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ABSTRACT: A novel space survivable polyimide with a
variety of desirable properties such as excellent thermal
stability, high optical transparency, good mechanical strength,
satisfactory break elongation, and outstanding atomic oxygen
(AO) erosion resistance has been prepared by first synthesiz-
ing hyperbranched polysiloxane (HBPSi) and second incor-
porating HBPSi into polyimide (PI) chains via copolyconden-
sation reactions. The 29Si nuclear magnetic resonance (29Si
NMR) spectrum of HBPSi indicated that HBPSi possessed
hyperbranched topology. The ground-based simulated AO
exposure experiments demonstrated the mass loss of HBPSi
polyimides decreased with increasing HBPSi addition and AO
fluence, and it reached as low as 7.7% that of pristine polyimide when HBPSi addition was 29.7 wt % after 22 h AO exposure.
Surface morphologies confirmed that pristine polyimide was significantly roughened after AO exposure while HBPSi polyimide
had even less rough surface topography. During exposure of HBPSi polyimide to AO, the organic polyimide of the surface was
first degraded and a silica protective layer eventually formed, which enabled the surface to be “self-healing”. It is this passivation
layer that prevents the underlying polymer from additional erosion. The whole preparation process of HBPSi polyimide is
moderate, low-cost, environmentally friendly, and suitable for industrialized mass production, which contributes this novel
material to a “drop-in” replacement for the widely used Kapton on spacecrafts functioning in space environment.
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1. INTRODUCTION

Organic materials, in particular Kapton and other polyimides,
are ubiquitous on spacecrafts. Nevertheless, like all hydro-
carbon-based polymers, polyimides are rapidly degraded in the
highly oxidative environment of low earth orbit (LEO).1−10

The primary mechanism for eroding organic hydrocarbon
polymers is oxidation by atomic oxygen (AO), which can
seriously reduce the service life of polymers and shorten the
lifetime of the spacecrafts.11−15 So far, extensive efforts have
been made to prepare and fabricate anti-AO erosion materials
that can be used to protect spacecrafts from rapid erosion by
AO.14−25

Up to now, there are no commercially available polyimides
inherently withstanding AO erosion. Commercially available
polyimides that function in the LEO environment are generally
protected from AO by a protective coating, such as aluminum,
germanium, silica, or metallic oxides to prolong the service
life.17−20 Nevertheless, it is difficult to process a defect-free AO
protective coating. Usually a specialized facility and a particular
production procedure are required to manufacture such
coatings. In addition, the shape and size of the film have
been limited by the current coating technology. Moreover,
difficulties in producing uniform coating and the mismatch of
the coefficient of thermal expansion (CTE) between the
substrate and the coating, as well as coating spalling, cracking,

or disbonding are also thorny problems.16 Furthermore, once
damage occurs to the protective coating, the underlying
polymer is again exposed to AO, and AO can attack and
undercut the matrix through the sites of scratches, cracks, and
erosion, which may lead to loss of mechanical and optical
properties.16−20 Therefore development of soft and AO
resistant coatings with self-healing capabilities is desired.
In order to endow hydrocarbon-based polyimides with

inherent anti-AO erosion properties, several promising
methods including polymer blending,25 copolymerization,14−16

and organic−inorganic hybrid technology26,27 have been
developed during past several years. In this case, a new
protective layer can be formed in situ on the topmost surface of
polymer films to prevent the AO from eroding the underlying
polymer materials.16,26,27

Fluorination is an alternative approach to reduce the AO
erosion yield of polyimides. Many studies have reported a few
fluorinated polyimides that exhibit desirable anti-AO erosion
properties and function under the harsh conditions of the LEO
environment. The groups of Tagawa and Minton21−24

described fluorinated polyimide films spin-coated onto the
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electrode of a quartz crystal microbalance (QCM) and
systematically studied the degradation behavior of fluorinated
polyimide films. A relatively low AO erosion yield of 1.95 ×
10−24 cm3/atom was observed for fluorinated polyimide films.
However, they also confirmed the certain role of extreme
ultraviolet (EUV) radiation from the laser-sustained AO plasma
in contributing to the erosion of a fluoropolymer under
combined conditions, despite the fact that no strong synergistic
effect or additive effect was observed even under the
simultaneous exposure condition of AO and EUV/VUV. The
above disadvantages, however, restricted the application of
fluorinated polymers to be widely used in space because of
ubiquitous extreme ultraviolet and vacuum ultraviolet (VUV) in
LEO.
Phosphorus-containing polymers are another kind of

attractive anti-AO erosion materials.14−16,28−32 Upon vacuum
AO exposure, a phosphorus oxide surface layer was formed on
the surface of polymers, which effectively protected underlying
polymers from additional erosion.16,28 The India researchers
have synthesized several kinds of phosphazene-based polymers
and found that AO resistance was dependent on both the
structure and phosphorus content of the polymer.29 However,
these materials exhibited relatively poor thermal performance.
Another approach is to incorporate phenylphosphine oxide
(PPO) groups into molecular backbones of polyimides by
means of copolycondensation.16,28,30−32 NASA researchers
have prepared a novel diamine, [2,4-bis(3-aminophenoxy)-
phenyl]-diphenylphosphine oxide, and subsequently reacted it
with various dianhydrides to prepare PPO-containing poly-
imides.16 Although the resulting polyimides exhibited high
optical transparency, enhanced AO resistance, good tensile
strength, and low solar absorptivity, these polyimide films were
relatively brittle and exhibited poor fracture toughness.
Moreover, polyimides containing PPO groups presented
atomization phenomenon after long duration AO exposure.
Another method adopts silicon-containing components to

form inorganic−organic polyimides, which can exhibit good
mechanical properties as well as excellent thermal stability and
outstanding durability when exposed to AO and UV to some
extent.26,27,33−36 Brunsvold et al.26 revealed that the Si element
in silicon-containing components got converted into a higher
oxidation state in the form of SiO2, which protected the
underlying polymer from additional erosion. This is analogous
to what has been reported to occur with phosphorus-containing
polymers. Minton et al.27 have prepared main-chain polyhedral
oligomeric silsesquioxane (MC POSS) and incorporated MC
POSS into the main chain of polyimide backbone by
copolymerizing POSS monomers with the polyimide precursor.
During exposure of POSS polyimide to an AO environment,
organic material on the topmost surface was first degraded, and
then a silica passivation layer was formed, which protected the
underlying polymer from further degradation. However, during
the synthesis of MC POSS, such expensive reagents as
octacyclopentyl-POSS, N-p-lithiophenyl-N-1,1,4,4,-tetramethyl-
disilylazacyclopentane, and n-BuLi were employed, and the
preparation process was complicated and difficult to operate.37

In order to reduce the production cost and simplify the
experiment process, they have developed another side-chain
POSS (SC POSS) polyimide. Nevertheless, the optical
transparency, in particular that of the hybrid thin films after
long duration AO exposure, which was crucial to solar
absorptivity of polyimide films, was not taken into account in
this research. Additionally, some costly reagents, such as

(aminopropyl)-hepta-isobutyl-POSS, 3,5-dinitrobenzoyl chlor-
ide, and in particular platinum oxide, were used as well. Thus
the whole development process of SC POSS polyimide was still
relatively high-cost and adverse to commercial production.27

In summary, earlier studies generally focus on the durability
of these special polyimides in LEO. The general performance,
especially mechanical strength and optical transparency, is
seldom measured quantitatively instead.38,39 Furthermore, the
whole development process is somewhat complex or high-cost.
That is, the economic benefits are rarely taken into account.
Based on the considerations listed above, development of low-
cost novel polyimides with desirable general performance, such
as high optical transparency, excellent inherent AO erosion
resistance, perfect thermal stability, and good tensile strength is
desired.
According to the anti-AO erosion mechanism of silicon-

containing PIs, compounds with high silicon content and the
structure with silicon of higher oxidation states are conducive to
improving the AO resistance of PIs.28 Recently, our group has
designed and synthesized a series of hyperbranched poly-
siloxanes (HBPSi’s) through a facile method, which has been
used to prepare polymers with respect to particular properties
or space applications. Analogously to POSS, HBPSi’s possesses
high silicon content and most of the silicons are in high
oxidation states. Nevertheless, unlike the synthesis of POSS
monomers, which was relatively high-cost, the synthesis of
HBPSi only employed several kinds of low-cost siloxanes such
as phenyltrimethoxysilane and γ-aminopropylmethyldiethoxysi-
lane, and the whole preparation process was easy to operate
and environmentally friendly. Moreover, several types of
HBPSi’s with different amino content or architectures could
be easily obtained by controlling monomer addition manner
and monomer molar ratio. Furthermore, more silicons can be
incorporated into PI backbones without sacrificing other
properties of PIs. HBPSi is a unique family of inorganic/
organic hybrid three-dimensional compact structure that
contains a silicon/oxygen network (RSiOn, n = 1−2), where
R is an organic group that can be utilized to tailor compatibility
with the polymer or endows polymers with particular
performance.40 To the best of our knowledge, there has been
no report yet about incorporating HBPSi into polyimide chains
for the improvement of AO erosion resistance. In this paper, a
new kind of space durable polyimide has been prepared
through the incorporation of HBPSi into the molecular
skeletons of Kapton-like polyimide via condensation polymer-
ization of amination HBPSi monomers with the polyimide
precursor. The AO erosion resistance of HBPSi polyimide has
been investigated by exposing its surface to a variety of AO
fluences. Additionally, the relationship between mass loss of
polyimide films and AO fluence has been discussed. The
changes of chemical components and structures of the film
surface have also been examined. The surface morphologies of
the AO-exposed films were observed using scanning electron
microscopy (SEM). The optical transparency of the hybrid
films before and after exposure to AO beams has also been
measured. These evaluations may contribute to providing some
effective insights into the degradation behavior and mechanism.

2. EXPERIMENTAL SECTION
2.1. Materials. γ-Aminopropylmethyldiethoxysilane (APMS) and

phenyltrimethoxysilane (PTMS) were purchased from Nanjing
Chengong Silicon Co., Ltd., and used as received. 4,4′-Diaminodi-
phenyl ether (ODA) and pyromellitic dianhydride (PMDA) were
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provided by Sinopharm Chemical Reagent Co. Ltd. and purified by
vacuum sublimation prior to use. N,N′-Dimethylacetamide (DMAc)
was purchased from Tianjin Fuyu Fine Chemicals Co. Ltd. and
purified by distillation under reduced pressure over P2O5 prior to use.
2.2. Methods and Instruments. 29Si nuclear magnetic resonance

(NMR) measurement was acquired on a Bruker Avance 500
spectrometer (Bruker BioSpin, Switzerland) operating at 50.7 MHz
in the solvent of CDCl3. Chemical shift was referenced to
tetramethylsilane (TMS). FT-IR spectrometer (BRUKER TENSOR
27) was employed to record the infrared spectra. The FT-IR spectrum
of HBPSi was obtained by using thin KBr disk as the sample holder,
while FT-IR spectra of polyimide films were collected by using an
attenuated total reflectance (ATR) instrument. The molecular
structure parameters of HBPSi were determined on a DAWN EOS
size exclusion chromatography/multiangle laser light scattering (SEC/
MALLS) instrument equipped with highly cross-linked styrene/
divinylbenzene gel columns (500 Å, 5 μm) and a viscometer (Wyatt
Technology). HPLC grade tetrahydrofuran (THF) was used as the
eluent with a flow rate of 0.5 mL/min at 25 °C. Samples were first
diluted with THF to a concentration of ca. 5 wt % and then filtered
through a filter with a diameter of 0.22 μm. The molecular weight and
the molecular weight distribution were determined by a SEC/DAWN
EOS/Optilab rEX/QELS model. The intrinsic viscosity (ηn) and
hydrodynamic radius (Rh(n)) were determined by a SEC/DAWN
EOS/Optilab rEX/ViscoStar model, whereas the viscometer provided
Mark−Houwink−Sakurada relationships. The refractive index incre-
ment (dn/dc) value of HBPSi was obtained by an Optilab rEX
detector at 25 °C through a batch model. The ground-based simulated
AO exposure experiments of pristine polyimide and HBPSi polyimide
films were performed with an ECR-AB200 plasma atomic oxygen
production instrument. The oxygen plasma was generated through the
dissociation and ionizations of oxygen molecules by microwave
produced by a microwave electron cyclotron resonance (ECR) oxygen
neutral beam source operating at 3 kV and 55 mA. The cross-section
view of the low-energy neutral beam facility is shown in Figure 1. The
oxygen plasma mainly contains neutral O atoms, electrons, O2

+, O+,
and molecular oxygen, with an ionic component of <0.1%. The mole
fraction of atomic oxygen in the beam was above 90%. AO equivalent
fluence measurements were calibrated based on 50 μm thick Kapton H
film (DuPont, Inc.) mass loss, assuming an erosion yield of 3.0 × 10−24

cm3·atom−1.9 The translational energy of AO was 3.0−10.0 eV. The
neutral AO beam has a peak energy of ∼7 eV, with a full width at half-
maximum (fwhm) in the distribution of ±3 eV. The AO flux is
calculated from mass loss of Kapton H, by eq 1:28,33

ρ= Δf m AEt/( ) (1)

where f is the AO flux in the sample’s position (atom·cm−2·s−1), Δm is
the mass loss of Kapton H (g), ρ is the density of Kapton H (1.427 g/
cm3), A is the exposure area of Kapton H (9π/4 cm2), E is the AO
erosion yield of Kapton H (3.0 × 10−24 cm3·atom−1), and t is the
exposure time (s) of Kapton H. In the current study, the AO flux at
the sample’s position was finally calibrated to be ∼4.89 × 1015 atom·
cm−2·s−1. The polyimide samples for measurement were small round
pieces with diameters of 30 mm, which were subsequently dried in a
vacuum oven at 80 °C for 4 h before AO exposure. During AO
exposure, all samples were handled in a vacuum environment at
ambient temperature, and the incoming AO attacked the polyimide
film surface in a vertical direction. The mass loss was determined by
using an analytical balance (HEG42-120200-7) with an accuracy of ±1
μg. All the exposed samples were handled in ambient air before surface
analysis, including surface topography (SEM, AFM) and surface
chemistry analysis (XPS). The film densities were measured by liquid
suspension method. The surface morphologies of polyimide films
before and after AO exposure were observed with a scanning electron
microscope (SEM, JEOL JSM-6700F). Atomic force microscope
(AFM) images and root-mean-square roughness values (RMS) of the
resulting polyimide films before and after AO exposure were acquired
using an SPI3800-SPA-400 (Japan, NSK Ltd.) scanning force
microscope in tapping mode equipped with Olympus cantilevers
(spring constant is 1.6 N/m) under ambient conditions. The
elemental components and valence variations of the films before and
after AO exposure were analyzed using a Thermo Scientific K-Alpha
X-ray photoelectron spectroscopy (XPS) instrument. In the present
work, the shifts of binding energy of XPS curves were corrected by
assuming that the lowest C 1s component was 284.6 eV. The high-
resolution XPS spectra of C 1s, Si 2p, and O 1s were curve-fitted
according to XPS standard spectra databases and theoretical
composition. The transmittance of the prepared films was measured
by a U-3010 UV-vis spectrophotometer with the wavelength ranged
from 200 to 800 nm. Thermal gravimetric analyses (TGA) of
polyimide films were carried out with a Mettler Toledo TGA/DSC
STARe apparatus at a heating rate of 10 °C/min under nitrogen
atmosphere from room temperature to 1000 °C. Measurements of
glass transition temperature of polyimide films were conducted using a
Mettler Toledo DMA/SDTA861e instrument in tensile mode at a
heating rate of 5 °C/min from room temperature to 420 °C. Tensile
strength of self-standing polyimide films were measured using six
specimens according to GB13022-91 at a drawing rate of 10 mm/min

Figure 1. Cross-section view of low-energy neutral beam facility configured for beam energy measurements.
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at ambient temperature. Inherent viscosities of polyamic acid (PAA)
were obtained on 0.5% (w/v) polyamic acid solutions in DMAc at 25
°C with an Ubbelohde viscometer.
2.3. Synthesis of HBPSi. Specifically, 1.2 g of APMS and 19.8 g of

PTMS were mixed in a flask containing 22 g of distilled DMAc.
Thereafter 4.6 g of deionized water was added dropwise over a period
of 30 min to the mixture. Then the mixture was stirred in an ice−water
bath for 1 h. Subsequently, the reaction system was stirred at 50 °C for
another 2 h. Finally, the mixture was evaporated to remove alcohols,
methanol, and water under a reduced pressure at 55 °C for about 2 h
to give a transparent and viscous liquid with amino content of 0.46
mmol/g. The synthesis of HBPSi with a certain amount of amino
groups and silanol groups is shown in Scheme 1.
2.4. Preparation of Pristine Polyimide (PMDA−ODA) and

HBPSi Polyimide (PMDA−ODA/HBPSi) Thin Films. In current
work, HBPSi was synthesized from APMS and PTMS. Therefore
HBPSi was functionalized with a certain number of amino groups and
could react with PMDA. Thus HBPSi polyamic acid (HBPSi PAA)
could be easily acquired by copolymerizing reactions of amination
HBPSi monomers, ODA, and PMDA in such polar aprotic solvents as
DMAc, N,N′-dimethylformamide (DMF) or N-methylpyrrolidone
(NMP). The detailed formulations for preparing pristine and HBPSi
polyimides are listed in Table 1. The specific synthetic procedures
were described as follows. First, HBPSi, ODA, or both were added into
a flask and dissolved in DMAc with stirring under nitrogen
atmosphere. After ODA had completely dissolved, equivalent PMDA
was added and reacted at room temperature for 24 h with stirring
under nitrogen atmosphere. The final content of polyamic acid (PAA)
was 12 wt % in DMAc. Finally, the PAA solution was cast onto dust-
free glass plates and put in an air-circulation oven soon afterward at 80
°C for 0.5 h. The imidization steps of these PAA was carried out by
putting the samples in a temperature-programmable oven then heating
to 360 °C at a heating rate of 4 °C min−1 and holding at 360 °C for 1
h. During the thermal imidization process, the HBPSi PAAs formed
HBPSi polyimides through ring closure as well as concurrent loss of
water. Thereafter the samples were allowed to cool to room
temperature for at least 3 h to minimize the residual stress. At last,
the glass plates were soaked in deionized water until the polyimide

films could be peeled off. Subsequently, the films were dried in a
vacuum oven at 120 °C for 4 h and then kept sealed for later testing.
Scheme 2 gives the synthetic procedures for HBPSi polyimide thin
films.

3. RESULTS AND DISCUSSION
3.1. Structure Analysis. 3.1.1. FT-IR of HBPSi. Figure 2

depicted the FT-IR spectrum of HBPSi. The spectrum showed
bands ascribed to phenyl groups, 1600 and 1440 cm−1 (CC
stretching) and 3058 and 3015 cm−1 (C−H stretching), and
aminopropyl groups, 1500 cm−1 (N−H bending), 3420 cm−1

(N−H stretching), and 2860 and 2925 cm−1 (C−H
stretching).41,42 The intense absorption peak at 1135 cm−1

confirmed the presence of Si−O−Si network in HBPSi. The
characteristic band at 3420 cm−1 (N−H stretching) suggested
HBPSi has been functionalized with amino groups.

3.1.2. 29Si NMR of HBPSi. The 29Si NMR of HBPSi was
presented in Figure 3. Figure 3 confirmed there existed four
different silicon atoms in HBPSi. The four chemical shifts at
−18.4, −71.5, −69.9, and −79.5 ppm were defined as Si(I),
Si(II), Si(III), and Si(IV) units, respectively. Si(I) and Si(II)
were assigned to linear units. Si(III) represented terminal units,
and Si(IV) was ascribed to a dendritic unit.43−46 The peak at
−79.5 ppm was much more pronounced than the other three
peaks, indicating that dendritic unit was ubiquitous in HBPSi
and most of PTMS monomers were completely hydrolyzed and
eventually in the form of RSi(OSi)3 (R refers to the phenyl
group). The degree of branching (DB) of HBPSi was thus
estimated to be 0.95 and 0.91, which were determined based on
the 29Si NMR spectrum according to Frey’s equation (eq 2)47

and Frećhet’s equation (eq 3),48 respectively.

= +D D LDB 2 /(2 ) (2)

′ = + + +D T D T LDB ( )/( ) (3)

Scheme 1. The Reaction Scheme for the Synthesis of HBPSi Monomer

Table 1. Molecular Conformation Parameters of HBPSi from SEC

sample Mn
a (g/mol) Mw

a (g/mol) Mw/Mn
a Rh(n)

a (nm) ηn
a (mL/g) αa 102Ka (mL·g−1) dn/dcb (mL/g)

HBPSi 3020 4045 1.34 0.4 1.0 0.41 6.85 0.136
aThe macromolecular structure parameters were determined by SEC/MALLS equipped with a viscometer. bThe refractive index increment (dn/dc)
value of HBPSi was determined in THF by an Optilab rEX detector at 25 °C through a batch model.
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DB of HBPSi was close to 1 and significantly higher than that
of the conventional hyperbranched polymers.40,49−53 Thus
HBPSi is likely to have “completely branched” structure.
However, it should be noted that although most of the PTMS
was completely hydrolyzed, HBPSi was still less perfect in
structure than common dendrimers due to the random
polymerization process as well as inevitable intramolecular
cyclizations during the condensation reactions of silanols,47

which might lead to an increase to DB.
3.1.3. Molecular Structure Analysis of HBPSi. The

molecular structure parameters of HBPSi were investigated by
SEC/MALLS equipped with a viscometer (Wyatt Technology).
The specific results are shown in Figure 4 and Table 1. The Mw

and molecular weight distribution of HBPSi were 4045 g/mol
and 1.34, respectively. The hydrodynamic radius (Rh(n)) of
HBPSi was 0.4 nm. In order to study the compact
conformation of HBPSi, its intrinsic viscosity value, [η], was
measured in THF at 25 °C by SEC. The intrinsic viscosity of
polymers is correlated with their molecular weight by the
Mark−Houwink−Sakurada (MHS) equation:

η = αKM[ ] (4)

where α, the MHS exponent, is a parameter corresponding to
the topology of a polymer in a good solvent.49,52,54 For
hyperbranched polymers, the exponent typically varies from 0.5
to 0.2, depending on the degree of branching. In contrast, the

Scheme 2. The Reaction Scheme for the Synthesis of HBPSi Polyimide Thin Films
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MHS exponent is typically in the range of 0.6−0.8 for a linear
polymer in a good solvent with a random coil conforma-

tion.49,52,54 The MHS exponent of HBPSi was 0.41, which was
significantly lower than that of a linear polymer, further
demonstrating HBPSi possessed highly branched architectures.

3.1.4. FT-IR Spectra of HBPSi-PI. The incorporation of
HBPSi in the polyimides was demonstrated by FT-IR
measurement. Figure 5 shows the FT-IR spectra of the pristine

and HBPSi polyimides. The appearance of characteristic imide
group peaks at 1776 cm−1 (CO asymmetrical stretching),
1715 cm−1 (CO symmetric stretching), 1372 cm−1 (C−N
stretching), and 720 cm−1 (CO bending) and the absence of
the characteristic peaks of polyamic acid around 1650 cm−1 in
FT-IR spectra suggested a complete conversion of all polyamic
acid into the polyimides. The intense absorption at 1100 cm−1

(Si−O stretching) confirmed that Si−O−Si network was
present in HBPSi polyimide hybrid films.55,56

3.2. Properties of the Prepared Polyimide Films. A few
properties of the prepared polyimide films are presented in
Table 2. The intrinsic viscosities of PAA ranged from 1.03 to
3.32 dL/g, indicating medium to high molecular weight
polymer formation. The pristine polyamic acid exhibited the

Figure 2. FT-IR spectrum of HBPSi.

Figure 3. 29Si NMR spectrum of HBPSi.

Figure 4. (a) MALLS-SEC elution curves of HBPSi; (b) Mark−Houwink−Sakurada plots of HBPSi.

Figure 5. FT-IR spectra of (a) pristine polyimide, (b) 4.1 wt % HBPSi
polyimide, and (c) 29.7 wt % HBPSi polyimide.
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highest intrinsic viscosity, whereas HBPSi-containing PAA
presented decreased intrinsic viscosity with increasing HBPSi
content, demonstrating that the incorporation of HBPSi
probably affected the growth of the molecular weight. The 5
wt % thermal decomposition temperatures (Td) and glass
transition temperatures (Tg) of prepared films are shown in
Table 2. The variance of Td was possibly caused by molecular
weight and benzene ring content. As the intrinsic viscosities
show, the incorporation of HBPSi probably affected the growth
of the molecular weight, which generally caused Td to decrease
while the factor of the increasing benzene ring content of
HBPSi enhanced Td . When the former effect surpassed that of
the latter, Td of polyimides when HBPSi loading amount were
relatively low, such as 4.1 and 8.8 wt %, slightly decreased
relative to that of pristine polyimide. Likewise, when the latter
effect was dominant, Td might gradually increase. Among all the
prepared polyimide films, Tg reached the highest at 4.1 wt %
HBPSi loading amount, but it was lowest at 14.4 wt %. As is
known, Tg is possibly determined by the interaction of three
factors, molecular weight, rigidity (or mobility) of molecular
chains, and degree of cross-linking. As shown in Table 2, 4.1 wt
% HBPSi polyamic acid exhibited the second highest intrinsic
viscosity, indicating the highest molecular weight polymer
formation among all the HBPSi polyimides, which was
favorable to improve Tg. Meanwhile, the rigidity of polyimide
chains was probably significantly enhanced owing to the HBPSi
incorporation although the molecular weight slightly decreased,
leading to higher Tg as well. In addition, the incorporation of
HBPSi could possibly generate cross-linking effects, which was
also responsible for higher Tg than that of pristine polyimide.
Thus it would make sense that 4.1 wt % HBPSi polyimide
exhibited highest Tg among all the resulting polyimides. For
14.4 wt % HBPSi polyimide, the molecular weight was lower
than that of pristine polyimide and 4.1−8.8 wt % HBPSi
polyimides. Additionally, the rigidity of molecular chains as well
as degree of cross-linking was also lower than that of 21.9−29.7
wt % HBPSi polyimides due to lower HBPSi loading amount.
The above three factors possibly result in the lowest Tg of 14.4
wt % HBPSi polyimide of all the HBPSi polyimides. As
indicated, Td and Tg of the resulting films were all above 560
and 370 °C, respectively, indicating excellent thermal stability.
The typical thermal cycle experienced by spacecrafts in LEO is
±100 °C.16 Thus, the thermal performances of these hybrids
are sufficient for use in LEO. Figure 6 illustrates the TGA
curves of the prepared polyimide films at a heating rate of 10
°C/min under nitrogen flow. As indicated, the increasing
residues at 1000 °C from PI-0 to PI-29.7 also suggested the
successful incorporation of the HBPSi moiety in the hybrid
materials. All of the prepared films were flexible and foldable

and displayed high optical transparency. The films exhibited
tensile strength and break elongation from 80−113 MPa and
15−26%, respectively. The decreasing tensile strength and
break elongation was possibly attributed to lower molecular
weight and increasing stiffness of molecular chains. Moreover,
the bulky spheroid structure and steric hindrance of HBPSi
possibly increased the interval between polyimide chains, which
resulted in the increase of free volume of the polyimide matrix
and led to poor interactions between polymer chains, as further
evidenced by the decreasing film densities shown in Table 2. In
addition, HBPSi consists of a great many Si−O bonds, which
were less polar than imide rings. As a result, the packing density
and interactions between polymer chains were weakened as
HBPSi addition increased.57 To sum up, despite HBPSi having
minor effects on the mechanical strength of the hybrid films,
the tensile strength and break elongation were all above 80
MPa and 15%, respectively, which was tough enough for use in
LEO, as compared with the reported results.16

The relative mass loss of HBPSi polyimide films to pristine
polyimide film was shown in Figure 7. The mass loss of hybrid
films decreased dramatically with increasing the HBPSi content.
When HBPSi addition reached 29.7%, the hybrid films
exhibited a weight loss of ∼17.5% that of pristine polyimide.
According to eq 1, this was calculated to be an erosion yield of
5.38 × 10−25 cm3/atom. More specifically, in an AO exposure
with a total fluence of 3.87 × 1020 O atoms cm−2 (AO exposure
for 22 h), the erosion yield was calculated to be 2.39 × 10−25

cm3/atom, which was merely 7.97% that of standard Kapton H

Table 2. Recipe and Properties of Pristine and HBPSi Polyimide Thin Films

sample
codea

ODA
(g)

PMDA
(g)

HBPSi
(g)

DMAc
(g)

wt % HBPSi
in polyimide

intrinsic
viscosities
(dL/g) film density(g·cm−3)

Td
b

(°C)
Tg
c

(°C)
transparency
at 600 nm (%)

tensile
strength
(MPa)

break
elongation

(%)

PI-0 2.00 2.18 30.65 0 3.32 1.39 571 371 79 113 26
PI-4.1 1.99 2.18 0.18 31.90 4.1 2.14 1.38 564 390 76 102 22
PI-8.8 1.98 2.18 0.40 33.44 8.8 1.42 1.36 569 376 75 98 21
PI-14.4 1.97 2.18 0.70 35.56 14.4 1.20 1.34 572 372 78 90 18
PI-21.9 1.95 2.18 1.16 38.79 21.9 1.12 1.32 574 376 76 87 16
PI-29.7 1.92 2.18 1.73 42.75 29.7 1.03 1.30 575 378 78 80 15
aPI-x represents polyimide sample, where “x” refers to the mass fraction of HBPSi in the resulting polyimide. For example, PI-0 means pristine
polyimide and PI-29.7 represents 29.7 wt % HBPSi polyimide. bThermal decomposition temperature at 5 wt % mass loss under nitrogen
atmosphere. cGlass transition temperature.

Figure 6. TGA curves of prepared films at a heating rate of 10 °C/min
under nitrogen flow.
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(3 × 10−24 cm3/atom). However, as the earlier results
reported,27,58 the mass loss of pristine polyimide increased
linearly with increasing total AO fluence due to the constant
erosion yield (3 × 10−24 cm3/atom), while the erosion yield of
silicon-containing polyimide decreased exponentially with
increasing AO fluence. Hence, in order to clarify the oxidation
degradation mechanism and behavior of HBPSi polyimides, the
mass loss was investigated at different AO exposure duration in
the current study. As shown in Figure 8, the mass loss of

pristine polyimide approximately exhibited as a linear function
of total AO fluence over the 22 h exposure period, while the
mass loss of 29.7 wt % HBPSi polyimide exhibited a nonlinear
mass loss but gradually increased as a power function (y = xa, a
< 1; considering that the data were not continuous and were
insufficient, the specific function expression was not given)
throughout the duration of the AO exposure.36 From Figure 8,
the decreasing relative mass loss at different AO exposure
duration suggested that the HBPSi moiety had played an
indispensible role in resistance to AO erosion. Specifically, after

22 h AO exposure (AO total fluence was 3.87 × 1020 O atoms·
cm−2), the mass loss of 29.7 wt % HBPSi polyimide merely
reached 7.7% that of pristine polyimide.

3.3. Surface Morphologies of Polyimide Films. SEM
and AFM images of pristine polyimide and 29.7 wt % HBPSi
polyimide films before and after AO exposure are presented in
Figures 9 and 10. Before AO exposure, as shown in Figure
9A,F, the sample surfaces were flat and smooth, in accordance
with the small RMS values summarized in Table 3. However,
the surface morphologies had significantly changed with
increasing exposure fluence, in particular the pristine polyimide
film surfaces. As shown in Table 3, Figure 9B−E, and Figure
10B−E, the pristine polyimide surfaces became increasing
rough with increasing exposure fluence and exhibited “carpet-
like” topography. After AO exposure, the surfaces of the
pristine polyimide displayed numerous short cones and
undulate patterns, and the short cones gradually became larger.
Meanwhile, the RMS values rapidly increased with increasing
AO fluence. After 22 h exposure, the RMS value was up to
327.6 nm, indicating that the pristine polyimide surface was
significantly roughened after long duration AO exposure. The
surfaces of 29.7 wt % HBPSi polyimide also became
increasingly rough with increasing exposure fluence but to a
much lower extent than the pristine polyimide surfaces. By
contrast, the surfaces of 29.7 wt % HBPSi polyimide were
smoother and denser except for the presence of a certain
amount of pinholes and microcracks. It was obvious that the
surfaces of hybrid films had shown more compact surface
structure and outstanding AO erosion resistance. This was
possibly because the incoming AO reacted indiscriminately
with the topmost surface atoms, which were carbon, nitrogen,
hydrogen, or silicon. Among these surface atoms, only silicon
formed an oxide that was nonvolatile. Thus the polyimide
portions on the topmost surface were etched and a silicon-rich
layer gradually formed on the topmost surface, which possibly
retarded additional erosion.26,27,36,59 For pristine polyimide, the
lack of a silicon-rich protective layer resulted in continuous
oxidative degradation of the organic portions, namely, under-
cutting erosion, leading to dramatic mass loss and an extremely
rough surface. It is worth noting that the pinholes and
microcracks appearing on the hybrid film surface played a
significant role in the mass loss of hybrid films during AO
exposure and will be discussed later.

3.4. XPS Analysis. Pristine polyimide films and 29.7 wt %
HBPSi polyimide films for different exposure periods were
analyzed by XPS to characterize changes in oxidation states and
compositions of the surface atoms. Table 3 illustrated the
surface elemental compositions of pristine polyimide and 29.7
wt % HBPSi polyimide that were exposed to a variety of
fluences (exposure periods). For the pristine polyimide surface,
the carbon atom concentrations decreased insignificantly, while
the oxygen atom concentrations increased somewhat with
increasing exposure fluence. However, as can be seen from
Table 3, the decrease in carbon atom concentration was much
more dramatic for 29.7 wt % HBPSi polyimide surface.
Similarly, the increase in oxygen atom concentration was much
more remarkable for 29.7 wt % HBPSi polyimide than for
pristine polyimide. The silicon atom concentration on the
surface of unexposed hybrid polyimide was very low, only a few
percent. Nevertheless, after AO exposure, the silicon atom
concentrations dramatically increased and tended to a steady-
state value as the exposure duration increased. In addition, the
Si/O ratio tended approximately toward 1:2, suggesting

Figure 7. Relative mass loss of HBPSi polyimide films with different
HBPSi content to pristine polyimide film after AO exposure for 5 h.

Figure 8. Mass loss of pristine polyimide and 29.7 wt % HBPSi
polyimide at different AO exposure duration.
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possible formation of a silica layer on the topmost surface of
29.7 wt % HBPSi polyimide.
High-resolution XPS spectra of C 1s, Si 2p, and O 1s peaks

corresponding to 29.7 wt % HBPSi polyimide exposed to a
variety of fluences are given in Figure 11a−c, respectively. As

shown in Figure 11a, the peaks at 284.6 eV (C−H or C−C),
286.4 eV (C−O, C−N), and 288.5 eV (CO) became
dramatically less pronounced after exposure to AO. As known
to all, the imide ring (nitrogen element) and carbonyl group
were characteristic chemical structures associated with poly-

Figure 9. SEM images of pristine polyimide films (A−E) and 29.7 wt % HBPSi polyimide films (F−J) before and after exposure to a variety of AO
fluences of 0.88 × 1020, 1.76 × 1020, 2.64 × 1020, and 3.87 × 1020 O atoms·cm−2 respectively.

Figure 10. Three-dimensional AFM images (5 μm × 5 μm) of pristine polyimide films (A−E) and 29.7 wt % HBPSi polyimide films (F−J) before
and after exposure to a variety of AO fluences of 0.88 × 1020 O, 1.76 × 1020, 2.64 × 1020, and 3.87 × 1020 O atoms·cm−2.

Table 3. AO Erosion Data, Optical Transparency, and Root Mean Square Roughness Values (RMS) as Well as Surface Atomic
Concentrations (atom %) Determined from XPS Survey Scans for Pristine Polyimide and 29.7 wt % HBPSi Polyimide before
and after Exposure to a Variety of AO Fluences

surface atomic concentrations
(atom %)

sample Kapton-equivalent AO fluence (×1020 O atoms·cm−2) mass loss (mg)
transparency at 600

nm (%)
RMS
(nm) C 1s N 1s O 1s Si 2p

pristine PI 0 79 2.66 76.6 6.8 16.6 0
0.88 2.662 ± 0.435 72 111.7 69.8 11.7 18.5 0
1.76 5.242 ± 0.235 36 126.5 65.9 14.9 19.2 0
2.64 8.058 ± 0.422 22 195.2 64.0 16.2 19.8 0
3.87 11.765 ± 0.812 18 327.6 62.5 17.2 20.3 0

29.7 wt %
HBPSi-PI

0 78 3.17 71.4 4.8 17.9 5.9
0.88 0.467 ± 0.026 76 13.27 12.4 4.5 54.7 28.4
1.76 0.561 ± 0.036 76 22.61 9.9 5.7 55.4 29.0
2.64 0.809 ± 0.026 72 25.3 8.5 4.6 58.1 28.8
3.87 0.911 ± 0.024 62 28.4 7.1 0 63.8 29.1
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imide. However, as the total AO fluence increased to 3.87 ×
1020 O atoms·cm−2, the signals of C−N and CO were hardly
detected, in agreement with the surface atom concentrations
shown in Table 3. This is to say that the entire organic
polyimide moiety on the topmost surface had almost been
etched by the incoming AO. This was probably due to the
oxidative degradation of carbon, hydrogen, or nitrogen atoms
and formation of carbon monoxide, carbon dioxide, and
nitrogen oxides or other volatile components, which was
responsible for the mass loss of the hybrid films. The Si 2p peak
deconvolution results of 29.7 wt % HBPSi polyimide before
and after exposure to a variety of AO fluences at different
binding energies are shown in Table 4. Before AO exposure,

most of the silicon atoms were present at low binding energy
(102 eV), approximately RSiO1.5 (still in the form of
polysiloxane). However, 97.8% of surface Si atoms formed
SiO2 after 5 h AO exposure, indicating that hyperbranched
polysiloxane was much more effective in formation of SiO2
layer. Furthermore, after 22 h exposure, almost all Si atoms of
the topmost surface converted to SiO2. Likewise, as can be seen
in Table 3, both carbon and nitrogen atom concentrations
reached their minimum value, suggesting that chemical bonds
of C−C and C−N in benzene and imide rings are
predominantly broken by AO irradiation. Thereby the surface
components of 29.7 wt % HBPSi polyimide were mainly
inorganic SiO2. Upon AO exposure, the silicon had reacted with
AO, thus the binding energy of inner electrons had increased,
and the oxidation state of the silicon essentially converted into
a passivation layer in the form of SiO2,

26,27,36,59 which was
further evidenced by the high-resolution XPS spectra of Si 2p
and O 1s curves, seen in Figure 11b,c. The peaks in the Si 2p
and O 1s spectra exhibited evident shifts of 1.6 and 0.9 eV,
respectively, again testifying that the silicon near the film
surface was oxidized approximately to SiO2.

26

3.5. Discussion of Protection and Erosion Mechanism
of HBPSi Polyimide. As discussed above, oxidation effects
might account for the mass loss and the decrease in carbon
atom concentrations. However, after 22 h exposure, as shown
in Table 3, the entire organic polyimide moiety of the topmost
surface had almost been etched at the early stage by the
incoming AO. This is to say that only inorganic silica was left
on the surface of the hybrid polyimide, which was not sensitive
to AO and protected the underlying polymer from further
degradation. Nevertheless, as an earlier investigation reported,27

apparent mass losses could still be detected albeit silicon-
containing polyimides suffered fairly long duration AO
exposure. Their mass loss rates decreased with exposure
fluence and appeared to tend toward but did not go to zero or
reach a constant low value.27 This phenomenon indicated the

Figure 11. High-resolution XPS spectra of 29.7 (wt.)% HBPSi
polyimide films: (a) C 1s, (b) Si 2p, and (c) O 1s before and after AO
exposure with total AO fluence of 0.88 × 1020 O atoms·cm−2 (5 h),
1.76 × 1020 O atoms·cm−2 (10 h), 2.64 × 1020 O atoms·cm−2 (15 h),
and 3.87 × 1020 O atoms·cm−2 (22 h).

Table 4. Peak Deconvolution Results of Si 2p for 29.7 wt %
HBPSi Polyimide at Different Binding Energies Determined
from XPS Spectra

area fraction (%)

exposure duration (h)
100.8 eV
(Si−C) 102 eV (RSiO1.5) 103.6 eV (SiO2)

0 0.9 98.9 0.2
5 0.7 1.5 97.8
10 0.3 1.0 98.7
15 0.9 99.1
22 100
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SiO2 passivation layer was not so perfect or defect-free or was
never completely impervious to AO as we originally expected.
In other words, it could not completely prevent the AO attack.
In order to elucidate this phenomenon, the surfaces of 29.7 wt
% HBPSi polyimide after exposure to different AO fluences
were observed by SEM in high magnification mode, as shown
in Figure 12. As indicated, a certain amount of pinholes and

microcracks with diameters of about 20−60 nm appeared on
the exposed film surfaces. It is these defects that possibly play
the role of the channels or pathways for the AO to diffuse into
the bulk polymer and eventually etch the organic polymers
underneath this passivation layer, eventually leading to the mass
loss of HBPSi polyimide during long duration AO exposure.
The formation of these pinholes and microcracks was
presumably ascribed to the following reasons. First, the SiO2
passivation layer was so brittle that once the thickness of this
layer exceeded a certain critical value, rupture could possibly
appear. Besides, the formation of SiO2 layer probably led to
internal stresses because of a volume (or density) change or
due to the mismatch of the coefficient of thermal expansion
(CTE) between the substrate polymer and the SiO2 layer.
Furthermore, the internal stresses might induce coating
spalling, delaminating, cracking, or disbanding, which were
also possible sources of the defects. As Table 3 shows, the
nitrogen atom concentration, which was considered as the
characteristic chemical component of polyimide, changed
irregularly with increasing AO fluence, in agreement with the
earlier reports.26 Thus it would make sense that the formation
or regrowth and breakage of the SiO2 protective layer were
likely to be a dynamic equilibrium. Despite the minor defects
forming on the film surfaces, the HBPSi polyimide still
exhibited desirable anti-AO erosion properties. Moreover,
HBPSi was incorporated into polyimide chains and dispersed
uniformly in the polymer matrix. Thus, once the passivation

layer was spalled or disbanded, the underlying polymer was
again exposed to AO and was eroded at the early stage, and
finally the protective layer could again be established, inhibiting
the underlying polymer from further erosion, which enabled the
hybrid polyimide surface to be “self-healing”. Based on the
above analysis, the protection and erosion mechanism of
HBPSi polyimide can be described as follows. Upon AO
exposure, the polyimide on the topmost surface might be first
degraded while silicon atoms remained and reacted with AO
and gradually oxidized approximately to SiO2. It was this
passivation SiO2 layer on the surface of HBPSi polyimide that
protected the underlying polymer from additional erosion. This
protective layer was not completely defect-free or never
impervious to AO attack, which led to the mass loss of hybrid
films during long duration AO exposure. The breakage and
regrowth of the protective layer were constantly emerging
during the whole exposure period. The mechanism could be
depicted as in Figure 13.

3.6. Optical Transparency of the Prepared Polyimide
Thin Films before and after Exposure to AO. In a practical
application, polyimide films are used extensively onboard
spacecraft, mainly as thermal blankets, space inflatable structure
membrane materials, critical components in solar arrays and
thermal control materials on the long duration exposure facility
(LDEF).1,9,59,60 However, two of several important properties
of polyimides for space applications are α and ε.16 Solar
absorptivity (α) refers to the fraction of incoming solar energy
absorbed by the film, and ε is an evaluation of the film’s thermal
emission ability. Typically, a light-colored and highly trans-
parent film exhibits low α value.16 In many applications, it is
desired to have this ratio of α/ε less than 0.5 over the lifespan
of the materials.5 Polymers that exhibit significant change in the
α/ε ratio are less efficient in their ability to maintain the
thermal stability of spacecraft. Thus in order to reduce the α/ε
ratio, solar absorption of polyimide films, that is, the α value,
should be lowered as far as possible. For this reason,
transparency should be improved and charge transfer
complexes (CTC) should be disrupted to prepare light-colored
polyimide films, ensuring polyimide films could be widely used
as critical components in solar arrays or inflatable structure
membrane materials or thermal control materials on space-
crafts.
HBPSi contains a three-dimensional compact structure and

thus provides evident steric hindrance and a highly irregular
structure to the molecule skeleton of polyimide. This was
expected to disrupt the formation of CTC and lead to light-
colored polyimide films with high optical transparency.16 As

Figure 12. SEM images of 29.7 wt % HBPSi polyimide exposed to AO
for 10 h (A, B) and 22 h (C, D).

Figure 13. Schematic diagram of the erosion and protective mechanism of (a) pristine and (b) HBPSi polyimide films during AO exposure.
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shown in Figure 14, a photograph of a lotus flower could be
clearly observed through 29.7 wt % HBPSi polyimide film,

indicating HBPSi polyimide film possesses desirable trans-
parency. Thin films were measured for optical transparency
with the percent transmission at 600 nm illustrated in Table 2.
All the polyimide films exhibited optical transparency above
75%. However, as can be seen in Table 3 and Figure 15, the
pristine polyimide turned somewhat opaque and the optical
transparency at 600 nm remarkably decreased with increasing
exposure fluence. After 22 h exposure, the transmittance was
merely 18%. This was probably owing to the extremely rough
film surfaces, increasing light absorption and surface scattering
loss.55 On the contrary, the transmittance of 29.7 wt % HBPSi
polyimide slightly decreased; after 15 h exposure, the optical
transparency was still as high as 72%. The excellent optical
transparency with HBPSi polyimides demonstrated great
promise for HBPSi polyimides as candidates for the wide use
as optoelectronic devices, space inflatable structure membrane
materials, critical components in solar arrays, thermal control
materials on spacecrafts, or on the long duration exposure
facility (LDEF).

4. CONCLUSIONS
Polysiloxane with highly hyperbranched topology and high
silicon content was successfully synthesized, characterized, and

subsequently reacted with ODA and PMDA to prepare a novel
space-survivable HBPSi polyimide for the first time. The whole
preparation process was moderate, low-cost, environmentally
friendly, and suitable for industrialized mass production. The
resulting polyimides exhibited a combination of desirable
properties such as excellent thermal stability, high optical
transparency, good mechanical strength, satisfactory break
elongation, and outstanding anti-AO erosion properties. During
HBPSi polyimide exposure to AO, the organic polyimide of the
topmost surface was degraded at the early stage and a silica
passivation layer was formed, which was confirmed by XPS core
level spectra of C 1s, Si 2p, and O 1s. This SiO2 layer grew with
exposure duration or AO fluence and became increasingly
resistant to atomic oxygen attack. It was found that the erosion
yield of these hybrid polyimides decreased with increasing the
HBPSi addition and AO fluence. The incorporation of HBPSi
into the polyimide backbone was not only responsible for
endowing polyimide with outstanding AO resistance but also
responsible for the high optical transparency of HBPSi
polyimide after long duration AO exposure. As the AO fluence
increased to 3.87 × 1020 O atoms·cm−2, the 29.7 wt % HBPSi
polyimide exhibited less rough surface morphology than the
pristine polyimide film and the AO erosion yield reached as low
as 7.97% that of standard Kapton H. The presence of a certain
amount of pinholes and microcracks possibly accounted for the
apparent mass loss of HBPSi polyimide after exposure with
fairly high AO fluence. The formation or regrowth and
breakage of the SiO2 protective layer were likely to be a
dynamic equilibrium, and this phenomenon was constantly
emerging during the whole exposure period. The increase in
the AO resistance property of HBPSi polyimide film was the
consequence of the formation of passivation SiO2 layer. This
SiO2 protective layer enables the surface to be “self-healing”
and is desirable for HBPSi polyimide as a “drop-in”
replacement for the widely used Kapton on spacecrafts
functioning in space environment.

Figure 14. Photograph of HBPSi-PI over a photograph of a lotus
flower (right).

Figure 15. Transmission spectra of pristine polyimide and 29.7 wt % HBPSi polyimide before and after exposure to a variety of AO fluences of (a)
0.88 × 1020 O atoms·cm−2 (5 h); (b) 1.76 × 1020 O atoms·cm−2 (10 h), 2.64 × 1020 O atoms·cm−2 (15 h), and 3.87 × 1020 O atoms·cm−2 (22 h),
respectively.
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5. PROSPECT
Hitherto, considerable progress has been achieved in terms of
development of new materials that can withstand the space
hazards and the protective enhancement mechanism of these
novel polyimides is generally recognized as first degradation of
organic portions and eventually in situ buildup of a passivation
layer, such as SiO2, polyphosphate, or other AO-insensitive
substances on the top surface of polyimide upon long duration
AO exposure. However, whether this passivation layer never
becomes completely impervious to AO or not still remains
undefined. Additionally, the problem of what kind of protective
layer, SiO2 or polyphosphate or other passivation layer, is the
most effective to protect the underlying polymers from AO
erosion is still not settled yet. Thus, the above two aspects
should be the focus of the future work.
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