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Abstract Carborane bisphenol novolacs (3 and 4) were synthesized in the presence of acid catalyst from carborane
bisphenols (5 and 6) and formaldehyde. Further epoxidization of carborane bisphenol novolacs with epichlorohydrin gave
carborane bisphenol epoxy novolacs (1 and 2). The molecular weight and epoxy value of obtained resins were determined
using the molecular weight of their precursors. The epoxy values of 1 and 2 were 0.48 and 0.52 respectively, higher than the
maximum theoretical epoxy value (0.45) of difunctional carborane bisphenol epoxy resins. FTIR and NMR were utilized to
characterize 1 and 2. The curing behaviors were also studied by DSC and the optimized curing conditions were obtained.
TGA analysis indicated that carborane moiety could shield its adjacent organic structures against initial decomposition. On
the other hand, B—H on carborane cage could react with oxygen to form a three-dimensional network linked by B—O—B
and B—C bonds, which further blocked the movement of formed radicals and thus the degradation process was inhibited.
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INTRODUCTION

As one of the most important thermosetting polymers, epoxy resin has been widely utilized as base polymer for
adhesives, protective coatings, and advanced composites in various industrial fields due to their outstanding
properties, such as high mechanical strength, good adhesion to numerous substrates, superior electrical
insulation, and excellent chemical and thermal resistance!' ). Epoxy novolacs possess much higher functionality
than common bisphenol A-based epoxies, thus providing higher crosslinking degree, which facilitates the
improvement of thermal stability of the cured products'*!. Multifunctional cycloaliphatic and novel polyphenol-
based epoxy resins further proved the positive effect of crosslinking degree on thermal stability> ™. On the other
hand, many studies have been reported for improving the thermal stability of epoxy resins by introducing bulky
high-temperature moieties such as naphthyl™*® %! (=151 imide!"*"™ phosphazene!"” ™', and triazole!*.
These bulky moieties could impart strong shielding effect to their adjacent thermally unstable structures so as to
enhance the thermal stability of the whole resin systems. To date the search for new high-temperature moieties is
still attracting a great deal of attention.

Closo-carboranes (C,BigHj;) own an icosahedral geometry and thus are often described as three-
dimensional inorganic benzene analogues. Aromatic hydrocarbons possess delocalized carbon-carbon z-bonding,

, siloxane
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while the electron-delocalization of carboranes is related to o-bonded interactions involving a set of orbitals
tangential to the polyhedral surface and another set directed toward the center, sometimes labeled
“superaromatic”. Due to their “superaromatic” electronic structures, carboranes could absorb energy like a kind
of “power gauge” at high temperature!”. Besides, the three-dimensional bulky cage could confer strong
shielding effect on adjacent segments. In consideration of both electronic and steric effects, carboranes are ideal
building blocks for thermally stable polymers and have been incorporated into many synthetic polymers to
improve their heat resistance and thermal stability including polysiloxanes™ =, aromatic polymers™*~"! and
thermosets'*"**. Carborane bisphenol-based resols and bifunctional epoxy resins were synthesized in our
previous works!*™*1 and the cured resins show ultrahigh char yield at elevated temperatures under nitrogen and
air.

In this work, carborane bisphenols (5 and 6) were further utilized as starting materials to synthesize
carborane-containing novolacs (3 and 4) in the presence of acid catalyst, which were then epoxidized by
epichlorohydrin (ECH) to give epoxy novolacs (1 and 2), shown in Scheme 1. The obtained epoxy novolacs
were fully characterized, and their curing behaviors were carefully studied. The thermal stability was also
studied and the structure transformation of the cured resins after treatment at elevated temperature was

elucidated.
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Scheme 1 Synthetic routes to carborane bisphenol epoxy novolacs (1 and 2)
EXPERIMENTAL
Materials

o-Carborane bisphenol and m-carborane bisphenol were synthesized and purified according to our previously
published synthetic routes!* ). n-Propanol, i-propanol, sodium hydroxide (NaOH), formaldehyde aqueous
solution (37 wt%), concentrated hydrochloric acid (HCL, 37 wt%), p-toluene sulfonic acid (PTSA), oxalic acid,
tetrabutylammonium bromide (TBAB), epichlorohydrin (ECH), and toluene were obtained from Beijing
Chemical Reagent Company. Hexamethylenetetramine (HMTA), 4,4-diaminodiphenyl sulfone (DDS), and
4,4-diaminodiphenyl methane (DDM) were purchased from Aladdin. All materials were used without further
purification.

Instrumentation

FTIR spectra were recorded on a Nexus 670 infrared spectrometer. Molecular weight (M,,) and polydispersity
indices (M,/M,) of the precursors were determined using a Waters 515 gel permeation chromatography system.
Tetrahydrofuran (THF) was used as an eluent at 30 °C at a flow rate of 1.0 mL/min. 'H-, °C-, and ""B-NMR
spectra were acquired in deuterated chloroform and acetone on a Bruker AV400 instrument at a proton
frequency of 400 MHz and the corresponding carbon and boron frequencies. Tetramethylsilane was used as an



Novel Carborane-Containing Epoxy Novolacs 1105

internal standard. Thermogravimetric analysis (TGA) was performed by a TA Instrument SDT-Q600 at a heating
rate of 20 K/min from 50 °C to 900 °C under nitrogen and air atmosphere respectively. DSC measurements were
carried on a TA Q1000 differential scanning calorimeter under a constant flow of a nitrogen atmosphere of
50 mL/min. The instrument was calibrated with a high-purity indium standard, and o-Al,0; was used as the
reference material. About 5 mg of sample was weighed into a hermetic aluminum sample pan at 25 °C, which
was then sealed, and the samples were scanned by the nonisothermal method from 50 °C to 350 °C using 5, 10,
15 and 20 K/min heating rates under nitrogen atmosphere.

Synthesis of Carborane Bisphenol Novolacs (3 and 4)

Carborane bisphenol novolacs (3 and 4) were synthesized according to Scheme 1. The detailed procedures for
the synthesis of 3 were given below as an example. Into a 50 mL three-neck round-bottom flask equipped with a
magnetic stirrer and a reflux condenser were added 1,2-bis(4-hydroxyphenyl)-o-carborane (5, 1.0 g, 3.03 mmol)
and 5 mL of n-propanol. The mixture was heated at 60 °C and stirred until clear solution was obtained. Then
aqueous formaldehyde solution (37 wt%, 0.9 mL, 12 mmol) and concentrated hydrochloric acid (37 wt%, 9 uL,
0.1 mmol) were added dropwise to the flask sequently. The system was stirred at 100 °C for 14 h. The solvent
was removed under reduced pressure, and thus a yellow solid was obtained in a yield of 74.6%. M,, = 565;
M,/M, =1.07 (GPC, polystyrene calibration; Table 2, No. 3). FTIR, v (cm™', in KBr pellet): 3323 (—OH), 2972
(—CH,—), 2603 (B—H), 1608, 1594, 1511 (Ph). "H-NMR (400 MHz, acetone-ds, TMS, 0): 8.84 (s, 1H), 7.28
(d, 4H), 6.70 (d, 4H), 3.90 (m, 2H), 3.57-1.13 (m, 10H). C-NMR (400 MHz, acetone-dgs, TMS, 6): 160.15,
133.46, 122.58, 115.91, 88.48.

4 was synthesized from 1,7-bis(4-hydroxyphenyl)-m-carborane (6) in i-propanol and a yellow solid was
obtained in a yield of 78.5%. M,, = 789; M, /M, = 1.34 (GPC, polystyrene calibration; Table 1, No. 5). FTIR,
v (em™, in KBr pellet): 3320 (—OH), 2975 (—CH,—), 2605 (B—H), 1614, 1594, 1511 (Ph). 'H-NMR
(400 MHz, acetone-ds, TMS, 9): 8.84 (s, 1H), 7.28 (d, 4H), 6.70 (d, 4H), 3.95 (m, 2H), 3.57-1.13 (m, 10H).
C-NMR (400 MHz, acetone-dg, TMS, 6): 159.06, 129.94, 128.52, 127.09, 116.10, 79.53, 31.24.

Synthesis of Carborane Bisphenol Epoxy Novolacs (1 and 2)

Carborane bisphenol epoxy novolacs (1 and 2) were synthesized according to the synthetic routes in Scheme 1.
The detailed procedures for the synthesis of 1 were given below as an example. 3 (0.39 g, 2.36 mmol of phenolic
hydroxyl), epichlorohydrin (ECH, 3.05 g, 33 mmol), and tetrabutylammonium bromide (TBAB, 12.9 mg,
0.04 mmol) were added to a 100 mL three-neck round-bottom flask equipped with a magnetic stirrer and a reflux
condenser. The mixture was first reacted at 100 °C for 2 h until the solution changed to colorless from yellow.
Then the system was cooled to 85 °C and aqueous sodium hydroxide solution (48 wt%, 0.4 g, 4.8 mmol) was
added dropwise to the flask. After the addition of aqueous basic solution, the system was kept at 85 °C for
additional 3 h, and then epichlorohydrin was removed from the system under reduced pressure. 5 mL of toluene
was added to solve the resultant and aqueous sodium hydroxide solution (5 wt%, 20 mg, 0.025 mmol) was added
to further close the ring at 85 °C for 2 h to increase the epoxy value of the obtained resin. After cooling down,
the reaction solution was filtered to remove the salt, and the organic phase was washed three times with
deionized water. Then toluene was removed by rotary evaporator to give a light-yellow transparent viscous
liquid in a yield of 84.8%. M,, = 735; M,/M, = 1.28 (GPC, polystyrene calibration). FTIR, v (cm ™', in KBr
pellet): 2918 (—CH,—), 2591 (B—H), 1601, 1511, 1513, 1460 (Ph), 917 (epoxy ring). '"H-NMR (400 MHz,
CDCl;, TMS, 0): 7.37 (d, 2H), 6.67 (d, 2H), 4.19 (m, 2H), 3.89 (m, 2H), 3.32 (m, 1H), 2.75 (m, 2H), 0.86-2.91
(m, 10H). "C-NMR (400 MHz, CDCl;, TMS, 6): 159.76, 132.26, 123.49, 114.01, 68.74, 49.78.

2 was synthesized from 4 by a two-step method similar to the synthesis of 1 and a yellow transparent
viscous liquid was obtained in a yield of 85.1%. M,, = 706; M,/M, = 1.29 (GPC, polystyrene calibration). FTIR,
v(cm™, in KBr pellet): 3435 (—OH), 3052, 2918, 2872 (—CH,—), 2598 (B—H), 1608, 1576, 1518, 1447 (Ph),
917 (epoxy ring). 'H-NMR (400 MHz, CDCl;, TMS, 6): 7.39 (d, 2H), 6.84 (d, 2H), 4.54 (s, 2H), 4.25 (m, 2H),
3.95 (m, 2H), 3.78 (m, 1H), 3.36 (m, 1H), 2.76 (m, 2H), 1.22-2.94 (m, 10H). "C-NMR (400 MHz, CDCl;,
TMS, 9): 158.85, 129.16, 128.20, 114.31, 68.88, 64.75, 50.06, 44.66.
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Curing of Carborane Bisphenol Epoxy Novolacs (1 and 2)

Carborane bisphenol epoxy novolacs (1 and 2) were cured by 4,4-diaminodiphenyl sulfone (DDS) and 4,4-
diaminodiphenyl methane (DDM). The curing process of 1 by DDS was given below as an example.
o-Carborane bisphenol epoxy novolac (1) and stioichiometric 4,4-diaminodiphenyl sulfone (DDS) were
dissolved in THF at room temperature. Then THF was evaporated under vacuum and the resultant mixture was
heated according to a temperature-programmed process (150 °C/1 h + 180 °C/1 h + 220 °C/1 h).

Characterization data for cured 1 by DDS: yellow solid; FTIR, v (cm™): 3448 (OH); 2929, 2859 (CH,);
2590 (B—H); 1598, 1509 (Ph); 1045 (C—O). Characterization data for cured 1 after TGA test under nitrogen:
FTIR, v (cm™): 3429 (OH); 2925, 2929, 2854 (CH,); 1615 (Ph); 1087 (C—O—C). Characterization data for
cured 1 after TGA test under air: FTIR, v (cm™): 3335 (OH); 2929 (CH,); 1615 (Ph); 1428 (B—0), 1193
(B—C), 1089 (C—0—C), 641 (B—C).

Characterization data for cured 2 by DDS: yellow solid; FTIR, v (cm™): 3368 (OH); 2932, 2871 (CH,);
2591 (B—H); 1613, 1593, 1512, 1464 (Ph); 1140, 1100 (C—O—C). Characterization data for cured 2 after TGA
test under nitrogen atmosphere: FTIR, v (cm™'): 3429 (OH); 2920, 2849 (CH,); 1615 (Ph). Characterization data
for cured 2 after TGA test under air atmosphere: FTIR, v (cm™): 3428 (OH); 2819 (CH,); 1625 (Ph); 1427
(B—0), 1187 (B—C), 1087 (C—0—C), 649 (B—C).

RESULTS AND DISCUSSION

Synthesis of Carborane Bisphenol Novolacs (3 and 4)

Carborane bisphenol novolacs (3 and 4) were synthesized from carborane bisphenols (5 and 6) and formaldehyde
aqueous solution with acid catalyst in propanol according to Scheme 1. The reactions proceeded smoothly, and
desired novolacs were obtained in satisfactory yields (about 75%—82%). Both of the novolacs were characterized
by standard spectroscopic methods, from which satisfactory analysis data were obtained (see Experimental
section for details).

To synthesize m-carborane bisphenol novolac (4), concentrated hydrochloric acid was first chosen as
catalyst, which has been widely utilized as acid catalyst for the synthesis of novolacs!*®!. i-Propanol was used as
solvent for its good dissolving ability to m-carborane bisphenol (6). The reaction was conducted at 80 and 90 °C
for 14 h, and the obtained novolac showed rather low molecular weight (M,, about 500, Table 1, Nos. 1 and 2).
To further increase M,, value, the reaction temperature was increased to 100 °C. The effect of both reaction time
(f) and the molar ratio of phenolic hydroxyl to formdehyde (P/F) was carefully studied and the highest molecular
weight (M,, = 789) was obtained when the reaction time was extended to 14 h and the molar ratio was set to be
1:2 (Table 1, No. 5). Considering that many novolacs are generally synthesized with a molar ratio of
1:(0.5-0.8)1**7), the dosage of formdehyde in this study was extraordinarily high. The possible reason lies in the
fact that carborane-containing bisphenols own poorer reactivity with formaldehyde than unsubstituted phenol
due to the steric hindrance and the electron-withdrawing nature of the carborane cage!®®). Other catalysts were
also tried to synthesize m-carborane bisphenol-based novolac (4) such as p-toluene sulfonic acid (PTSA) and
oxalic acid. When the reaction was catalyzed by PTSA, the obtained 4 was partially insoluble in common
solvents such as tetrahydrofuran (THF) and chloroform, although the soluble part showed very high molecular
weight (M,, about 936, Table 1, No. 8). Besides, oxalic acid failed to obtain product with high molecular weight.

To transform o-carborane bisphenol (5) into the corresponding novolac 3, the reaction was conducted at
100 °C in the presence of concentrated hydrochloric acid. n-Propanol could dissolve 5 completely and thus was
chosen as the reaction solvent. The effect of molar ratio (P/F) and reaction time was fully considered and the
results are shown in Table 2. It is clear that the obtained 3 exhibits relatively high molecular weight (M,, = 579)
when the reaction lasted for 5 h. However, the molecular weight failed to increase with the reaction time, even
though the latter was prolonged to 20 h. Furthermore, the molecular weight reduced to about 500 with the
decrease of formaldehyde dosage in the reaction, which again confirms that more formaldehyde contributes to
high molecular weight of carborane bisphenol novolac.
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Table 1. The synthesis of m-carborane bisphenol novolac (4) *
No. Catalyst® PFC T(C) t(h) yield%) M, M,/M," Char® (%)

1 HCI 1:2 80 14 76.2 492 1.13 87.0
2 HCl 1:2 90 14 754 493 1.12 83.4
3 HCl 1:2 100 5 81.8 499 1.12 86.3
4 HCl 1:2 100 10 80.2 497 1.12 85.1
5 HCl 1:2 100 14 78.5 789 1.34 86.5
6 HCl 1:1.5 100 14 79.3 506 1.13 86.3
7 HCI 1:1 100 14 78.2 578 1.18 87.8
8f PTSA 1:2 100 14 82.0 936 1.43 83.3
9 Oxalic acid 1:2 100 14 72.8 526 1.13 85.8

* Carried out in i-propanol; ° Catalyst dosage is 3.28 mol% of bisphenol; © P/F is the molar ratio of
phenolic hydroxyl to formaldehyde; ¢ Estimated by gel permeation chromatograph (GPC) in THF on
the basis of polystyrene calibration; ¢ m-Carborane bisphenol novolac (4) was cured with 10 wt%
hexamethylenetetramine (HMTA) under curing condition of 170 °C/4 h + 200 °C/6 h; Char is the
residual weight percentage of cured 4 at 900 °C under nitrogen; ' The product is partly insoluble in
THF, and the soluble part was chosen to conduct GPC test.

Table 2. The synthesis of o-carborane bisphenol novolac (3) *

No. Catalyst ° P/F © ¢ (h) yield (%) M, ¢ MM, ¢ Char © (%)
1 HCI 1:2 5 70.2 579 1.07 89.5
2 HCI 12 10 76.3 577 1.07 88.7
3 HCI 12 14 74.6 565 1.07 91.1
4 HCI 12 20 74.1 575 1.07 89.8
5 HCI 1:1.5 14 68.3 504 1.14 86.8
6 HCI 1:1 14 70.6 499 1.13 86.7

* Carried out at 100 °C in n-propanol; ° Catalyst dosage is 3.28 mol% of bisphenol; ¢ P/F is the molar
ratio of phenolic hydroxyl to formaldehyde; ¢ Estimated by gel permeation chromatograph (GPC) in
THF on the basis of polystyrene calibration; ¢ o-Carborane bisphenol novolac (3) was cured with 10 wt%
hexamethylenetetramine (HMTA) under curing condition of 170 °C / 4 h + 200 °C /6 h; Char is the
residual weight percentage of cured 3 at 900 °C under nitrogen atmosphere.

Synthesis of Carborane Bisphenol Epoxy Novolacs (1 and 2)

Carborane bisphenol epoxy novolacs (1 and 2) were synthesized from the above obtained carborane-containing
novolacs (3 and 4) and epichlorohydrin (ECH) by a two-step method according to Scheme 1. At the first
etherification step, tetrabutylammonium bromide (TBAB) was chosen as phase-transfer catalyst'*! and the
coupling reactions of novolacs and ECH proceeded at 100 °C for 2 h. Then stoichiometric amount of sodium
hydroxide was added to carry out the dehydrochlorination step at moderate temperature. The synthetic results of
carborane bisphenol epoxy novolacs are shown in Table 3. It is obvious that the obtained epoxy novolacs have
similar molecular weight as their precursory novolacs. Meanwhile, the epoxy values of epoxy novolacs (1 and 2)
are 0.48 and 0.52 respectively, which are much higher than those of carborane bisphenol epoxy resins with two
epoxy groups in each molecule!®”. Actually the above epoxy values are even higher than the maximum
theoretical epoxy value (0.45) of difunctional carborane bisphenol epoxy resins, which in turn indicates
successful synthesis of carborane-containing novolacs (3 and 4).

Table 3. The synthesis of carborane bisphenol epoxy novolacs (1 and 2)

No. Epoxyresin  Yield (%)  M,* M/M,* Epoxy value®  Char at 700 °C ° (%)  Char at 900 °C ° (%)

1 1 84.8 735 1.28 0.48 70.1 69.2
2 2 85.1 706 1.29 0.52 70.5 68.7

? Estimated by gel permeation chromatograph (GPC) in THF on the basis of polystyrene calibration; ° Epoxy value is defined
as the mole number of epoxy group per 100 grams of epoxy resin and was measured by acid-base titration; © Carborane
bisphenol epoxy novolacs (1 and 2) were cured with 4,4-diaminodiphenyl sulfone (DDS) under curing condition of 150 °C/
1 h+ 180 °C/1 h+ 220 °C/1 h; Char is the residual weight percentage of cured resins under nitrogen atmosphere.
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Structural Characterization
The structures of the obtained carborane bisphenol novolacs (3 and 4) and epoxy novolacs (1 and 2) were
characterized by standard spectroscopic methods such as FTIR and NMR. The analysis data were quite
satisfactory corresponding to the expected molecular structures (see Experimental section for details).

An example of the FTIR spectra of m-carborane bisphenol novolac (4) and epoxy novolac (2) are shown in
Fig. 1; the spectrum of its corresponding bisphenol monomer (6) is also given in the same figure for comparison.
It is clear that, similar to monomer 6, both 4 and 2 show strong absorption band at 2600 cm™! ascribed to the
stretching vibrations of B—H bonds, indicating that the carborane cage still exists after the synthesis and
epoxidation of carborane-containing novolacs. Compared to bisphenol 6, new absorption peaks appear in the
spectrum of novolac 4 at 940 and 2970 cm™" associated with three-substituted aromatics and methylene groups
which bridge the aromatic rings respectively, confirming the formation of novolac. After the epoxidation, strong
absorption bands around 3320 cm™' disappear completely and new characteristic peak at 916 cm™' appears in the
spectrum, demonstrating full consumption of phenolic hydroxyls and formation of epoxy groups. The absorption
peak at 3435 cm™' may be assigned to the stretching vibration of newly formed hydroxyl during the synthesis of
epoxy novolac. Besides, the strong absorption peaks around 2930 cm™ are attributed to the stretching vibrations
of methylene groups next to the epoxy ring. These peaks overlap with the absorption peak of methylene groups
between aromatic rings.

916

4000 3000 2000 1600 1200 800 400
Wavenumber (cm ™)

Fig. 1 FTIR spectra of (a) m-carborane bisphenol (6), (b) m-carborane bisphenol novolac
(4, Table 1, No. 4), (c) m-carborane bisphenol epoxy novolac (2), and (d) 2 cured by DDS

Figure 2 shows the "H-NMR spectra of m-carborane bisphenol novolac (4), epoxy novolac (2), and their
starting material (6). Compared with 6, new peak appears at J 3.95 in the spectrum of 4 which is ascribed to
protons on the methylene between aromatic rings, indicating the formation of the anticipated novolac. The
obtained epoxy novolac (2) also shows resonance peaks well associated with its expected structures. Same to its
precursor 4, 2 shows resonance peaks of aromatic protons at o = 7.39 and 6.84, while the peak at 6= 3.95 is
attributed to protons on the methylene between aromatic rings. Noteworthy, protons on the methylene of epoxy
group show their resonance peaks at 6= 2.92 and 2.76, while protons on the methine of epoxy group resonate at
3.36 and protons of methylene next to epoxy group show resonance peaks at o = 4.25 and 3.97. Furthermore,
resonance peaks at = 3.78 and 4.54 could be assigned to the protons on the formed hydroxyl and methine next
to it. Baseline prominence and unrecognized peaks at & = 3.10—0.90 are ascribed to protons on the carborane
cage. In conclusion, m-carborane-containing epoxy novolac (2) was successfully obtained with a certain amount
of hydroxyl in its chemical structure.
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Fig. 2 '"H-NMR spectra of (A) m-carborane bisphenol (6) in DMSO-dg, (B) m-carborane
bisphenol novolac (4, Table 1, No. 4) in acetone-ds, and (C) m-carborane bisphenol epoxy
novolac (2) in CDCl; (The solvent peaks are marked with asterisks.)

The structure of m-carborane bisphenol novolac (4) and epoxy novolac (2) was further analyzed by
C-NMR shown in Fig. 3. Aromatic carbons of both 4 and 2 resonate in the low field range of 5= 160.0—110.0,
while carbons on carborane cage show weak resonance peaks around ¢ = 79.5, similar to their starting bisphenol
6. It is noted that new resonance peak appears at 0 = 22.4 in the spectrum of 4 assigned to carbon on methylene
between aromatic rings, which again indicates the formation of the novolac. As for epoxy novolac 2, new
resonance peaks at 6 = 44.7 and 50.1 are ascribed to carbons on the methylene and methine of epoxy group,
while new peak at § = 68.9 is related with carbon on the methylene next to epoxy group. Besides, hydroxyl
formation was also confirmed by new peaks appearing at 5 = 64.8 and 71.8 that were attributed to carbons on
methine linked to the hydroxyl and methylene next to the methine. The ''B-NMR spectra of 4 and 2 are shown in
Fig. 4. It is clear that boron atoms on carborane-containing novolacs and epoxy novolacs show three resonance
peaks at around 5= —6, —10, and —13, similar to the resonance of borons on carborane bisphenol-based resols'*”),
indicating the formation of resins with intact carborane structures.
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Curing Behavior of Carborane Bisphenol Epoxy Novolacs (1 and 2)
Both the obtained epoxy novolacs (1 and 2) are transparent viscous liquid and could be dissolved in common
organic solvents such as acetone, tetrahydrogenfuran (THF), and chloroform to give clear solutions. Appropriate
solvent could be selected to improve the compatibility of epoxy novolacs with solid curing agents. To obtain
excellent high temperature performance, epoxy novolacs (1 and 2) were cured with aromatic amines such as 4,4-
diaminodiphenyl sulfone (DDS) and 4,4-diaminodiphenyl methane (DDM). The curing behavior was studied by
nonisothermal Differential Scanning Calorimetry (DSC). The nonisothermal DSC curves of DDS-cured
o-carborane bisphenol epoxy novolac (1) at different heating rates are shown as an example in Fig. 5(a), and the
DSC parameters of various curing systems are summarized in Table 4. It is clear that the exothermic peaks
became sharper and the three characteristic temperatures (7;, T, and T;) shifted to higher temperatures with the
increase of heating rate.

30

0

G. Han et al.

Fig. 3 "C-NMR spectra of (A) m-carborane bisphenol (6) in DMSO-dq, (B) m-carborane bisphenol
novolac (4, Table 1, No. 4) in acetone-ds, and (C) m-carborane bisphenol epoxy novolac (2) in CDCl;
(The solvent peaks are marked with asterisks.)
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Fig. 4 ""B-NMR spectra of (a) m-carborane bisphenol novolac (4, Table 1, No. 4) in acetone-ds,
and (b) m-carborane bisphenol epoxy novolac (2) in CDCl;
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Fig. 5 (a) Nonisothermal DSC curves at different heating rates and (b) the linearity between characteristic
temperatures (7;, T, and T;) and heating rates (/) for o-carborane bisphenol epoxy novolac (1) cured with DDS
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Table 4. DSC data of curing reaction of various curing systems (1/DDS, 2/DDS, and 2/DDM) at
different heating rates (f)

Curing system B (K-min™") T;* (°C) 7,°(°C) 7,% (°C) AH® (J-mol™)
5 145.6 205.1 267.7 317.1
10 144.1 2242 291.4 309.6
1/DDS 15 152.5 234.8 301.9 291.5
20 152.0 245.1 314.1 343.2
5 165.9 184.4 233.1 1373
10 168.9 199.6 262.3 177.5
2/DDS 15 170.8 208.6 309.0 252.5
20 172.4 219.0 341.2 285.6
5 50.5 120.6 180.7 141.5
10 56.4 138.5 197.2 140.9
2/bbM 15 61.6 149.7 210.3 139.9
20 66.9 158.2 218.4 137.3

2 B heating rate; ° T}: initial curing tempetature; © T » peak tempetature; 4 T:: terminal temperature;

¢ AH: exothermic enthalpy
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Figure 5(b) shows the linearity between characteristic temperatures (7;, T, and T) and heating rates () for
DDS-cured 1. By the extrapolation of the plots, the characteristic temperatures at a heating rate of 0 K/min (7},
Ty, and Ty) could be obtained (Table 5), on the basis of which the curing process could be optimized. FTIR
analysis confirms that epoxy novolacs (1 and 2) could be fully cured by DDS under curing condition of
150 °C/1 h + 180 °C/1 h + 220 °C/1 h (Fig. 1d).

Table 5. E, values and characteristic temperatures at a heating rate of 0 K/min obtained from nonisothermal data

Curing system E, (kI'mol™ Characteristic temperatures
Kissinger’s method Ozawa’s method Ty °C) T (°C) Ty (°O)
1/DDS 65.0 70.0 141.7 194.7 256.4
2/DDS 65.8 70.0 164.2 174.7 193.7
2/DDM 44.9 49.4 453 110.8 170.1

The apparent activation energies (E,) were also calculated by using Kissinger’s and Ozawa’s methods'*" %),

According to Kissinger’s equation:

d[ln(b’/sz)] _E, 0
d(I/T)) R
where g is the heating rate, 7, is the exothermic peak temperature, 4 is the pre-exponential factor, E, is the
apparent activation energy, and R is the universal gas constant, plots of In(f/7T. pz) against 1/T}, are prepared and
shown as straight lines in Fig. 6(a). According to Ozawa’s equation:
E
Ing =-1.052 R}

p

+C )

where C is constant, plots of Inf against 1/7, are prepared and shown as a straight line in Fig. 6(b). The apparent
activation energies (£,) of the curing reaction were calculated from the slope of lines in Fig. 6 and summarized
in Table 5. It is seen that almost identical F, values were obtained for DDS-cured 1 and 2 regardless of the
calculation methods, implying that the isomeric carborane cages have little effect on the reactivity of epoxy
novolacs.

a b
1/DDS o
105 2.8+
2/DDS
2/DDM
100k 241
N&&
s 3
T
2.0
951 2/DDM
1/DDS 2/DDS
1.6 o
9.0 I ! I | | | L L L . . .
19 20 21 22 23 24 25 19 20 21 22 23 24 25 26
UT,x10° (K™ UT,x10° (K™

Fig. 6 (a) Plots of In(f/T, pz) as a function of 1/7, and (b) plots of Inf as a function of 1/7}, for various curing
systems (1/DDS, 2/DDS, and 2/DDM) to calculate E, according to Kissinger’s and Ozawa’s methods
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Thermal and Thermo-oxidative Stability

Carborane structure could endow polymers with high heat resistance, so it is of great importance to study the
thermal stability of the cured resins. Carborane bisphenol novolacs (3 and 4) were first investigated by thermal
gravimetric analysis (TGA) and the results are shown in Fig. 7. It is seen that cured 3 and 4 lose their 5% weight
under nitrogen at 454 and 395 °C (Ts) respectively, much higher than that of commercial boric acid-modified
phenolic resin (355 °C)™*). The great improvement of the initial decomposition temperature can be attributed to
the shielding effect of the incorporated carborane cage on its adjacent phenolic structures. Besides, the cured 3
and 4 resulted high char yield under nitrogen at 900 °C (91.2% for 3 and 86.5% for 4), almost identical to the
values of carborane-containing resols'*”). It is believed that B-H on carborane cage could combine with oxygen
from phenolic structures to form a three-dimensional network linked by B—O—B and B—C bonds™”. The
formed radicals during polymer degradation fail to move smoothly through this thermally stable network and
undergo secondary recombination process, and thus the degradation process is largely blocked.

To further explore the effect of oxygen on the decomposition process, TGA test of cured 3 was also
conducted under air. It is seen that the weight loss rate at 119 °C under air is 0.09%/°C, three times higher than
that under nitrogen, indicating that the oxygen contributes greatly to the initial decomposition of the phenolic
structure of cured 3. The decomposition mechanism of carborane-containing phenolic resins below 200 °C is
considered to be the same as carborane-free resins!*”). It is worth mentioning that two weight gain peaks appear
at 450 and 705 °C, which further illustrates that the carborane structure is oxidated more easily and adequately in
the presence of oxygen.

010 119
100 e : b
gl 3 ¥n n}trogen
[ 3 in air
n —_—— 4 in nitrogen
o ~ 0.06
& &
< X
fﬁ > 0.04
E ]
5 ]
Z 90 2
3 S 0.02
3innitrogen 7" § 0.00
5k  cwmw s 3 in air 863
————— 4 in nitrogen
—-0.02
-0.04 0

0 L L | | | | L I | | | | | 1 ] 1
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)
Fig. 7 TGA (a) and DTG (b) curves of carborane bisphenol novolacs (3 and 4) under nitrogen and air
3 and 4 were cured by heating under conditions of 170 °C /4 h + 200 °C /6 h.

FTIR analysis was utilized to further explore the oxidation of carborane cage at elevated temperature.
Figure 8(A) shows the FTIR spectra of cured 4 after TGA test under nitrogen up to 300 (b), 500 (c), and 900 °C
(d). It can be seen that, when the sample was thermally treated up to 500 °C, broad characteristic absorption band
around 1440 cm™' appears in the spectrum, corresponding to B—O—B antisymmetric stretch vibration. The
oxidation of B—H bonds on carborane cage leads to the formation of a three-dimensional network linked by
B—O—B and B—C bonds, although residual B—H bonds still exist (2600 cm™)*”). B—H bonds were fully
oxidated and consumed when cured 4 was heated up to 900 °C, indicating that a denser network was obtained.
The characteristic absorption peak of phenyl at 1600 cm™' disappears simultaneously in the oxidation of B—H
bonds.
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Fig. 8 FTIR spectra of (A) cured 4 (a), cured 4 after TGA test under nitrogen to 300 (b), 500 (c) and
900 °C (d), and (B) DDS-cured 2 after TGA test under nitrogen to 300 (e), 600 (f) and 900 °C (g)

400

TGA analysis was utilized to study the thermal stability of carborane bisphenol epoxy novolacs (1 and 2)
under nitrogen, and the results are shown in Fig. 9. It is seen that, cured with DDS, carborane bisphenol epoxy
novolacs show high initial decomposition temperatures, 392 °C for 1 and 376 °C for 2. The introduction of
carborane moiety into epoxy resins greatly improves their thermal stability, which has already been confirmed
by our previously synthesized difunctional carborane bisphenol epoxy resins!**. DDS-cured 1 and 2 also have
high char yield under nitrogen at 700 °C (70.1% for 1 and 70.5% for 2), 5%—7% higher than that of difunctional
carborane bisphenol epoxy resins. The existence of boron confers excellent ablation resistance on epoxy
novolacs, just like it does on novolacs. When conducted under air, 1 shows a weight gain peak at 684 °C on its
TGA curve, just like its precursor 3 does at 450 and 705 °C. This weight gain seems not obvious because large

weight loss occurs at 415 °C.
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Fig. 9 TGA (a) and DTG (b) curves of carborane bisphenol epoxy novolacs (1 and 2) under nitrogen

and air atmosphere

1 and 2 were cured with DDS by heating under conditions of 150 °C/1 h + 180 °C/1 h + 220 °C/1 h.
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CONCLUSIONS

In summary, carborane bisphenols (5 and 6) reacted with formaldehyde in the presence of acid catalyst to obtain
carborane bisphenol novolacs (3 and 4), which were further epoxidized with epichlorohydrin to form carborane
bisphenol epoxy novolacs (1 and 2). The synthetic conditions of 3 and 4 were well optimized to give acceptable
molecular weight, which partially determines the molecular weight and epoxy value of 1 and 2. The epoxy
values of 1 and 2 were 0.48 and 0.52 respectively, which are higher than the maximum theoretical epoxy value
(0.45) of difunctional carborane bisphenol epoxy resins. The obtained resins were characterized by spectroscopic
techniques including FTIR, 'H-NMR, "*C-NMR, ""B-NMR, which give satisfactory results. The nonisothermal
DSC was utilized to study the curing behavior of carborane bisphenol epoxy novolacs (1 and 2), on the basis of
which the optimized curing processes were obtained (150 °C/1 h + 180 °C/1 h + 220 °C/1 h). TGA analysis
indicated that carborane moiety could shield its adjacent organic structures against initial decomposition, and
thus high 75 was obtained (392, 376, 454, and 395 °C for 1-4). On the other hand, carborane-containing resins
(1-4) own ultrahigh char yield at elevated temperatures due to the fact that B—H on carborane cage reacted with
oxygen to form a three-dimensional network linked by B—O—B and B—C bonds, which further blocked the
movement of formed radicals and the degradation process was inhibited.
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