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ABSTRACT: Silicon-containing arylacetylene (PSA) resins exhibit excellent heat resistance, yet their brittleness limits the
applications. We proposed using acetylene-terminated polyimides (ATPI) as an additive to enhance the toughness of the PSA resins
and maintain excellent heat resistance. A material genome approach (MGA) was first established for designing and screening the
acetylene-terminated polyimides, and a polyimide named ATPI was filtered out by using this MGA. The ATPI was synthesized and
blended with PSA resins to improve the toughness of the thermosets. Influences of the added ATPI contents and prepolymerization
temperature on the properties were examined. The result shows that the blend resin can resist high temperature and bear excellent
mechanical properties. The molecular dynamics simulations were carried out to understand the mechanism behind the improvement
of toughness. The present work provides a method for the rapid design and screening of high-performance polymeric materials.
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1. INTRODUCTION

Silicon-containing arylacetylene (PSA) resins can be used as
the matrixes of advanced polymer composites because of their
excellent performance, such as no curing volatiles, high
decomposition temperature, and high char yield after
pyrolysis.1−4 Itoh et al. synthesized the first kind of PSA,
poly[(phenylsilylene)ethynylene-1,3-phenyleneethynylene]
(abbreviated MSP in their work).5 They found that these
resins are highly heat-resistant, nonflammable, and moldable,
which have a 5% decomposition temperature (Td5) of 860 °C
and the residue at 1000 °C of 94%. The PSA, however, is
brittle, which becomes the bottleneck in improving the
performance of the materials.6 Improving the toughness is
crucial for the engineering applications of the PSA resins.
Various methods have been developed to improve the

toughness of the PSA resins. One of the approaches is the
synthesis of novel molecules with flexible groups in their main
chain, but it usually causes a dramatic reduction of the heat
resistance of the resins.7 Alternatively, syntheses of copolymers
or preparations of polymer blends are effective ways to
toughen the PSA resins. For example, the PSA resins were

modified by dipropargyl ether from melt blending or blended
with benzoxazines to improve the toughness.8,9 Despite a series
of attempts, there is still a gap from the expected perform-
anceeither the thermal stability is significantly decreased or
the toughness is not sufficiently improved. Polyimide,
especially thermosetting polyimide capped by reactive end
groups, shows excellent comprehensive properties such as
pretty good thermal stability, high toughness, and strong
adhesion with reinforced fibers.10−14 Compared to the PSA
resins, the polyimides exhibit lower thermal stability but better
mechanical properties. Because the PSA resins contain alkynyl
groups,15−17 the acetylene-terminated polyimide can be
selected as a blend to toughen PSA resins via the reaction of
the terminal alkynyl groups of two resins during the curing
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process. However, it is challenging to choose an effective
acetylene-terminated polyimide that can enhance the tough-
ness of the PSA resins without substantially sacrificing the heat
resistance.
Traditionally, the experimental trial-and-error method is

used to find polyimides that can effectively toughen the PSA
resins. The traditional method, however, has led to a long
research cycle, low efficiency, and severe resource consumption
because of the wide variety of polyimides. It is also difficult to
obtain optimized polymers through such a trial-and-error
method. For example, it took two decades to explore and
exploit thermally stable LaRC polyimides step-by-step from a
multitude of polymer structures and compositions.18 The
materials genome approach (MGA), which aims at accelerating
the research and development of new materials via combining
computation, database searches, and experiments, renders it
possible to solve this problem.19−23 The MGA has successfully
been used in the screening of energy-containing materials,
high-temperature alloys, and inorganic porous materials.24−27

The MGA can also apply to the design of polymers.28−32 For
example, Ramprasad et al. established a rational design strategy
of hierarchical modeling with successive down-selection stages
to accelerate the discovery of advanced polymer dielectrics for
capacitive energy storage applications.29 In the MGA for
polymers, the atoms or chemical groups can be regarded as
genes. These genes can be combined through covalent bonds
to generate candidate polymers with a series of chemical
sequences. Different gene types and gene combinations can
lead to different properties of the polymers. With the help of
efficient theoretical prediction tools for properties, high-
throughput screening can be performed before experimental
preparation, and therefore, the discovery of optimized
polymers among the vast number of candidate polymers
could be accelerated.22

In this work, we first established an MGA for screening the
acetylene-terminated polyimides. An acetylene-terminated
polyimide, named ATPI, was filtered out by using the MGA.
We then synthesized the ATPI and used them as an additive to
enhance the toughness of PSA resins. The mechanical and
thermal properties of the PSA resins blended with various
contents of ATPI were investigated. It was found that the
mechanical properties of the cured blending resins were
significantly improved as compared to those of the neat PSA
resins, whereas the cured blending resins maintain excellent
heat resistance. This work presents a new method for
accelerating the research and development of new high-
performance resins.

2. METHODS
2.1. Theory and Simulation. 2.1.1. Molecular Connectivity

Index. The molecular connectivity index (MCI) method, based on
chemical graph theory, plays a vital role in building the structure−
performance relationship of compounds.33,34 This method, which has
been automated by implementing a simple interactive computer
program (SYNTHIA), was found to be able to predict the properties
of polymers accurately and reliably. In this work, the molecular
connectivity index method was used to calculate the 50%
decomposition temperature (Td50), bulk modulus (K), and shear
modulus (G) of each polymer. The Td50 is given by

≈T
Y
Md50
d50

(1)

χ≈ + + −νY N N N6.5 0.99(10 )d50
1

Yd H (2)

where N is the number of non-hydrogen atoms in the repeating unit
of each polymer and 1χν is the first-order connection index
determined by the overall molecular configuration. NYd and NH are
the correction terms, and M is the molecular weight of the repeating
unit of the polymer.

The bulk modulus K and the shear modulus G are given by33
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Here, T is the temperature, ρ is the density of the polymer, and V is
the velocity of acoustic waves. UR is the molar ratio function that is
independent of the temperature, and UH is the molar Hartmann
function.

2.1.2. Molecular Dynamics Simulation. We employed the
molecular dynamics (MD) simulation method to study the phase
behavior of the blend resins. MD is a powerful and versatile
simulation method that allows one to predict the equilibrium and
transport properties of classical many-body systems.35−37 The MD
simulation was implemented in Materials Studio.38 In the present
simulation, 20 ATPI with a degree of polymerization of 1, 89 PSA
with a degree of polymerization of 2, and 1267 N,N-dimethylforma-
mide (DMF) molecules are randomly mixed in a cubic box with
periodic conditions, which is relaxed in the NPT ensemble at the
temperature of 23 °C (300 K) for 60 ps. In this blend, the weight ratio
of ATPI to PSA is 3:7, and the ATPI content is 12.4 wt %. The
interactions between atoms are described by the COMPASS force
field, which is an ab initio force field. To study the phase behavior, we
performed the MD simulations in the NPT ensemble at the
temperature of 140, 150, 160, 170, and 180 °C for 200 ps,
respectively. Detailed descriptions of the methods can be found in
section 1 of the Supporting Information.

2.2. Experimental Section. 2.2.1. Preparation and Curing of
ATPI. 3,4′-Oxidiphthalic anhydride (ODPA) (21.4 g, 0.069 mol) and
DMF (130 mL) were first put into a flame-dried 500 mL three-necked
round-bottom flask equipped with a nitrogen inlet, magnetic stirrer,
and drying tube. Then 3,4-oxidianiline (ODA) (9.21 g, 0.046 mol),
dissolved in 70 mL of DMF, was added to the flask. The reaction
mixture was stirred in a nitrogen atmosphere at room temperature for
2 h. Afterward, 3-ethynylaniline (APA) (5.39 g, 0.046 mol), dissolved
in 24 mL of DMF, was added. The mixture was stirred at room
temperature for 4 h. Acetic anhydride (14.09 g, 0.138 mol) and
triethylamine (13.96 g, 0.138 mol) were added in turn with stirring for
12 hours. Subsequently, a large excess of ethanol was added to the
solution. The precipitate was collected by filtration and washed
thoroughly with ethanol four times. The product was dried under
vacuum at 50 °C for several hours, and a gray powder was finally
obtained.

2.2.2. Preparation and Curing of PSA/ATPI Blend Resins. The
PSA/ATPI blends with various contents of ATPI were first added into
a 250 mL single-neck eggplant flask, and then DMF was added. A
homogeneous solution was obtained after the two resins were entirely
dissolved. The solution was then prepolymerized at 150, 160, and 170
°C for 1 h, respectively. After prepolymerization, the DMF was
removed by reduced pressure distillation. Finally, a homogeneous
viscous resin was obtained. This resin was poured into a mold and
placed into a vacuum oven at 100 °C. After 1−2 h, the resin was
moved into another oven under air and cured at 150 °C for 4 h, 210
°C for 2 h, 240 °C for 2 h, and 260 °C for 2 h.

2.2.3. Characterizations of ATPI and PSA/ATPI Blend Resins.
Both the molecular structure of the ATPI and the thermal curing
behavior of the PSA/ATPI resin were characterized by a Fourier
transform infrared spectrometer (FTIR, Nicolet 6700, Thermo
Electron). In addition to FTIR, the molecular structure of the
ATPI was characterized by proton nuclear magnetic resonance (1H
NMR, Avance 400, Bruker). The flexural properties of cured PSA/
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ATPI resins were measured with an electronic universal testing
machine (CMT 4204, New Sansi Material Testing Co., Ltd.). The
fracture surface morphologies of cured PSA/ATPI resins were
observed with a scanning electron microscope (SEM, S4800, Hitachi).
The heat resistance of cured ATPI and PSA/ATPI resins were
examined by thermogravimetric analyses (TGA, TG209F1,
NETZSCH). The rheological properties of PSA/ATPI resins were
obtained by the rotary rheometer (MCR 302, Anton Paar). The
chemical structure of the cured PSA/ATPI resin was analyzed by gas
chromatography-mass spectrometry (GC-MS, 7890A-5975C, Agi-
lent). The detailed experimental information is presented in section
2.2 of the Supporting Information.

3. RESULTS AND DISCUSSION

We first established a materials genome approach (MGA) for
screening acetylene-terminated polyimides that bear high
thermal stability and high toughness. Then an acetylene-
terminated polyimide, named ATPI, was filtered out and
synthesized. The obtained ATPI was blended with the PSA
resin to enhance the toughness of the PSA resin without losing
much thermal stability.
3.1. Materials Genome Approach for Screening

Acetylene-Terminated Polyimides. Figure 1 shows the
MGA developed for the design and rapid screening of
acetylene-terminated polyimides. As shown, the MGA contains
three main steps, that is, definition and acquisition of genes,
gene combination, and screening. As far as we know, the
nucleotides in DNA or RNA are genes that determine the
genetic characteristics of living organisms.39 The types and
sequence of nucleotides constitute various genetic character-

istics. We introduced the concept of “genes” in biology to the
resin system for designing and screening acetylene-terminated
polyimides. In principle, the choice of the gene can be either
atoms or chemical groups. For the sake of synthesis, we defined
the chemical groups as the “genes” of the polymers. Because
the acetylene-terminated polyimides are generally synthesized
via the reaction between dianhydride, diamine, and end-
capping reagents, we chose the dianhydride monomer, diamine
monomer, and end-capping reagents as the A, B, and C genes,
respectively. Both the type of the “gene” and the combination
of the “gene” can affect the performance of the polymers.
Herein, we only focused on the choice of A and B genes by
fixing the C gene as 3-ethynylaniline because there is ample
space available for the A and B genes but limited C gene for
selection. Before the screening, we collected 27 kinds of A
genes (see Table S1) and 10 types of B genes (see Table S2)
from the ChemSpider and PubChem databases through a
similarity search. In the similarity search, the constraint that
the structures of the genes are both difunctional and
commercially available was applied. For convenience, the 27
kinds of A genes and 10 types of B genes were numbered in
sequence (for the sequence number, see Tables S1 and S2).
Then the A, B, and C genes were combined into a series of
polyimide resins in a sequence that we designed, and as a
result, 270 kinds of designed resins are generated.
In what follows, we continued to screen the optimized resins

from the 270 combination structures. Because we attempted to
obtain a structure with both heat resistance and high
toughness, the thermal property and the toughness of the

Figure 1. Procedures developed for the design and rapid screening of ATPI. Herein, the dianhydride monomer, diamine monomer, and end-
capping reagents are defined as the A, B, and C genes. The Td50 and K/G are calculated by the molecular connectivity index (MCI).
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270 combination structures should be evaluated. Two
corresponding indicators were established, that is, 50%
decomposition temperature (Td50) representing the level of
heat resistance and the ratio of bulk modulus to shear modulus
(K/G) representing the level of toughness. The proxy K/G for
toughness was extracted from the analysis of the available data.
Because the elongation at break and flexural strength are
associated with the toughness of the materials, we first
collected the elongation at break and flexural strength of a
series of polymers from the PoLyInfo database40 and the
literature listed in section 4 of the Supporting Information. We
then calculated the K/G of these polymers and plotted the
elongation at break (red circles) and flexural strength (blue
squares) against K/G. The result is given in Figure 2a. As
shown, the elongation at break and flexural strength are closely
correlated with the K/G, where the Pearson correlation
coefficients are 0.61 and 0.48, respectively. Therefore, the K/
G can be considered an indicator for evaluating the toughness
of the resins. Generally, the high K/G value can represent the
high elongation at break or flexural strength and, thereby, the
high toughness of the resins.
Figure 2b,c shows the heat maps for Td50 and K/G values of

each combination structure, respectively. In each figure, the
colors from purple to red correspond to the values from low to
high. As shown in Figure 2b, the combination structures

consisting of no. 18 or no. 21 dianhydrides have better heat
resistance. For the toughness, as shown in Figure 2c, the
combination structures consisting of no. 12 dianhydride, no. 4
diamine, or no. 10 diamine bear better toughness in general.
Because the dependence of the gene types on different
properties is different, from Figure 2b and Figure 2c, it is still
unclear which combination structure has both high heat
resistance and high toughness. Therefore, a full score of the
two indicators of the combination structure is required to
obtain the optimized structure.
To obtain the resin with the best comprehensive perform-

ance, we established an evaluation method for the selection of
the optimized resin. First, we normalized the indicators of Td50
and K/G, where the optimized value and the worst value
become 1 and 0, respectively, Then we endowed each indicator
a weight coefficient in terms of its importance. Considering
that the polyimides have better thermal properties and the PSA
has much lower toughness, we endowed the K/G with a larger
coefficient than Td50. Here, the weight coefficients of K/G and
Td50 are 0.4 and 0.6, respectively. Note that the screened
results are unvaried if we further increase the weight coefficient
of K/G to, for example, 0.7. The weighted-average values,
representing the comprehensive properties of the materials,
were finally obtained for various genetic combinations. Figure
2d shows the heat map of weighted-average values. One can

Figure 2. (a) Plots of elongation at break (red circles) and flexural strength (blue squares) against K/G. The data of elongation at break or flexural
strength are collected from the PoLyInfo database and the literature listed in section 4 of the Supporting Information. Heat maps of (b) Td50 values,
(c) K/G values, and (d) weighted-average values for various gene combinations. The colors from purple to red correspond to the values from low
to high. In (d), the shadow rectangle circled by a black dotted line represents the screened ATPI. (e) Molecular structure of the screened ATPI.
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see that the resin from the combination of no. 12 dianhydride
and no. 4 diamine, as indicated by the shadow rectangle,
exhibits the highest weighted average value (0.7108). We,
therefore, selected this resin as the optimized structure and
named it as ATPI. The molecular structure of the optimized
structure is shown in Figure 2e. Because the solubility of
polyimides is crucial for resin processing, we predicted the
solubility of the selected ATPI by using a user-friendly online
platform named Polymer Genome.41,42 The prediction result
shows that ATPI can dissolve in most common solvents such
as DMF, DMAc, and THF (see Table S3). Therefore, the
ATPI could have the advantage of easy processing.
We carried out molecular dynamics (MD) simulations to

verify the MGA results. Three samples with slightly lower
comprehensive scores than ATPI were selected from heat
maps and then used as control samples to examine the
comprehensive performance of the ATPI. The glass transition
temperature and K/G, representing the heat resistance and
toughness of the four samples, respectively, were obtained by
the MD simulations. The result shows the heat resistance and
toughness of the ATPI are higher than those of the other three
samples, which verified the results of MGA (for the details, see
section 5 of the Supporting Information).
3.2. Preparation of ATPI and Properties of PSA/ATPI

Blends. Guided by the screened result from the materials
genome approach, we intend to synthesize the ATPI. The
synthesis route of ATPI is shown in Figure 3. The ATPI was

synthesized by a two-step method with dianhydride monomer
(ODPA), diamine monomer (ODA), and end-capping reagent
(APA) as raw materials, where the molecular weights can be
controlled by adjusting the ratio of reactive monomers and the
reaction time. The results of the FTIR spectrum and the 1H
NMR spectrum indicate the successful synthesis of ATPI (see
section 6 of the Supporting Information). The 1H NMR
spectrum indicates that the number of repeat units of ATPI is
2. The solubility of ATPI was also investigated at the
experimental level. It was found that the ATPI can dissolve
in a series of common solvents, including DMF, DMAc, and
THF (for details, see Table S3), which is highly consistent with
the results predicted by Ramprasad’s methods.
We used the prepared ATPI to blend with PSA to improve

the toughness of PSA resins. The PSA/ATPI blend resins were
prepared with various contents of ATPI. Because both the
ATPI and PSA contain reactive alkynyl groups, they can
copolymerize with each other during the prepolymerization
and curing process. We analyzed the chemical structure of the
cured PSA/ATPI resin by gas chromatography-mass spec-
trometry (GC-MS). The result shows that the Diels−Alder
reaction and radical polymerization reaction mainly occur
between the two resins, and the cyclotrimerization reaction
also happens during the curing (for details, see section 8 of the
Supporting Information). The observation agrees with the
results from the density functional theory (DFT) study on the
thermal curing mechanism of arylethynyl-containing resins.43

Figure 3. Synthesis routes of the ATPI. ATPI was synthesized by a two-step method with dianhydride monomer (ODPA), diamine monomer
(ODA), and end-capping reagent (APA) as raw materials. In the first step, three monomers react to form polyamide acid, and in the second step,
the polyamide acid is dehydrated to form polyimide. The number of repeat units of ATPI is 2.
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The molecular structure of the PSA and the copolymerization
reaction process are schematically illustrated in Figure 4.
The flexural properties of the blend resins with various

contents of ATPI were first characterized to gain insight into
the toughness of resins. The result is shown in Figure 5 (for

details, see Table 1), where the effect of the prepolymerization
temperature is also included. As shown, when the ATPI
content increases, the flexural strength of the blend resins first
increases and then decreases. The flexural strength increases
slightly as the ATPI content is smaller than ca. 20 wt % but
increases much as the ATPI content reaches ca. 30 wt %. The
result implies that the addition of ATPI can improve the
toughness of PSA resins. The improvement of toughness can
be attributed to the copolymerization between PSA and ATPI.
The alkynyl groups in both PSA and ATPI are first subjected

to a reaction in DMF solution in the prepolymerization process
and then subjected to an adequate reaction during curing. The
ATPI and PSA molecules could form interpenetrating
networks because of copolymerization. In addition to the
inherent toughness of ATPI, the addition of ATPI molecules
can relatively reduce the cross-linking density between the
alkynyl groups of PSA resins and, therefore, improve the
toughness of the cured PSA resins. One can also see from
Figure 5 that the prepolymerization temperature has a marked
effect on the flexural strength of the blend resins. The flexural
strength is maximized at the prepolymerization temperature of
160 °C, as compared to that at 150 and 170 °C. In particular,
the flexural strength of the resins with ATPI content of 30 wt
% reaches 54.36 MPa, which is ca. 164% larger than that of
pure PSA at the prepolymerization temperature of 160 °C.
We then analyzed the fracture surface morphologies of the

cured PSA/ATPI resins prepolymerized at the temperature of
160 °C via SEM characterization. Figure 6 shows the SEM
images for the cured PSA/ATPI resins with various ATPI

Figure 4. Copolymerization reaction between PSA and ATPI during the curing process.

Figure 5. Flexural strength as a function of the ATPI content for
PSA/ATPI resins prepolymerized at various temperatures. Three
colors represent the three temperatures at which the PSA/ATPI resins
are prepolymerized.

Table 1. Flexural Strength of the PSA/ATPI Blend Resin
Prepolymerized at Various Temperatures

flexural strengtha (MPa)

sample 150 °C 160 °C 170 °C

0 wt % ATPI (PSA) 20.76 ± 3.59 20.55 ± 2.90 22.67 ± 4.75
10 wt % ATPI 21.46 ± 4.48 25.00 ± 1.28 23.90 ± 0.78
20 wt % ATPI 23.27 ± 6.05 32.63 ± 0.50 24.69 ± 2.21
30 wt % ATPI 33.11 ± 2.33 54.36 ± 2.07 37.06 ± 1.53
35 wt % ATPI 22.81 ± 5.31 28.79 ± 0.69 25.34 ± 0.50

aThe flexural strength of all samples was obtained by an electronic
universal testing machine, and the specimens with dimensions of 80 ×
15 × 4 mm were tested in a three-point loading mode.
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contents. As shown in Figure 6a, the fractured surface of pure
PSA thermosets exhibits a smooth and straight fracture line
with no trace of plastic deformation. After the addition of
ATPI, we did not observe any apparent phase separation
phenomenon on the fracture surface of the cured PSA/ATPI
resins (see Figure 6b−d), which indicates that the PSA has
excellent compatibility with the ATPI. Meanwhile, the twisted
fracture lines and grooves appear on the fracture surfaces. The
groove depth increases first and then decreases with the
increase of ATPI content, where the deepest groove appears at
the ATPI content of 30 wt %. The results of the fracture
surface morphologies are in agreement with the flexural
properties. The change of fracture surface morphology
indicates the addition of ATPI leads to plastic deformation
of cured PSA/ATPI resins before fracture and improving the
toughness of pure PSA.
To see the thermal stability, we carried out a TGA

measurement for the cured PSA/ATPI resins under a nitrogen
atmosphere at the heating rate of 10 °C/min. The obtained
TGA curves are shown in Figure 7a. The decomposition
temperature at 5% weight loss (Td5) and the char yield at 800
°C (Y800°C) obtained from the curve are shown in Figure 7b.
The result showed that the PSA thermosets exhibit excellent
thermal stability, where the Td5 is 635 °C and the Y800°C is
91.56 wt %. The ATPI thermosets, with Td5 of 509 °C and
Y800°C of 52 wt %, also exhibit excellent thermal stability. Both
the Td5 and the Y800°C of the blend thermosets decrease slightly
with the increase of ATPI contents from 10 to 30 wt %. Such a
slight decrease is acceptable. For example, the Td5 of the blend
resins can maintain up to 586 °C as the content of ATPI is 30
wt %. As the ATPI content reaches 35 wt %, the Td5 and the
Y800°C decrease to 549 °C and 82.28%, respectively. Because of
the significant improvement in flexural performance and a
slight decrease in thermal stability, the blend resins could well

meet the performance requirements of advanced high-temper-
ature-resistant polymer composites.
In addition to the toughness and heat resistance, the

processability of the PSA/ATPI resins is also critical for
material preparation. We, therefore, examined the rheological
properties of PSA/ATPI resins with various ATPI contents
prepolymerized at 160 °C, as shown in Figure 8. It can be seen

that the processing window of PSA/ATPI broadens with the
increase of ATPI content, which is mainly caused by the
decrease in the number density of alkynyl groups in the blends.
(Note that the polyimide molecular chain contains only the
outer alkynyl group.) Compared to the pure PSA, the number
density of alkynyl groups of PSA/ATPI decreases with the
increase of the polyimide content, which further leads to an
increase in the gelation time of the blend resin. Also, it should

Figure 6. SEM images of the fracture surface of the cured PSA/ATPI
resins with ATPI contents of (a) 0 wt % (neat PSA), (b) 20 wt %, (c)
30 wt %, and (d) 35 wt %. The resin was prepolymerized at a
temperature of 160 °C. Figure 7. (a) TGA curves for the cured PSA/ATPI resins with various

ATPI contents. (b) Td5 and Y800°C of cured PSA/ATPI resins as a
function of ATPI contents. The resin is prepolymerized at a
temperature of 160 °C.

Figure 8. Plots of the viscosity as a function of the temperature for the
PSA/ATPI resins prepolymerized at 160 °C. The sudden increase of
viscosity indicates that the PSA/ATPI resins begin to gelatinize.
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be noted that the ATPI cannot be cast because its melting
point is higher than the temperature at which the terminal
acetylene group starts to react. Compared to pure ATPI, the
addition of PSA improves the processability greatly.
3.3. Toughening Mechanism of Blend Resin at

Different Prepolymerization Temperatures. Of interest
is that the flexural strength is maximized at the prepolymeriza-
tion temperature of 160 °C, as compared to those at 150 and
170 °C. The prepolymerization temperatures play an
important role in determining the flexural properties of the
cured resins because the microstructure of the blend resin is
greatly affected by the prepolymerization process. For the
PSA/ATPI resins, the curing reaction degree of PSA/ATPI
resins and the compatibility between PSA and ATPI have a
significant influence on properties. The interplay of these two
factors plays an essential role in determining the flexural
strength.44

To gain insight into the effect of prepolymerization
temperature on the reaction degree of PSA/ATPI resins, we
first examined the rheological behavior of the PSA/ATPI resins
with 30 wt % ATPI. Figure 9a shows the viscosity of the PSA/

ATPI resins as a function of curing time. As shown, the
gelation times of the resins are 43, 26, and 11 min at 150, 160,
and 170 °C, respectively. Note that the prepolymerization
times for PSA/ATPI resins at different temperatures are the
same (1 h); a fast curing speed can indicate a high cross-linking
degree achieved in the prepolymerization. The result shows
that the reaction degree of PSA/ATPI resin with 30 wt %
ATPI increases with the increase of temperature within 1 h.
We also tracked the curing behavior of the PSA/ATPI resins at
various temperatures by in situ FTIR. The FTIR curves are
shown in Figure 9b. The strength of the C−H stretching

vibration peak at 3254 cm−1 and CC stretching vibration
peak at 2156 cm−1 decrease with the increase of temperature,
indicating that the reaction degree of terminal acetenyl groups
gradually increases with the increase of temperature. To
observe the variation of stretching vibration peaks in FTIR
curves more clearly, we analyzed the FTIR spectra and
estimated the degree of curing (see section 9 of the Supporting
Information). The result shows the degree of curing increases
with the increase of temperature from 150 to 170 °C, which
agrees with the finding of rheologic studies. Such an increase in
the curing reaction degree causes a decrease in resin
toughness.45

Note that the reactions of the acetenyl groups can happen in
three possible ways: (1) reaction between the acetenyl groups
of PSA, (2) reaction between the acetenyl groups of ATPI, and
(3) reaction between the acetenyl groups of ATPI and the
acetenyl groups of PSA. Although the degree of the reaction
between acetenyl groups increases as the temperature
increases, it is still unclear which type of reactions occur at
different prepolymerization temperatures. Studying the com-
patibility between PSA and ATPI can give information for the
possible reaction way in the prepolymerization.
Because it is challenging to gain insight into the

compatibility between PSA and ATPI at the experimental
level, we applied the molecular dynamics (MD) simulation
method to explore the phase behavior of the PSA/ATPI resin
with 30 wt % ATPI. The MD simulation is a robust method for
studying the phase behavior of the resins.35 One can obtain the
microstructure through the MD simulation. A representative
microstructure of the blend resin is shown in Figure 10a. As
shown, it is hard to gain insight into the compatibility between
ATPI and PSA directly from this snapshot. Therefore, we used
radial distribution functions g(r) to characterize the MD results
to understand how the ATPI and PSA mix in the
prepolymerization solution. The g(r) represents the probability
of finding a molecule at distance r (see the upper-right corner
of Figure 10a). A broader distribution with g(r) ≈ 1 implies a
more homogeneous and disordered mix of the alkynyl
groups.46

Figure 10b shows the radial distribution function g(r)
between the alkynyl groups of PSA and ATPI in the blend
resin solution at various temperatures. In the figure, the
abscissa and ordinate represent the distance r between the
alkynyl groups of two molecules and the probability of finding
the alkynyl groups of the molecules at the distance r,
respectively. As shown in Figure 10b, the g(r) has a value of
around 1.0, which implies that the ATPI and PSA mix well in
DMF at these temperatures. With the increase of temperatures,
the g(r) decays to a constant value of 1 more quickly, which
indicates that the PSA and ATPI mix better at a higher
temperature. The increase in disorder of the blend can increase
the contact/reaction probability between the alkynyl groups of
PSA and ATPI and, therefore, the toughness of the thermosets.
The interplay of the compatibility and curing reaction

degree determines the final properties of the thermosets. On
the one hand, the curing reaction degree increases with the
increase of prepolymerization temperature (see Figure 9),
which causes a decrease of toughness. On the other hand, the
PSA and ATPI mix better with increasing prepolymerization
temperature, which can help to increase the toughness. We,
therefore, deduced that the toughness could be maximized at
an intermediate temperature where the PSA and ATPI are
sufficiently reacted yet the curing degree is not too high.

Figure 9. (a) Plots of the viscosity as a function of time for 30 wt %
ATPI resin curing at various temperatures. (b) In situ FTIR curves for
30 wt % ATPI resin curing at various temperatures for 1 h.
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Namely, the balance of cross-linking degree and mixing degree
results in the optimized flexural strength at an intermediate
prepolymerization temperature (160 °C in the present work).
To observe the superiority of the blend resins, we compared

the thermal and flexural properties of our resins with those of
other resins (the data were collected from the literature listed
in section 10 of the Supporting Information). Figure 11 shows

the plot of flexural properties against thermal properties. One
can see that the polyimide resins are located in the area of the
low decomposition temperature and high toughness, whereas
the silicon-containing arylacetylene resins are located in the
area of the high decomposition temperature and low
toughness. In contrast, our blend resin is beyond these two
regimes, which has excellent combined properties of the high
decomposition temperature and high toughness.
The present work reports for the first time that MGA is

established for designing and screening acetylene-terminated
polyimides. We found that the PSA/ATPI resins toughened
with ATPI have excellent combined properties, that is, higher
toughness than pure PSA and higher thermal stability and
easier processability than pure ATPI. The present study
presents a method for accelerating the development of heat-
resistant thermosets with high toughness, which could expand

to the exploration and exploitation of other advanced polymer
materials.

4. CONCLUSIONS
A materials genome approach (MGA) was established to
screen acetylene-terminated polyimides that are used for
improving the toughness of heat-resistant PSA resins. An
acetylene-terminated polyimide, named ATPI, was filtered out
by using the developed MGA and was synthesized to blend
with PSA resins. The effect of ATPI content and
prepolymerization temperature on the properties of the
blend resins was investigated. It was found that the blend
resins with 30% ATPI exhibit excellent toughness and high-
temperature resistance as the resins are prepolymerized at the
temperature of 160 °C. The combination of experimental
results and MD simulations revealed that the balance of cross-
linking degree and mixing degree determines the optimized
flexural strength. The present work provides a method
combining theoretical prediction and experimental preparation
to accelerate the exploration of advanced polymeric materials.
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