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ABSTRACT: A series of wholly carborane-containing polyesters with high thermostability were successfully synthesized by the catalytic

polycondensation of carborane diol monomers with carborane diacid chlorides. They can be used for the preparation of materials of

high temperature resistant coatings and adhesive. The influence of solvent, reaction temperature, and reaction time on the molecular

weight and yield of the polymers were studied. In comparison with the carborane-free polyester, the carborane-containing polyesters

showed higher degradation temperature and char yield and lower degradation rate. The thermal gravimetric analyzer (TGA) curves

indicate that the carborane group could effectively reduce the degradation rate of carborane-containing polyesters, which give a char

yield of exceeding 64% under air (47% under N2) at 700 8C. Such data are superior to the carborane-free polyester, which showed a

low char yield of around 0.3% under air (5% under N2) at the same condition. Moreover, the thermal transition mechanism of

carborane-containing polyesters was also studied. The FTIR spectra and TG-FTIR analysis indicate that the carborane cage could react

with oxygen to form BAOAB and BAC linkages at elevated temperatures, which postpones the thermal decomposition of polyester

and accounts for the high char yield. The newly prepared kind of high temperature polyesters have enormous technical and economic

value, especially in the high temperature fields. They can be widely used as raw materials to prepare the high temperature resistant

coatings or adhesives for automotive engine, aircraft and other equipments worked in high-temperature environments. Under high

environmental temperature, the good thermal stability is capable of keeping polyesters stable and expanding their service lives. VC 2016

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44202.
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INTRODUCTION

Polyester was one of the earliest families of polymers explored

synthetically, and they have been thoroughly investigated and

widely applied in practically all major industries such as coat-

ings,1,2 glass or carbon fibers3,4 and structural adhesives5 due to

their low cost, ease of processing, and good balance of mechani-

cal and chemical properties.6,7 In recent years, many efforts

have been paid to improving the toughness and thermostability

of the polyester resins.8,9 The thermal behavior of polyester res-

ins over a wide temperature range is an important aspect which

determines their potential utility.10 Generally, the thermal resis-

tance of aliphatic polyesters is poor. To improve thermal stabili-

ty of polyester, aromatic groups have been introduced to the

main chain of polyesters. Until now, a lot of aromatic polyester

resins with high melting temperature have been reported.9

Additionally, introducing organic heterocyclic groups into the

polyester backbones also can improve the thermal stability of

the polyesters.

Carboranes (C2B10H12) have attracted a great deal of attention for

more than 50 years after which were first reported by Shapiro11 in

1962. Carborane is a remarkably stable icosahedral molecule which

consists of two carbon atoms and ten boron atoms, which have

three isomers as shown in Chart 1: o-carborane, m-carborane, and

p-carborane. Generally, m-carborane is more stable than o-carbor-

ane but less than p-carborane. At 450 8C, o-arborane undergoes an

irreversible thermal rearrangement to produce m-carborane. When

the temperature increased to over 650 8C, the m-carborane rear-

ranges reversibly to the p-carborane.12 The stable large cage struc-

tures endows the carborane with excellent thermal and chemical

stability.13–15 Besides, the rich boron contents makes these com-

pounds useful candidates as neutron trapping agents. Owing to

these distinctive properties, carboranes have been regarded as one

of the most excellent organic groups to improve performance of

organic polymers with remarkable thermal stability.16–18 Therefore,

carboranes were incorporated into many traditional polymers to

improve their thermal stability including epoxy resins,19,20 phenolic
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resins,21–23 polyurethanes,24–27 organic silicone polymers,28–32 ben-

zoxazine resins,17,33,34 polyimides,16 and so forth.

Carborane groups also can be introduced into polyesters to

improve the thermal stability of the polyesters. Decades ago,

several research groups have prepared the carborane-containing

polyester with different molecular weight.24,35–38 However, few

research works about carborane-containing polyester have been

reported in recent years. Due to the big steric hindrance and

stereostructure of the carborane, the preparation of polyesters

containing carborane required tough experiment condition such

as high temperature, especially when the monomers all contain

carborane groups. Additionally, the thermal degradation mecha-

nism of polyester containing carborane also been rarely studied.

Herein, we introduce carborane groups into the main chain of

the aliphatic polyester to improve the thermal stability of aliphat-

ic polyester. The highlight is that a series of wholly carborane

polyesters, in which both diol and diacid chloride contain carbor-

ane, were prepared and the experiment condition is gentle. The

influence of the nature of the solvent, the reaction temperature,

the reaction time on the molecular weight, and yield of the poly-

mers were studied. Furthermore, the thermal degradation mecha-

nism of the polyester resins have been studied. The synthesis

route of carborane diol precursors (1, 2), diacid chloride precur-

sors (4, 7) and carborane-containing polyesters (PE-m1-m4-C

(P1), PE-m1-m7-C (P2), PE-o2-m4-C (P3), PE-o2-m7-C (P4))

were showed in Scheme 1. The carborane-containing polyester

PE-m1-m4-C (P1) and PE-m1-m7-C(P2) were prepared form

C,C0-bis-hydroxymethyl-1,7-carborane 1 reacting with C,C0-1,7-

Carboranyl bis-carboxylic acid chloride 4 and C,C0-1,7-Carbor-

anyl bis(3-propionic acid chloride) 7, respectively, at room tem-

perature (25 8C) by controlling the molar ratios of diol and

dichloride. And the carborane-containing polyester PE-o2-m4-C

(P3), PE-o2-m7-C (P4) were prepared form C,C0-bis-hydroxy-

methyl-1,2-carborane 2 reacting with carborane derivatives 4 and

7, respectively, under the same condition. The carborane diol

monomers 1 and 2 contain different carborane isomers, and the

carborane diacid chlorides 4 and 7 contain different carbon

chains while the same meta-carborane structure. These carborane

derivatives (1, 2, 4, 7) are all originated from o-carborane or m-

carborane via a series of intermediate reaction. The obtained

carborane-containing polyesters have good thermal stability at

the temperatures of up to 500–700 8C. Hence, these kind of poly-

esters can be used as material of high temperature resistant adhe-

sive and coating, which can be widely used in the field of

aerospace, automotive and other equipments worked in high-

temperature environments. Under high environmental tempera-

ture, the good thermal stability is capable of keeping polyesters

stable and expanding their service lives.

EXPERIMENTAL

Materials

Carborane was purchased from Alfa Aesar China (Tian jin). Para-

formaldehyde was purchased from Tian jin Chemical Reagent

Research Institute. Carbon dioxide was supplied by Beijing Ruyuan

Ruquan Technology Company. Phosphorus pentachloride and

phosphorus oxychloride were obtained from Chengdu XiYa Chemi-

cal Technology. n-BuLi was purchased from J&K Scientific. Sodium

hydroxide, sodium chloride, manganese dioxide, and tetrahydrofu-

ran (THF) were purchased from Beijing Chemical Works. THF was

dried by refluxing with sodium and the dye of benzophenone.

Characterization

FTIR spectra were measured by a Nicolet Nexus 670 FTIRspectro-

photometer with a scanning range from 4000 to 400 cm21. And

the solid samples were prepared as pellets using spectroscopic grade

KBr. 1H and 11B NMR spectra were measured on a Bruker ARX

400 NMR spectrometer with CDCl3 and and acetone - d6 as the

solvent and tetramethylsilane (TMS; d 5 0 ppm) as internal stan-

dard. Molecular weights (Mw and Mn) and polydispersity indexes

(PDI, Mw/Mn) of the polymers were estimated in THF by a Waters

gel permeation chromatography (GPC) system (Waters, 515 HPLC

Pump) using THF as an eluent and refractive index detector. The

thermogravimetric analysis (TGA) was performed on a Perkin-

Elmer TGS 2 thermogravimetric analyzer, in which a sample of

�1.5 mg was heated to 800 8C at a fixed heating rate of 10 8C/min

under nitrogen or air ambience. Elemental analysis (C, H) was per-

formed with a Perkin-Elemer 2400 II Elemental Analyzer. Melting

point was measured by the XT4B micro melting point apparatus

(Beijing department instrument optical instrument factory).

Synthesis

The synthesis route of carborane precursors and carborane-

containing polyesters were showed in Scheme 1.

Cha 1. Structures of three carborane isomers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Synthesis of C,C0-bis-Hydroxymethyl-1,7-Carborane (1). 1 was

synthesized according to the synthetic route shown in Scheme

1. m-Carborane (585.2 mg, 4.057 mmol) was dissolved in

16 mL anhydrous THF, and then a solution of 2.4 M n-BuLi in

hexane (3.80 mL) was added dropwise to the above carborane

solution at 0 8C under the protection of nitrogen and stirred for

Scheme 1. The synthesis route of carborane derivatives (1, 2, 4, 7) and carborane-containing polyesters (PE-m1-m4-C (P1), PE-m1-m7-C (P2), PE-o2-

m4-C (P3), PE-o2-m7-C (P4)).
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2 h. Then, paraformaldehyde (272.5 mg, 9.08 mmol) was added

into the above mixture solution in one portion. The reaction

system was stirred for 3 h at room temperature (25 8C). And

the reaction was quenched with 10% HCl aqueous solution.

After evaporation of the solvent and water by a rotary evapora-

tor, the residue was extracted with diethyl ether. The organic

layer was washed with deionized water for three times and dried

over anhydrous MgSO4. After remove the solvent, the residue

was purified by column chromatography on silica gel using a

mixture solvent of petroleum ether and ethyl acetate as the elu-

ent (1:1, v/v) to give a light yellow solid 1 with 87% yield39 m.

p. 150 8C.

ANAL. Calcd for FTIR (m, cm21, KBr): 3287, 1374 and 656 (-OH),

2943 and 2885 (ACH2), 2595 (BAH), 1460 and 732 (ACH2), 1074

(CH2AOH). 1H NMR (400 MHz, CDCl3) d (ppm): 0.8-3.50 (10H,

br m), 3.84 (4H, s), 1.93 (2H, s).13C-NMR [(CD3)2CO] d (ppm):

65.5, 79.4.

Synthesis of C,C0-bis-Hydroxymethyl-1,2-Carborane (2). Compound

2 was synthesized from o-Carborane by a procedure similar to

that used for preparation of 1. A light yellow solid with a yield

of 85% and m. p. 207 8C was obtained as the target product.

ANAL. Calcd for FTIR (m, cm21, KBr): 3313, 1383 and 655 (AOH),

2947 and 2886 (ACH2), 2599 (B-H), 1461 and 728 (ACH2),

1078(CH2AOH). 1H NMR (400 MHz, CDCl3) d (ppm): 0.8–3.50

(10H, br m), 4.26 (4H, d), 2.86 (2H, s).13CANMR [(CD3)2CO] d

(ppm): 61.0, 81.6.

Synthesis of C,C0-1,7-Carboranyl-bis-Carboxylic Acid

(3). Compound 3 was synthesized according to the synthetic

route shown in Scheme 1. n-BuLi of 2.4 M in hexane (2.80 mL)

was added dropwise to a stirred solution of m-carborane

(439.2 mg, 3.00 mmol) in 12 mL anhydrous THF under nitro-

gen. The mixture was stirred for 0.5 h at 0 8C. Gaseous carbon

dioxide was passed into the solution rapidly for 1 h. The reac-

tion was quenched with 1 M HCl aqueous solution. After

removing THF, the residue was extracted with diethyl ether. The

organic layer was washed with deionized water and brine three

times, respectively, and dry over anhydrous MgSO4. The solvent

was removed under vacuum and the solid residue was recrystal-

lized several times from ethylene dichloride to give a colorless

crystal solid 3 with 80% yield.38,40

ANAL. Calcd for FTIR (m, cm21, KBr): 3023, 1415 and 624 (AOH),

2618 (B-H), 1720 (C @ O), 1273 [C(O)O]. 1H NMR (400 MHz,

Acetone) d (ppm): 0.8-3.50 (10H, br m), 5.42 (2H, s). 13CANMR

[Acetone] d (ppm): 73.8, 162.3.

Synthesis of C,C0-1,7-Carboranyl-bis-Carboxylic Acid Chloride

(4). 3 (220.2 mg, 0.949 mmol), PCl5 (1680.2 mg) and 2 mL of

POCl3 were added into a three-neck flask equipped with a water

condenser which connected to a drying tube and tail gas

absorbed equipment and chlorine inlet below the surface of the

liquid, then stirred for 2 h at 90 8C. Chlorine was then bubbled

through for 1 h at the same temperature. After removing POCl3
by a rotary evaporator, the residue was extracted with n-pen-

tane, filtered. The n-pentane was removed and the residue was

sublimed under reduced pressure. A white solid with a yield of

75% was obtained as the target product 4.35,40

Synthesis of C,C0-bis-Hydroxypropyl-1,7-Carborane (5). 5 was

synthesized according to the synthetic route shown in Scheme

1. m-Carborane (1590 mg, 11.00 mmol) was dissolved in 40 mL

anhydrous THF, and then a solution of 2.4 M n-BuLi in hexane

(10.10 mL) was added dropwise to the above carborane solution

at 0 8C under the protection of nitrogen and stirred for 0.5 h.

Trimethylene oxide (1.60 mL, 24.60 mmol) was dropped slowly,

and the whole mixture was stirred for 5 h at room temperature.

And the reaction was quenched with 10% HCl aqueous solu-

tion. After evaporation of the solvent and water by a rotary

evaporator, the residue was extracted with diethyl ether. The

organic layer was washed with deionized water for three times

and dried over anhydrous MgSO4. After remove the solvent, the

residue was purified by column chromatography on silica gel

using a mixture solvent of petroleum ether and ethyl acetate as

the eluent (1:1, v/v) to give 541 as a lucid solid with yield 90%

and melt point of 88 8C.

ANAL. Calcd for FTIR (m, cm21, KBr): 3290, 1375, and 669 (AOH),

2939 and 2879 (ACH2), 2592 (B-H), 1451 and 734 (ACH2),

1064(CH2AOH). 1H NMR (400 MHz, CDCl3) d (ppm): 0.8–3.50

(10H, br m), 3.57 (4H, t), 2.03 (4H, m), 1.64 (4H, m), 1.30 (2H,

s).13CANMR [(CD3)2CO] d (ppm): 32.8, 33.5, 61.9, 77.5.

Synthesis of C,C0-1,7-Carboranyl-bis(3-propionic acid) (6). 5

(1140 mg, 4.38 mmol) was dissolved in 25 mL acetone and the

solution was cooled down to 0 8C. Meanwhile, CrO3 (3850 mg,

38.5 mmol) dissolved into 30 mL 2 M H2SO4 solution, and

then the CrO3 solution was added dropwise into the above

solution during 0.5 h. The mixture was stirred for 10 h at room

temperature (25 8C). After evaporation of the solvent and water

by a rotary evaporator, the residue was extracted with CH2Cl2.

And after removing CH2Cl2, the residue was treated with 10%

NaOH, extracted with diethyl ether. The aqueous solution was

treated with 1 M HCl for precipitation. And the precipitate was

isolated by filtration and washed with deionized water, recrystal-

lized from a mixture solvent of acetone and ether (1:2, v/v) to

give a white crystal solid 642 with 74% yield, m. p. 130 8C.

ANAL. Calcd for FTIR (m, cm21, KBr): 3047, 1314, and 654 (AOH),

2929 and 2869 (ACH2), 2598 (B-H), 1707 (C @ O), 1431 and

738 (ACH2), 1230 [C(O)O]. 1H NMR (400 MHz, CDCl3) d

(ppm): 0.8–3.50 (10H, br m), 4.01 (2H, t), 2.46 (4H, t), 2.33

(4H, t). 13C-NMR [DMSO] d (ppm): 31.1, 33.6, 75.2, 172.4.

Synthesis of C,C0-1,7-Carboranyl-bis(3-propionic acid

chloride) (7). 7 was synthesized from 6 by a procedure similar

to that used for preparation of 4 from 3. A white solid with a

yield of 65% was obtained as the target product 7.

Synthesis of PE-m1-m4-C (P1). C,C0-1,7-carboranyl-bis-carbox-

ylic acid chloride (4, 161.0 mg, 0.594 mmol) was dissolved in

4 mL anhydrous THF, and then, a solution of C,C0-bis-hydroxy-

methyl-1,7-carborane (1, 121.1 mg, 0.594 mmol) in 2 mL THF

and 2 mL triethylamine were added dropwise to the above solu-

tion under nitrogen at room temperature (25 8C). The mixture

was stirred for 48 h at the same temperature. Then small

amount of C,C0-bis-hydroxymethyl-1,7-carborane (1, 6.116 mg,

0.03 mmol) was added into reaction system,again and continue

to stirred for 1 h. After filtering, the solvent of the filtrate was
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remove by reduced pressure distillation again. Then, the prod-

uct was washed repeatedly with deionized water and dried at

50 8C in a vacuum oven for10 h. After extracting with diethyl

ether, a light yellow solid powder PE-m1-m4-C (P1) was

obtained with yield of 65%.

ANAL. Calcd for GPC: Mw 5 7334, PDI 5 2.17. FTIR (m, cm21,

KBr): 3388 (AOH), 2959 and 2900 (ACH2), 2595 (BAH), 1719

(C @ O), 1461 and 735 (CH2), 1252 [C(O)O]. 1H NMR (400

MHz, Acetone) d (ppm): 0.8–3.50 (BAH, m), 1.41 (AOH, s),

3.36 (COOACH2A, s), 3.84 (HOACH2A, s). Elemental analysis

calculated (%) for PE-m1-m4-C (P1): C, 23.99; H, 6.05. Found

(%): C, 23.96; H, 5.99.

Synthesis of PE-m1-m7-C (P2). PE-m1-m7-C (P2) was synthe-

sized by polycondensation of 1 with 7 and the procedure is sim-

ilar to that used for preparation of PE-m1-m4-C (P1). A light

yellow solid powder with a yield of 58% was obtained as the

target product PE-m1-m7-C (P2).

ANAL. Calcd for GPC: Mw 5 7907, PDI 5 1.50. FTIR (m, cm21,

KBr): 3375 (AOH), 2935 and 2880 (ACH2), 2594 (BAH), 1742

(C @ O), 1400 and 737 (CH2), 1158 [C(O)O]. 1H NMR (400

MHz, Acetone) d (ppm): 0.8–3.50 (BAH, m), 1.13 (AOH, t),

2.43 (ACH2ACH2COO, m), 2.86 (CH2-COO, m), 3.35

(COOACH2A, s), 3.79 (HOACH2A, s). Elemental analysis cal-

culated (%) for PE-m1-m7-C (P2): C, 31.37; H, 7.04. Found

(%): C, 31.28; H, 7.02.

Synthesis of PE-o2-m4-C (P3). PE-o2-m4-C(P3) was synthe-

sized by polycondensation of 2 with 4 and the procedure is sim-

ilar to that used for preparation of PE-m1-m4-C (P1). A brown

solid powder with a yield of 43% was obtained as the target

product PE-o2-m4-C (P3).

ANAL. Calcd for GPC: Mw 5 5443, PDI 5 1.75. IR (m, cm21,

KBr): 3391 (-OH), 2981 and 2940 (ACH2), 2588(BAH), 1724

(C @ O), 1464 and 727 (CH2), 1264 [C(O)O]. 1H NMR (400

MHz, Acetone) d (ppm): 0.8–3.50 (B-H, m), 3.23 (OH, s), 3.41

(COOACH2A, s), 4.54 (HOACH2A, s). Elemental analysis cal-

culated (%) for PE-o2-m4-C (P3): C, 23.98; H, 6.07. Found

(%): C, 23.93; H, 6.02.

Synthesis of PE-o2-m7-C (P4). PE-o2-m7-C (P4) was synthe-

sized by polycondensation of 2 with 7 and the procedure is sim-

ilar to that used for preparation of PE-m1-m4-C (P4). A brown

solid powder with a yield of 49% was obtained as the target

product PE-o2-m7-C (P4).

ANAL. Calcd for GPC: Mw 5 5867, PDI 5 1.33. IR (m, cm21,

KBr): 3399 (-OH), 2979 and 2945 (ACH2), 2599 (B-H), 1752

(C @ O), 1474 and 736 (CH2), 1158 [C(O)O]. 1H NMR (400

MHz, Acetone) d (ppm): 0.8–3.50 (BAH, m), 2.43

(ACH2ACarborane, m), 2.61 (CH2ACOO, m), 3.14 (OH, s),

3.59 (COOACH2A, s), 4.87 (HOACH2A, s). Elemental analysis

calculated (%) for PE-o2-m7-C (P3): C, 31.29; H, 7.05. Found

(%): C, 31.26; H, 7.02.

RESULTS AND DISCUSSION

Synthesis of Carborane-Containing Polyester

Carborane-containing polyesters [PE-m1-m4-C (P1), PE-m1-

m7-C(P2), PE-o2-m4-C (P3), and PE-o2-m7-C (P4)] were

synthesized via the polycondensation reaction of carborane diols

(1 and 2) with m-carboranyl diacid chlorides (4 and 7) accord-

ing to synthetic routes shown in Scheme 1. And triethylamine

(Et3N) was used as the acid binding agent. The molar ratio of

hydroxy to acyl chloride was 1. However, Different reaction

conditions could influence the yield and molecular weight of

the final products, so the influence of the nature of the solvent,

the reaction temperature, the reaction time on the molecular

weight and yield of the polymers were studied.

Solvents. While using different solvents, PE-m1-m4-C (P1) as

the example, the yield and molecular weight (Mw) of the final

product PE-m1-m4-C (P1) were showed in Table I.

From Table I, it is obvious that the product PE-m1-m4-C (P1)

showed a highest Mw and comparable yield when using THF as

solvent. The reason are as followed. The solubility of carborane

derivatives in organic solvent was DMF>THF> acetone,

respectively. The by-product Et3N-HCl of polymerization fol-

lows the same rule, which was insoluble in acetone, slight solu-

ble in THF and DMF. When using acetone as solvent, the

precipitation of the Et3N-HCl promotes the reaction, so the

yield of polyester PE-m1-m4-C (P1) in acetone is high and the

Mw is low. Using THF/DMF, PE-m1-m4-C (P1) had a low Mw/

Mn while its yield and Mw were not the best.

Reaction Temperature. Take PE-m1-m4-C (P1) as the exam-

ple, the yield and molecular weight (Mw) of the final product

PE-m1-m4-C (P1) at different temperature were showed in

Table II.

From Table II, the polymerization was feasible at room temper-

ature, as PE-m1-m4-C (P1) has the highest Mw and yield. The

polymerization of 1 with 4 is a exothermic reaction. So when

increasing the temperature (25 8C), the polymerization would be

hindered and some side reactions maybe occur. Moreover, with

the increasing of the temperature, the by-product HCl could

not be tied by the acid-binding agent Et3N to produce precipi-

tate of Et3N-HCl. So the yield and Mw of the polyester PE-m1-

m4-C (P1) prepared in high temperature is low.

Reaction Time. As different reaction time would affect the yield

and molecular weight (Mw) of the product directly, four differ-

ent time, 12 h, 24 h, 48 h, and 72 h were chosen to study the

reaction time effect on the yield and molecular weight of the

product, and the results are showed in Table III.

From Table III, when polymerization reaction carried out at

room temperature (25 8C) in THF with the acid binding agent

Table I. Yield and Molecular Weight (Mw) of PE-m1-m4-C (P1) while

Using Different Solventsa

No. Solvent Yield (%) Mw
b Mw

b/Mn

1 THF 65 7334 2.17

2 Acetone 70 4839 2.00

3 THF/DMF 64 6168 1.67

a Carried out at room temperature (25 8C) for 48 h with Et3N as acid
binding agent.
b Estimated by GPC in THF on the basis of polystyrene calibration.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4420244202 (5 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


of triethylamine at different reaction time, PE-m1-m4-C (P1),

as the example, its yield and Mw improved as extended as the

reaction time. And after 48 h, the yield and Mw of PE-m1-m4-

C (P1) only have slight change. The same rule also could be

found in the preparation of other polyesters (PE-m1-m7-C

(P2), PE-o2-m4-C (P3), and PE-o2-m7-C (P4)). So the optimal

reaction time of polymerization is 48 h. During the initial poly-

merization process, the product molecular weight increases as

time extends. Comparing with PE-m1-m4-C (P1), PE-m1-m7-C

(P2) had higher polymerization degree at the same reaction

time. The possible reasons are as follows. In precursor 4, the

carbon chains connecting to the carborane directly are much

longer than that in precursor 7. With the increase of the carbon

chain, the reaction activity and the chain flexibility are

enhanced. The same reason could be used to explain PE-o2-

m4-C (P3) and PE-o2-m7-C (P4) as well. Additionally, PE-o2-

m4-C (P3) has a lower polymerization degree than PE-m1-m4-

C (P1) at the same reaction time. The reason is that the steric

hindrance and stereostructure of the ortho-carboranyl group in

precursor 2 were larger than the meta-carboranyl group in

precursor 1, and so the reaction activity of PE-o2-m4-C (P3) is

lower than PE-m1-m4-C (P1). The same reason could be used

to explain PE-m1-m7-C (P2) and PE-o2-m7-C (P4) as well.

Structural Characterization

The structures of the precursors (1, 2, 4, and 7) and polyesters

(PE-m1-m4-C (P1), PE-m1-m7-C(P2), PE-o2-m4-C (P3), and

PE-o2-m7-C (P4)) were well characterized by standard spectro-

scopic methods such as FTIR and NMR. The analysis data were

quite satisfactory corresponding to their expected molecular

structures (see Experimental section for details). The FTIR spec-

tra of polyesters PE-m1-m4-C (P1) and PE-m1-m7-C (P2) are

showed in Figure 1. PE-m1-m4-C (P1) was illustrated in detail

below as an example. The spectrum of the precursor 1 is also

given in the same figure for comparison. The strong absorption

peak at 2595 cm21 is ascribed to the stretching vibration of B-

H bonds on the carborane cage which exists both in the FTIR

spectra of the precursor 1 and polyester PE-m1-m4-C (P1).

Moreover, the peaks of the -CH2- symmetric and antisymmetric

stretching vibration at 2943 and 2885 cm21 and the peaks of

ACH2A flexural vibrations at 1460 and 732 cm21 in the pre-

cursor 1 are also exist in the FTIR spectrum of polyester PE-

m1-m4-C (P1). These above peaks show that PE-m1-m4-C

(P1) has the same backbone structure with its precursor 1.

Expect for these peaks, two new peaks at 1719 and 1252 cm21

appear in the FTIR spectrum of polyester PE-m1-m4-C (P1),

which ascribe to the stretching vibration peak of C @ O and

antisymmetric stretching vibration peak of ACOOA, respec-

tively. These new peaks indicate that the expected m-

carborane-containing polyester PE-m1-m4-C (P1) is success-

fully prepared.

Similar to FTIR spectrum of PE-m1-m4-C (P1), PE-m1-m7-C

(P2) only has a little difference which has a much stronger

absorption at 2935 and 2880 cm21 (ACH2) than PE-m1-m4-C

(P1). Polyesters PE-o2-m4-C (P3) and PE-o2-m7-C (P4) exhibit

Table II. Yield and Molecular Weight (Mw) of PE-m1-m4-C (P1) at the

Different Temperaturea

No. Temperature (8C) Yield (%) Mw
b Mw

b/Mn

1 0 60 7099 2.19

2 r.t. 65 7334 2.17

3 60 56 4600 1.67

4 100 41 4075 2.21

a Carried out in THF for 48 h, and the polymerization with Et3N as acid
binding agent.
b Estimated by GPC in THF on the basis of polystyrene calibration.

Table III. Yield and Molecular Weight (Mw) of PE-m1-m4-C (P1), PE-

m1-m7-C (P2), PE-o2-m4-C (P3), and PE-o2-m7-C (P4) with Different

Reaction Timea

No. Polymer Time (h) Yield (%) Mw
b Mw

b/Mn

1 PE-m1-m4-C (P1) 12 14 3411 1.30

2 PE-m1-m4-C (P1) 24 49 4693 1.38

3 PE-m1-m4-C (P1) 48 65 7334 2.17

4 PE-m1-m4-C (P1) 72 67 7301 2.29

5 PE-m1-m7-C (P2) 12 23 3645 1.45

6 PE-m1-m7-C (P2) 24 45 5498 1.50

7 PE-m1-m7-C (P2) 48 58 7907 1.50

8 PE-m1-m7-C (P2) 72 59 7956 1.99

9 PE-o2-m4-C (P3) 24 27 2807 2.50

10 PE-o2-m4-C (P3) 48 43 5443 1.75

11 PE-o2-m4-C (P3) 72 44 5451 1.67

12 PE-o2-m7-C (P4) 24 26 3071 1.43

13 PE-o2-m7-C (P4) 48 49 5867 1.33

14 PE-o2-m7-C (P4) 72 49 5899 1.30

a Carried out in THF at room temperature (25 8C), and the polymerization
with Et3N as acid binding agent.
b Estimated by GPC in THF on the basis of polystyrene calibration.

Figure 1. FTIR spectra of precursor monomer 1 and polyester PE-m1-

m4-C (P1) and PE-m1-m7-C (P2). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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almost the same characteristic peaks as PE-m1-m4-C (P1) and

PE-m1-m7-C (P2), respectively, which identify themselves as

polyesters in the similar way.

To further characterize the carborane-containing polyesters,

NMR spectroscopy is an effective method. 1H NMR spectra of

PE-m1-m4-C (P1) and PE-m1-m7-C (P2) can be found in Fig-

ure 2. The spectrum of precursor 1 is also given in the same fig-

ure for comparison. For precursor 1 and polyester PE-m1-m4-C

(P1), a same multiple broad peak at d 5 0.8–3.50 ppm ascribes

to the protons which connect to the boron atoms on the car-

borane cage. And the peak at d 5 3.84 ascribes to the peak of

the methylene (CH2) protons connecting with AOH group. As

for PE-m1-m4-C (P1), a new peak around at d 5 3.36 appears

which associates with the methylene (CH2) protons connecting

with ACOOA group. The new peak confirms the successful for-

mation of PE-m1-m4-C (P1).

Similar to PE-m1-m4-C (P1), the polyester PE-m1-m7-C (P2)

also exhibits the multiple broad peak at d 5 0.8–3.50 ppm (B-H)

and the peak at d 5 3.84 ascribes to the peak of the methylene

(CH2) protons connecting with AOH group. Additionally, three

new peaks appear around at d 5 3.35, 2.86, and 2.43 ppm which

ascribes to the methylene protons (CH2, HcAHe), respectively.

These new peaks also confirmed PE-m1-m7-C (P2) has been suc-

cessfully prepared. The analysis data of polyesters PE-o2-m4-C

(P3) and PE-o2-m7-C (P4) were quite satisfactory corresponding

to their expected molecular structures (see Experimental section

for details). Polyesters PE-o2-m4-C (P3) and PE-o2-m7-C (P4)

exhibit almost the same characteristic peaks as PE-m1-m4-C (P1)

and PE-m1-m7-C (P2), respectively, which identify themselves as

polyesters in the similar way.

The 11B NMR spectra of 1 and PE-m1-m4-C (P1) are shown in

Figure 3. In the carborane cage, there are three kinds of boron

atoms: (i) connecting with two carbon atoms, (ii) connecting

with one carbon atom, (iii) not connecting with carbon atom

which only connect with boron atoms. These three kinds of

boron atoms are marked as a, b and c, respectively. The peak at

d 5 0–9.17 was assigned to the first kind of boron atoms. The

peaks at d 5 10.11 and d 5 12.19 correspond to boron atoms b

and boron atoms c. From the Figure 3, the characteristic peaks

of boron atoms of carborane-containing polyester PE-m1-m4-C

(P1) are well consistent with their precursor 1.

Thermal Stability of Carborane-Containing Polyester

TGA Analysis. Until now, carborane-containing polyester is one

of the best heat-resistant synthetic polymers. Therefore, it is sig-

nificant to study the thermal stability of the obtained

carborane-containing polyester resins [PE-m1-m4-C (P1), PE-

m1-m7-C (P2), PE-o2-m4-C (P3), and PE-o2-m7-C (P4)].

TGA technique was utilized to study the thermal resistance of

the carborane-containing polyester resins under nitrogen and

air. Their TGA curves were showed Figures 4 and 5. The TGA

curve of a carborane-free polyester resin (CFP) is also given for

comparison.

To evaluate the initial decomposition behavior of polymers, the

decomposition temperature (Td) is defined as the temperature

at which the resin loses 5% of its original weight. The Td values

and the char yields at 700 8C of the four carborane-containing

polyesters and the carborane free polyester CFP have been con-

cluded in the Figure 4 and Table IV. Obviously, PE-m1-m4-C

(P1)>PE-m1-m7-C (P2) � PE-o2-m4-C (P3)>PE-o2-m7-C

Figure 2. 1H NMR spectra of precursor monomer 1 and polyester PE-

m1-m4-C (P1) and PE-m1-m7-C (P2). The solvent peaks are marked

with asterisks. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. 11B NMR spectra of precursor monomer 1 and polyester PE-

m1-m4-C (P1). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4420244202 (7 of 11)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


(P4)>CFP, no matter the Td values or the ultimate char yields.

It is noting that the char yield of the PE-m1-m4-C (P1) is up

to 69%, which is far higher than that of CFP (5%). The high

char yield could be regarded as the “shining point” of carborane

containing polyesters. The high char yield and Td of the carbor-

ane containing polyesters indicate that the carborane groups

could effectively reduce the degradation rate of carborane-

containing polyesters. On the other hand, based on Td values

and char yields (700 8C) of the four carborane-containing poly-

esters, it can be concluded as PE-m1-m4-C (P1)>PE-m1-m7-C

(P2) and PE-o2-m4-C (P3)>PE-o2-m7-C (P4), respectively.

These results demonstrate that the length of carbon chain con-

necting to the carborane group relates to the thermal resistance

of carborane-containing polyester. The shorter the carbon chain

length, the better the thermal resistance of carborane-containing

polyester. Moreover, form the Td values and the char yields

(700 8C) of the four carborane-containing polyesters, it also can

be concluded as PE-m1-m4-C (P1)>PE-o2-m4-C (P3) and PE-

m1-m7-C (P2)>PE-o2-m7-C (P4), respectively. These results

indicate that the polyesters which contain meta-carborane group

(P1 and P2) have better thermal resistance than the polyester

which contain ortho-carborane group (P3 and P4) .

In air, the Td value and the char yield of the carborane-

containing polyester showed the same trend as in N2 as shown

in Table V. It is worth noting that the char yield of the carbor-

ane free polyester CFP in air is only 0.3%, which is far lower

the carborane containing polyesters. Therefore, the thermal sta-

bility of the carborane containing polyesters are far more excel-

lent compared to the carborane free polyester CFP.

For further research, the thermal transition mechanism of

carborane-containing polyesters under nitrogen and air, respec-

tively, the TG-FTIR combination analyzer was utilized. And the

polyester PE-m1-m4-C (P1) was illustrated in detail as an

example as shown in Figures 6–9.

As Figure 6 shown, there are three stages in the process of

decomposition of PE-m1-m4-C (P1) under nitrogen: (i) rm

� 225 8C, the weight loss of atmospheric moisture and vola-

tiles, (ii) 225–480 8C, the disintegration of the carborane-free

Figure 5. Thermo-gravimetric curves of PE-m1-m4-C (P1, sample from

Table III, No. 3), PE-m1-m7-C (P2, sample from Table III, No. 7), PE-o2-

m4-C (P3, sample from Table III, No. 10), PE-o2-m7-C (P4, sample from

Table III, No. 13), and CFP in air at a heating rate of 10 8C/min. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 4. Thermo-gravimetric curves of PE-m1-m4-C (P1, sample from

Table III, No.3), PE-m1-m7-C (P2, sample from Table III, No.7), PE-o2-

m4-C (P3, sample from Table III, No.10), PE-o2-m7-C (P4, sample from

Table III, No.13), and CFP in N2 at a heating rate of 10 8C/min. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Table IV. Thermal Properties of PE-m1-m4-C (P1), PE-m1-m7-C(P2),

PE-o2-m4-C (P3), and PE-o2-m7-C (P4) in N2

No. Polyester Td (8C)
Coke formation of
700 8C in the N2 (%)

1 PE-m1-m4-C (P1) 289 69

2 PE-m1-m7-C (P2) 269 59

3 PE-o2-m4-C (P3) 264 60

4 PE-o2-m7-C (P4) 253 47

5 CFP 251 5

Table V. Thermal Properties of PE-m1-m4-C (P1), PE-m1-m7-C(P2),

PE-o2-m4-C (P3), and PE-o2-m7-C (P4) in Air

No. Polyester Td (8C)
Coke formation
of 700 8C in the air (%)

1 PE-m1-m4-C (P1) 281 91

2 PE-m1-m7-C (P2) 259 75

3 PE-o2-m4-C (P3) 260 76

4 PE-o2-m7-C (P4) 253 64

5 CFP 249 0.3
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groups, (iii) 4808–700 8C, the thermal transformation of car-

borane group.

For the three stages of the decomposition of PE-m1-m4-C (P1),

the corresponding pyrolysis time and strength of the volatile

component are showed in Figure 7. During the first two stages

under nitrogen, carborane groups have not been pyrolyzed, but

the carborane-free groups have been disintegrated into small

molecules, such as H2O, CO2 and CO, and so forth. The

absorption peaks around 3453 and 1634 cm21 are ascribed to

H2O and the absorption peaks around 2349 and 667 cm21 cor-

responds to CO2. During the process of the disintegration of

the carborane-free groups, with the consuming of the chemical

oxygen, the ratio of chemical oxygen in polyester system

decreased gradually, and so the disintegration of the carborane-

free groups tends to slow sown, so the release of CO2 reduce

gradually. At the third stage, the carborane groups come into

pyrolysis and the carbon atoms on the carbrane cage would be

oxidized to CO2 or CO. So the release of CO2 increases to some

extent.

The TG-FTIR analysis of PE-m1-m4-C (P1) was further con-

ducted under air and the results are showed in Figures 8 and 9.

Figure 6. Thermo-gravimetric curves of PE-m1-m4-C (P1) in N2. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 7. Curves of absorption intensity of CO2 (2349 and 667 cm21)

release and H2O (3453 and 1634 cm21) absorption-time of PE-m1-m4-C

(P1) in the heating process in N2. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Thermo-gravimetric curves of PE-m1-m4-C in air. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 9. Curves of absorption intensity of CO2 (2349 and 667 cm21)

release and H2O (3451 and 1635 cm21) absorption-time of PE-m1-m4-C

(P1) in the heating process in air. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The trend of the first two stages in air is similar to that in N2.

However, the third stage both in N2 and air is different. As Fig-

ure 8 shown, the carborane-containing polyester PE-m1-m4-C

(P1) had a weight gain after 450 8C under air showed in TGA

curve which also can be found in other crborane-containing

polyester PE-m1-m7-C (P2), PE-o2-m4-C (P3) and PE-o2-m7-C

(P4) under the same condition as shown in Figure 5, while could

not be found under nitrogen (Figure 4). It could be explained as

followed. On the one hand, with the temperature increasing,

especially after the temperature over 450 8C, the BAH bonds in

the carborane fragments were oxidized gradually to form the

strong BAOAB, BAB, and possible BAC linkages by oxygen

which came from the oxygen-containing groups or air. While

forming the BAOAB and BAB by the thermal oxidization of

BAH under nitrogen, the oxygen came from only the oxygen-

containing groups in the polyester. However, while testing the

thermal resistance of the polyester under air, the oxygen not only

came from the oxygen-containing groups in the polyester but

also came from the air. As a consequence, the weight of PE-m1-

m4-C (P1) increase after 450 8C under air. On the other hand, at

high temperatures, the B-H bonds would generate protons, which

could be combined with free radicals delivered by the decomposi-

tion of polyester resins. So the decomposition process of the

carborane-containing polyester could be postponed to a certain

extent. Finally, the carborane-containing polyester appeared obvi-

ous weight increment showed in TGA curve at the third stage.

To further research the structural variation of carborane-containing

polyester at elevated temperature, the FTIR spectroscopy was uti-

lized and the spectra of PE-m1-m4-C (P1) before and after TGA

test under air are showed in Figure 10. As the Figure 10 shown, it

was found that the stretching vibration peak of B-H bonds at

2600 cm21 almost disappeared, which indicated that the B-H bonds

on carborane cage have been consumed completely at elevated

temperature. Besides, the absorption peaks at 1700 cm21 also disap-

peared, attributing to the destruction of carborane-free fragments

of the polyester. Absorption peaks around 1450 and 643 cm21 are

ascribed to the stretching vibrations of BAOAB and BAC, respec-

tively. The above result indicates that the carborane cage is

destroyed and the B-H bonds in the carborane fragments are oxi-

dized gradually to form the strong B-O-B and possible B-C linkages

by oxygen at high temperatures. And the oxidized polyester would

further crosslink by these strong B-O-B linkages. And the cross-

linked systems containing B-O-B linkages are more thermally stable

which may be one of the causes of the large amount of coked resi-

due given by polyester containing the carborane structure. The high

char yield of the obtained carborane-containing polyesters is desir-

able because high temperature resistance and high ablation resis-

tance are required by many high-tech applications, especially in the

high temperature fields. This kind of carborane-containing polyest-

ers can be widely used as raw materials to prepare the high tempera-

ture resistant coatings or adhesives for automotive engines, aircraft

and other equipments worked in high-temperature environments.

Under high environmental temperature, the good thermal stability

is capable of keeping polyester stable and expanding their service

lives.

CONCLUSIONS

Four carborane-containing polyesters were successfully synthesized

by the catalytic polycondensation of carborane diol monomers

with carborane diacid chlorides in THF, and the experiment condi-

tion is gentle. The structures of these carborane-containing polyest-

ers have been well characterized with spectroscopic characterization

techniques including GPC, FTIR, 1H NMR, and 11B NMR. TGA

analyses manifested that the introduction of carborane cages into

the main chain of polyesters endowed the obtained polyesters with

excellent thermal stability. The carborane-containing polyesters

own higher degradation temperature and char yield and lower deg-

radation rate. Furthermore, the thermal transition mechanism of

carborane-containing polyesters also was studied by TG-FTIR com-

bination analyzer. At elevated temperatures, the carborane cage

could react with oxygen to form B-O-B and B-C linkages, which

postpones the thermal decomposition of polyester and accounts

for the high char yield. Consequently, carborane-containing polyes-

ter is successfully synthesized as a product with excellent thermal

stability. This kind of high temperature polyesters have enormous

technical and economic value in the fields of adhesives, especially

in the high temperature fields. They can be widely used as raw

materials to prepare the high temperature resistant coatings or

adhesives for automotive engines, aircraft and other equipments

worked in high-temperature environments. Under high environ-

mental temperature, the good thermal stability is capable of keep-

ing polyester stable and expanding their service lives.
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Figure 10. FTIR spectra of carborane-containing polyester (PE-m1-m4-C,

P1) before (A) and after (B) TGA test under air at 700 8C. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.
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