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Highly Dispersible Ternary Composites with High Transparency and
Ultra Low Dielectric Constants Based on Hyperbranched Polyimide
with Organosilane Termini and Cross-linked Polyimide with Silica
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Flexible insulating materials that are both thermally and mechanically stable, highly transparent, and have
low dielectric constants are highly desirable for electronic applications. With these technical needs, a
highly disperse inorganic matrix is the most important factor in polyimide-inorganic composites. We

10 report an optimised method for the preparation of a hyperbranched polyimide using HBPIgpapa-tap(si)-
This method involves modifying the polymer termini by coupling (3-isocyanatopropyl) triethoxysilane to
HBPIgpapa-tapom) Via the hydroxyl (~OH) groups at peripheral positions of the polymer chain. Then,
based on the HBPIgpapa-rap(siy With silane-modified termini, linear Plgrpa-app(siy and tetracthoxysilane
cross-linking agent were used to prepare ternary composites, Plgrpa-aps(si_HBPIgpapa-tapsi_SiO,, by

15 sol-gel cross-linking reaction. The dielectric constant (Dy) of PIgrpa-app(si_HBPIgpapa-tapsi-30%_SiO,-
20% was very low, 2.04, and the optical transparencies of the ternary hybrid composite films also
improved over those of similar composites due to the synergistic interactions between HBPIgpapa.tap(si
and Plgppa_app(si) that improves phase dispersion. The highest transparency, 95% at 450 nm, was obtained
for Plsrpa-aps(si_HBPIgpapa-tap(si-30%_Si0,-20%, a significant improvement from that (87%) of the

2 binary composite of Plgrpa-app(siy_S10,-20%. The glass transition temperature (7}) of Plgppa-
ap(si_HBPIgpapa-Tapsi-30%_Si0,-20% is 212.6 °C, which is the highest in the ternary composite series.
Plgrpa-aps(si_HBPIgpapa-tapsi-40%_Si0,-20% has the largest storage modulus, 2952.0 MPa at 180 °C.
The tan ¢ values of the composite films decreased from 0.96 to 0.73 with increasing HBPIgpapa-rarpsiy
content. The ternary hybrid composites with densely cross-linked SiO, covalent networks developed in

25 this study have improved dielectric, optical, thermal, and mechanical properties. Our fabrication method
paves the way to the facile production of high-performance flexible and transparent electronic circuits
that could be used in a broad range of applications in future electronics.
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Introduction

The rapid development of flexible transparent electronic devices
has increased the demand for new materials."® Colourless and
transparent polyimides (PIs) with inorganic component are
desirable candidates for use in high-technology devices because
they are excellent insulators interlayer dielectrics and because of
their optimised properties, such as good flexibility, low dielectric
constants, and high thermal, chemical, and mechanical
stability.'*"7
10 Generally, ideal insulating materials should not only have low
dielectric properties, but also be highly transparent, have good
mechanical durability and high thermal stability. Therefore, many
researchers have designed and demonstrated PIs with these
features.'>'®% However, there remain several fundamental
1s drawbacks. For example, the opaqueness that originates from
organic—inorganic micro phase separation, inorganic
dispersibility, and low toughness and mechanical stability. In
addition, composite systems have the drawbacks of the original
backbone material that can adversely affect their properties. '
20 We have recently fabricated a novel ternary hybrid system: a

o

low

hydroxyl terminated hyperbranched polyimide with linear
PI/Si0,°* 2 that has excellent properties, for example, a very low
dielectric constant, reduced organic particle size®®>* and good
thermal stability. Additionally, we have reported that by using a
25 flexible organosilane agent nano-sized domains of SiO, are
formed and that this produces a highly dispersed material . *>**
In this study, we report our design of a novel ternary composite
system to overcome the drawbacks of existing materials and to
improve material performance, for example, improving the
30 organic—inorganic phase dispersion and reducing the interfacial
polarisation via strong covalent bonds using a silane-coupling
terminus in the ternary system. (3-Aminopropyl) triethoxysilane
(APTEOS) was used to modify the termini of the linear PI, and
(3-isocyanatopropyl) triethoxysilane (ICTEOS) was used to
3s modify the termini of the hyperbranched PI, HBPIgpapa-rapon)-
Modifying the end-groups of the hyperbranched polyimides is an
effective way to improve their phase dispersion composition
because by adding flexible organosilane terminal groups the
polymers become highly soluble and reactive.
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Scheme 1 Synthetic route for the PI¢rpa-aps(sii_HBPIgpapa-rarsi_SiO- hybrid ternary composite film

Plgrpa-ap(si_HBPIgpapa-tap(si_SiO; hybrid ternary composite films with cross-linked structures were prepared by sol-gel cross-
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linking reactions. A densely cross-linked structure is beneficial
not only to improve the physical properties, in particular the
dielectric constants, but also to enhance the phase dispersion by
their particular termini linkage. Our fabrication method paves the
way for a new and facile production method for high-
performance, flexible, and transparent circuits that could have a
broad range of applications in flexible electronics. The structures
and properties of the composites have been carefully
characterised and are reported in the following sections in detail.

Experimental Section

Materials
4,4'-(Hexafloroisopropylidene) diphthalic anhydride (6FDA,

95%), 2,4,6-triaminopyrimidine (TAP, 98%), 1,3-bis(3-
aminophenoxy)benzene (APB, 98%), (3-isocyanatopropyl)
triethoxysilane ~ (ICTEOS, 98%) and (3-aminopropyl)

triethoxysilane (APTEOS, 98%) were purchased from Adamas-
Reagent Co. Ltd. 4,4'-Bis(4,4'-isopropylidene diphenoxy) bis-
(phthalic anhydride) (BPADA 97%) was purchased from the
Sigma-Aldrich Corporation. 4-Amino-phenol was purchased
from Tianjin Chem. Eng. Lab. N, N-Dimethylacetamide (DMAc,
98%), N, N-dimethylmethanamide (DMF, 98%), tetrahydrofuran
(THF, 98%), n-hexane, methanol and toluene, used as the
reaction media, were purchased from Beijing Chemical Works
and Alfa Aesar. The solvent N-methyl-2-pyrrolidone (NMP, 97%)
was purchased from Beijing Modern Eastern Fine Chemical.
Hydrochloric acid (HCI) and tetracthoxysilane (TEOS, 98%)
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were purchased from Alfa Aesar and used without further
purification. If not mentioned specifically, the reactants and
solvents were used as received without further purification.

Synthesis

The synthetic routes to the materials are shown in Schemes 1 and
2, which include the preparation of the silane terminated
hyperbranched HBPlIgpapa.tapsi (Scheme 1) and the hybrid,
ternary Composite PI6FDA-APB(Si)_HBPIBPADA-TAP(Si)_SiOZs film
(Scheme 2). The preparation details are described as follows. The
synthetic methods for both silane terminated linear PAA and
binary composite (Plgrpa.appsiy_Si0,-20%, SD-1) have been
described in our previous report.*

Silane termini modified hyperbranched polyimide (HBPI
BPADA-TAP(SH)- Lhe silane groups at the peripheral positions were
then introduced by modification of the hydroxyl (—OH) termini
by using (3-isocyanatopropyl) triethoxysilane (ICTEOS),
converting HBPIBPADA-TAP(OH) to HBPIBPADA-TAP(Si) (Scheme 1)
Synthesis of the —OH termini hyperbranched polyimides has been
described in our previous work.*® To obtain silane terminated
polyimide, in a thoroughly dried 100-ml tri-neck flask, an excess
of (3-isocyanatopropyl) triethoxysilane (ICTEOS, 0.29 g,
0.35mmol) was added to a DMF (11.61 g) solution of
HBPIgpapa-taron) (1.00 g) powder, leading to a solution with
10wt% solid content. The mixture was magnetically stirred at
80 °C for 48 h under nitrogen gas.

o CFy -
A NH-C S~ A E-N—
| J I CF, i
e Z HO-CT X NF c—oH
6 0 )

PAA gepa-apa(si)

Scheme 2 Synthetic route for the PI¢rpa-apssi_HBPIgpapa-rarsi_SiO- hybrid ternary composites

This journal is © The Royal Society of Chemistry [year]
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The mixed solution of HBPIgpapa-tapsi Was obtained. Firstly,
the mixture was poured into n-hexane. Then, it was poured into
methanol and the product, a yellow precipitate, formed. This
powder was collected by filtration and dried under vacuum at
80 °C for 3 h. Yield = 82%, M,, = 7900, M,, = 2500, PDI (M,,/M,)
= 3.1, '"H NMR (600 MHz, deuterated dimethylsulfoxide), &
(ppm): 7.89 (CH, 2Hy), 7.44-7.21 (CH, 4H,, 2H,), 7.29 (CH, 2Hy),
7.11 (CH, 2H,), 7.02 (CH, 4H,), 6.82 (CH, 2H,), 4.97 (NH, 1H)),
4.12 (CH,, 6H,), 3.75 (CH, 1H;), 3.47 (CH,, 2H,), 1.67-1.60
(CH;, 6H,, CH,, 2H)), 1.15 (CH3, 9H,), 0.56 (CH,, 2H,,). FTIR
(KBr, em™): 3361cm™ (NH str.); 2966 cm ™' (C—-CH,—C ); 1784
em’! (C=0 sym. str.); 1720 em’! (C=0 asym. str.); 1620 em’ (N-
C=N); 1597, (C=C str. Ar.); 1504 cm (unsym. tri-subst. Ar.);
1477 cm "' (C-CH,—C); 1441 cm™ (~CH3); 1386 cm™ (C—N str.
imide.); 1347-1234 cm "' (Ar-O-Ar.); 1171, 1079 cm™ (Si-O-
C,Hs); 1014 e (para-di-subst. Ar.); 835, 745 cm™' (subst. Ar.);
and 1660—1670 cm ' (non PAA structure band).
Plgrpa-ars(si_HBPIgpapa-tapsi_SiO,  termary  composites
(series SD group). The hybrid ternary composites were prepared
by a typical sol-gel method (Scheme 2). The preparation
procedure for a composite SD-3 (Plsppa-aps(si_HBPIgpapa-Tap(si-
20% Si0,-20%) is given here as a typical example.
Stoichiometric quantities of TEOS in DMAc (10 wt%, 1.38 g),
and HCI in deionised water (0.1 N, 0.048 g) were mixed and
stirred at room temperature for 0.5 h to form the SiO, sol. Then,
the SiO, solution was added dropwise to a stirred solution of
linear PAAGFDA-APB(Si) (10 Wt%, 2 g) and HBPIBPADA-TAP(Si) (004
g). To obtain the precursor, the solution was stirred at room
temperature for 12 h. In the second stage, the precursor solution
was cast onto a glass plate and heated at 80 °C for 2 h. The film
was then thermally imidized by stepwise heating to 150 °C (1 h),
200 °C (1 h) and 300 °C (1 h).

The hybrid ternary composites with different compositions
were prepared by a similar method, that is, by adjusting the
composition of Plgrpa.appsiy and silica. The film formation
property of the hybrid ternary composites depended on the
contents of the HBPIgpapa-tapsiy and TEOS. By using the linear
PAAi and silane terminated hyperbranched polyimide, the
hybrid ternary composites were successfully prepared. The films
are labelled as SD-2 to SD-5 (PIGFDA-APB(Si)_HBPlBPADA-TAP(Si)'
10~40%_Si0,-20%). The percentage given in the generic
abbreviations is the weight percentage. The hybrid ternary
composites have similar spectra, and the characteristic IR
absorption bands are listed below.

[SD-2 to SD-5] FT-IR (KBr, cm™): 3361cm™ (—NH str.); 2910
em ' (C-CH,~C); 1776 cm™ (C=0 sym. str.); 1716 cm™ (C=0
asym. str.); 1620 cm” (N-C=N); 1587 cm™ (C=C str. arom.);
1504 cm™ (asym. tri-subst. Ar.); 1477 ecm ' (C-CH,—C); 1443
em’ (C=C str. Ar.); 1364 cm™ (C-N—C str. imide.); 1356 cm™ (-
CH; AL); 1296 cm ! (-CF;); 1235-1192 cm ™' (Ar—O—Ar.); 1125
em ' (=CF3); 1096-1067 cm™ (Si-0-Si), 1012 cm™ (para-di-
subst. Ar.); 964 cm’' (subst. Ar.); 888 cm™! (Si—OH); 845-718
em’! (subst. Ar.); 680 cm ! (—CF5); and 1660-1670 cm ™' (non
PAA structure band).

Characterisation

'H NMR (600 MHz) spectra were recorded on a JEOL JNM-
ECA600 NMR spectrometer. Fourier transform infrared (FT-IR)

S

P

=3

S

spectroscopic measurements were performed using a Magna-IR

o Nicolet 560 in the range 4000-450 cm™ at a resolution of 0.35

em’'. Samples were measured in KBr disks. The phase transitions
and thermal properties were characterised by differential scanning
calorimeter (DSC), thermal gravimetric analysis (TGA) and
dynamic mechanical analysis (DMA). TGA was performed with
a TGA 2050 analyser (TA instrument Co.) over a heating range
from 20 °C (room temperature) to 900 °C under nitrogen flow.
The thermal phase transitions of the polymers were scanned by
DSC 2910 (TA Instrument Co.) with a heating rate of 20 °C min’'
under nitrogen flow. The dielectric constants were measured
using a NOVOCOOL Alpha-ANB (Novocontrol Technologies
GmbH & Co. KG) dielectric analyser with silver paint electrode.
The measurements were carried out at the room temperature with
scan frequencies from 1 to 10° Hz using commercial Kapton®
HN film reference (D, = 3.81 at 100 kHz). The thickness of
specimens was controlled to be in the range of 17 to 24 um. The
coefficients of thermal expansion (CTE) parallel to the film
surfaces were measured using a DMA Q800 dynamic mechanical
analyser (DMA, TA Instrument Co.) in extension mode over a
temperature range of 25 to 320 °C with a force of 0.01 N. The
size of samples was 14 mm in length, 5 mm in width and 2227
pm in thickness. UV-visible absorption spectra of films were
measured on a Lambda Bio-40 spectrometer (Perkin—Elmer). A
silica glass plate was used as a reference, and the thickness of
specimens was less than 10 um. Cross-sectional images of the
samples were obtained by scanning electron microscopy (SEM)
using a S5500 microscope (Hitachi) operating at an accelerating
voltage of 5.0 kV. The cross-sectioned samples were prepared by
breaking films in liquid nitrogen and sputtering with carbon
nanoparticles. =~ Dynamic  mechanical  analysis (DMA)
measurements were performed using a TA Instruments DMA
Q800-Dynamic Mechanical Analyzer in tension mode over a
temperature range of 25 to 320 °C. Data acquisition and analysis
of the storage modulus (£’), loss modulus (E”) and tension loss
tangent (tan & = E"/E") were recorded automatically by the system.
The sample was 14 mm in length, 5 mm in width and 19 to 28 pm
in thickness. The sample was maintained under a continuous flow
of nitrogen and the heating rate and frequency were fixed at 2 °C
min™ and 1 Hz, respectively.

Results and Discussion
Synthesis and Characterisation

To facilitate discussion, the numbered abbreviations SD-1 to SD-
5 are used to denote Plgrpa-apnsi_HBPIgpapa-tap(si-
0%~40%_Si0,-20% in the following discussion. A
hyperbranched polyimide (HBPIgpapa-tapsi) having termini
modified by a silane coupling agent was prepared by A, + B;
polycondensation®® from hydroxyl (~OH) terminated HBPI using
(3-isocyanatopropyl) triethoxysilane (ICTEOS). The number
average molecular weight (M,) and polydispersity index (M,,/M,)
of HBPlgpapa-tapsi were 2500 and 3.1, respectively. The
molecular structure of HBPIgpapa.tapsiy Was characterised by 'H
NMR and FT-IR. Fig. 1 shows the 'H NMR spectrum of
HBPIgpapa-Tapsi, and signal assignments are also shown. The
peaks corresponding to triethoxysilane terminal groups and HBPI

4 | RSC Advances [2015], [vol], 00—00
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main-chains are clearly identifiable. Compared with HBPIgpspa.
tapon), the signal due to -CONH- at 4.97 ppm indicates that
isocyanate group of ICTEOS reacted with the terminal —OH
groups of HBPIgpapa-rapon). The two peaks at 1.15 ppm and
4.12 ppm correspond to the methyl and methylene of the ethoxy
groups of ICTEOS. In addition, the methyl signals at 3.17, 1.67—
1.60 ppm and 0.56 ppm correspond to the flexible —CH,—
linkages in ICTEOS. It can be seen that the —OH terminal groups
of HBPIgpapa-tarony were successfully modified with ICTEOS.
This spectral evidence indicates that HBPI with silane termini has
been successfully prepared. The other typical backbone resonance
signals have been described in our previous work.*

The FT-IR spectra of HBPIgpapa-rapsi, @ linear binary
composite (SD-1), and hybrid ternary composites (SD-2 to SD-5)
are shown in Fig. 2. Absorption bands of the imide groups were
clearly observed for all of the composites at 1784 and 1776 cm™
for the symmetric stretch and 1720 and 1716 cm™ for the anti-
symmetric stretching vibrations of the carbonyl group. As the
amount of the HBPIgpapa-rapsi) increased, the absorption of these
bands, and other characteristic bands at 1504 (asym. tri-subst.
Ar.), 1356 (-CH; Al) and 1012 cm’ (para-di-subst. Ar.),
increased significantly. No obvious absorption bands between
16601670 cm’™ due to polyamic acids (PAAs) were observed. In
addition, the absorption peaks of the ethoxysilane group (—
SiOC,Hs) of HBPIgpapa-tar(siy Were clearly visible between 1171
and 1079 cm™ in the spectrum of HBPIgpapa.tapesi- The peaks
assignable to -CH,—CH,— linkage appear at 2966, 2910 and 1477
ecm! The -CONH- absorption band was found at 3361 cm’,
indicating that the ICTEOS isocyanate successfully modified the
—OH termini of HBPIgpapa-tapomn)-

(a)

HBPlgpapa.tapioH)

b. e,
c.g
h
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¢} 1 o049h , k mo-cct
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6 5 4 3
Chemical Shift (ppm)
Fig. 1 '"H NMR spectra of the (a) hydroxyl terminated hyperbranched
polyimide (HBPIBPADA_TAP<0H))3° and (b) the silane termini hyperbranched
polylmlde (HBPIBPADA-TAP(Si))~

r T

10 9

o

3s Due to the organosilane groups and the SiO, cross-linked

networks derived from a cross-linking agents TEOS and terminal
agents APTEOS and ICTEOS, absorption bands were observed
for all the films between 1096 and 1067 cm™ (Si-O-Si symmetric
stretching vibrations) and 888 cm™' (Si—OH), indicating that, not

40 only were the PI precursors fully imidized, but the ternary

composites (series labelled SD) were successfully prepared with
inorganic silica networks.

1300
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Fig. 2 FT-IR spectra of silane terminated hyperbranched polyimides, the linear binary composite (SD-1, Ps;_Si0,-20%)*? and hybrid ternary composites
(SD-2 to SD-5, Plsj_HBPIsi)-10%~40%_Si0,-20%)).
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Compared with HBPIgpapa-tapsi, the slight change in the
bands due to C=0, C-N and C-O functional groups in the
composite films is attributed to the increasing intermolecular
interactions that occur via the strong covalent bonding of the
silica terminal groups between HBPIgpapa-tapsiy and the binary
composite after treatment with the TEOS linkage agent; this
increased the dispersion effect in the composite matrices and led
to a small displacement in their absorption peaks.

Morphology of the hybrid ternary composites

Fig. 3 shows typical cross-sectional SEM images of
representative composite SA-1, SA-3, SF-4 and SD-4 films. The
morphology of the films shows clear improvement in the
dispersion on changing the HBPIgpapa-rapsiy and Plgepa-apssi
composition and introducing SiO, cross-linkage in the matrix.
The more disperse phases in the composite SD-4 are evident in
Fig. 3(d).

Tainghua 5.0kY'“0 Fmmx20 pk SE

Fig. 3 Typical SEM images of PI and the composites. (a) SA-1 (Plgppa-
APB?SiOZ'ZO%),m (b) SA'4 (PléFDA-APBiHBPIBPADA-TAP(OH)'30%7Si02'
20%),30 (C) SF-4 (PIg]:DA_ApB(sj)_HBPIBPADA_TAP(OH)-30%_Si02-20%)32 and
(d) SD-4 (PléFDA-APB(Si)iHBPIBPADA-TAP(Si)'30%7SiOZ'2O%)~ Scale bar: 2
um.

For the Plgepa_apg and SiO, (SA-1 and SA-3) composites,30 the
aggregated silica particles can be clearly seen as spherical beads
with a smooth polyimide surface. The beads have an average
diameter of around 1500 nm in Fig. 3(a) and between 100 to 200
nm in Fig 3(b).*° On introduction of the triethoxysilane termini to
the backbone PI, the dispersion of SiO, throughout the matrices
dramatically improved. Compared with SA-1, SA-3** and SF-3,%
SD-3 shows the smoothest cross-sectional surface and is very
similar to that of PI without an inorganic component. The
adhesion between the organic and inorganic components is also
improved, as shown by the interface between the inorganic
component and organic matrices. Moreover, the images reveal
that very small nano-scaled cavities exist in the hybrid ternary
composite. The enhanced interactions between the components in
the ternary composites improve the dispersion of silica
components and suppress the phase separation between PI and
the inorganic silica networks. Because of this, light transmission

through the composites was significantly
incorporation of HBPIgpapa-tapsi) into the Plgepa-apgsiy and SiO,
composites. The decrease in Dy in the low frequency region
(between 1 and 10* Hz) is primarily due to the localised

improved on

45 orientation polarisation of the imide groups and can be attributed

to the reduction in phase separation.

Dielectric properties of the hybrid ternary composites

The dielectric constants and dielectric loss of the hybrid
composites (SD-1 to 5) and commercial Kapton® HN, used as a

so control, are shown in Fig. 4 and listed in Table 1. The D, values

55

of the hybrid composites and related materials were measured in
the frequency range of 1 to 10° Hz and at the fixed frequency of
100 kHz.
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Fig. 4 Dielectric constants (Dy) of linear binary composite (SD-1,
PI(Si)_SiOz—ZO%f2 and hybrid ternary composites (SD-2 to SD-5,
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Table 1 Data for triethoxysilane termini hyperbranched polyimide with PI/SiO, hybrid ternary composites.

Transmittance DSC TGA
Sample Thickness®  Dy° Jaort 450 nm/ 400 nm/ T,/ 7%/ T4 Rygo®/  CTE®
pm nm % % °C °C °C % ppm °C”!
SD-1 Pl;,_Si0»-20% 24 2.67 322 87 68 2033 529 545 52 29.9
SD-2 Pls;, HBPIs;)-10%_Si0,-20% 16 2.30 323 91 79 211.2 530 545 50 28.9
SD-3 Pl HBPIs;-20%_Si0»-20% 19 221 321 84 78 212.0 518 538 50 29.3
SD-4 Pl HBPIs;-30%_Si0»-20% 33 2.04 320 95 88 2126 516 537 51 314
SD-5 Pls) HBPIs-40% Si0,-20% 26 2.20 322 87 77 210.5 512 536 51 326

“ The thickness of specimens for dielectric constant measurement.
? Measuring at a frequency of 100 kHz.

¢ Temperatures at which 5% and 10% weight loss occurred, recorded by TGA at a heating rate of 20 °C min™' and a N, gas flow rate of 25 cm® min™.

“ Residual weight percentages at 800 °C.
¢ The temperature range from 100 to 150 °C with a force of 0.01 N.

The dielectric constants decreased gradually with increasing
frequency, and these properties are usually frequency
dependent.* This dielectric relationship is described by the Cole-
Cole equation,® as follows:

£~ £m = (89 — £)/[1 + (iw7)™Y]

In this equation, €" is the complex dielectric constant, €, and
£ are the dielectric constants at "static" and "infinite frequency",
o = 2xn times the frequency, and 7, is a generalised relaxation
time. The exponent parameter o can assume values between 0 and
1, the former corresponding to the Debye response®® for polar
dielectrics. In general, the dielectric constant of polyimide is
determined by the ability of the polarisable units to orient fast
enough to keep up with the applied AC voltage (100 kHz). The
Dys of all the films measured at 100 kHz are compared in Fig.
4(c). The D;s of the films prepared in this study are significantly
lower than that of the linear PIgrpa.apg (S-1).%°

Compared with the three series of PI composites SA,*® SB,
SC*! and SF*? groups reported by us, the series SD composites in
the 1 Hz to 10* Hz range are lower Dis shown in Fig. 4(a). It may
be related to a decrease in localised space-charge polarisation as
well as the orientation polarisation of the imide groups being the
main factor affecting the dielectric dispersion between the
covalently bound organic and inorganic phases in the multi-phase
matrices. It can be seen that the triethoxysilane termini of Plgpa.
apisiy and  HBPlgpaparapsi —increases the homogeneous
dispersion of silica in these systems by the formation of covalent
bonds between the triethoxysilane terminal groups of HBPIgpapa.
tapcsi) and the linear Plgppa_appsi) backbone by the TEOS cross-
linking agent. In comparison to series SA*® and SF*?, the series
SD composites showed good adhesion between the silica and the
PI matrix because of the terminal linkages on Plgrpa-app(siy and
the reaction of HBPIgpspa.tapsiy With TEOS. The Dy values of
the hybrid ternary composites (SD-2 to SD-5) are smaller than
that of the binary composite (SD-1). Under the optimised
conditions, SD-4 had the smallest Dy of the composites of 2.04,
significantly lower than either SA-4 (a typical specimen in SA
series, Dy = 2.24)*" and SF-4 (a typical specimen in SF series, Dy
= 2.19).> This can be attributed to the terminal linkages of
HBPIgpapa-tapsi that promote homogeneous dispersion,
increased free volume® and good miscibility through their
covalent bonds. In our hybrid ternary composite series, the
organosilane termini of HBPIgpapa.rapsi promotes phase
dispersion, and plays an important role in reducing the dielectric
constant in the hybrid ternary composites.

Optical properties of the hybrid ternary composites

The optical transparency of series SD group was measured with a
UV-vis spectrometer. Fig. 5 shows the UV-vis transmission

ss spectra. The cut-off wavelengths (absorption edge, A.y,f) and the
transmissions at 450 nm and 400 nm in these spectra are listed in
Table 1.

100
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‘w60
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g 40
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" n L " 1 L ! L

0 1
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

mnex

!
i S

Fig. 5 Optical transmission (a) of the linear binary composite (SD-1,
60 Pls;_Si0,-20%)** and hybrid ternary composites (SD-2 to SD-5,
Plsi. HBPIsi)-10%~40%_Si0,-20%) measured from 800 to 320 nm.
Photographs of (b) Kapton® HN, (c) SD-4 hybrid ternary composite film
and (d) the applied electrode model.**
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Fig. 6 DSC (a), TGA (b) and CTE(c) spectra of the linear binary composite (SD-1, Pls;,_Si0,-20%)* and the hybrid ternary composites (SD-2 to SD-5,
Plsi, HBPIsi)-10%~40%_Si0,-20%)

The optical transparency of the series SD composites is clearly
improved by incorporating HBPIgpapa-tapsiy into the Plgepa.
apB(si_S10; system. The optical transmissions of the SD group
increased from 84% to 95% at 450 nm and from 68% to 88% at
400 nm, respectively. By incorporating HBPIgpapa-rap(si, SD-4
showed the highest transmission, i.e. 95% at 450 nm and 88% at
400 nm, hlgher than SA-4 (PI6FDA-APB_HBPIBPADA-TAP(OH)'
10%_8102-20%)30 and SF-4 (P Lsrpa-apB(si_HBPIgpapa-Tapon)-
10%_Si0,-20%).*? The higher optical transparency is observed in
the specimens with highly dispersed phases, as confirmed by the
SEM cross-sectional images. In addition, the composites maintain
the fundamental characteristics of the monomers, i.e., the high
fluorine content of 6FDA,***7 the flexible and bent structure of
APB*** and the bulky side groups of BPADA.*** These are all
important for the formation of a colourless film. In addition, the
high optical transmission can be attributed to the synergistic
effect between the HBPlgpapatarsi and — Plgepa-apssi
components that reduces phase separation between the PI
matrices and silica particles, improving dispersibility and
reducing the size of the silica particles. Therefore, light scattering
in the visible region from aggregation of the inorganic silica
phase is effectively suppressed.

Thermal properties of the hybrid ternary composite films

The thermal phase transition behaviour of the hybrid composites
and related materials was investigated by DSC. The results are
shown in Fig. 6(a) and summarised in Table 1. All the hybrid
ternary composites and related materials have defined glass
transition temperatures, indicating that the PI components exist in
an amorphous phase.

The SD group composites have glass transition temperatures (7,)
ranging from 203.3 to 212.6 °C. The T, of the binary composite
with 20 wt% SiO, (SD-1) is 203.3 °C. Even better, enhanced 7,s
were observed for the hybrid ternary composites prepared with
HBPIgpapa-Tapsi, attributed to the covalent cross-linked
networks. The 7, of SD-4 is 212.6 °C, the highest of the ternary
composite series. On the other hand, the T, of SD-5 is 210.5 °C,
the lowest in the ternary composite series, and this is due to its
hyperbranched structure and the low molecular weight of
HBPIgpapa-tapsi. The slightly lower T, of SD-5 can be attributed
to its large free volume and the low T, of the hyperbranched
polymer. On the other hand, as long as the concentration of
HBPIgpapa-tap(si is below the critical value, segregation from the

matrices does not occur nor is the T, affected significantly.

However, the cause of the lower T, value for SD-5 is not obvious.
so The thermal decomposition temperatures of the hybrid ternary
composites and related materials measured by TGA are shown in
Fig. 6(b) and summarised in Table 1. For the SF series, the
residual weights of the composites were nearly 100% at
temperatures less than 500 °C, significantly higher than those of
the SA, SB, SC and SD series.”>** The 5% and 10% weight loss
temperatures (T and T,'%%) of SD-1 are 529 °C and 545 °C,
respectively. The ternary hybrid composites (SD-2 to SD-5) have
7,>” values ranging from 530 to 512 °C and T,'*” values ranging
from 545 to 536 °C. These are significantly higher than those of
the SA series are (7,": 487 to 481 °C).*° This difference
between SA and SD series can be attributed to the terminal cross-
linked silica networks between HBPIgpapa-Tapsiy and Plgppa.
ApB(siy- The Ty values decreased with increasing HBPIgpapa-tap(si)
content in the systems, which might be caused by the elimination
of water molecules from Si-OH group of HBPlgpapa-rarsi at
high temperatures.

The coefficient of thermal expansion (CTE) was characterised
by DMA in the direction of film surface of the ternary hybrid
composites and related materials. The CTE curves are shown in
Fig. 6(c) and the CTE values in the temperature range from 100
to 150 °C are listed in Table 1.

The CTE values of the SD series change from 32.6 to 28.9
ppm °C™'. By comparing the CTE values at temperatures below
the T,, the hybrid composites exhibit significantly smaller CTEs
than that of the pristine PI (S-1, 37.1 ppm °C™").*° The smallest
CTE value was obtained for SD-1 (28.9 ppm °C™"). This can also
be attributed to the cross-linkages formed between the silica
terminal groups of HBPIBPADA-TAP(Si) and Pl6FDA-APB(Si) in
composites with a well-designed content ratio, However,
compared to the CTE of 17.8 ppm °C! for SA-1 (Plgpa.
APB_SiOZ-ZO%),3° the CTE values are larger. Furthermore, they
also increase with the further increase in HBPIgpapa-tapsi
content. This may be a negative effect of the triethoxysilane
termini of Plgrpa-apssi and HBPIgpapa-rapsi compared with
PlIgrpa-aps and HBPIgpapa.-tap(om), Which could increase the inter-
chain distances and form nano-scale cavities.”>*** In spite of the
incorporation of HBPIgpapa Tapsi, the effect of the covalent
linkages in reducing CTE is offset by the Plgrpa-aprsi and
HBPIgpapa-tapsi components. This tendency can be seen by
s comparing the CTEs among the series SA and SF groups. Even in
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this case, the CTEs of the ternary hybrid composites are still
much smaller than that of typical linear PI (S-1). " The results
shown above indicate that these hybrid ternary composites show
significant improvements in their dielectric properties and have
s high transparency, properties that are attained by the introduction

of HBPIBPADA—TAP(OH) in the PI()FDA_APB(Si)Qo% and SIOZ

composites.
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Fig. 7 (a) Storage moduli (MPa) and (b) tan J spectra of the linear binary
10 composite (SD-1, PLs;_Si0,-20%) and the hybrid ternary composites
(SD-2 to SD-5, Plsi) HBPIs;)-10%~40%_Si0,-20%)

Table 2 Storage moduli (MPa), tan 6 and 7s values of the linear binary
composite (SD-1, Plsi)_Si0,-20%) and the hybrid ternary composites
(SD-2 to SD-5, Plsi) HBPIs;)-10%~40%_Si0,-20%)

Storage modulus Storage modulus

Sample __at 100 °C at 180 °C tan 9 T
MPa MPa °C
SD-1 26438 21744 0.96 132
SD-2 2840.1 22768 0.93 216.7
SD-3 3153.2 2599.0 0.87 218.0
SD-4 3477.9 2859.1 0.82 2188
SD-5 3517.5 2952.0 0.73 217.2

15 Mechanical properties of the hybrid ternary composite films

The temperature variation of the storage modulus (£’) and phase
angle (tan J, the ratio of loss modulus (E") to storage modulus
(E") for SD-1 and SD-2 to SD-5, which were measured by DMA
analysis, are listed in Table 2 and shown in Fig. 7. In comparison
20 with a binary composite (SD-1), the ternary composites (SD-2 to
SD-5) had enhanced storage moduli (£"), higher T, temperatures
and reduced tan J values and these changes correlated with
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increasing HBPIgpapa-tapsiy content. The increase in E' is
indicative of the enhanced strong interfacial interactions due to
covalent bonds between HBPIgpapa-tapsiy and Plgrpa-aps(si_SiO2
in the binary composite. These enhanced interactions are caused
by the cross-linking reactions between the triethoxysilane
terminal groups and TEOS in the two-step network forming
process as the hydrolysis and polycondensation reaction occur at
elevated temperature. SD-5 has the largest storage modulus of
2952.0 MPa at 180 °C. The values from 0.96 to 0.73 of tan ¢ for
the composite films decrease with increasing HBPIgpapa-tap(si
content. We also observed enhanced elastic behaviour of the
composite films (SD-2 to SD-5) in comparison with the Plgpa.
Apg(si_SiO, binary composite matrix. This is attributable to the
strong interfacial interactions of the covalent linkages between
the organic and inorganic phases.

Conclusions

We successfully synthesised an organosilane terminated
hyperbranched polyimide (HBPIgpapa-tapsi) by using a (3-
isocyanatopropyl) triethoxysilane (ICTEOS) agent that was
introduced by modification of the —OH group at the peripheral
positions of HBPIBPADA-TAP(OH).

Based on the linear Plgrpa.aprsi and hyperbranched
HBPIgpapa-tap(si that have triethoxysilane termini, hybrid ternary
composites (SD series) were fabricated by a sol-gel cross-linking
reaction with TEOS. The hybrid ternary composites had desirable
dielectric properties. At an appropriate content of HBPIgpapa.
tapsi» the dielectric  constant (D) of SD-4  (Plgppa-
APB(Si)_HBPIBPADA-TAP(Si)'30%_Si02'20%) had the lowest Dk of
the series, 2.04. The optical transparency of the ternary hybrid
composite films was also improved due to the synergistic
interaction between HBPIgpapa.tapsiy and Plepa-appsi that
reduced phase separation. The best result was obtained for SD-4
in the ternary hybrid composites, for which the corresponding
transmittance increased from 87% for SD-1 (Plsppa-app(si_SiO»-
20%) to 95% at 450 nm. The incorporation of the strongly
covalent terminal networks of HBPlgpapa-tapsi and Plgepa.
ap(si_Si0,-20% improves the thermal stability of the binary
composites. The T, of SD-4 was 212.6 °C, which is the highest of
the ternary composite series. The CTE value of SD-2 (Plgrpa.
apB(si_HBPIgpapa-tap(si-10%_Si0,-20%, 28.9 ppm °C™") was the
smallest in the hybrid ternary composites. The triethoxysilane
termini of Plgppa-appsiy and HBPIgpapa-tapsi did not further
reduce the CTE values. SD-5 has the largest storage modulus (£"),
2952.0 MPa at 180 °C. The values of tan J for the composite
films decrease with increasing HBPlgpapa.tapsiy content. In
general, the hybrid ternary composites with strongly cross-linked
SiO, covalent bonding networks developed in this study show
improved dielectric, optical, thermal and mechanical propertiese.
These results are promising, allowing the development of new
materials with high performance that meet the technical
requirements for interlayer dielectrics in advanced electronic
devices.
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