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Abstract

Silicon-containing arylacetylene (PSA) resins exhibit excellent thermal stability. However, the high curing temperature limits
their applications. Herein, we report that changing the topology of PSA resins from linear to branched effectively decreases
their curing temperature with no deterioration of thermal stability. Two sets of resins based on silyleneethynylene–naphtha-
lene–ethynylene (SNP) and silyleneethynylene–phenyl–ethynylene (SPN) repeat units were studied. It is found that the
branched resins exhibit considerably lower thermal curing temperatures than their linear counterparts. The exothermic peaks
for branched SNP (BSNP) and branched SPN (BSPN) are about 190 and 214 °C, respectively, which are 18 and 25 °C lower than
those for their linear counterparts (i.e. PSNP and PSPN). Density functional theory was applied to theoretically explain the dif-
ferences in the thermal curing temperature between the linear and branched resins. The lower curing temperature of the
branched PSAs is attributed to the greater number of terminal alkyne groups per molecule which increases the reactivity of
the curing reaction to transform into a crosslinked structure. In addition, Td5 (the temperature at 5% mass loss) for BSNP and
BSPN resins are 653 and 613 °C, respectively, which are comparable with those for their linear counterparts.
© 2021 Society of Industrial Chemistry.
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INTRODUCTION
Over the past few decades, heat-resistant polymers exhibiting
excellent thermal stability have received considerable attention
for their applications in the fields of aerospace, aviation, electron-
ics and so forth.1,2 The most widely studied thermally resistant
polymers include polyimide, phthalonitrile and polyarylacetylene.
The main drawbacks that are usually encountered with these
polymers are the poor processing properties, such as highmelting
point, high curing temperature and high heat release.3–7 By intro-
ducing silica into the backbone of polyarylacetylene, Itoh et al.
prepared a new kind of polymer, i.e. silicon-containing polyaryla-
cetylene (PSA), which exhibited relatively better heat resistance
and processability than traditional polyarylacetylene resins.8–10

Homrighausen and Keller,11 Du and co-workers12,13 and other
groups14–16 have pushed this research by designing diverse
chemical structures of PSA resins. However, the thermal stability
and processability of PSA resins still need to be improved further
for applications in aerospace and aviation areas.
Traditional design of heat-resistant PSAs based on trial-and-

error experiments is time-consuming and usually cannot well bal-
ance the thermal and processing properties. Theoretical simula-
tions have emerged as a powerful tool for investigating the
relations between structures and properties of polymers. Theoret-
ical simulation methods such as density functional theory (DFT)
and molecular dynamics (MD) can predict the performance of
polymers and explain experimental results, which can accelerate

the discovery and design of high-performance materials.
Recently, our group has applied a material genome approach to
design new heat-resistant PSA resins.17,18 For example, a novel
resin comprising genes of dichlorodimethylsilane and
2,7-diethynylnaphthalene was designed. The novel resin, named
poly(dimethylsilyleneethynylene–naphthalene–ethynylene)
(PSNP), displayed a significantly high thermal resistance (Td5
reaches 648 °C).18

Besides the heat-resistant property, the processing property of
resins is another important factor that affects their application
performance. However, the thermal curing temperature of PSA
resins is usually higher than 200 °C, which limits their further
applications.19–23 In addition to designing new chemical struc-
tures, some efforts have been devoted to decreasing the curing
temperature of PSAs.24–27 For example, introducing catalysts can
decrease the curing temperature of PSA resins.25 However, the
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remaining metal ions could affect the dielectric properties of the
resulting polymers. In some cases, mixing with other polymers
decreases the curing temperature of PSA resins.26 However, this
usually lowers the heat resistance of the resins. It is necessary to
develop a new strategy to lower the curing temperature of PSA
resins without affecting their thermal performance and other
properties.
It is well known that the topology of polymers is also an important

factor influencing their properties.28–30 As compared with their linear
counterparts, branched polymers have more reactive sites, which
could increase their reactivity. Therefore, branched resins could be
cured at a lower temperature. Furthermore, it can be deduced that
less intermolecular entanglement could decrease the melt viscosity
of polymers, which is advantageous for processing.31,32

In this paper, we report that changing the topology of PSA
resins from linear to branched can effectively decrease their cur-
ing temperature while retaining their excellent thermal stability.
A set of novel PSA resins, with both linear and branched topolo-
gies based on a novel silyleneethynylene–naphthalene–
ethynylene (SNP) repeat unit, were synthesized. The linear resin,
PSNP, has recently been reported,18 and the branched
resin, named branched methyltris(silyleneethynylene–naphtha-
lene–ethynylene) (BSNP), is reported for the first time in this work.
In addition, a set of traditional PSA resins based on
silyleneethynylene–phenyl–ethynylene (SPN) repeat units with
linear architecture named poly(dimethylsilyleneethynylene–phe-
nyl–ethynylene) (PSPN) and with branched architecture named
branched methyltris(silyleneethynylene–phenyl–ethynylene)
(BSPN) were also synthesized and studied as references for evalu-
ating the architecture–property relationship of the PSA resins. The
structures of these four kinds of PSA resins, that is, BSPN, PSPN,
BSNP and PSNP, are presented in Scheme 1. The effects of the
topology of the resins on their properties, including thermal resis-
tance, curing temperature and melt viscosity, were studied. We
first synthesized the linear and branched resins using Grignard
reagent reactions. Then the processing properties, including cur-
ing behavior and viscosity, were investigated experimentally. The-
oretical calculations such as DFT and MD approaches were
performed to further explain the experimental results including
curing reactivity and melt viscosity of the resins. Finally, the ther-
mal stability of the cured resins was also investigated.

EXPERIMENTAL
Materials
Triethylamine, methanol, potassium carbonate, tetrahydrofuran
(THF), copper(I) iodide, tetrakis(triphenylphosphine)palladium,
dichloromethane, n-hexane, methyl tert-butyl ether hydrochloric
acid, 2,7-dibromonaphthalene and ethynyltrimethylsilane were
purchased from Shanghai Titan Technology Co. Ltd. Methyltri-
chlorosilane, m-diethynylbenzene and ethylmagnesium bromide

Scheme 1. Chemical structures of (a) PSPN, (b) BSPN, (c) PSNP and
(d) BSNP resins.

Scheme 2. Synthesis routes of (a) 2,7-diethynylnaphthalene and (b) PSNP and BSNP resins.

www.soci.org Z Ling et al.

wileyonlinelibrary.com/journal/pi © 2021 Society of Industrial Chemistry. Polym Int 2021; 70: 1595–1603

1596

http://wileyonlinelibrary.com/journal/pi


(1.0 mol L−1 solution in THF) were purchased from Aldrich Chem-
ical. All reagents were used as received.

Synthesis of PSA resins
The PSA resins, namely PSPN, BSPN, PSNP and BSNP, were synthe-
sized using Grignard reagent reactions from two kinds of essential
regents,33,34 i.e. diynes (2,7-diethynylnaphthalene for SNP resins
and m-diethynylbenzene for SPN resins) and chlorosilanes
(dichlorodimethylsilane for linear resins andmethyltrichlorosilane
for branched resins). For these essential regents,m-diethynylben-
zene, dichlorodimethylsilane and methyltrichlorosilane are com-
mercially available, while 2,7-diethynylnaphthalene was
synthesized in our laboratory. The synthesis conditions for these
resins were similar. We take BSNP, a novel PSA resin, as an exam-
ple to describe the details of the synthesis procedures.

Synthesis of 2,7-diethynylnaphthalene
2,7-Diethynylnaphthalene was synthesized via a Sonogashira cross-
coupling reaction (Scheme 2(a)).35,36 (i) Synthesis of 2,7-bis((trimethyl-
silyl)ethynyl)naphthalene. In a 500 mL eggplant-shaped reaction
flask, THF (100 mL) and trimethylamine (100 mL) were added under
nitrogen into 2,7-dibromonaphthalene (10.02 g, 34.97 mmol),
Pd(Ph3)4 (0.81 g, 0.71 mmol) andCuI (0.27 g, 1.42 mmol). Themixture
was stirred vigorously at 50 °C for about 40 min, followed by the
addition of ethynyltrimethylsilane (10.29 g, 0.24 mol) via a syringe.
Then the solution was stirred at 50 °C for another 8 h under inert
atmosphere, and the dark precipitate appeared that was removed
by filtration after the reaction had finished. The filtrate was washed
with deionized water three times, and the aqueous phase was
extracted with ethyl acetate. The combined organic layer
was concentrated under reduced pressure to remove the solvent.
The residue was purified by silica gel column chromatography (n-
hexane as eluent) to give 2,7-bis((trimethylsilyl)ethynyl)naphthalene
in a yield of 91.61% (10.25 g) as a yellow solid. 1H NMR (400 MHz,
CDCl3; ⊐, ppm): 7.91–7.52 (m, 6H, Ar-H), 0.29 (s, 18H, CH3). EI-MS
(m/z): 320 [M+]. Anal. Calcd for C20H24Si2 (%): C, 75.00; H, 7.50. Found
(%): C, 75.02; H, 7.33. (ii) Synthesis of 2,7-diethynylnaphthalene. Potas-
sium carbonate (41.89 g, 0.31 mol) was added to a solution of 2,7-bis
((trimethylsilyl)ethynyl)naphthalene (9.72 g, 30.32 mmol) in THF
(50 mL) and methanol (50 mL). The solution was allowed to stir for
10 h at room temperature under nitrogen. Then the reactionmixture
was washed with deionized water, and the aqueous phase
was extracted with ethyl acetate. The combined organic layer
was dried over magnesium sulfate and concentrated by rotary
evaporation. The obtained crude powder was purified by silica
gel column chromatography (n-hexane as eluent) to afford
2,7-diethynylnaphthalene in a yield of 95.34% (5.12 g) as pale
yellow solid. 1H NMR (400 MHz, CDCl3; ⊐, ppm): 7.97–7.53 (m,
6H, Ar-H), 3.17 (s, 2H, C C H). EI-MS (m/z): 176 [M+]. Anal.
Calcd for C14H8 (%): C, 95.45; H, 4.54. Found (%): C,
94.96; H, 4.64.

Synthesis of BSNP resin
The synthesis route of BSNP is shown in Scheme 2(b). A 250 mL
four-necked flask was equipped with a condenser, a constant
pressure dropping funnel, a thermometer and a nitrogen
purge. The flask was then flame-dried under vacuum and
back-filled with dry nitrogen three times. Ethylmagnesium bro-
mide (12 mL, 12 mmol) was transferred into the reaction flask,
which was immersed in an ice–water bath. To the solution,
2,7-diethynylnaphthalene (2.51 g, 14.26 mmol) in 30 mL of
THF was added dropwise for 30 min. The reaction mixture

was slowly heated to 68 °C and stirred for another 2 h, resulting
in the formation of a gray suspension. The flask was then
cooled with an ice–water bath, and a solution of methyltri-
chlorosilane (0.71 g, 4.73 mmol) in THF (20 mL) was added
dropwise for about 15 min. After complete addition, the ice–
water bath was removed, and the reaction was further refluxed
for another 2 h. After cooling, 8% aqueous hydrochloric acid
(50 mL) and methyl tert-butyl ether (100 mL) were added to
the flask slowly. The resulting organic layer was separated out
and washed with deionized water until the pH of the washed
water was neutral. Then the orange solution was dried over
anhydrous sodium sulfate. Finally, the resin was obtained after
solvent removal by rotary evaporation and exposure to
reduced pressure at 50 °C for 5 h. The resin was obtained in a
yield of 93% (2.51 g) as a yellow solid. The PSPN and BSPN
resins were cured according to the following procedure: 190 °
C/2 h + 210 °C/2 h + 230 °C/2 h + 250 °C/2 h. The PSNP and
BSNP resins were cured according to the following procedure:
160 °C/2 h + 180 °C/2 h + 200 °C/2 h + 230 °C/2 h.

Characterization
1H NMR, 13C NMR and 29Si NMR spectra were obtained with a Bru-
ker Avance 400 instrument using tetramethylsilane as an internal
standard in CDCl3. Fourier transform infrared (FTIR) spectra were
acquired with a Nicolet iS50, the samples being prepared using
the KBr pellet method. Mass spectra were recorded using a GCT
Premier EI-TOF high-resolution time-of-flight mass spectrometer.
DSC was performed with a TA Q2000 at heating rates of 5, 10,
15 and 20 °C min−1 under a nitrogen atmosphere from ambient
temperature to 300 °C. Rheological behaviors were determined
with a RheoStress RS600 rheometer at a heating rate of 2.0 °
C min−1 and a shear rate of 0.01 s−1. TGA was carried out with a
TA Instruments SDT Q600 analyzer under nitrogen atmosphere
at a heating rate of 10 °C min−1. Pyrolysis–gas chromatography–
mass spectrometry (Py-GC-MS) analyses were conducted with a
Frontier Lab PY-2020i single-shot pyrolyzer and a Shimadzu
GCMS-QP2010 chromatograph/mass spectrometer. Pyrolysis was
carried out at 790 °C.

MD simulations
MD simulations were used to compute the viscosity (η) of resins as
well as the mean squared displacement (MSD) of the resin mole-
cules.37 In the simulations, 80 resin molecules were placed in a
simulation box under periodic boundary conditions, using the
Amorphous Cell modulus. The initial density was set to be 0.5.
Then geometry optimization was performed, and an equilibrium
process with a total duration of 1 ns, under isobaric–isothermal
(NPT) ensemble (T= 800 K, P= 1 atm), was used to obtain an equi-
librium system. The system was then annealed to 400 K (cooling
rate: 0.1 K ps−1), multiple simulation processes for viscosity (under
NPT ensemble) and MSD (under canonical (NVT) ensemble) data
acquisition were performed for 1 ns. The shear viscosity was
obtained by analyzing the trajectories of the simulations, and
the MSD of the resin molecules was obtained directly from the
particle positions in the simulations. The processes can be easily
completed by the Analysis of Forcite modulus.
The procedure, including model construction, geometry

optimization, MD simulations under NPT and NVT ensembles
and analysis of shear viscosity and MSD, was realized with
Materials Studio.38 The Andersen thermostat and the Berend-
sen barostat were applied to control the temperature and pres-
sure, respectively. The COMPASS force field was adopted
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throughout the simulations.39 The Ewald summation method
was used to sum the long-range electrostatic interaction terms,
while the direct atom-based method was chosen for the short-
range van der Waals interactions. The periodic boundary con-
dition was considered to define the interaction of atoms in
boundaries with the neighboring cells. The time step was set
to 1.0 fs.

RESULTS AND DISCUSSION
Structural characterization of BSNP resin
The chemical structure of the BSNP resin was characterized using
1H NMR, 13C NMR, FTIR and 29Si NMR spectra (Fig. 1). Figure 1(a)
shows the 1H NMR spectrum of the BSNP resin. The three reso-
nance peaks at 7.47, 7.59 and 7.70 ppm can be assigned to the
phenyl protons. The peak at 3.09 ppm corresponds to ethynyl
protons. The peak at 0.73 ppm corresponds to the chemical shift
of methyl protons on silicon. Figure 1(b) shows the 13C NMR spec-
trum of the BSNP resin. The peaks for inner acetylenic carbons
appear at 87.2 and 105.0 ppm, respectively. The peaks at 76.6
and 82.0 ppm are assigned to the terminal acetylenic carbons.
The chemical shifts of phenyl carbons are between 118.8 and
131.2 ppm. The peak at −1.50 ppm is attributed to the carbon
connected to the silicon. The FTIR spectrum of BSNP is shown in
Fig. 1(c). The band at 3283 cm−1 is due to the stretching vibration

Figure 1. (a) 1H NMR, (b) 13C NMR, (c) FTIR and (d) 29Si NMR spectra of BSNP resin.

Figure 2. DSC curves of PSPN, BSPN, PSNP and BSNP resins at a heating
rate of 10 °C min−1.

Table 1. DSC results for PSPN, BSPN, PSNP and BSNP resins

Sample

Exothermic temperature (°C)
Cure
enthalpy (J g−1)Ti Tp Tf

PSPN 214.5 239.2 256.4 443.9
BSPN 197.5 213.8 235.3 940.9
PSNP 185.2 207.6 230.1 232.8
BSNP 175.3 190.0 204.8 332.6

Heating rate: 10 °C min−1.
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of C H in C CHwhile the band corresponding to the stretching
vibration of C C can be observed at 2154 cm−1.The bands at
3061 and 1502 cm−1 correspond to C H and C C vibrations in
the benzene ring, respectively. The band at 2964 cm−1 is assigned
to the vibration of C H in CH3 attached to the silicon atom.
Figure 1(d) shows the 29Si NMR spectrum of the BSNP resin. The
peak observed at 63.34 ppm can be assigned to the silicon and
the broad peak at −110 ppm may result from silicon dioxide in
the NMR tube.
These characterizations suggest the successful synthesis of the

BSNP resin. In addition, the other resins, PSNP, PSPN and BSPN,
were also synthesized and investigated. In the following sections,
the thermal curing behavior andmelt viscosity of these PSA resins
are discussed, together with the thermal stabilities of the cured
resins, and the effect of the topology on the performance of the
resins is analyzed.

Thermal curing behaviors of the resins
The thermal curing behaviors of the PSA resins were character-
ized using DSC (Fig. 2), and the corresponding data are col-
lected in Table 1. As can be seen, the initial curing
temperatures (Ti) for PSPN, BSPN, PSNP and BSNP resins are
214.5, 197.5, 185.2 and 175.3 °C, respectively. The exothermic
peak temperatures (Tp) for PSPN, BSPN, PSNP and BSNP resins
are 239.2, 213.8, 207.6 and 190.0 °C, respectively. The cure
enthalpies of PSPN, BSPN, PSNP and BSNP resins are 443.9,
940.9, 232.8 and 332.6 J g−1, respectively. From these results,
we can draw two conclusions. (i) The branched resins can be
cured at a lower temperature but release more heat during
the thermal curing process than their linear counterparts. The
reasons are as follows. For branched resins, there are more ter-
minal alkyne groups per molecule, which effectively augment
the chance of valid collisions between reactive sites to form a
crosslinked structure, therefore increasing the reactivity of
the curing reaction (cured at a lower temperature). However,
the existence of more reactive groups also inevitably leads to
an increase in heat release of the branched resins. (ii) The SNP
resins have lower curing temperature than the SPN resins.
The higher π-donor effect of naphthalene groups than benzene
groups can reduce the activation barrier of the dimerization
which is the rate-determining step during the curing reaction,
leading to a lower curing temperature of the SNP resins.40–42

The thermal curing properties of these resins were further char-
acterized by the activation energy (Ea) of the curing reactions
using classical Kissinger and Ozawa methods.43,44 The relevant
equations are as follows:

Table 2. Peak temperatures and activation energies of PSPN, BSPN, PSNP and BSNP resins

Sample

Peak temperature (°C) Ea (kJ mol−1)

5 °C min−1 10 °C min−1 15 °C min−1 20 °C min−1 Kissinger Ozawa

PSPN 227.2 239.2 245.7 251.4 117.6 119.9
BSPN 203.0 213.8 222.3 226.7 106.9 109.6
PSNP 193.8 207.6 213.5 217.8 101.2 103.8
BSNP 177.4 190.0 195.4 201.0 96.2 99.3

Figure 3. (a) DSC curves of BSNP resin at various heating rates.
(b) Kissinger and Ozawa plots for determination of the activation energy
of BSNP resin. Figure 4. FTIR spectra of BSNP resin cured at different temperatures.
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where ⊎ is the heating rate, Tp is the peak temperature, A is the
preexponential factor, R is the gas constant, Ea is the activation
energy and C is a constant. Figure 3(a) shows the DSC curves for
the BSNP resin at various heating rates to obtain Tp. Then ln⊎=T2

p

versus 1/Tp and ln⊎ versus 1/Tp are separately plotted and fitted
(Fig. 3(b)). The activation energy of the BSNP resin can be calcu-
lated from the slope of the two lines.
Similarly, the curing kinetic parameters, including peak temper-

ature at different heating rates and Ea value of the PSNP, PSPN and
BSPN resins, were also obtained. These Ea values are listed in
Table 2. As can been seen, the Ea values of the branched resins
are smaller than those of their linear counterparts, and the SNP
reins have smaller Ea values than the SPN resins. These results sup-
port well our assumption that branched resins have lower curing
temperatures than their linear counterparts.
To get a theoretical explanation for the lower curing tempera-

ture of the branched resins, we used DFT to compute the |

HOMO − LUMO| values of PSPN, BSPN, PSNP and BSNP resins.45

The HOMO, highest occupied molecular orbital, is associated with
the electron-donating ability of a molecular, whereas the LUMO,
lowest unoccupied molecular orbital, is related to the ability to
accept electrons. In a previous study, we found that the |HOMO
− LUMO| value is positively correlated with the curing tempera-
ture, and therefore |HOMO − LUMO| can be used as a proxy for
curing temperature.18 Generally, a smaller value of |HOMO
− LUMO| corresponds to a lower curing temperature. The |
HOMO − LUMO| values were calculated with Gaussian 09 soft-
ware at the B3LYP/6-311G(d,p) level.46 It was found that the |
HOMO − LUMO| values for PSNP, BSNP, PSPN and BSPN resins
are 4.29, 4.01, 4.92 and 4.87 eV, respectively. The energy gaps of
SNP resins are lower than those of SPN resins, and the branched
resins have lower energy gaps than their linear counterparts. Thus
the BSNP resin exhibits the lowest |HOMO − LUMO| value, and it
can be cured at the lowest temperature. These results well explain
the experimental observations.
In addition to the curing temperature, the curing behavior of

the BSNP resin was characterized using in situ FTIR spectroscopy
by monitoring the changes of the functional groups in the ther-
mosetting resin as a function of temperature (Fig. 4). The absorp-
tion peaks at 3284 and 2153 cm−1 were assigned to the stretching
vibrations of the terminal alkyne hydrocarbon ( C C H) and
alkyne triple bond ( C C ), respectively. It was found that upon
heating in the curing process, the intensity of the terminal alkyne
( C C H) band reduced markedly and almost disappeared at
300 °C while the intensity of inner alkyne ( C C ) band

Figure 5. Viscosity–temperature curves of PSPN, BSPN, PSNP and BSNP
resins.

Figure 6. MSD curves of PSPN, BSPN, PSNP and BSNP resins.

Figure 7. TGA curves of cured PSPN, BSPN, PSNP and BSNP resins (10 °
C min−1 in nitrogen).

Table 3. TGA results for cured PSPN, BSPN, PSNP and BSNP resins

Sample Td5 (°C) Y800°C (%)

PSPN 606 90.1
BSPN 613 90.3
PSNP 648 91.8
BSNP 653 92.2

Heating rate: 10 °C min−1, in nitrogen.
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weakened gradually and still can be observed at 300 °C. This
implies that the reactivity of terminal alkyne ( C C H) is higher
than that of inner alkyne ( C C ). It is easier for branched resins
that possess more terminal alkyne groups ( C C H) in the mol-
ecules to participate in the curing reaction. In other words, the
branched resins have lower curing temperatures than their linear
counterparts, which is in accord with the results of DSC analysis.
The specific crosslinked structures of BSNP at elevated tempera-
ture were analyzed using Py-GC-MS, as discussed in a later
section.

Melt viscosity of resins
The viscosity of resins is essential to their processing properties.
Figure 5 shows the variations of the viscosity of the PSPN, BSPN,
PSNP and BSNP resins as a function of temperature. Due to the
BSPN resin being gel-like at room temperature, its viscosity does
not change significantly until 162 °C. And it increases sharply after
162 °C owing to the initiated thermal crosslinking reaction. Com-
pared with BSPN, the softening point of PSPN, PSNP and BSNP
reached about to 87, 131 and 112 °C, respectively. Though the
gelation temperatures (at which viscosity increased rapidly) of
PSNP and BSNP were not so very different (PSNP at 153 °C and
BSNP at 151 °C), BSNP has a wider processing window than PSNP
due to its decreased softening point, which is advantageous for
processing such as resin transfer molding. Furthermore, apparent
differences of the melt viscosity among the resins are observed.
On a quantitative level, the viscosity of PSNP (about 0.72 Pa s)

wasmuch higher than that of PSPN (about 0.52 Pa s), BSPN (about
0.21 Pa s) and BSNP (0.23 Pa s) at 140 °C. The branched resins
(BSPN and BSNP) can effectively reduce chain entanglement
between the molecules compared with PSPN and PSNP (linear)
to lead to the melt resins flowing easily, but the higher molecular
weight of BSNP makes its viscosity a little higher than that of
BSPN. In a word, BSNP possesses a relatively wide processing win-
dow accompanied with low melt viscosity.
We then used equilibrium MD methods and the Green–Kubo

formula to compute the viscosity (η) of the resins. The equilibrium
MD methods, using the fluctuations of the stress tensor, can

accurately estimate shear viscosity.37 The computation reveals
that the viscosity of the resins is closely related to the molecular
structure. The viscosity values computed using MD for the PSNP,
BSNP, PSPN and BSPN resins are 0.022, 0.014, 0.016 and
0.013 Pa s, respectively. These results indicate that the viscosity
of the branched resins is lower than that of their linear counter-
parts. The difference in the viscosity of the branched and linear
resins can be explained by the different MSD of the resin mole-
cules.47 A larger value of MSD denotes a stronger motion ability
of the resin molecules; thus, a resin with larger MSD has a lower
melt viscosity. The variations of the MSD curves for the resins
are depicted in Fig. 6. It can be seen that the MSD values of the
branched resins (BSPN and BSNP) are both larger than those of
their linear counterparts, which results in a lower melt viscosity
of the branched resins. The theoretical calculations are well con-
sistent with the experimental results, and explain the origin of
the lower melt viscosity of the branched resins.

Thermal stabilities and curing behavior of the resins
The thermal stability of the crosslinked resins was investigated
using the TGA technique under nitrogen at a heating rate of
10 °C min−1 up to 850 °C. Figure 7 shows the TGA curves, and
Table 3 lists the degradation temperature of 5% weight loss
(Td5) and the chair yield at 800 °C. As shown in Fig. 7, the cured
PSPN and BSPN resins offered excellent thermal stability under
nitrogen and gave chair yields of 90.1% and 90.3% when heated
to 800 °C, and Td5 reached 606 and 613 °C, respectively. PSNP
and BSNP exhibited better thermal stability with Td5 up to
648 and 653 °C, and chair yield up to 91.8% and 92.2%, respec-
tively. This phenomenon is related to the greater number of naph-
thalene rings in the uncured PSNP and BSNP providing a large
number of rigid groups in the cured molecules that require more
energy to pyrolyze. Furthermore, more terminal alkyne groups in
BSNP take part in the thermal curing reaction to increase cross-
linking density, which makes BSNP the most heat-resistant resin
among those investigated. Meanwhile, according to previous

Figure 8. Py-GC-MS detection of gas products evolved from the pyrolysis
of cured BSNP resin at 790 °C.

Table 4. Py-GC-MS analysis results of pyrolysis products of cured
BSNP resin

Retention
time (min) Mw Structure Labela

Relative
intensity (%)

2.70 78 a 5.04

3.81 91 b 1.26

7.96 128 c 71.03

8.79 142 d 12.26

8.92 156 e 3.24

9.60 178 f 0.63

11.93 204 g 6.53

Pyrolysis at 790 °C.
a Labels correspond to those in the Py-GC-MS spectrum displayed
in Fig. 8.
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literature,22 there would be other rigid aromatic rings in addition
to naphthalene rings in the cured resin. In this regard, the cured
BSNP resin was examined using Py-GC-MS analysis as discussed
in the following.
Py-GC-MS is a useful tool for analyzing the structure of the cured

BSNP resin. Figure 8 shows the total ion chromatogram (TIC) of
the crosslinked BSNP obtained at 790 °C and the pyrolysis prod-
ucts are summarized in Table 4. As evident from Table 4, there
are several fragments during pyrolysis, and the identified prod-
ucts can be divided into three groups: (i) phenyl ring volatiles
and their derivatives, (ii) naphthyl ring volatiles and their deriva-
tives and (iii) anthracene ring derivatives.
As compared with the original chemical structure of the resin,

there appear two kinds of new fragments, that is, anthracene
ring derivatives (peak f in Fig. 8) and naphthyl ring derivatives
(peak g in Fig. 8). These new fragments could be formed
through Diels–Alder and cyclotrimerization reactions of the
C C group in the curing reaction.48 These two reactions are
presented in Scheme 3. Furthermore, the relative content of
naphthyl ring derivatives (peak g) in pyrolysis products is much
higher than that of anthracene ring derivatives (peak f ), which
suggests that the cyclotrimerization reaction takes the lead
during curing reaction. Based on the Py-GC-MS and in situ FTIR
analysis, the thermal curing process of the BSNP resin can be
clearly revealed.

CONCLUSIONS
This study presented a new strategy in that changing the topol-
ogy of PSA resins from linear to branched can decrease the curing
temperature by retaining their thermal stability. Based on a novel
chemical structural unit, i.e. SNP, both branched (BSNP) and linear
(PSNP) resins were successfully prepared by Grignard reagent
reactions. The exothermic peak temperature of the BSNP resin
(about 190 °C) is 18 °C lower than that of its linear counterpart
(PSNP), which is related to the increased number of reactive termi-
nal alkyne groups of the branched resin. And the melt viscosity of
the BSNP resin is about 0.23 Pa s, which could facilitate its

applications. Theoretical simulations were applied to further
explore the structure–property relations of the linear and
branched resins. The lower curing temperature of the branched
resins is explained by their lower |HOMO − LUMO| value, which
corresponds to a higher curing reactivity. And the lower melt vis-
cosity of the branched resins originates from the larger MSD,
which increases the motion ability of the molecules. The thermal
stability studies revealed that both the BSNP and PSNP resins have
excellent thermal stability with Td5 of about 650 °C and residual
yield at 800 °C under nitrogen of about 92%. The high heat resis-
tance resulted from the crosslinked molecular structure initiated
by Diels–Alder and cyclotrimerization reactions, the cyclotrimeri-
zation reaction dominating the curing reaction. Furthermore,
the concept that decreasing the curing temperature of PSA resins
by changing their topology from linear structure to branched
structure is also verified by another set of PSA resins with both
branched and linear topologies. This work emphasizes the effect
of topology of the resins on their properties, and the information
obtained could guide the design of novel heat-resistant resins.
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