Proceedings of the 11th China-Japan Seminar on Advanced Aromatic Polymers (2014)

Soluble and Thermally Stable C0ﬁoly(PhenyI-s-triazine)s Containing both
Diphenylfluorene and Phthalazinone Units in the Backbone

Lishuai Zong,*® Cheng Liu,"¢ Rui Liu,>° Jinyan Wang(F £8#1),***and Xigao Jian(ZH ) P<

2 State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian 116024, China.
® Department of Polymer Science and Materials, Dalian University of Technology, Dalian 116024, China.

¢ Liaoning Province Engineering Centre of High Performance Resins, Dalian 116024, China.

(K LKA LB 2 TS, T E# AT LFELE AR 0 700D

Abstract A series of novel copoly(phenyl-s-triazine)s were prepared by solution polycondensation of
2,4-bis(4-fluorophenyl)-6-phenyl-1,3,5-s-triazine (BFPT) with 9,9-bis(4-hydroxyphenyl)fluorine (BHF)
and 4-(4-hydroxylphenyl)(2H)-phthalazin-1-one (HHPZ) to investigate the effects of bulky
diphenylfluorene units on solubility as well as thermal and mechanical properties. The synthetic
procedure was efficiently optimized, resulting in high M, up to 4.3 X 10* g/mol in GPC. Moreover, the
introduction of diphenylfluorene moieties in the main chains leads to the outstanding modification in
the solubility of the copolymers in common organic solvents, such as chloroform, chlorobenzene (CB)
and N-methylpyrrolidone (NMP). Simultaneously, the copolymers exhibit remarkable dimensional
stability as evidenced by DMA, and maintain excellent thermal properties with glass transition
temperatures (Tgs) ranging from 307°C to 340°C, 5% mass-loss temperatures lying between 525 °C
and 551 C, and char vyields at 800 ‘C higher than 55% in N,. Their solubility increases with the
increase of diphenylfluorene content in the polymer backbone, and the thermal properties just
decrease slightly. The films obtained via solution casting technology possess commendable
mechanical properties, even at elevated temperatures.

Keywords: Poly(phenyl-s-triazine)s Diphenylfluorene Phthalazinone Solubility Thermal
stability

Introduction

Poly(arylene ether)s (PAEs) is one of the most important classes of high-performance polymers that
have attracted much attention in recent years. These materials can be used as structural materials in
automotive, aerospace, microelectronic industries [1-6] and polymer electrolyte membrane fuel cells
[7-11] for possessing a combination of interesting properties, such as excellent mechanical strength
per unit weight, highly thermal stability and good insulating properties.

In the research of PAEs, the PAEs bearing rigid phenyl-s-triazine rings (PAEPs) in the main chain are
particularly valuable as thin membranes for fuel cells [12,13] and matrix resins for advanced
composites [14,15], especially at elevated temperature applications, due to the merits brought by the
high resonance energy of the phenyl-s-triazine units. Simultaneously, the high electron affinity and
structural symmetry of the phenyl-s-triazine units in favor of electron injection and transport
encouraged the researchers to explore their application in electroluminescent devices [16-18].
However, the plane-structural characteristic of phenyl-s-triazine units, in general, has limited
solubility in common organic solvents, even with the incorporation of flexible ether linkages [18].
Additionally, gels always take place in the later stage of their polymerization. Thus, the high molecular
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weights of poly(aryl ether phenyl-s-triazine)s were hardly attained.

As known, most high performance polymers composed of rigid rod-like main chain are extremely
difficult to be dissolved in normal organic solvents or hardly to be melt processed due to their highly
rigid molecular structure. Modifying the solubility of the polymers is a more feasible alternative than
enhancing the fusion processing property [19]. Introducing flexible linkages [20]or polar pendent
groups [21-24] into the polymer backbone is a commonly synthetic strategy for improving the
solubility of PAEs. Tigelaar D M and cooperators [12] reported the effects of flexible sulfone bonds
and pendant groups bonding to phenyl of the phenyl-s-triazine ring in poly(arylene ether sulfone)s on
solubility. The results showed that the polymers with more bulky branching groups like
diphenylamine group displayed better solubility, for instance in NMP, allowing formation of high
molecular weight polymers, unfortunately, with sacrificing the thermal properties of PAEs.

Incorporating heterocyclic structure into the main chain has been proved to be an effective
approach to promote the comprehensive properties of PAEs, especially mechanical properties and
thermal stability with improving the solubility for some kinds of polymers with the large bulky
heterocyclic structure in polymer backbone. Considerable research has been focused towards
developing soluble PAEs with novel heterocyclic structures for broadening the applications of PAEs. Lu
and coworkers[25] investigated the solubility of the poly(arylene ether)s derived from two kinds of
biphenols, the rigid symmetric 2,5-bis(4-hydroxy-4-biphenylyl) -1,3,4-oxadiazole (named as biphenol
3) and unsymmetrical 2,2'-bis(2-hydroxyphenyl)-p-quaterphenyl (named as biphenol 4. Poly(arylene
ether) homopolymers prepared from biphenol 4 could be soluble in common organic solvents, while
the homopolymers prepared from biphenol 3 were completely insoluble. A series of polymers
containing phenyl-phthalazinone segments have been established in Hay and our group in the past
few years. [26-29]. Phthalazinone-containing polymers have good solubility in some organic solvents
like N,N-dimethyl acetamide (DMAc), choloroform, N-methyl pyrrolidone (NMP), owing to the twist
non-coplanar special structure of the phthalazinone moieties in the polymers to cumber the close
packing of the polymers chains, enlarge the average intermolecular distance of the polymers and
enable solvent molecules to diffuse easily into the polymer chains[29]. Yu etc then explored the
homopolymers containing phthalazinone and phenyl-s-triazine ring in the main chain of the polymer.
Unfortunately, no high molecular weight polymer was obtained due to precipitation during
polymerization [30]. This suggested that the huge rigid plane of phenyl-s-triazine ring weakened the
role of phthalazinone segment.

Diphenylfluorene is a bulky moiety. Bae and coworkers[31] estimated its approximate molecular
size via semiempirical molecular orbital calculation. The plane of the hydroxyphenyl units runs
vertically rather than horizontally to the fluorene plane in 3D (Scheme 1). As a result, the polymers
containing diphenylfluorene units were generally soluble in most of solvents [32-34], while
maintaining the thermal stabilities [35].To the best of our knowledge, there is little research on
introducing diphenylfluorene moieties into the backbone of poly(aryl ether phenyl-s-triazine)s.

In this paper, we describe the synthesis of novel polymeric phenyl-s-triazines containing
diphenylfluorene and phthalazinone moieties. The effects of the introduction of diphenylfluorene
moieties on the solubility, thermal and mechanical properties as well as crystallinity of the
copolymers were investigated in details. Additionally, several factors that would affect the molecular
weight of the polymers were also discussed.

Experimental
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Materials

2-Phenyl-4,6-bi(4-fluorophenyl)-1,3,5-triazine (BFPT) was synthesized according to the procedure
reported previously [18]. The product was recrystallized from toluene, and white long thin needle
crystal was obtained and ground before used; m.p.:260.2-260.8 °C ; purity: 99 wt%. The product was
confirmed by MALDI-TOF/MS (M+ Calcd. as Ca1H13N2F2 345.1078): m/z=345.1067(M+).

4-(4-Hydroxylphenyl)(2H)-phthalazin-1-one (HHPZ) was prepared as white powder by the method
reported [36]. m.p.: 310.0-310.8 'C ; yield: 90 wt%; purity: 99 wt%; MALDI-TOF/MS. (M+ Calcd. as
C14H1002N; 238.0742): m/z =238.0750 (M+).

9,9-Bis(4-hydroxyphenyl)fluorene (BHF) was purchased from Sugian ever-galaxy pharma & Chem
Co., Ltd. and used without further purification. Purity: 99.6 wt%.

Anhydrous potassium carbonate (Beijing Chemical Co., A.R.) was ground and dried in vacuum at
100 ‘C for 24 h before used. N-methyl pyrrolidone (NMP) (Tianjin Chemical Co., A.R.) was refluxed
with CaH, for 2 h, and then vacuum distilled. The 125-127 °C boiling range fractions were collected,
and stored over molecular sieves (type 4A). Chloroform, N,N-dimethyl acetamide (DMAc),
N,N-dimethyl formamide (DMF), pyridine and toluene were purchased from Tianjin Chemical Co.,
while alcohol and isopropanol were obtained from Damao Chemical Co. All of organic solvents and
other chemicals were analytical grade and used as received.

Characterization

Inherent viscosities (Ninn) of the polymers were measured using a Ubbelohde capillary viscometer at a
concentration of 0.5 gdL™? in NMP at 25 °C . Fourier transform infrared (FT-IR) measurements were
performed with a Thermo Nicolet Nexus 470 FT-IR spectrometer. *H-NMR (400 MHz), *H *H gCOSY
NMR (400 MHz) and 3C-NMR (100 MHz) spectra were recorded with a Varian Unity Inova 400
spectrometer using CDCls as a solvent and listed in parts per million downfield from tetramethylsilane
(TMS). High performance liquid chromatogram(HPLC) was performed on a Hewlett-Packard (HP) 1100
liguid chromatography using a mixture of acetic acid (0.1 wt%) and methanol (v/v % 90:10) as eluting
solvent and a 2.0x150 mm Microbore column (Waters Spherisorb® S5 0ODS2) as column.
Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS)
analyses were performed on a Micromass GC-TOF CA 156 MALDI-TOF/MS instrument. Elemental
analyses were conducted on a Vario ELIIl CHNOS Elementaranalysator from Elementaranalysesyteme
GmbH for C, H and N determinations. Gel permeation chromatography (GPC) analyses were carried
out on a HP 1090 HPLC instrument equipped with 5 mm Phenogel columns (linear, 4x500 A) arranged
in series with NMP as solvent calibrated with polystyrene standards. The glass transition
temperatures (T4s) were determined using a TA Q20 instrument at a heating rate of 10 °C/min under
a nitrogen flow of 50 mL/min. The T, values are reported from the second scan after first heating and
guenching, and taken from the midpoint of the change in the slope of the baseline. Dynamic
mechanical analysis (DMA) measurements were carried out on with a TA Q800 instrument at 1 Hz
and heating rate of 3 °C/min under nitrogen atmosphere using a 40x6x0.02 mm? film. In order to
characterize the dynamic mechanical properties, mechanical damping tan 8, storage modulus E’ and
loss modulus E” were all recorded. Thermal Gravimetric Analysis (TGA) was obtained from a TA Q500
instrument at a heating rate of 20 °C/mint in N,. Mechanical property measurements were
determined using anlnstron-5869 machine with a capacity of 100 N at a strain rate of 2 mm min~ton
solution-cast film samples. Wide-angle X-ray diffraction (WAXD) was performed at room temperature
on a Rigaku D/max 2400 automatic X-ray diffractometer with Ni-filtered Cu Ka radiation (40 kV, 100
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mA).
Polymerization

Herein the polymerization reaction of poly(aryl ether phenyl-s-triazine)s (Scheme 1) containing
phthalazinone and diphenylfluorene moieties with the molar ratio of HHPZ and BHF as 1:1, named as
PAEP5050, was selected to describe the general procedure of polymerization as follows. A 100mL
round-bottomed flask was charged with HHPZ (1.9059g, 8.0mmol), BHF (2.8033g, 8.0mmol), BFPT
(5.5254g, 16.0mmol), potassium carbonate (2.6536g, 19.2 mmol), 7.7mL of NMP (solid concentration
is 1.3g/mL) and 15mL toluene. The reaction was carried out at 140-150 ‘Cfor 3h with Dean-Stark trap
by rigorously stirring in order to remove the water produced in the phenolate formation by
azeotroped with toluene. A nitrogen flow was maintained to protect the phenolate from oxidation.
Then, the reaction temperature was elevated to 165 C to eliminate excess toluene, followed by
heating the resulting mixture to 190 °C and keeping for 7h until the viscosity of the reaction system
had no obvious increase. A number of solvents were required to join to the system. Subsequently, the
resultant viscous solution was slowly poured into hot distilled water with stirring to precipitate the
polymer. The crude polymers were boiled several times with distilled water to remove solvent and
inorganic salts. After dried in the vacuum oven, the polymers were dissolved in NMP, followed by
filtering through a thin layer of celite. The polymer solution obtained was slowly poured into ethanol
with stirring, in order to attain a kind of flocculent product. After filtered and rinsed with hot water,
the purified polymer was dried at 120 ‘C under vacuum for 24h. The yield of PAEP5050 was 94%. IR
(ATR, cm™): 2927(=C-H), 1675(C=0), 1592, 1519, 1496 (C=C or C=N), 1446, 1365 (C-N, triazine parts),
1416 (C-H, in-plane bending), 1301 (C-C), 1242, 1162 (C-O-C), 1016 (C-N, phthalazinone parts).
'H-NMR (400MHz, CDCls;, ppm) 6: 8.87-8.76 (s,1H), 8.76-8.53 (s, 26H) , 8.05-7.94 (s, 1H) , 7.83-7.69 (s,
8H) , 7.69-7.59 (s, 1H) , 7.59-7.45 (s, 13H) , 7.45-7.38 (s, 6H) , 7.38-7.31 (s, 6H) , 7.31-7.25 (s, 6H) ,
7.25-7.12 (s, 14H) , 7.12-6.99 (s, 16H) , 6.99-6.86 (s, 14H). 3C-NMR(100 MHz, CDCl3, ppm) 6: 171.37,
170.77, 161.23, 155.04, 154.72, 151.04, 141.47, 140.20, 139.92, 136.24, 132.54, 131.30, 130.99,
130.70, 129.78, 129.46, 128.83, 128.54, 127.91, 127.59, 126.07, 125.44, 120.52, 119.60, 119.29,
118.66, 118.05, 64.43. Elem. Anal. Calcd. for PAEP5050 (Cs1HsoNgOas)n (1199.31).: C, 81.12; H, 4.20; N
9.34%. Found: C, 79.38; H, 4.41; N, 9.39%.
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Scheme 1 Synthesis of PAEPs via a step-growth solution polycondensation and 3D structural patterns of the
monomers used.

Films preparation

All PAEPs films were readily prepared by casting techniques. A typical procedure was carried as
follows. Purified copolymers (0.8-1.0 g) were dissolved in 10 mL NMP and evenly dispersed by stirring
to give transparent solutions (8-10%, w/v). The films were cast from the solutions on glass plates and
dried in an oven of 60 °C for 4 h, at 100 ‘Cfor two weeks under the well-ventilated environment. The
resulting clear films were stripped from the substrates for WAXD and tensile tests.

Results and discussion
Polymer synthesis

PAEPs could be readily derived from a step-growth solution polycondensation of the BFPT, HHPZ
and BHF. The fluorine in BFPT monomer towards the Syar reaction was activated by the electron
withdrawing group s-trizaine unit. NMP was chosen as the reaction solvent because it is a favorable
reaction mediate for the synthesis of phenyl-s-triazine containing polymers with adequate solubility
and reaction temperature. A one-step feed method was adopted, that is HHPZ, BHF and BFPT were
added into reaction flask together. As commonly, the activated BFPT monomer in nucleophilic
displacement reaction system might be denaturalized to
2,4-bis(4-hydroxyphenyl)-6-phenyl-1,3,5-s-triazine (BHPT) in alkali and microdose water environment
[37]. Herein experiment was designed to examine whether denaturation of BFPT monomer occurred
or not in our system. To a three-necked flask equipped with nitrogen inlet and condenser were added
BFPT, K,COs, toluene and a drop of water. The mixture was heated to reflux for 4 h. The resulting
solution was cooled down to room temperature. The product was collected by filter and then rinsed
with distilled water for several times to remove the salt, followed by detected via TOF-MS instrument
for the accurate mole mass. As Fig. 1 shows, only m/z=345.1077 peak belonging to BFPT (m/z=345.34)
can be observed, whereas the molecular weight of BHPT (m/z=341.36) is absent. The results show
that BFPT is stable during phenolate-forming process. Accordingly, one-step feed method is feasible.
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The favorable reacting temperature was also investigated. According to the previous reports [38],
high reaction temperature like exceeding 180°C could suppress the different reactivity of O-H group
and N-H group in HHPZ monomer. Thus, the reaction temperature was selected as 190 ‘C and 200°C
to investigate its effect on the reaction procedure via monitoring the increase of the molecular
weight of the polymer for each one-hour interval using GPC instrument. The GPC results were shown
in Fig. 2. As shown in Fig. 2, the molecular weights of the polymers rise rapidly at initial step of the
reaction. After 3 hours, the chain increasing rate for 200°C system slows down obviously with only M,
of 29,600 obtained finally. Simultaneously, the higher M, of 38,400 at 190 °C for 7 hours means the
rational reaction condition for the preparation of our PAEPs. The inherent viscosities (ninn) of

Fig. 1 TOF-MS spectra of BFPT treated by a simulated phenoxide-forming process.

Fig. 2 Graph of molecular weight of PAEP5050 versus time reacting at 190°C and 200°C, respectively.

PAEP7525-PAEP0O100 in NMP range from 0.60 to 1.17 dL/g, and increase with diphenylfluorene
contents increase in the backbone, indicating that BHF is more active than HHPZ in nucleophilic
substitute reaction. The synthetic details along with polymeric results for PAEPs are summarized in
Tablel.

Table 1 Synthetic condition, inherent viscosity and molar masses of PAEPs.
Polymer  Composition HHPZ/BHF Reaction time(h) nin(dL/g)* M,®  PD? Yield(%)

PAEP1000 100/0 5.0 1.35¢ -d - 90
PAEP7525 75/25 7.0 0.60 22,800 2.7 93
PAEP5050 50/50 7.0 0.67 38,400 2.7 94
PAEP2575 25/75 7.0 0.91 38,600 3.4 95
PAEP0100 0/100 6.0 1.17 43,000 2.2 95

9 Inherent viscosity of PAEPs was determined at a concentration of 0.5 g/dL in NMP at 25°C.
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b Number-average molar mass (M,) and polydispersity (PD) of PAEPs was measured by GPC in NMP calibrated
with polystyrene standards.
¢ Inherent viscosity of PAEP1000 was determined at a concentration of 0.5 g/dL in concentrated sulfuric at 25°C.

4 Number-average molar mass and polydispersity of PAEP1000 could not be detected by GPC.

Polymer characterization

Several sets of tests including FT-IR, NMR and elemental analysis were carried out to investigate the
chemical structure of the copolymers obtained. As Fig. 3 depicts, the peaks belonging to all easily
discernible bands as well as to vibrations at certain characteristic positions were recorded and
discussed according to the FT-IR spectra. All PAEPs exhibit a characteristic absorption band for C=N
stretching at 1590 cm™ and 1520 cm™due to skeletal stretching vibrations and in-plane vibrations of
the s-triazine rings. The band in the region 1360-1380 cm™ is caused by C-N stretching and the band
appearing at 1660-1680 cm™ belongs to the lactam C=0 stretching, both of which convince the
existence of phthalazinone groups. A strong band stretching at around 1240 cm™ appears by virtue of
Ph-O-Ph linkages. The absorption peak at 1167 cm™® belongs to skeletal vibrations of C-C bonds.
Furthermore, 1660-1680 cm™ bands attributed to phthalazinone moieties are weakening gradually,
while the absorption of C-C bonds are strengthening from top to bottom. The results are consistent
with the increasing nature of the content of phthalazinone units born in the polymer backbone.

Fig. 3 FT-IR spectra of PAEPs.
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Fig. 4 'H NMR spectra (CDCls) of PAEPs, with assignments.

'H-NMR and 3C-NMR spectra were conducted to confirm the chemical structure of PAEPs samples.
As evident from the 'H-NMR spectra (Fig. 4), a multiplet at §=6.80-9.0 is caused by the presence of
aromatic protons. However, the chemical shift assignment of each category of relative hydrogen
protons is somewhat inconvenient. Thus, H-H gCOSY NMR test of PAEP2575 was carried out as a
representative example in Fig. 5. The characteristic single peak shifting at downflied 8.77 ppm, which
can always be adopted to fix up the other atom as the reference signals, is diagnostic for the presence
of ortho-hydrogen (H-1) of lactam in phthalazinone. The hydrogen protons of phenyl-s-triazine in the
main chain of polymers could be identified by signals at 8.51-8.75, 7.02-7.10 and 7.46-7.60 ppm,
respectively. Shifting of the hydrogen protons (H-8, H-9) ortho to s-triazine rings appears at high
frequencies due to the deshielding current effect of the strong electron-withdrawing s-triazine groups.
H5, 8, 9 are shifting at nearly the same flied, because they are in similar chemical environment for
being adjacent to the C=N bond. The signals at 7.25-7.40 and 7.70-7.80 ppm are ascribed to the
aromatic hydrogen protons (H-12, 15, 13, 14) bonding to diphenylfluorene groups. All the chemical
shift peaks agree sufficiently well with the expected structure of PAEP2575 as indicated in Fig. 5.
Additionally, the integration dimensions of characteristic peaks of H-12, 13, 14 and 15 decrease, while
that of H-1, H-2 and H-4 increase with the increasing molar ratios of phthalazinone moieties
contained in polymer backbone according to Fig. 4.

Fig. 5 H-H gCOSY spectra (CDCls) of PAEP2575, with assignments.
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13C-NMR spectra were also used to convince further evidence for the chemical structure of
PAEPs samples. In a representative 3C-NMR spectrum of PAEP2575, the signal of an alkyl carbon
atom connected to four benzene rings in diphenylfluorene moiety appears upfield at 64.43 ppm,
indicating the existence of fluorene structures. The signals at 171.42 and 170.74 ppm are assigned to
the carbon protons of the s-triazine units owing to the deshielding current effect of s-triazine. Based
on the analysis above, the spectral features of the synthesized PAEPs are consistent with their
proposed structures.

Polymer solubility

Table 2 Solubility of PAEPs.

Solubitity?
Polymer*
NMP¢ CB C)HxCls CHCIz Py THF Sf To DMAc CH>Cl, DMSO DMF Acetone IP H>SO4
PAEP1000 +- - +- - - - - - - - - - - - T+
PAEP7525 + +- +- +- - - - - +- +- - - - - ++
PAEP5050 ++ +- + + R L +- +- - - - - ++
PAEP2575 ++ ++ ++ ++ + +- + - +- +- - - - - ++
PAEPO100 ++ ++ ++ ++ + + + 4+ +- +- - - - - ++

9 The solubility of PAEPs was tested with 0.04g of the polymers in 1mL of solvent

b Solubility: ++: soluble in room temperature; +: soluble on heating; +-: partially soluble on heating;-: insoluble.

¢ NMP: N-methylpyrrolidone; CB: chlorobenzene; THF: tetrahydrofuran; Sf: sulfolane; Py: pyridine; To: toluene; DMAc:
N,N-dimethyl acetamide; DMSO: dimethylsulfoxide; DMF: N,N-dimethyl formamide; IP: isopropanol.

The solubility of the resulting copolymers was measured by dissolving 0.04g of the polymersin 1
mL solvent (4%, w/v), as shown in Table 2. The polymers exhibit reasonable solubility in several
aprotic solvents at ambient temperature, such as NMP, chlorobenzene, C;H,Cls and chloroform, when
the fraction of diphenylfluorene segments in polymer backbone is higher than 50 percent. Whereas
PAEP1000 is hardly soluble in any solvents due to the strengthening charge transfer interaction
between phenyl-s-triazine rings and aromatic rings which hampers small solvent molecules to diffuse
into them. Compared to reported PAEPs [18,39], our PAEPs could be soluble in chloroform. However,
in poly(aryl 1,3,5-trazine)s system, this function of introducing the crank, twisted non-coplanar
phthalazinone moieties into polymer backbone is weakened because of the large conjugated system.
Herein, diphenylfluorene segments possessing bulky volume in space were incorporated into polymer
backbone for increasing the free volume of polymer chains to a higher degree. The increasing steric
congestion between macromolecular chains makes solvent molecules diffuse into more easily,
eventually resulting in a visible modification of the solubility. The desirable solubility behavior of
PAEPs will undoubtedly facilitate the synthetic process of polymers under milder conditions and
broaden the application of the polymers in coating and film fields.
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Polymer thermal property

The glass transition temperatures (Tys) of the polymers listed in Table 3 were detected by
differential scanning calorimetry (DSC, Fig. 6) and dynamic mechanical analysis (DMA, Fig. 7, 8). In
DSC analysis, the specimen was heated at a rate of 10 °C /min from 25 °Cto 400 °C, then quenched
back to 25°C, and the spectrum was recorded with the same heating rate in the second heating cycle.
As Fig. 6 depicts, a clear glass transition is found at 307, 312, 324, 328 and 340 °C for
PAEP0100-PAEP1000, respectively. The DSC curves display only a single distinct T, and no obvious
trace of crystalline is detected, suggesting the amorphous stack of polymer chains. Fig. 6 also shows
that the T, values of the copolymers decrease with the diphenylfluorene contents increase in
polymer backbone. The introduction of diphenylfluorene units enlarges the intermolecular free
volume, which causes the polymer chains much easier to move, and finally leads to a decrease in Ty
value. Moreover, the Tgs of all the polymers surpass 307 °C, higher than (60-70°C) those of reported
phenyl-1,3,5,-triazine polymers (T,=240-255C), implying the outstanding thermal properties of the
copolymers.

Fig. 6 DSC traces of PAEPs.

The glass transition temperatures of polymers were also detected on thin film samples by
dynamic mechanical analysis (DMA), which described the transition via detecting relaxation of
molecular motion (Fig. 7, 8). As shown in Fig. 7, a distinct decrease in E’ trace occurring at 25-130°C
are associated with the secondary relaxations, which are probably caused by rearrangement and
orientation of polymer main chains. For some favorable aspects, these transitions would lead to
reduce or eliminate internal stresses though sub-T,; annealing during fabrication. It also makes us
believe that the motions of individual units or small segments indeed happen in the molecular
backbones, and the interspace between polymer chains actually exists, which is spacious enough for
macromolecule to move inside. After that change, a steady creep of the modulus is observed before
260 C caused by the orientation of macromolecular chains at high temperatures. Then E’ value
begins to decrease sharply, which means the catastrophic deterioration of the mechanical properties
of the film samples. In Fig. 8, the maximum tan & values of the films represent the appearance of the
glass transition at 328°C, 337°C, 348°C,360°C for PAEP 0100-PAEP7525, respectively, indicating that
the copolymers possess commendable dimensional stability at elevated temperature.
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Fig. 7 DMA traces of PAEP0100 film.

Fig. 8 Tan & traces of PAEP films.

In other way, based on the T,s of the homopolymers distinguished from the feed ratio of the
different monomers, the Tgs of copolymers could be predicted according to Fox equation{Fox, 1956
#4737}[40] as follow:

‘_§

_hh (1)
T

1

L
7,

)

Where Ty is the glass transition temperature of the copolymer, W;, Wsis the weight fraction of one
single monomer to total diphenols, respectively. Tg1, Ty is the glass transition temperature of the
corresponding homopolymers, respectively. The Tys determined both by DSC and DMA coincide with
that calculated by Fox equation (Fig. 9), which illustrates the structures of these copolymers are
consistent with design from another point of view. However, PAEP1000 couldn’t be detected by DMA
due to its poor film-forming property. Thus, we adopted the T, measured by DSC plus 25 C as
substitute.
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a: calculated Ty values according to FOX equation determined by DSC;
b: tested Tg values determined by DSC

c: calculated Tg values according to FOX equation determined by DMA;
d: tested Tg values determined by DMA

Fig. 9 Correlation between Tg value of PAEPs and the diphenylfluoene content (mol% relative to the total
diphenols).

The thermal stabilities of the polymers were evaluated using thermogravimetric analysis (TGA)
as shown in Fig. 10. In order to make a clear comparison, the temperature of each significant stage
such as 5% weight loss, char residue at 800°C as a function of monomer fraction is listed in Table 3.
The polymers are stable before 500 “C under nitrogen atmosphere. They retain 95% weight at
499-580°C and 90% weight at 538-590 °C in N,, respectively. PAEP0O100 containing no fraction of
phthalazinone reveals a superior performance of thermal stability with the weight retention at 95%
higher than 580 °C, indicating that its alkyl structural character adjacent to four benzene rings
doesn’t draw back the temperature of decomposition. The excellent thermal stabilities of these
polymers are confirmed by the high char residues as well. The char yields of all polymers obtained
are greater than 55%, suggesting that phenyl-s-triazine units endow PAEPs with a more stable
polymer backbone. The 5% mass loss temperatures decrease and the C, values at 800 ‘C increase
with the increase of the fraction of phthalazinone units in the main chain. The nitrogen atoms of
phthalazinone and phenyl-s-triazine units lead to high C, values. Likewise, the evidence that two
kinds of peaks appear in DTG curves indicates two different degradation mechanisms.

Table 3 Thermal properties of the PAEPs.

Polymer Tg/CoP Ty/'Cod Ta/ C* Tsy/ C/ Tiow/ C/ Tmax/C9 Cy(%)"
PAEP1000 340(365) - 499 498 538 541,633 56.7
PAEP7525 328(360)  331(355) 501 531 558 537,591 62.5
PAEP5050 324(348)  323(346) 507 539 563 543,591 57.3
PAEP2575 312(337)  315(337) 511 563 582 547,598 56.5
PAEP0100 307(328) - 531 580 592 601 55.3

9 Glass transition temperature was measured by DSC and the reflection point was taken as T.

bGlass transition temperature in the parentheses was measured by DMA and the peak point of tan 8 was taken as T,.

¢ Glass transition temperature was calculated according to FOX equation measured by DSC.

9 Glass transition temperature in the parentheses was calculated according to FOX equation measured by DMA

¢ Temperature for initial decomposition was recorded on TGA at the heating rate of 20 'C /min inr N, and the onset
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temperature was taken as Tq

fTemperature for 5%, 10% weight loss was recorded on TGA at the heating rate of 20°C/min in N,.

9 Temperature for the maximum decomposition was recorded on TGA at the heating rate of 20°C/min in N,.
h Char yield at 800°C was recorded on TGA at the heating rate of 20°C/min in N,.

Fig. 10 TGA and DTG thermograms of the PAEPs.

Polymer mechanical property

The mechanical properties of PAEP7525 to PAEP0100 films were tested by tensile measurement
at the stretching speed of 2 mm/min, as shown in Table 4. The samples have tensile stress at
maximum load of 73-112 MPa, tensile moduli of 1.8-2.4 MPa, and elongation at break of 6% to 8% at
room temperature, respectively. Furthermore, film samples were treated in oven under air
atmosphere at 150 ‘C and 250 ‘C for 4 h, respectively, followed by investigating their residual
mechanical properties. As evidenced in Table 4, all the film specimens treated at 150 ‘C for 4 h
exhibit better tensile strength than no heat treated samples, probably because of the rearrangement
and orientation of polymer main chains at elevated temperature. Thus, treating the PAEPs at 150°C
is preferable to orientate polymer chains to eliminate the residual stress for our polymers. However,
when treated at 250 C, their tensile strengths exhibit a slightly decrease. These results agree well
with the DMA analysis which showed the decrease of E’ value at near 250 ‘C. Tensile modulus and
elongation at break abide the same tend after heated at elevated temperatures. The results indicate
that the PAEPs materials have good mechanical properties, especially at elevated temperatures,

indicating their excellent thermal stabilities.
Table 4 Mechanical properties of PAEPs”.

Polymer Tensile Strength/MPa Elongation at break (%) Tensile Modulus/GPa
A B C A B C A B C
PAEP7525 84 89 53 6 8 4 2.0 2.2 1.9
PAEP5050 73 84 64 6 6 6 1.8 2.0 1.6
PAEP2575 106 118 110 8 9 8 2.1 2.8 2.1
PAEP0100 112 130 112 8 8 6 2.4 2.4 2.3

9 Key: A: original samples before thermal degradation; B: samples thermally degraded at approximately 150 °C for 4 h; C:
samples thermally degraded at approximately 250°C for 4 h.
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Polymer crystallinity

The wide-angle X-ray diffraction (WAXD) was utilized to character the crystallinity of the
polymers on thin film at room temperature showed in Fig.11. The crystalline pattern can be
accurately predicted by measuring intensities at 20 values. According to this procedure, the
dispersion peak from 10° to 33° is associated with the amorphous nature of the copolymers obtained.
The areas at 22.5°, 24.2°, 26.8°and 29.6° are measured as crystalline diffraction. The crystallizing field
[41] was calculated less than 5% (PAEP1000-PAEP0100 for 1.1%, 1.7%, 2.4%, 1.9% and 2.6%,
respectively). It is noteworthy that the peak value at 26=29.6° vanishes in the curves of
PAEP7525-PAEP0100, indicating that the partial crystallinity is attributed to the phthalazinone
segments. The peak value at 26=22.5°, 24.2°, 26.8° might be caused by diphenylfluorene segments.
No obvious distinction of intensities is detected, suggesting that the sizes of crystallinity regions don’t
depend on the content of construction units. The presence of bulky moieties hampers the
crystallization process and disrupts the planarity and symmetry of polymer chains, finally leading to
the amorphous or micro-crystalline nature. What interested us more was that crystallization indeed
occurred in polymer internals. The mechanism of crystallization will be researched and discussed
elsewhere.

Fig. 11 WAXD diffractograms of PAEPs.
Conclusions

A series of novel organosoluble and thermally stable poly(phthalazinone ether 1,3,5-triazine)s were
prepared by the polymerization reaction of BFPT with BHF and HHPZ. The obtained random copolymers were
characterized by FT-IR and NMR for convincing their accurate structure. Diphenylfluorene units in polymer main
chain have brought about an improvement on solubility while maintaining desirable thermal properties. The
copolymers with more than 50% content of diphenylfluorene augments could be dissolved in chloroform and
NMP at room temperature. Thus, they could be readily processed from solution to derive flexible transparent
films. Their films have commendable mechanical properties at both room and elevated temperatures. All the
polymers possess excellent thermal properties with high Tgs, decomposition temperatures and C, values in
comparison with previously reported analogues. All polymers display amorphous nature with a typical pattern
of micro-crystallinity as evidenced by WAXD. Combining all the above merits suggests a good application of the

resulting PAEPs for processable and heat-resistant structural materials.
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