contradiction
between the high thermal stability and poor processability of
heat-resistant resins by a rapid screening strategy and
presented an example of how a materials genome method
can be used in the rapid design of low-energy curing and heat-
resistant silicon-containing arylacetylene resins. A new kind of
silicon-containing arylacetylene resin was developed by a
combinatorial design and high-throughput screening, and it
was further verified by theoretical simulations and experimental
studies. The developed materials genome method involves two
key points. The first is the rule of dividing the polymers into
genes. We defined the genes according to the chemical
synthesis rules to guarantee that the designed products were
synthetically accessible. The second is to extract key features
for properties from the available data. We obtained two key
features, the BDE and |HOMO−LUMO|, which can indicate
the thermal stability and curing behavior of the resins, thus
facilitating the high-throughput screening of the candidate
resins. We have theoretically and experimentally confirmed the
prediction that the screened resins have high-temperature
resistance and low curing energies. This work demonstrated
that the present materials genome approach is a promising
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strategy for the computational screening of heat-resistant
resins. The success of this materials genome method will not
only accelerate the discovery of new heat-resistant resins but
also provide a new platform for the design and development of
other high-performance materials.

■ METHODS
Screening Method. (1) Data set: All of the chemical structures

with their “genetic” characteristics were searched for in the SciFinder,
ChemSpider, and PubChem databases using the Tanimoto similarity
algorithm45 and downloaded in batches through the application
programming interfaces (APIs) of the databases. (2) First-step
screening: the candidates obtained from the combination of genes
were first screened based on the key feature of BDE (Section 1 of the
Supporting Information). The structures with weak bonds were
eliminated to guarantee that the cured resin can resist thermal
decomposition at high temperatures. (3) Second-step screening: the
zero-shear viscosity and the |HOMO−LUMO| were evaluated for the
resins that remained after the first step of the screening process. The
zero-shear viscosities of the candidate resins with a degree of
polymerization of 4 were calculated in the Synthia modulus of
Materials Studio46 using a group addition method (Section 3 of the
Supporting Information). The |HOMO−LUMO| values were
calculated with Gaussian 09 software at the B3LYP/6-311G(d,p)
level.47

Validation of the Screening Results by Simulation. MD
simulations48,49 (for details, see Section 6 of the Supporting
Information) were performed to understand the thermal properties
of the cured arylacetylene resins. A cross-linking approach based on a
cutoff distance criterion and a multistep relaxation procedure was
designed and used to construct the polymer networks.50−54 A
flowchart is shown in Figure S3. The procedure, including the
formation of new bonds, geometry optimization, and MD simulations
under the NPT and NVT ensembles, was realized with Materials
Studio. The Andersen thermostat and the Berendsen barostat were
applied to control the temperature and pressure, respectively. The
COMPASS force field was adopted throughout the simulations.55

Both the van der Waals forces and Coulomb forces with a cutoff of
12.5 Å were calculated by an atom-based summation method. The
time step was set to 1.0 fs.
To validate the screening results of the |HOMO−LUMO|, the

activation energies of the curing reactions for PSNP and PSA resins
were calculated by DFT with the Gaussian 09 program package.
Hybrid nonlocal DFT at the B3LYP level with the 6-31G(d,p) basis
set was used to locate all the stationary points, that is, reactants,
transition states, intermediates, and products.
Experimental Verification of the Screening Results. Materi-

als. Tetrahydrofuran (THF), triethylamine, toluene, dichlorome-
thane, n-hexane, silica gel, methyl alcohol, potassium carbonate, and
concentrated hydrochloric acid were purchased from Titan Co. Ltd.
Cuprous iodide and dimethyldichlorosilane were purchased from
Aldrich Co. Ltd. 2,7-Dibromonaphthalene and trimethylsilylacetylene
were purchased from Bide Pharmatech Ltd. Ethylmagnesium bromide
(1.0 M in THF) was purchased from J&K Chemical Ltd. All
experiments were conducted under strict anaerobic and anhydrous
conditions.
Sample Characterization. 1H NMR spectra were acquired at 400

MHz (Bruker AVANCE 500) with CDCl3 as the solvent. Elemental
analysis was performed on a Vario EL III elemental analyzer.
Chemical structures were characterized by an FT-IR instrument
(Nicolet 6700). The viscosity of the resin was obtained by a rotational
rheometer (RheoStress RS600). The curing behavior of the resin was
characterized by a differential scanning calorimeter (TA, Q2000, 10
°C/min as the heating rate, under an N2 atmosphere). The thermal
properties were measured on a thermal gravimetric analyzer (TA,
SDT Q600, 10 °C/min as the heating rate).
2,7-Diethylnaphthalene was synthesized via two steps: 1) 2,7-

bis((trimethylsilyl)acetylene) naphthalene was synthesized by a
Sonogashira coupling reaction, and 2,7-diethynylnaphthalene was

obtained by the deprotection of 2,7-bis((trimethylsilyl) acetylene)
(for details, see Section 11 of the Supporting Information). The
structure of 2,7-diethynylnaphthalene was confirmed by 1H NMR
spectroscopy, mass spectrometry, and elemental analysis, as shown in
Figures S6 and S7 and Table S1. The PSNP resin was prepared by a
Grignard reaction between 2,7-diethynylnaphthalene and dimethyldi-
chlorosilane using THF as the solvent according to the reported
method42 (for details, see Section 13 of the Supporting Information).
The PSNP resin was structurally characterized by 1H NMR
spectroscopy and FT-IR spectroscopy, and the spectra are shown in
Figures S9 and S10. The features of the PSNP resins, such as
solubility and gelation time, are shown in Tables S2 and S3. The PSA
resin was prepared by the method used in our previous works.39 The
PSNP and PSA resins were thermally cured according to the following
procedures: 180 °C for 2 h, 220 °C for 2 h, 240 °C for 2 h, and 260
°C for 2 h. Other curing procedures were also tested, and the thermal
properties of the cured resins are shown in Table S4. The DSC and
TGA results of the cured PSNP and PSA resins are shown in Tables
S5 and S7. The structural changes in the PSNP resins during curing
were analyzed by FT-IR spectroscopy, and the spectra are shown in
Figures S11 and S12.
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