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t side groups on the properties of
the silicon-containing arylacetylene resins with
2,5-diphenyl-[1,3,4]-oxadiazole moieties†

Manping Ma, Xiaotian Liu, Chuan Li, Zhiyao Qiao, Qiaolong Yuan
and Farong Huang *

Silicon-containing arylacetylene resins with rigid conjugated structures in the main chain often exhibit poor

processability. A strategy of improving the processability by destroying the molecular structure symmetry

using side aromatic groups was proposed, and the effects of the side groups was further explored. Two

novel structural resins with side aromatic phenyl and phenylacetylene groups (PODSA-2P-MM and

PODSA-2E-MM) were synthesized by Grignard reaction. The side aromatic groups strongly interfere with

the regular arrangement of the main chains, and the crystallinities of the resins decrease as compared

with PODSA-MM resin without side aromatic groups. Due to the influence of the side aromatic groups,

the novel resins exhibit good processability, low exothermic enthalpy, high modulus and good heat

resistance.
Introduction

Thermosetting resins have been widely used in various aspects
of our society.1–3 As types of high-performance thermoset resins,
silicon-containing arylacetylene resins, which have high heat-
resistance, excellent dielectric properties, low water uptake,
high-temperature ceramic properties and good mechanical
properties, are known and they have potential applications in
the aerospace and defense elds.4–9 Brittleness is one of the
disadvantages of thermosetting resins, and silicon-containing
arylacetylene resins are no exception.4,9 To solve this problem,
polar aromatic ether structures and siloxane structures were
introduced into the resins to modify the toughness of the
resins.10–14 Huang's group prepared a series of silicon-
containing arylacetylene resins with polyphenylene oxide
segments in the main chain, which show good mechanical
properties.14–16 With the increase of the polyphenylene oxide
segments in the main chain, the mechanical properties of the
resins gradually increase, but processability and heat resistance
gradually deteriorate. Thereaer, we introduced the rigid-rod
2,5-diphenyl-[1,3,4]-oxadiazole into silicon-containing arylace-
tylene resin to obtain the PODSA resins with high mechanical
properties and thermal relaxation temperatures. However, their
processabilities were not very good.17
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The properties of polymers depend largely on their
chemical structures. Many researchers improved the proc-
essabilities of the resins by introducing side groups into the
main chains.18,19 Lenz and co-workers19 found that the pres-
ence of pendent side groups in main chains of a thermo-
tropic liquid crystalline polymer (TLCP) decreased both
melting point and clearing temperature. Han team20 inves-
tigated the rheological behaviors of TLCP by changing the
volume of side groups, and found that polymers with larger
side groups had lower viscosity, which demonstrated that the
pendent side groups played a signicant role in determining
the rheological properties of a polymer. In addition, Dinge-
mans group21 introduced a phenylethynyl group into side
positions of semicrystalline poly(decamethylene tereph-
thalamide) (PA 10T) to get a high-temperature shape-memory
polymer, and the produced polymer showed lower melting
temperature and exothermic enthalpy as compared with PA
10T. At same time, the glass relaxation temperature gradually
decreased with the concentration of the functionalized side
group.

In this work, to explore the effects of side aromatic groups on the
properties of a silicon-containing arylacetylene resin, the phenyl and
phenylacetylene groups were introduced. We prepared three novel
resins (PODSA-MM, PODSA-2P-MM, PODSA-2E-MM) by Grignard
reactions of 2,5-bis-(4-ethynylphenoxy)-[1,3,4]-oxadiazole, 2,5-bis(6-
(4-ethynylphenoxy)-[1,10-biphenyl]-3-yl)-[1,3,4]-oxadiazole, 2,5-bis(4-
(4-ethynylphenoxy)-3-(phenylethynyl)phenyl)-[1,3,4]-oxadiazole with
dimethyldichlorosilane, respectively.14 The morphology, process-
ability, thermal behaviors, thermal and mechanical properties of
these resins were investigated in detail.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The 1H-NMR spectra of diynes (A) and aromatic resins (B) in
CDCl3-d.
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Results and discussion
Synthesis and characterization of the resins

As shown in Scheme 1, the resins were prepared with the ratio of
aromatic diynes to silane of 3 : 2. 2,5-Bis-(4-ethynylphenoxy)-
[1,3,4]-oxadiazole reacted with dimethyldichlorosilane by
Grignard reactions to get PODSA-MM. Similarly, PODSA-2P-MM
and PODSA-2E-MM were prepared by the replacement of 2,5-
bis-(4-ethynylphenoxy)-[1,3,4]-oxadiazole with 2,5-bis(6-(4-ethy-
nylphenoxy)-[1,10-biphenyl]-3-yl)-[1,3,4]-oxadiazole and 2,5-
bis(4-(4-ethynylphenoxy)-3-(phenylethynyl)phenyl)-[1,3,4]-
oxadiazole, respectively. The resins are yellow solid and soluble
in common solvents such as THF, toluene and dichloro-
methane (see Table 1). Take PODSA-2E-MM as an example, the
chemical structure of resin was characterized by proton nuclear
magnetic resonance (1H-NMR) spectroscopy, Fourier transform
infrared (FT-IR) spectroscopy and gel permeation chromatog-
raphy (GPC) analyses. As shown in Fig. 1, the signals at the
range of 7.0–8.5 ppm correspond to the hydrogen of aromatic
rings in the resin. The signal (a) at 3.05 ppm belongs to the
hydrogen of terminal acetylene groups. The peak (b) at
0.49 ppm is ascribed to the signal of Si–CH3, attributing to that
the silane unit was introduced into the resin chain. And the
integral area ratio of the peaks at position (a) and (b) is
1.00 : 5.80, which is close to the design value 1.00 : 6.00,
demonstrating that the resin has been synthesized successfully.
As shown in Fig. 1A, with the presence of side aromatic groups,
the signals at (e) and (f) in 2,5-diphenyl-[1,3,4]-oxadiazole
structure have been little change, the signal at position (g)
moves from 8.10 ppm for BEPOD to 8.20 ppm for BEPOD-2P and
then 8.35 ppm for BEPOD-2E. The results indicate that the large
conjugated structures between substituted phenyl or phenyl-
acetylene group and 2,5-diphenyl-[1,3,4]-oxadiazole structure
affect the electron cloud of corresponding aromatic ring.22 In
addition, the signals at position (d) moves from 7.02 ppm for
BEPOD to 6.90 ppm for BEPOD-2P and then 7.04 ppm for
BEPOD-2E, which could be attributed to that the adjacent side
phenyl groups interfere with the spatial arrangement of
benzenes with terminal acetylene groups, but the side phenyl-
acetylene groups hardly cause the phenomena. The change of
signal at position (a) is similar with that of position (d). The
signal at position (c) shows little movement. Similarly, these
shi phenomena also occur in the 1H-NMR spectra of
Scheme 1 The synthetic route of the silicon-containing arylacetylene
resins.

© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponding resins. In addition, the vibration signal of Si–
CH3 moves from 0.40 ppm for PODSA-MM to 0.46 ppm for
PODSA-2P-MM and then 0.49 ppm for PODSA-2E-MM.

As can be seen from Fig. 2, the peak at 3288 cm�1 is assigned
to the stretching vibration of ^C–H, the peak at 3056 cm�1 is
Ar–H stretching vibration absorption of benzene ring, the C–H
vibration signal of Si–CH3 is 2965 cm�1. The peak at 2156 cm�1

is assigned to the characteristic absorption of Ar–C^C–Si in the
mainchain of PODSA-2E-MM, and the absorption peak at
2220 cm�1 is the signal of Ar–C^C–Ar in the side position of
PODSA-2E-MM. The signals at 1610 and 1594 cm�1 correspond
to the [1,3,4]-oxadiazole. The peaks at 1250 cm�1, 1224 cm�1

and 790 cm�1 are attributed to the vibration signals of Si–CH3,
Ar–O–Ar and Si–C^C, respectively. In addition, the absorption
of –C^C– and [1,3,4]-oxadiazole move from 2159 and
1613 cm�1 for PODSA-MM to 2156 and 1612 cm�1 for PODSA-
2P-MM and then 2156 and 1610 cm�1 for PODSA-2E-MM,
respectively. The trends move towards low wavenumbers,
which could be attributed to that steric hindrance effects of side
aromatic groups. The absorption of ^C–H and Si–CH3 move
towards high wavenumber show that the movement of these
RSC Adv., 2021, 11, 19656–19665 | 19657



Fig. 2 The FT-IR spectra of three PODSA resins full range (A), in the range of 1500–2300 cm�1 (B) and in the range of 2800–3400 cm�1 (C).

Table 1 The solubility of resinsa

Solvent DMF THF EtOH Acetone CH3CN CH2Cl2 Toluene Petroleum ether

PODSA-MM ++ ++ � + + ++ + �
PODSA-2P-MM ++ ++ � ++ ++ ++ ++ �
PODSA-2E-MM ++ ++ � ++ ++ ++ ++ �
a Note: ++: soluble; +: partially soluble; �: insoluble.
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groups increase. These results are consistent with the results of
1H-NMR spectra.

The relative molecular weights of three resins measured by
GPC were listed in Table 2. TheMn and PDI of resins are close to
the designed value, and three resins have similar molecular
weight and distribution.
Table 2 The GPC data of three PODSA resins

Resin Mn Mw PDI

PODSA-MM 1508 2698 1.78
PODSA-2P-MM 1555 2766 1.78
PODSA-2E-MM 1677 3121 1.86

19658 | RSC Adv., 2021, 11, 19656–19665
The effects of side groups on the PODSA resins

Optical properties of resin solutions. The change of structure
could lead to the change of optical properties for aromatic
polymers. The optical properties of three PODSA resin solutions
were investigated by UV-Vis absorption and uorescence emis-
sion spectra. The UV-Vis absorption spectra of three resin
solutions show similar phenomena. There are maximum
absorption peaks at 247 nm and 297 nmwith shoulders and ne
structures attributed to the p–p* relaxation of aromatic struc-
tures.23 The wide shoulders are mainly due to interchain p-
orbital overlap. The UV-Vis absorption shoulders of three resin
solutions don't have signicant difference except slight red-
shi phenomena, indicating the almost similar interchain p-
orbital overlap. The substituted phenyl and phenylacetylene
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 The XRD diagrams (A) and Raman spectra (B) of three PODSA
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groups on the 2,5-diphenyl-[1,3,4]-oxadiazole unit make the
intrachain charge-transfer interactions between the electron-
withdrawing units and the electron-donating units more
intense due to p-electron delocalization, leading to that the
resin solution show slight red-shi phenomena in both UV-Vis
and uorescence spectra.24 At the same concentration, the
uorescence emission intensity of the resin solution decreased
due to the presence of the side groups (excited wavelength: 220
nm). Because of the presence of side aromatic groups, intra-
molecular charge-transfer interactions were enhanced due to p-
electron delocalization, but the restrictions of molecular struc-
tures caused by the p–p stacking interactions are weakened due
to the deection of the side groups to the [1,3,4]-oxadiazole
units (Fig. S2†), leading to that the molecular vibration caused
by the excited electrons are enhanced. The part of excitation
energy is dissipated in the form of heat energy caused by
vibration, leading to the decrease of uorescence intensities of
resin solutions (Fig. 3).25

The morphologies of the resins. The difference of crystal-
linity of PODSA-MM resins before and aer introducing side
group were investigated by X-ray diffraction (XRD) analysis at
the range of 5�–50�. The results are shown in Fig. 4A. Three
resins are partially crystalline state at room temperature due to
long-period ordered structures of molecular chains. The crys-
tallization peaks at 19.3�, 23.6� and 28.6� for PODSA-MM resin
were not observed on the XRD curves of PODSA-2P-MM and
PODSA-2E-MM resins, which are attributed to the long-period
ordered structures disturbed due to the deection of side
aromatic groups to rigid 2,5-diphenyl-[1,3,4]-oxadiazole.
Accordingly, the three-dimensional structure of the aromatic
diynes at the lowest energy states show that the deection of the
side groups to the 2,5-diphenyl-[1,3,4]-oxadiazole unit. The
larger the volume of side group, the larger the deection angle
(Fig. S2†). This indicates that the side aromatic groups hinder
the crystallization of the molecular chains. In addition, by
comparing the crystallization phenomena of PODSA-2P-MM
and PODSA-2E-MM resins, it is found that XRD of PODSA-2E-
MM resin has a slight bulge at about 25�, which may be
Fig. 3 The UV-Vis (A) and fluorescence (B) spectra of three PODSA resi

© 2021 The Author(s). Published by the Royal Society of Chemistry
attributed to the ordered arrangement of rigid deective phe-
nylacetylene groups.26

The disorder degrees of molecular chains increase with the
appearance of side group, and the disorder degrees become
n solutions (THF, 2 � 10�5 mol L�1).

resins.

RSC Adv., 2021, 11, 19656–19665 | 19659



Fig. 6 The DSC curves of three PODSA resins in nitrogen.
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more severe with the increase of side group volume. The
microstructure of resin was further investigated by laser Raman
scattering analysis, the results are shown in Fig. 4B. There are
obvious changes in these peaks at about 1000 cm�1, 1015 cm�1,
1221 cm�1, 1557 cm�1, 1598 cm�1 and 2220 cm�1, but the
intensities are different. The peaks at 1000 cm�1 and 1221 cm�1

corresponds to the vibration of C–O–C and Ar–O–Ar, respec-
tively. The peaks at about 1015 cm�1 and 1153 cm�1 correspond
to the vibration of C–H for aromatic rings, the signals at about
1557 cm�1, 1598 cm�1 and 1615 cm�1 are assigned to the
[1,3,4]-oxadiazole and skeleton of benzene.27 The peak at
2220 cm�1 is ascribed to the vibrational signal of the internal
acetylene groups in resins. The percentage of internal acetylene
groups is the order of PODSA-2E-MM > PODSA-MM > PODSA-2P-
MM. However, the Raman intensity of PODSA-2P-MM is higher
than that of PODSA-MM, indicating that the vibrations of bonds
were reinforced. With the presence of side aromatic groups, the
many vibrational peaks become stronger even have slight shis,
indicating that the disorder degrees of structures increase.28

The results are consistent with the fact that the crystallinity of
the resins become worse and the part of the excitation energy is
dissipated by molecular vibration in uorescence spectroscopy.

The rheological properties of the resins. The rheological
properties of resins were explored by rotational rheological test,
and the results are shown in Fig. 5. In general, the processability
of thermosetting resin depends on the structure of resin. The
viscosity–temperature curves of three resins show obviously
different rheological properties. As the volumes of side aromatic
groups increase, the melting temperatures of resins increase in
the order of PODSA-2E-MM < PODSA-2P-MM < PODSA-MM, and
the temperatures of gel point (Tgel) move towards high
temperature, which should be attributed to low content of
terminal acetylene groups disturbed by side aromatic groups.17

The processing windows of resins widen in the order of PODSA-
2E-MM > PODSA-2P-MM > PODSA-MM, showing that the proc-
essabilities of the resins are getting better due to the presence of
side aromatic groups. There is a slow viscosity-decreasing
process near melting temperature in the viscosity–
Fig. 5 The viscosity–temperature curves of three PODSA resins.

19660 | RSC Adv., 2021, 11, 19656–19665
temperature curves of the resins, indicating that the chain
mobilities of resins are still restricted by the p–p stacking
interactions of 2,5-diphenyl-[1,3,4]-oxadiazole structure. In
addition, the larger the volume of side aromatic group is, the
wider the range of low viscosity is.

The thermal curing behaviors of the resins. The thermal
curing behaviors of three resins were investigated by DSC
analysis, the results are shown in Fig. 6 and Table 3. Three
resins have melting temperature below 150 �C, and large and
wide exothermic peak in the range of 200 –300 �C, indicating
that the mild thermal cross-linking reactions. With the increase
of size of the side aromatic groups, the melting temperatures of
resins gradually decrease, while the initial curing temperature
(Ti) moves slightly to high temperature. The content of acetylene
group in the resins is small due to the side groups, leading to
that the exothermic enthalpy (DH) of curing reactions decrease.
However, the introduction of side phenylacetylene group in
PODSA-2E-MM resin increase the value.

The curing kinetics of resins were studied by Kissinger and
Ozawa methods.17 The tting curves of ln(b/Tp

2) vs. Tp
�1 (Kis-

singer) and ln(b) vs. Tp
�1 (Ozawa) of three resins are shown in

Fig. 7. The apparent reaction activation energy (Ea) of the resin
was calculated according to the equations in ref. 17. The Ea of
three resins are close and about 100 kJ mol�1, indicating easy
thermal crosslinking reactions. The results can be seen in Table
3.

The resins were cured by the process: 170 �C/2 h + 210 �C/2 h
+ 250 �C/2 h + 280 �C/2 h, and the cured resins were named as
PODSA-MM-C, PODSA-2P-MM-C and PODSA-2E-MM-C, respec-
tively. The FT-IR spectra of cured PODSA-2E-MM resin at
different temperature are shown in Fig. 8. The reaction degrees
of resins were calculated by the ratio of integral area of infrared
absorption peak for acetylene groups at 3288 cm�1 (C^C–H),
2200 cm�1 (Ar–C^C–Ar) and 2156 cm�1 (Ar–C^C–Si) before
and aer curing to that of reference peak for [1,3,4]-oxadiazole
at 1610 and 1594 cm�1 in FT-IR spectra.29 The relative conver-
sions (D) of acetylene groups are determined as follows:
© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 3 The DSC data and Ea value of three PODSA resins

Resin Ti/�C Tp/�C Tf/�C DH/(J g�1)

Ea/(kJ mol�1)

Kissinger method Ozawa method

PODSA-MM 198 248 276 463.5 103.0 106.8
PODSA-2P-MM 200 242 297 242.3 96.7 100.1
PODSA-2E-MM 204 256 307 263.5 90.0 94.0

Fig. 7 ln(b/Tp
2) vs. Tp

�1 (A) and ln(b) vs. Tp
�1 (B) plots for the curing of resins.

Fig. 8 The FT-IR spectra of PODSA-2E-MM at different temperature.
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D ¼
�
1�

�ðAi=A0Þa
ðAi=A0Þb

��
� 100%

where (Ai/A0)a and (Ai/A0)b are the ratio of integral area of
responding characteristic peak to that of reference peak aer
curing and before curing, respectively. The reaction degree of
resin is shown in Fig. 9. In the process of thermal crosslinking,
internal and terminal acetylene groups participate in the reac-
tions.17 Aer resins curing, the conversions of terminal acety-
lene group of three resins are close to 100%, and the conversion
of internal acetylene groups in themain chain are about 20%. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
addition, the side phenylacetylene group in PODSA-2E-MM
participated in the thermal crosslinking reactions in Fig. 9,
which lead to that the conversion of internal acetylene groups
increase.
The effects of side groups on the cured PODSA resins

The microstructures of the cured resins. The three cured
resins obtained by heating show dark reddish networks due to
a large number of aromatic structures and thermal crosslinking
reactions of acetylene groups. In general, the microstructures of
the resins will change aer curing because of the crosslinking
Fig. 9 The reaction degree of PODSA resins after curing.

RSC Adv., 2021, 11, 19656–19665 | 19661



Fig. 10 The XRD diagrams of cured PODSA resins.

Fig. 11 The DMA curves of cured PODSA resins at the range of 40–
400 �C.

RSC Advances Paper
reactions.30 As can be seen in Fig. 10, there is no the sharp
crystal peaks in the XRD pattern of the cured resins. The XRD
patterns of three cured resins show similar phenomena. The
XRD patterns of three cured resins show wide and slightly
raised diffuse peak at the range of 10�–35�, and the locations of
the highest peaks are 19.8� corresponding to the 20.7� for resins
(Fig. 4A), indicating that the spatial structures are indeed
affected and are short-range ordered structures at random
orientation state. These results show that three cured resins
have amorphous and uniform microstructures.
Table 4 The mechanical properties of cured PODSA resins at room tem

Sample Flexural strength/MPa

PODSA-MM-C 54.6 � 3.0
PODSA-2P-MM-C 38.1 � 3.2
PODSA-2E-MM-C 30.8 � 2.1

19662 | RSC Adv., 2021, 11, 19656–19665
The mechanical properties of the cured resins. The cured
resins were studied by dynamic thermal mechanical analysis in
nitrogen ow at the range of 40–400 �C. The results are shown in
Fig. 11. The storage modulus of three cured resins rst
decreases and then increases with the increasing of tempera-
ture due to the movement of molecular chains and thermal
crosslinked reactions of acetylene groups at high temperature,
respectively. The storage modulus of PODSA-2P-MM-C and
PODSA-2E-MM-C are distinctly higher than that of PODSA-MM-
C at low temperature, which are attributed to the fact that the
movements of the main chains are restricted by the steric
hindrance of side aromatic groups.18,20 However, the storage
modulus of PODSA-2P-MM-C decreases most obviously and
hardly increases at high temperature due to the disturbance of
side phenyl groups. PODSA-2E-MM-C do not show this
behavior, and its storage modulus is always higher than that of
PODSA-MM-C at the range of 40–400 �C. The loss factors of
three cured resins are lower than 0.15 from 40 �C to 400 �C, and
there is no glass transition temperature but there is a small
relaxation peak over 250 �C, indicating that the thermal relax-
ation temperatures due to the mobilities of chain segments in
the cured resins are high. The loss factor of PODSA-2P-MM-C is
closely related with big free volume due to the p–p stacking
between the rigid and polar structures and further curing
reactions of internal acetylene groups in the main chain
hindered by the side aromatic groups, resulting in the decrease
of the thermal relaxation temperature.17 However, for the
PODSA-2E-MM-C, although it has a large free volume, the
thermal crosslinking reactions of side phenylacetylene groups
improve the structural stability, and signicantly restrict the
mobilities of chains at high temperature.

The mechanical properties of the cured resins at room
temperature are summarized in Table 4. The exural strength
and modulus of PODSA-MM-C, PODSA-2P-MM-C, PODSA-2E-
MM-C are 54.6 MPa, 38.1 MPa, 30.8 MPa and 2.4 GPa,
2.8 GPa, 3.3 GPa, respectively. The exural strength of cured
resins decrease and exural modulus increase with the increase
of volume of side aromatic group, which are attributed to the
steric hindrance and thermal crosslinking reactions of side
aromatic groups hindering the movements of the molecular
chains and the less mechanical work dissipated by interchain
slip, but increasing the energy barrier of the movements of the
chain segments in the cured resins. These results indicate that
the cured resins show poor mechanical properties due to side
aromatic groups.

T300/PODSA composites were prepared and their mechan-
ical properties are shown in Table 5. As shown in the table, the
mechanical properties of the composites decrease with the
appearance of the side aromatic groups, which are attributed to
perature

Flexural modulus/GPa Impact strength/kJ m�2

2.4 � 0.3 10.2 � 0.5
2.8 � 0.1 4.9 � 0.2
3.3 � 0.1 2.5 � 0.2

© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 5 The mechanical properties of T300 carbon fibre composites at room temperature

Tensile strength/MPa Tensile modulus/GPa Flexural strength/MPa Flexural modulus/GPa ILSS/MPa

T300/PODSA-MM 445.2 � 13.0 69.1 � 5.3 550.2 � 19.3 54.1 � 3.3 37.5 � 2.2
T300/PODSA-2P-MM 404.2 � 15.5 64.8 � 3.9 430.7 � 24.3 53.5 � 1.3 28.1 � 2.1
T300/PODSA-2E-MM 383.1 � 11.8 62.4 � 5.0 341.6 � 13.9 48.5 � 1.1 20.2 � 0.9

Fig. 12 The SEM photos with different magnifying powers for fracture surfaces of T300/PODSA-MM (A), T300/PODSA-2P-MM (B) and T300/
PODSA-2E-MM (C) composites.

Paper RSC Advances
the weakening of the interfacial strength between the matrix
and the ber and the strength of the resins themselves. The
SEM photos with different magnifying powers for fracture
surfaces of T300/PODSA composites are shown in Fig. 12. There
are resin fragments on the fracture surface of the composites,
and the carbon bers are wrapped in thematrix. With the size of
side groups increasing in the resin, the less resin on the surface
is le. These results show that the introduction of side aromatic
Fig. 13 The water uptake of the cured resins at room temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
groups weakens the interactions between the resin and the
ber, resulting in the decline of mechanical properties.

The water uptake of the cured resins. The water uptakes of
cured resins were explored at room temperature based on ASTM
D 570–1998 standard.17 The degrees of water absorption of
cured resins are shown in Fig. 13. The water uptakes of three
cured resins rst increase rapidly, then slow down, and then
maintain a stable value, the trends are similar to the common
thermosets. The water absorptions of cured resins are less than
0.8 wt% aer 160 h. With the increasing of volume of side
aromatic groups, the water absorption capacities of the cured
resins increase in the order of PODSA-MM-C < PODSA-2P-MM-C
< PODSA-2E-MM-C, which could be attributed to large free
volume caused by the hindrance of the side groups to the
regular arrangement of the molecular chains. And the larger the
side group is, the stronger the effect is. The densities of cured
resins were measured by drainage method, and the results are
tabulated in Table 6. The densities of cured resins decrease in
the order of PODSA-MM-C > PODSA-2P-MM-C > PODSA-2E-MM-
C, which is opposite to the change of water uptake, imply the
Table 6 The densities of the cured resins

Cured resin PODSA-MM-C PODSA-2P-MM-C PODSA-2E-MM-C

Density/(g cm�3) 1.2106 1.1774 1.1737

RSC Adv., 2021, 11, 19656–19665 | 19663



Fig. 14 The TGA curves of the cured resins in nitrogen and air.

Table 7 The TGA data of the cured resins

Sample

Nitrogen Air

Td5/�C Y800/% Td5/�C Y800/%

PODSA-MM-C 458 64.9 460 16.7
PODSA-2P-MM-C 466 60.6 470 7.0
PODSA-2E-MM-C 485 73.3 465 9.0

RSC Advances Paper
larger free volume in cured resins.31 There results indicate that
the increase of free volume in cured resin caused by side
aromatic groups plays a dominant role in the change of water
absorption and density.

The thermal stabilities of the cured resins. The results of
thermal stabilities of three cured resins are shown in Fig. 14 and
Table 7. The temperatures of 5% weight loss (Td5) of PODSA-
MM-C, PODSA-2P-MM-C and PODSA-2E-MM-C in nitrogen are
458 �C, 466 �C, 485 �C, respectively. And the Td5 of PODSA-MM-
C, PODSA-2P-MM-C and PODSA-2E-MM-C in air are 460 �C,
470 �C, 465 �C, respectively. The cured resins have good thermal
stabilities. The Td5 of cured resins are close in nitrogen and air
due to the effects of 2,5-diphenyl-[1,3,4]-oxadiazole structure.32

However, The Td5 of PODSA-2P-MM-C higher than that of
PODSA-2E-MM-C in air may be due to the oxidative degradation
of more acetylene groups and larger free volume.33 The three
cured resins have close reaction degrees, with the presence of
side aromatic groups, but the percentage of [1,3,4]-oxadiazole
structure in cured resins decrease,17 thereby the Td5 of cured
resins increase, because [1,3,4]-oxadiazole structure easily carry
out pyrolysis reactions at high temperature. The residues of
cured resins at 800 �C change in the order of PODSA-MM-C >
PODSA-2E-MM-C > PODSA-2P-MM-C, which is attributed to the
different silicon contents of resins and the thermal cross-
linking reactions of the side phenylacetylene groups.
Conclusions

In conclusions, the silicon-containing arylacetylene resins with
side aromatic phenyl and phenylacetylene groups (PODSA-MM,
19664 | RSC Adv., 2021, 11, 19656–19665
PODSA-2P-MM and PODSA-2E-MM) were synthesized by
Grignard reactions of diynes with dimethyldichlorosilane,
respectively. These resins have good processabilities and mild
thermal cross-linking reactions. The rigid side aromatic groups
strongly interfere with the regular degrees of the microstruc-
tures of the resins, the crystallization of the resins decrease
according to the results of XRD and Raman analyses. As
compared with the PODSA-MM resin without side groups, the
novel resins exhibit wide processing windows, low crystallinity
and exothermic enthalpy. The large free volume and chain
movement ability restricted by steric hindrance of side aromatic
groups lead to the corresponding cured resins show low
densities and high modulus. And cured resins also have good
heat resistance because of the low content of [1,3,4]-oxadiazole
structure and thermal crosslinking reactions of side phenyl-
acetylene groups. The works will provide guidance for obtaining
high-performance composite matrix.
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