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A propargyl ether-functionalized poly(m-phenylene) (PE-PMP) is reported here. This polymer exhibits good
solubility and film-forming ability. After postpolymerization at high temperature, the polymer transforms to
a cross-linked network, which shows high thermostability with a 5% weight loss temperature at 471°C and a
char yield of 67% at 1000 °C under N,. Thermo-mechanical analysis (TMA) reveals that the cured polymer
shows an average linear coefficient of thermal expansion (CTE) of 30.6 ppm °C~* ranging from 30 to 300 °C
and a glass transition temperature (Tg) near 330 °C. Moreover, even at temperatures up to 300 °C, the cured
polymer possesses a storage modulus exceeding 4.0 GPa. These data are superior to those of the
commercial epoxy and novolac resins and polyimides. Furthermore, the cured polymer film has good

mechanical properties with hardness, Young's modulus and a bonding strength to a silicon wafer of 1.22,
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Accepted 24th February 2015 9.44 and 0.78 GPa, respectively. The cured polymer film also shows good dielectric properties with an
average dielectric constant of 2.93 in a range of frequencies from 2 MHz to 30 MHz. Such results

DOI: 10.1035/¢5ra01515d suggest that the polymer is a useful precursor for preparation of insulating materials with high modulus
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Introduction

Much attention has been paid to polymers consisting of para-
linked phenylene (PPPs) units in their main chains in the past
decades due to their excellent optical and electronic proper-
ties.'* These polymers usually are electrochemically active, and
show light emitting properties. Therefore, they have been
successfully developed and widely used as the optoelectronic
materials in industry.

In comparison with PPPs, the polymers consisting of meta-
linked phenylene units in their main chains (PMPs) have
gathered an increasing interesting in the recent years."*>!
Quantum-chemical study reveals that PMPs prefer helical
conformations with a helical angle of 72° between two benzene
rings in the solid state,”* which endow the polymers with unique
properties such as good solubility and toughness benefiting
from the flexible chains. In particular, the introduction of some
special side chains into the backbone of PMPs makes the
polymers have interesting properties including helical folding
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and T in the microelectronics industry.

behavior***” and excellent triplet emission properties.’® These
good properties imply that PMPs may have the potential
applications in the fields of biology***” and information.**"”

However, the above-mentioned PMPs usually have low
molecular weight.?****** The low molecular weight will generally
lead to the low transition temperatures and the mechanical
properties, which restricts the useful commercial applications
of the polymer materials. Thus, great efforts have been made to
improve the molecular weight and expand application of PMPs.
For example, A. D. Schliiter and coworkers'* investigated the
copolymerization of p-phenylene and m-phenylene monomers
under Suzuki coupling condition. J. Sakamoto group® devel-
oped a new route, in which an AB monomer containing both
boric ester and bromo group was employed. After treated the AB
monomer under the improved Suzuki coupling condition,
PMPs with high molecular weight were obtained. Nevertheless,
in some cases, the Suzuki coupling gave the polymers consisting
of cyclic oligomers and open-chain fractions.” Undoubtedly,
further investigation on the synthesis and application of high
molecular weight PMPs is still desirable.

To the best of our knowledge, a simple and efficient strategy
to improve molecular weight of the polymers is post-
polymerization.>®*® For instance, introducing the thermally
crosslinkable groups into the backbone of PMPs could greatly
amplify the molecular weight of the polymer during post-
polymerization at high temperature. It is noted that propargyl
ether is one of the frequently-used thermally crosslinkable
groups and the formed cross-linked networks have high
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thermostability and good mechanical properties.>*** The char-
acteristic of propargyl group inspires us to introduce this group
into the backbone of PMPs. We hence design and synthesize a
new PMPs consisting of propargyl ether as the side chains. The
new polymer exhibits good film-forming ability and solubility.
After heated at high temperature, PE-PMP film transforms to a
cross-linked network, which shows low coefficient of thermal
expansion (CTE) ranging from 30 to 300 °C. In particular, the
cured PE-PMP shows high glass transition temperature (T;) and
high modulus. These data are superior to those of the
commercial epoxy and novolac resins and polyimides.** More-
over, the cured PE-PMP possesses low dielectric constant in a
range of frequencies from 2 MHz to 30 MHz.

It is noted that the high-performance polymers should
possess the characteristics, including high mechanical stiff-
ness, low dielectric constant and coefficient of thermal expan-
sion (CTE) and easy processability.*” The good properties that
the cured PE-PMP showed suggest that PE-PMP could be a
useful precursor used as insulative coatings for electrical wires
and electronic packaging, as well as the based matrix for
preparation of advanced printed circuit boards composites.

Results and discussion
Synthesis and characterization

Scheme 1 depicts a route for the preparation of propargyl ether-
functionalized PMP (PE-PMP). As shown in Scheme 1, monomer
1 was prepared in a high yield by a reaction between
4-methoxyphenol and 1,3,5-trichlorobenzene in the presence of
a strong inorganic base at high temperature. The polymeriza-
tion of monomer 1 was carried out by using a nickel-mediated
homo-coupling reaction®® in DMAc. The obtained polymer 2
showed the number-average molecular weight (M,,) and poly-
dispersity index (PDI) of 3500 and 1.64, respectively. Such a M,
is consistent with the result previously reported.*®**** The
polymer with such a molecular weight has good solubility in
organic solvents for the further processing. By a simple deme-
thylation reaction, polymer 2 was transformed to polymer 3.
Finally, polymer PE-PMP was successfully synthesized with a M,,
and PDI of 5050 and 1.50, respectively. In comparison with the
starting polymer 2, the target polymer PE-PMP showed more
repeating units (23 for polymer PE-PMP and 18 for polymer 2).
Such difference was attributed to the multi-step precipitation
routes, in which the low molecular fractions were removed.
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Scheme 1 Synthesis of PE-PMP.
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PE-PMP had good solubility in common organic solvents
such as CHCI;, THF, toluene, DMF, acetone, hexane and
cyclohexanone. Casting or spin-coating from a solution of
PE-PMP in toluene gave flat and transparent films (see ESI,
Fig. S17).

The chemical structure of PE-PMP was confirmed by *
NMR, *C NMR, FT-IR spectra and elemental analysis (EA). The
detailed data are listed in the experimental section. Fig. 1
exemplifies the "H and *C NMR of PE-PMP. As can be seen from
Fig. 1, all data are consistent with the proposed structure.

Postpolymerization of PE-PMP

At high temperature, aryl propargyl ether has a tendency to form
chromene through [3,3]-sigmatropic rearrangement.** For PE-
PMP, the thermal crosslinking of propargyl ether units makes
the polymer convert to cross-linked network. Such a cross-
linking reaction®?*** (or postpolymerization) is depicted in
Scheme 2, and it is monitored by DSC traces (Fig. 2). As shown
in Fig. 2, PE-PMP softens at 73 °C and starts the cross-linking
reaction at about 212 °C. The polymer gives a maximum
exothermic peak at 268 °C, similar to the curing behaviors of the
polymers containing propargyl ether units.*»** The curing
degree of PE-PMP was also examined by DSC. Fig. 2 exhibits the
DSC trace (red line) of the postpolymerized PE-PMP, which have
been cured at 320 °C for 3 h. Obviously, the straight DSC trace
implies that PE-PMP has been fully converted to the cross-
linked network. In other words, the postpolymerization of
PE-PMP can be achieved at 320 °C for 3 h.

The curing degree of PE-PMP was also evaluated by FT-IR
spectra. Fig. 3 depicts a comparison of the FT-IR spectra
between PE-PMP and cured PE-PMP. After postpolymerization,
the characteristic absorption peak of alkyne group both in
3292 em™' (C-H stretching vibration) and 2123 ecm ™' (C=C
stretching vibration) completely disappeared, indicating the
completion of curing process.

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0
ppm

Fig.1 H NMR (A, 500 MHz, CDCls) and *C NMR spectra (B, 126 MHz,
CDClz) of PE-PMP. The asterisks indicate CHClz and the impurity in
CDCls, respectively.
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Scheme 2 Postpolymerization reaction of PE-PMP.
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Fig. 2 DSC trace of PE-PMP at a heating rate of 10 °C min~t in Na.

100

90

/

N 2123 cm™
3292 cm™

80 -

70 -

jo}

2 60

S

é 50

2

G 40

=0k —— Cured PE-PMP

2r __PEPMP

10 |

0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 3 FT-IR spectra of PE-PMP and cured PE-PMP.

Thermostability of the cured PE-PMP

Thermostability of cured PE-PMP was evaluated by TGA in
nitrogen and air atmosphere, and the results are depicted in
Fig. 4. As shown in Fig. 4, cured PE-PMP exhibits 5 wt% loss in
nitrogen and air at 471 °C and 451 °C, respectively. It is note-
worthy that there is only 20 °C decreased from nitrogen to air in
temperature of the 5 wt% loss, which means that the material
shows high thermostability in air and could be applied in fire-
resistant field. Moreover, the cured polymer shows a char
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Fig. 4 TGA curves of cured PE-PMP at a heating rate of 10 °C min™%.

yield of 67% in nitrogen at 1000 °C. These data indicate that
cured PE-PMP has high thermostability.

Mechanical properties of cured PE-PMP

High glass-transition temperature (T,) and low coefficient of
thermal expansion (CTE) are the important characteristics of
high-performance engineering materials. For our newly
designed material PE-PMP, the mechanical properties were
measured by dynamic mechanical analysis (DMA) and thermo
mechanical analysis (TMA).

Fig. 5 shows the DMA results of cured PE-PMP. For
comparison, two types of common commercial epoxy resins
(DER331 and DEN431) were chosen, which have been widely
utilized in electric and microelectronic industry. As can be seen
from Fig. 5, cured PE-PMP possesses high storage modulus
about 7.5 GPa at room temperature and slowly decreases to
4.0 GPa with the temperature increasing to 300 °C. Meanwhile,
cured PE-PMP shows no obvious glass transition behavior even
at the temperature of 300 °C. In contrast, DDS (4,4'-dia-
minodiphenyl sulfone) cured DER331 and DEN431 show low
storage modulus (about 2.0 GPa) at room temperature and
somewhat low glass transition temperature (215 °C for DER331
and 225 °C for DEN431).

10000 1.0
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— — DEN431 + DDS
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Fig. 5 DMA curves of cured PE-PMP, DER331 and DEN431. The mass
ratio of DER331 (or DEN431) to DDS in curing is 3.16 : 1.
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It is noted that coefficient of thermal expansion (CTE) is an
important factor that describes how the size of an object
changes with a change of temperature. For the isotropic mate-
rials, linear CTE is to identify the ability of thermal expansion of
a material. For cured PE-PMP, X-ray diffraction (XRD) (see ESI,
Fig. S21) shows that the polymer is amorphous, suggesting that
such material is isotropic. Fig. 6 exhibits the relative length
changes (dL/L) of a cured PE-PMP matrix (having a size of 5 mm
x 3 mm x 2 mm) with the temperature. Here, the CTE values
are equal to the slope according to the equation dL/L = oy dT,
where g, represents linear CTE of a material and dT is the
differential coefficient of the temperature, respectively. As
shown in Fig. 6, cured PE-PMP shows an average linear CTE of
30.6 ppm °C™ " in a range of temperatures from 30 to 300 °C.
This CTE is comparable to that of metal plumbum and better
than those of the commercial epoxy resins. It is noteworthy that
an interesting phenomenon occurs when the temperature rises
above 150 °C, the CTE of cured PE-PMP decreases to 21.3 ppm
°C™'. Moreover, cured PE-PMP shows a high T, (near 330 °C),
which is much higher than that of the commercial epoxy resins.
From an application point of view, the materials with low CTE
and high T, are very desirable for their application in electrical
and microelectronic industry.

The mechanical properties of cured PE-PMP film were also
measured by nanoindentation test. The results show that the
film has an average hardness of 1.22 GPa, a Young's modulus of
9.44 GPa and a bonding strength to the silicon wafer of
783 MPa, respectively. The obtained data indicated that the
polymer have good mechanical properties.

Dielectric properties of cured PE-PMP

The dielectric properties of cured PE-PMP were conducted by
the capacitance method.*® The device was prepared by pre-
curing of PE-PMP at 150 °C in vacuum followed by post-
polymerization to obtain a dark brown product. The results are
illustrated in Fig. 7. As can be seen from Fig. 7, cured PE-PMP
exhibits dielectric constants (k) values in a range of 2.84 to
3.02 along with dissipation factors (tan 6) below 0.014, ranging
the frequencies from 2 MHz to 30 MHz. Such low k and tan 6

0.020
0.016 - Coeff, = 132.3 ppm
0.012 -
=
= 0.008 |- Coeff, = 21.3 ppm
0.004 |- Ts=329°C
0.000 < Coeff, = 38.5 ppm
1

1 n 1 n "
100 200 300 400
Temperature (°C)

Fig. 6 Relative length change (dL/L) versus temperature (T) of cured
PE-PMP.
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Fig. 7 Dielectric constants (k) and dissipation factors (tan ¢) of cured
PE-PMP.

values are also desirable in electrical and microelectronic
industry.

Conclusions

A new poly(m-phenylene) functionalized with propargyl ether
has been successfully synthesized. This polymer shows good
solubility in the common organic solvents and good film-
forming ability. After postpolymerization at high temperature,
the polymer converts into a cross-linked network, which shows
high thermostability, modulus and T, as well as low dielectric
constant and good mechanical properties. Those data imply
that the new polymer can be used as a matrix resin for the
preparation of high performance composite applied in micro-
electronic and aerospace industry.

Experimental section
Materials and instrumentation

All starting chemicals were purchased from Aldrich and used
without further purification unless otherwise stated. The
solvents utilized in this contribution were distilled from
calcium hydride and stored under an argon atmosphere. Two
commercial epoxy resins, DER331 (an bisphenol A type epoxy
resin with epoxy equivalent weight of 182-192 ¢ eq.”") and
DEN431 (an novolac type epoxy resin with epoxy equivalent
weight of 172-179 g eq.”') were purchased from The Dow
Chemical Company and used as received.

"H NMR and '*C NMR spectra were obtained on a Bruker
AV-400 or Agilent 500/54/ASP instrument. FT-IR spectra were
recorded on a Thermo Scientific Nicolet spectrometer with KBr
pellets. Differential Scanning Calorimetry (DSC) was deter-
mined with TA Instrument DSC Q200 at a heating rate of 10 °C
min~" under nitrogen flow. Thermogravimetric analysis (TGA)
was performed on a TG 209F1 apparatus with a heating rate of
10 °C min~" in nitrogen or air atmosphere. Molecular weights
were measured by using a Waters Breeze2a 200 GPC instrument
with polystyrene as standards and tetrahydrofuran (THF) as the
eluent at 35 °C. The dielectric constants (k) of the cured samples
were measured in the range of frequencies from 2 MHz to

This journal is © The Royal Society of Chemistry 2015
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30 MHz at room temperature by a 4294A Precision Impedance
Analyzer (Agilent). The surface toughness of the cured polymer
film was measured by atom force microscopy (AFM) (Shimadzu
SPM-9500]3). A TI 950 TriboIndenter (Hysitron) was used to
measure the mechanical properties of films including hardness,
Young's modulus and bonding strength. Dynamic mechanical
analysis (DMA) and thermo-mechanical analysis (TMA) were
recorded on the Mettler Toledo DMA/SDTA86le and
TMA/SDTS841e instruments, respectively with a heating rate of
3 °C min~" in air.

Synthesis

Synthesis of 1,3-dichloro-5-(4-methoxyphenoxy)benzene
(monomer 1). NaOH pellets (7.1 g, 177 mmol) was added to a
stirring solution of 4-methoxyphenol (20.00 g, 161 mmol) and
1,3,5-trichlorobenzene (43.85 g, 242 mmol) in DMSO (200 mL)
at room temperature. The resulting mixture was heated to
150 °C and stirred at the temperature for about 5 h. After the
mixture was cooled to room temperature, water (300 mL) was
added. The obtained mixture was extracted with ethyl acetate
(3 x 300 mL). The combined organic phase was washed with
brine (400 x 3 mL) and dried over anhydrous MgSO,. After
filtration and removal of the solvent under vacuum, the residue
was purified by a flash column chromatography on SiO, with
hexane as the eluent. Monomer 1 was obtained as a white solid
in a yield of 91.2% (35.39 g) and with a purity of 99.4% (HPLC).
'H NMR (500 MHz, CDCl;): 6 7.04 (dd, J = 3.7, 2.0 Hz, 1H),
7.03-7.00 (m, 2H), 6.97-6.92 (m, 2H), 6.86 (d, J = 1.8 Hz, 2H),
3.83 (s, 3H). >C NMR (126 MHz, CDCl;): 6 160.08, 156.83,
148.39, 135.55, 122.39, 121.51, 115.82, 115.17, 55.54. HRMS
(m/z): [M]" caled for C;3H;0Cl,0,, 268.0058. Found 268.0057.

Synthesis of polymer (2). To a flame dried Schlenk tube
charged with NiBr, (2.18 g, 10 mmol), 2,2"-bipyridine (BPY,
1.56 g, 10 mmol), PPh; (13.11 g, 50 mmol) and zinc dust (9.75 g,
150 mmol), dry N,N-dimethylamide acetate (DMAc) (60 mL) was
added under an atmosphere of argon. The mixture was
degassed and stirred at room temperature for 1 h. When the
solution changed into red brown, monomer 1 (13.45 g,
50 mmol) was added. The mixture was heated to 80 °C and kept
at the temperature for 3 days. The resulting black mixture was
diluted with DMAc (50 mL), filtered through celite, and then
poured into 1000 mL of methanol containing concentrated HCI
(50 mL). The obtained precipitate was dissolved in CHCl; and
reprecipitated in methanol. After filtration, washing with
methanol, and drying under vacuum at 80 °C for 10 h, polymer 2
was obtained (9.8 g, yield 100%). "H NMR (400 MHz, CDCl,): §
7.55-7.30 (m, 2H), 7.21-7.12 (m, 1H), 7.10-6.81 (m, 4H),
3.91-3.72 (m, 3H). "*C NMR (126 MHz, CDCl,): 6 159.44, 156.22,
149.78, 143.01, 121.00, 120.61, 115.79, 115.12, 55.73. Anal. caled
for (C13H;0,).: C, 78.77; H, 5.09. Found: C, 77.53; H, 5.09.

Synthesis of polymer (3). To a stirring solution of polymer 2
(9.82 g) in CH,CI, (150 mL), BBr; (2.4 M in CH,Cl,, 50 mL) was
added at 0 °C. The mixture was warmed to room temperature
and stirred at the temperature overnight. The resulting mixture
was slowly poured into ice-cooled methanol (800 mL) and stir-
red for 30 min. After removal of the solvent under vacuum, the

This journal is © The Royal Society of Chemistry 2015
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residue was precipitated in deionized water. The obtained
precipitate was re-dissolved in acetone and reprecipitated in
deionized water. Polymer 3 was thus obtained in a yield of 84%
(7.3 g) after filtration, washing with deionized water, and drying
under vacuum at 80 °C for 24 h. "H NMR (500 MHz, acetone-d,):
6 7.80-7.57 (m, 1H), 7.42-7.08 (m, 2H), 7.03-6.83 (m, 4H). *C
NMR (126 MHz, acetone-de): 6 160.84, 154.88, 149.56, 143.76,
122.16, 122.06, 117.29, 117.21.

Synthesis of PE-PMP. To a stirring solution of polymer 3
(6.84 g) in DMF (70 mL) was added K,CO; (12.83 g, 93 mmol)
and 3-bromopropyne (11.02 g, 8.1 mL, 93 mmol) at room
temperature. The resulting mixture was stirred constantly at
room temperature for 2 h and at 50 °C for 10 h, respectively.
After cooled to room temperature, the mixture was quenched
with H,O (100 mL) and extracted with CHCI; (3 x 100 mL). The
combined organic phase was washed with brine (200 mL) and
dried over anhydrous MgSO,. After filtration and removal of the
solvent under vacuum, the residue was precipitated in meth-
anol. The obtained precipitate was re-dissolved in CHCI; and
reprecipitated in methanol. PE-PMP was obtained by filtration,
washing with methanol and drying under vacuum at 80 °C for
10 h. Yield: 7.7 g, 93%. "H NMR (500 MHz, CDCly): 6 7.54-7.43
(m, 1H), 7.24-7.14 (m, 2H), 7.12-6.92 (m, 4H), 4.75-4.65 (m,
2H), 2.59-2.48 (m, 1H). "*C NMR (126 MHz, CDCl;): 6 159.10,
154.00, 150.59, 142.94, 120.75, 116.35, 116.26, 116.04, 78.68,
75.82, 56.39. Anal. caled for (Cy5H;00,),: C, 81.07; H, 4.54.
Found: C, 80.28, H, 4.55.

Cured PE-PMP sample preparation. PE-PMP (3.5 g) was
placed in a flat-bottomed glass tube (¢ = 8 mm, and highness of
10 cm) filled with argon. The tube was heated to 150 °C and kept
at the temperature for 5 h so that a transparent melting liquid
was obtained. The temperature was then elevated and kept at
200 °C for 1 h, 220 °C for 1 h, 250 °C for 2 h, 270 °C for 2 h, and
320 °C for 3 h, respectively. Thus, a completely cured sample
was obtained.
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