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Synthesis and Thermal Curing of
Aryl-Ethynyl-Terminated coPOSS Imide Oligomers: New
Inorganic/Organic Hybrid Resins
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A new bis(amino)-functionalized POSS monomer was prepared and characterized with
the formula diexo-(c-CsHg)sSigO11(p-CsHiNH>), . The new POSS monomer (1—10 mol %) along
with diamines 1,3-bis(3-aminophenoxy)benzene (APB) and 3,4'-oxydianiline (ODA) and were
copolymerized with 4,4'-oxydiphthalic anhydride (ODPA) and two reactive end-caps, 4-(aryl-
ethynyl)phthalic anhydride {where aryl = phenyl and 9-anthracenyl} to afford a series of
new inorganic/organic imide oligomers. The oligomers containing 1% and 10% POSS gave
similar Ty data (=191 and 203 °C) as the pure organic imide oligomers and were shown to
thermally cure to afford solvent-resistant and high T4 resins. The thermal curing kinetic
data for the 10%-POSS-containing imide was obtained. The kinetic data showed the rate of
thermal curing to be unaffected (within experimental deviation) by the addition of the POSS

units.

Introduction

Polyhedral oligomeric silsesquioxanes (POSS), a fam-
ily of nanoscale inorganic cage structures consisting of
a silicon and oxygen framework, have attracted signifi-
cant attention due to their unique physical and chemical
properties.1 =6 Such POSS structures can be synthesized
bearing organic substituents to afford an organic/
inorganic hybrid material with an inorganic core and
organic periphery. POSS structures are well-suited for
the synthesis of hybrid organic/inorganic materials with
a variety of potential applications.5~12 The desirable
properties of POSS such as abrasion resistance, thermal
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stability, and increased oxidative and ultraviolet stabil-
ity will contribute to the bulk properties of such hybrid
materials. The use of POSS-bearing polymerizable sub-
stituents in the synthesis of organic polymers has
afforded hybrid materials consisting of an organic
backbone with pendent POSS cages.>~1! Other potential
methods to hybrid materials include blending of POSS
with existing polymers.’2 However, simple methods of
incorporating POSS cages into useful materials remain
relatively sparse.

We have determined that the incorporation of POSS
structures into the well-established and high-perfor-
mance thermally cured resins of phenyl-ethynyl-termi-
nated imide (PETI) oligomers3—35will likely enhance the
properties and utility of the existing resins. Such resins
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should incorporate the desirable properties of PETI and
POSS into a high-performance organic/inorganic hybrid
resin. Additionally, recent studies of end-cap model
compounds, new end-capping reagents, and new aryl-
ethynyl end-capped oligomeric analogues of NASA's
PETI-5 conducted in our laboratory have resulted in the
development of a new class of aryl-ethynyl end-caps.132527
The substitution of the terminal phenyl unit with
various polycyclic aromatics drastically modifies the
thermal curing kinetics (i.e., anthracenyl-ethynyl cures
much faster than phenyl-ethynyl) while the desirable
properties of the cured resin appear to be retained. This
simple modification method should further enhance the
versatility of imide/POSS hybrid materials. Herein, we
report the synthetic incorporation of POSS into aryl-
ethynyl end-capped imide oligomers as well as physical
and Kinetic characterization of the oligomers and cured
resins therefrom.

Results and Discussion

Synthesis of diexo-(c-CsHg)sSigO11(p-CeHaNH>)2
and the Aryl-Ethynyl-Terminated coPOSS Imide
Oligomers. A POSS framework with two anilino pen-
dant groups was prepared in good overall yield as
outlined in Scheme 1. Several aspects of the synthesis
are worth noting. First, the formation of the intermedi-
ate difluorosilsesquioxane from (c-CsHg)gSigO12 is best
accomplished in two steps (i.e., base-mediated hydroly-
sis®” and fluoridation3® rather than the direct reaction
of (C'C5H9)85i8012 with HBF4'OMe2/BF3,39 which is
difficult to achieve with high conversion. Second, all
steps in the scheme can be accomplished with multi-
gram quantities (>40 g) and with strict stereochemical
control at Si to produce a pure monomer with two
aniline groups located in exo positions. Finally, the
p-CeH4NH; groups attached to Si appear to be relatively
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resistant to protodesilylation, and there is no evidence
for cleavage of Si-aryl bonds during the final deprotec-
tion step.

The oligomers used in this study are synthesized
using procedures analogous to those reported for PETI-
5-ODPA 1332 The bis(amino)-functionalized POSS mono-
mer (POSS) was incorporated into the oligomers at 1%
and 10%, and molar equivalents of the remaining
diamine monomers, 1,3-bis(3-aminophenoxy)benzene
(APB) and 3,4'-oxydianiline (ODA), were adjusted ac-
cordingly to retain the appropriate stoichiometry of
PETI-5—ODPA (Table 1). End-capping of coPOSS—
ANETI-5—ODPA oligomers is carried out using our new

coPOSS-AnETI-5-ODPA

oo,

end-capping reagent, 4-(9-anthracenylethynyl)phthalic
anhydride (AnEPA), and end-capping of coPOSS—PETI-
5—ODPA oligomers is achieved using the commercially

coPOSS-PETI-5-ODPA

available end-capping reagent 4-(phenylethynyl)phthal-
ic anhydride (PEPA). Hence, the oligomers 1%-POSS—
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Table 1. Mole Fractions of Monomers Used in Synthesis of Oligomers, Based on 1.00 Mole Fraction of Diamine?

POSS APB ODA theoretical
AnEPA PEPA ODPA X y z Mn
PETI-5—ODPA 0.00 0.18 0.91 0.00 0.15 0.85 5851
ANETI-5—ODPA 0.18 0.00 0.91 0.00 0.15 0.85 5887
1%-POSS—PETI-5—ODPA 0.00 0.18 0.91 0.01 0.15 0.84 5972
1%-POSS—ANETI-5—0ODPA 0.18 0.00 0.91 0.01 0.15 0.84 6008
10%-POSS—ANETI-5—0ODPA 0.18 0.00 0.91 0.10 0.14 0.77 7098

a The variables X, y, and z are defined in the illustrations shown above. The calculated theoretical Mw is included.

Table 2. Analysis of Oligomers Using SEC and DSC.
1%-POSS— 1%-POSS— 10%-POSS—

PETI-5— AnETI-5— PETI-5— AnETI-5— AnETI-5—
sample ODPA!3 ODPA!3 ODPA ODPA ODPA
Mn 2607 3212 2625 2592 5787
M 4119 5166 4275 4225 10520
PD 1.58 1.61 1.63 1.63 1.82
Tm(°C) 263 218

T (°C) 1903 198.5 192.7 189.52 203.0
Te (°C) 2335 234.7 237.4 226.0 226.7

@ Tyu revealed in first DSC scan.

Analysis of coPOSS-AnETI-5-ODPA Oligomers using
SEC

1%POSS-AnETI-
10%POSS- 5-ODPA

AnETI-5-ODPA

Relative Absorbance at 300 nm
>

0 T T T T '
6 7 8 9 10 11

Retention Time (min)

Figure 1. SEC traces of coPOSS—ANETI-5—0ODPA oligomers.
Unreacted POSS monomer (FW = 1134), by comparison to
polystyrene standards, would correspond to a retention time
of 8.84 min.

PETI-5—0ODPA, 1%-POSS—ANETI-5—0ODPA, and 10%-
POSS—ANETI-5—0ODPA are synthesized and reported
herein. The oligomers PETI-5—ODPA and AnETI-5—
ODPA have been previously synthesized and the curing
kinetics studied.'3

For each of the POSS-containing oligomers, proton
NMR spectroscopy was used as a means of verifying
POSS incorporation. In general, we used the integration
ratios of the aromatic region to that of the very distinc-
tive aliphatic peaks (due to the CsHj; rings) for confir-
mation that the feed ratio of POSS is maintained in the
isolated coPOSS imide oligomer.

Oligomer Analysis. Analysis of oligomers using SEC
and comparison to polystyrene standards revealed oli-
gomeric product with little or no remaining monomers.
Incorporation of 1 mol % POSS into the oligomers has
little effect on the Mn, Mw, and polydispersity (PD)
values for 1%-POSS—ANETI-5—ODPA and 1%-POSS—
PETI-5—0ODPA compared to those for ANETI-5—ODPA
and PETI-5—0ODPA (Table 2). The 10%-POSS—ANETI-
5—ODPA oligomer does correspond to a larger polymer
(Figure 1), with little or no unreacted POSS monomer
present, in accordance with the calculated theoretical
Mw values (Table 1).

Analysis of ArylETI-5-ODPA Oligomers Using TGA
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Figure 2. TGA traces of arylETI-5 oligomers as collected
under a nitrogen atmosphere.
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Figure 3. TGA traces of coPOSS—ANETI-5—ODPA oligomers

as collected under a nitrogen atmosphere.

Analysis of the cured oligomers using TGA was
performed to determine thermal stability. Each sample
was first heated to 250 °C to ensure standardized
removal of residual water and solvents. The sample was
cooled and data was collected to 700 °C. PETI-5—ODPA
and AnETI-5—0ODPA were analyzed to ensure thermal
stability of the anthracenyl end cap. Indeed, the two
systems demonstrate nearly identical thermal stability,
demonstrated by the onset of rapid weight loss at
approximately 500 °C (Figure 2). The onset of a slow
and steady thermal degradation process of 10%-POSS—
ANETI-5—0ODPA at approximately 400 °C was found to
occur until rapid decomposition begins at approximately
550 °C (Figure 3). The rapid decomposition of 10%-
POSS—ANETI-5—ODPA is steeper, thus more rapid
than AnETI-5—ODPA. 1%-POSS—ANETI-5—0ODPA also
demonstrates the slow and steady degradation process,
although slightly less pronounced. The final degradation
process of 1%-POSS—ANETI-5—ODPA at approximately
550 °C nearly identically matches the final degradation
of 10%-POSS—ANETI-5—0ODPA.
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Oligomer samples were analyzed using DSC and
compared to previous systems. The uncured oligomers
were analyzed using two scans. The first scan of 1%-
POSS—PETI-5—0ODPA and 10%-POSS—ANETI-5—ODPA
revealed no distinct melting peaks (T,) or glass transi-
tions (Ty) as indicated in Table 1. This is in contrast to
PETI-5—ODPA, AnETI-5—ODPA,!3 and other analogous
oligomers?® that demonstrate a distinct Ty, in the first
scan and a distinct Ty in the second scan. The second
scan of 1%-POSS—PETI-5—ODPA and 10%-POSS—
ANETI-5—ODPA revealed distinct uncured Tgs (Tgu),
with nearly the same values as the non-POSS ana-
logues, PETI-5—ODPA and AnETI-5—ODPA. The 1%-
POSS—ANETI-5—0ODPA did not exhibit a T,; however,
it did reveal a distinct Ty, in the first DSC scan. Each
sample was then fully cured (380 °C for 1 h). The
hardened, glassy resins were then analyzed by a third
DSC scan to measure a fully cured Tgs (Tyc) at temper-
atures similar to non-POSS-containing oligomers. The
Tgu and Ty data show that very little effect is occurring
from the incorporation of POSS and this appears to be
true for both the cured and uncured materials. Very
interestingly, the POSS units decrease the crystallinity
of the uncured oligomers as indicated by an absence of
a T in the DSC data (Table 1).

Analysis of Oligomer Thermal Curing. Samples
of 10%-POSS—ANETI-5—ODPA were sealed under ni-
trogen in a Pyrex reaction vessel and cured at selected
temperatures in a calibrated aluminum heating block,
as previously described.32527 Samples were removed
at certain times via suction, the reaction vessel was
opened, and the sample was removed. Analysis of the
thermal curing of the oligomer samples was performed
by monitoring the change in Ty as a function of time
using the DiBenedetto equation,*°—*3 modified for highly
cross-linked networks,

(Tg= Tg)(Tge = Tg) = AXI(1 = (1 = 1)X)
where Ty, Tgu, Tge, 4, and x represent the glass transition
temperature of the sample, the glass transition tem-
perature of the uncured material, the glass transition
temperature of the fully cured material, the ratio of the
isobaric heat capacity of a fully cured model compound
to that of an uncured model compound, and the reaction
extent (i.e., C/Co = 1 — Xx), respectively. The experi-
mental values of Ty, and T listed in Table 2 were used
in the calculation of reaction extent. The value of 1
determined by Scola and co-workers (1 = 0.69),2° which
has been successfully applied to other end-capped
arylETI-5 systems,325 was again used in the calcula-
tions.

Analysis of the experimental data of 10%-POSS—
ANETI-5—0ODPA using a first-order rate law (i.e., time
vs In[C/Cy]) provided the best fit, in accordance with
previous oligomer analysis.132° The rate data from each
temperature were further used in Arrhenius (Figure 4)
and Eyring plots and the Arrhenius and thermodynamic
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Arrhenius Analysis of Oligomer Thermal Cure
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Figure 4. Arrhenius analysis of thermal curing of 10%-
POSS—ANETI-5—ODPA (a) with linear regression. For com-
parison purposes, previous PETI-5—ODPA (W) and AnETI-5—
ODPA (#) data is shown.

Table 3. Calculated Arrhenius and Eyring Parameters of
Oligomer Thermal Curing?

PETI-5—  AnETI-5— 10%-POSS—
ODPAP ODPA®  AnETI-5—-ODPA
Arrhenius R2  0.979679  0.990643 0.997685
Ea (kJ/mol) 136(14) 142(10) 156(8)
A (min™Y) 1.3 x 1010 51 x 101 6.1 x 1012
Eyring R2 0.978139  0.990003 0.997571
“Hact (k3/mol)  132(14) 137(10) 151(7)
‘St (Jkmol)  —65 -34 —14

2 For comparison purposes, previous PETI-5—ODPA and AnETI-
5—ODPA data are included. Numbers in parentheses represent
the error for the last digit(s). P New data were collected for heating
block calibration purposes and resulting kinetic parameters are
in agreement with previous data.!3

parameters, respectively, were calculated from the
resulting linear regression values and compared to
previous data.!® The kinetic parameters reveal reason-
ably similar E, values of 10%-POSS—ANETI-5—0ODPA,
PETI-5—ODPA, and AnETI-5—ODPA (Table 3). The
rate acceleration provided by the anthracenyl-ethynyl
end cap is still very evident in that 10%-POSS—ANETI-
5—0ODPA cures only slightly slower than AnETI-5—
ODPA and much faster than PETI-5—ODPA at all
temperatures studied. The slight decrease in rate can
be attributed to dilution of end caps due to the signifi-
cantly larger Mw of 10%-POSS—ANETI-5—0ODPA.

Concluding Remarks

The simple and successful synthesis of an organic/
inorganic hybrid imide oligomer with backbone POSS
units is reported. The POSS units disrupt the crystal-
linity of the uncured oligomer and serve as the limiting
factor in the thermal stability of the resin. The thermal
curing kinetics of the hybrid oligomer to form a high-
performance hybrid resin was found to be relatively
unaffected by the presence of up to 10 mol % POSS
units. The hybrid materials can also be synthesized
using new end-capping reagents to modify the kinetics
of the thermal curing. This system is therefore a simple
and versatile method for creating high-performance
organic/inorganic hybrid resins.

Experimental Section

General Methods. All manipulations of compounds and
solvents were done under nitrogen using standard Schlenk line
techniques. THF was purified by distillation under nitrogen
from Na°. The compound 1-(9-anthracenyl)ethynylphthalic
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anhydride (AnEPA) was prepared according to a literature
technique.’® The N-methylpyrrolidinone (99.9%, anhydrous)
was purchased from Aldrich Chemical Co. The compounds 1,3-
bis(3-aminophenoxy)benzene (APB), 4,4'-oxydiphthalic anhy-
dride (ODPA), and 4,4'-oxydiphthalic anhydride (ODA) were
purchased from TCI America. The 4-PEPA was obtained from
NASA. SEC analyses were performed by dilution in THF (2
mg/mL) and then injection onto a Hewlett-Packard 1100 HPLC
(column: PL 300 x 7.5 mm, 5—um particle size). Molecular
weights are calculated relative to polystyrene standards. TGA
analyses were performed on a 5—10-mg sample using a Perkin-
Elmer TGA-7 at a heating rate of 20 °C/min under a nitrogen
flow of 20 cm3/min. DSC analyses were performed on ~5-mg
samples using a Perkin-Elmer DSC-7 at a heating rate of 20
°C/min under a nitrogen flow of 40 cm®/min.

Preparation of diendo-(c-CsHg)sSigO11(OH),. A methanol
solution of Me;sNOH (25%, 41.3 mL, 98.0 mmol) was added to
a suspension of (c-CsHyg)sSigO12 (100 g, 103 mmol) in THF (1.70
L) at room temperature. The resulting mixture was stirred
for 2 h, neutralized with 1 N HCI solution, and extracted with
diethyl ether. The ether extracts were washed with brine, dried
over MgSO,, and evaporated to afford diendo-(c-CsHg)sSigO11-
(OH)2 (93.0 g, 92.6 mmol) as a white solid in 91% yield. The
product obtained in this fashion is both spectroscopically (*H,
13C, 29Si) and analytically pure, and it was used without further
purification. H NMR (CDCIs): 6 0.97 (m, 8H), 1.50 (m, 48H),
1.74 (m, 16H), 4.43 (s, 2H). 3C NMR (CDCls): d 22.17, 22.67,
22.83, 27.01, 27.04, 27.07, 27.22, 27.38, 27.41. *Si NMR
(CDCl3): 6 —67.99, —65.56, —58.51 (4:2:2). m.p. 188 °C (by
DSC). Anal. Calcd for C4H74013Sis: C, 48.64; H, 7.55. Found:
C, 48.37; H, 7.52.

Preparation of diexo-(c-CsHg)sSigO11F2. A CH.CI; (1.00
L) solution of diendo-(c-CsHg)sSigO11(OH), (91.0 g, 92.1 mmol)
was added to a solution of HBF,;-OMe; (28.0 mL, 0.23 mol)
and BF3+OEt; (70.0 mL, 0.56 mol) in CH,Cl, (100 mL) at 0 °C.
The solution was warmed to room temperature and stirred for
2 h before washing with water. The CHCl, layer was
separated and saved. The aqueous layer was extracted with
ether, and then the ether extract was washed with saturated
brine. The CHCI, layer and ether extract were combined,
dried over Na;SO4, and evaporated to afford diexo-(c-C4Ho)s-
SigO11F2 (69.0 g, 69.6 mmol) as a white solid in 76% yield. The
product obtained in this fashion is spectroscopically (*H, 3C,
29Si) pure and suitable for use without further purification.
Analytical samples were prepared by crystallization from
hexane/acetonitrile. 'H NMR (CDClz): 6 0.95—1.15 (m, 8H),
1.41-1.70 (m, 48H), 1.70—1.89 (m, 16H). 3C NMR (CDCly):
0 21.16 (d, 2Jc-F = 25.0 Hz), 22.01, 22.55, 26.76, 27.03, 27.05,
27.16, 27.22. 2°Si NMR (CDCl3): ¢ —66.22, —65.07, —61.58 (d,
1Jsi—r = 268.70 Hz). *°F NMR (CDCls): ¢ —137.50. Anal. Calcd
for C4oH72F201:Sis: C, 48.45; H, 7.32. Found: C, 48.33; H, 7.42.

Preparation of diexo-(c-CsHo)sSigO11(p-CsHaNH2)2. N-p-
Lithiophenyl-N-1,1,4,4,-tetramethyldisilylazacyclopentane was
prepared by the halogen—metal exchange reaction of N-p-
bromophenyl-N-1,1,4,4,-tetramethyldisilylazacyclopentane (68.8
g, 219 mmol)* and n-BuL.i (125 mL, 1.60 M, 200 mmol) in Et,O
(150 mL) at room temperature for 2 h. This solution was added
dropwise to a solution of diexo-(c-CsHg)sSisO11F2 (62.1 g, 62.6
mmol) in Et;O (250 mL) at 0 °C. After the addition was
complete, the resulting mixture was allowed to warm to room
temperature and stirred overnight before it was hydrolyzed
and extracted with Et,0. The combine ether extracts were
washed with brine, dried over Na,SO,, and evaporated to give
a white solid, which was solvolyzed by stirring with THF/
MeOH (600 mL/30 mL) and pyridinium p-toluenesulfonate
(PPTS) (0.95 g, 3.78 mmol) for 30 min at room temperature.
The resulting mixture was concentrated in vacuo, diluted with
water, and extracted with ether. Washing with brine, drying

(44) Guggenheim, T. L. Tetrahedron Lett. 1984, 25, 1253.
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over Na;SO,, and evaporating in vacuo afforded a white solid.
Analytica"y pure dieXO-(C-CsHg)gsigoll(p-C6H4NH2)2 (422 g,
37.1 mmol) was obtained in 59% yield by precipitating the
compound from hexane with methanol. m.p: >300 °C (dec).
IH NMR (CDCl3): 6 0.82—1.01 (m, 8H), 1.20—1.86 (m, 64H),
3.84 (s br, 4H), 6.67 (d, 3J = 8.2 Hz, 4H), 7.40 (d, 3J = 8.2 Hz,
4H). 3C NMR (CDClg): ¢ 22.21, 23.18, 25.24, 25.50, 26.87,
27.01, 27.06, 27.17, 27.41, 114.07, 124.11, 135.38, 147.54. 2°Si
NMR (CDCl3): ¢ —66.56, —64.77, —32.27. Anal. Calcd for
Cs2HgaN201:Sis: C, 54.89; H, 7.44; N, 2.46. Found: C, 54.98;
H, 7.52, N, 2.47.

Synthesis of 1%-POSS—PETI-5—ODPA. A solution of 1,3-
bis(3-aminophenoxy)benzene (0.096 g, 0.33 mmol), 3,4'-oxydi-
aniline (0.372 g, 1.86 mmol), and POSS (0.025 g, 0.02 mmol)
in N-methylpyrollidinone (18 mL) was treated with 4-phenyl-
ethynylphthalic anhydride (0.099 g, 0.40 mmol) and 4,4'-
oxydiphthalic anhydride (0.624 g, 2.01 mmol) and the solution
was allowed to react for 15 h under nitrogen at ambient
temperature. The solution was diluted with toluene (50 mL),
the reaction vessel was equipped with a dean-stark trap, and
the mixture was heated at reflux for 15 h. The cooled solution
was added to H,O (50 mL), stirred vigorously for 30 min, and
filtered. The filtrate was washed successively with H,O (3 x
15 mL) and warm methanol (3 x 15 mL) and was dried under
reduced pressure at 85 °C for 15 h to afford 1%POSS—PETI-
5—ODPA (1.01 g, 88.6%); M, = 2625; PD = 1.63.

Synthesis of 1%-POSS—ANETI-5—ODPA. A solution of
1,3-bis(3-aminophenoxy)benzene (0.096 g, 0.33 mmol), 3,4'-
oxydianiline (0.372 g, 1.86 mmol), and POSS (0.025 g, 0.02
mmol) in N-methylpyrollidinone (18 mL) was treated with 4-(9-
anthracenylethynyl)phthalic anhydride (0.139 g, 0.40 mmol)
and 4,4'-oxydiphthalic anhydride (0.624 g, 2.01 mmol) and the
solution was allowed to react for 15 h under nitrogen at
ambient temperature. The solution was diluted with toluene
(50 mL), the reaction vessel was equipped with a dean-stark
trap, and the mixture was heated at reflux for 15 h. The cooled
solution was added to H,O (50 mL), stirred vigorously for 30
min, and filtered. The filtrate was washed successively with
H20 (3 x 15 mL) and warm methanol (3 x 15 mL) and was
dried under reduced pressure at 85 °C for 15 h to afford 1%-
POSS—ANETI-5—ODPA (1.04 g, 88.8%); M, = 2592; PD =
1.63.

Synthesis of 10%-POSS—ANETI-5—ODPA. A solution of
1,3-bis(3-aminophenoxy)benzene (0.087 g, 0.30 mmol), 3,4'-
oxydianiline (0.339 g, 1.69 mmol), and POSS (0.252 g, 0.22
mmol) in N-methylpyrollidinone (18 mL) was treated with 4-(9-
anthracenylethynyl)phthalic anhydride (0.139 g, 0.40 mmol)
and 4,4'-oxydiphthalic anhydride (0.624 g, 2.01 mmol) and the
solution was allowed to react for 15 h under nitrogen at
ambient temperature. The solution was diluted with toluene
(50 mL), the reaction vessel was equipped with a dean-stark
trap, and the mixture was heated at reflux for 15 h. The cooled
solution was added to H,O (50 mL), stirred vigorously for 30
min, and filtered. The filtrate was washed successively with
H20 (3 x 15 mL) and warm methanol (3 x 15 mL) and was
dried under reduced pressure at 85 °C for 15 h to afford
10%POSS—PETI-5—0ODPA (0.79 g, 57.9%); M, = 5787; PD =
1.82.
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