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A B S T R A C T   

The continuous development of microelectronics requires mechanically enhanced insulating materials with a 
lower dielectric (low-k) constant. To accomplish this, in this paper, low-k polymer nanocomposites were rein-
forced with hydrophobic ethane-bridged mesoporous organosilica (EMO) particles as fillers. In this study, three 
types of EMOs such as pure EMO, EMO functionalized with trimethoxyphenylsilane (PTS) (EMO-PTS) group, and 
EMO functionalized with 1-[3-(trimethoxysilyl)propyl]urea (UTS) (EMO-UTS) group were prepared via sol-gel 
self-assembly method. Mesostructures and surface areas of synthesized EMO particles were successfully char-
acterized by XRD, TEM, and BET, whereas 13C and 29Si CP/MAS NMR spectra were also evidenced the presence 
of organic functional groups in the final EMO particles. Then, these filler materials were employed along with 
PMDA-ODA PAA (polyamic acid) solution for making efficient polyimide (PI) polymer composites. The good 
dispersion of EMO/EMO-PTS/EMO-UTS fillers into polyimide (PI) matrix were investigated using cross-section of 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atom force microscopy 
(AFM). UV–visible spectroscopy has also shown optical transmittance more than 80% in the visible range. 
Dielectric constant (DC) was also found to be reduced from 3.42 (in PI) to 2.51 (in polymer composites) upon 
addition of 2–3 wt% of filler materials. The addition of these fillers into polymer PI has also significantly 
enhanced modulus, hardness and glass-transition temperature of the final composites. These results strongly 
suggest that EMO and functionalized EMO with either PTS or UTS could be used as promising “reinforcing 
mesoporous filler and low-k materials” with polyimide.   

1. Introduction 

The low-k materials (k ≤ 2.0) are highly desirable for designing 
efficient modern integrated circuits (ICs), portable electronic devices, 
and other digital devices for future generation applications [1–7]. 
Therefore, it is imperative to develop such devices with compact and 
dense materials with dielectric constant k ≤ 2 for future low-k applica-
tions [7–16]. For preparing low-k composite films, among the ap-
proaches, one of the widely used approaches was to add hybrid silica 
into a polymer for preparing composite materials with low-k properties 
[7–14]. However, the relatively poor thermo-mechanical properties 

observed in these composites as phase separation occurs due to high 
loading (15–20 wt%) of hybrid silica particles functionalized with tri-
alkoxysilanes in the polymer. Eventually, the thermo-mechanical 
properties of the final composites are found to be deteriorated [9–14]. 
Another alternative approach was the incorporation of the porous silica 
into the polymer [1–3,6,15–19]. The lowest dielectric constant of the 
polyimide/mesoporous SBA15 silica (10 wt%) composites was found to 
be 3.11 whereas pure polyimide was 3.46 [15]. Another study on the 
tetramethylsilane modified FSM-16-type mesoporous silica particles 
(TMPS) into epoxy polymer composite has reduced to dielectric constant 
from 2.92 (epoxy polymer) to 2.60 (composite) at GHz, strongly 

* Corresponding author. Institute for Advanced Study, Chengdu University, Chengdu, 610106, Sichuan, China. 
E-mail address: mabdul.wahab@outlook.com (M.A. Wahab).  

Contents lists available at ScienceDirect 

Composites Science and Technology 

journal homepage: www.elsevier.com/locate/compscitech 

https://doi.org/10.1016/j.compscitech.2021.108854 
Received 5 November 2020; Received in revised form 1 May 2021; Accepted 8 May 2021   

mailto:mabdul.wahab@outlook.com
www.sciencedirect.com/science/journal/02663538
https://www.elsevier.com/locate/compscitech
https://doi.org/10.1016/j.compscitech.2021.108854
https://doi.org/10.1016/j.compscitech.2021.108854
https://doi.org/10.1016/j.compscitech.2021.108854
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2021.108854&domain=pdf


Composites Science and Technology 211 (2021) 108854

2

indicated that proper functionalization of the surface of the pore of 
mesoporous silica fillers can reduce the dielectric constant [6]. In this 
study, 20 wt% of POSS (polyhedral oligomeric silsesquioxanes) was also 
used along with TMPS mesoporous silica. The incorporation of 10 wt% 
of functionalized mesoporous silica with octyltrimethoxysilane into 
polyimide produces a dielectric constant of 2.73 at 100 MHz for com-
posite. These studies have strongly suggested that a large quantity of 
hydrophilic hydroxyl groups on the surface of either porous silica 
structures/silicas has shown a strong affinity towards absorbing the 
moisture (k ⁓ 80) that will impact to increase the dielectric constant of 
the final composite with deteriorated mechanical properties [4–9, 
15–19]. Therefore, the further functionalization of silanol groups with 
suitable organic groups would effectively reduce dielectric constants 
without significant deterioration of mechanical properties. 

Meanwhile, various types of organosilica precursors have been used 
to fabricate thin films on different substrates via spin-coating/dip 
coating and results of those thin films have shown low-k values from 
1.98 to 2.22, which found to depend on the porosity, nature, and types of 
organosilica precursors and employed methods [20–23]. However, in 
spite of what has been achieved so far, a systematic investigation on how 
nanoconfined different organic functional groups within the meso-
porous organosilica framework influences the dielectric and 
thermo-mechanical responses of polymer nanocomposite films such as 
polyimide should be demonstrated in this field. Therefore, it remains a 
challenging area for making efficient polymer films with the 
low-dielectric constant. In this context, it is suggested that for making an 
efficient composite with low-dielectric values, firstly, the material has to 
be porous because air space/void has a dielectric constant of almost 1. 
Secondly, the dielectric porous material should possess a hydrophobic 
character that would inhibit moisture adsorption and create compati-
bility along with employed polymers without any large phase separation 
[1–6,15–19]. The development of novel synthetic strategies which will 
exert special nanoengineering of the matrix composition at the nano-
scale level for producing mechanically enhanced low-k composite thin 
films through pore engineering for advancing nanotechnology-based 

applications. 
In this work, we explore nanoconfined organic groups within the 

EMO framework which have facilitated obtaining mechanically 
enhanced nanocomposite with low-k of 2.51 with small loading of 2 wt% 
of employed fillers. This work used a simple approach that allows effi-
ciently accommodating hydrophobic organic groups inside the pores of 
ethane-bridged mesoporous organosilica (EMO) (as shown in Fig. 1a–c) 
via bonding between OH groups of the EMO framework and OH groups 
of trialkoxysilane. The following features of the EMO would exert: (i) the 
homogeneously distributed hydrophobic bridging ethane group in the 
final EMO framework instead of silica with huge hydrophilic OH groups, 
(ii) uniform mesopores with hydrophobic ethane segment throughout 
pores to pores, and (iii) silanols of the hydrophobic pore walls are 
further functionalized with phenyl (PTS) or uredopropyl (UTS) groups to 
investigate how nature of organic groups would impact on the overall 
properties of the final composites. 

In this study, we have prepared polyimide (PMDA-ODA PAA)-based 
nanocomposites by employing three types of materials such as EMO, 
EMO-PTS, and UTS (EMO-UTS) and compared their transparency, mi-
crostructures, dielectric, and thermo-mechanical with pure PI. The 
comparison based on the results from this study, EMO, and EMO- 
functionalized with either PTS or UTS could be considered as potential 
alternative reinforcing materials for preparing mechanically enhanced 
nanocomposites with reduced dielectric constants. 

2. Experimental 

2.1. Materials 

Cetyltrimethylammonium bromide (CTAB), 1, 2-bis(triethoxysilyl) 
ethane (BTSE, 96%) as hydrophobic ethane bridging organosilica pre-
cursor, Brij-30 (non-ionic block copolymer), trimethoxyphenylsilane 
(PTS), and 1-[3-(trimethoxysilyl)propyl]urea (UTS) were were used as 
received from Aldrich. Pyromellitic dianhydride (PMDA), oxydianiline 
(ODA), and N-methyl-2-pyrrolidinone (NMP) from Aldrich were 

Fig. 1. Preparation scheme for ethane-bridged mesoporous organosilica (EMO) (a). In the case of EMO framework functionalization, PTS and UTS will be added to 
functional precursor sol along with BTSE for preparing samples EMO-PTS (b) and EMO-UTS (c), respectively. 
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employed in this work. 

2.2. Synthesis of ethane-bridged mesoporous organosilica (EMO) 

Fig. 1 shows the synthesis of EMO (Fig. 1a) and EMO functionalized 
with either PTS (Fig. 1b) or UTS (Fig. 1c). For example, at first, the 
deionized water, CTAB, Brij30, and 6 M NaOH in the following weight 
ratios (1.00:0.06:8.71 × 10-03:0.08:0.24) were mixed and stirred at 
55 ◦C (±2) for 2 h and then BTSE (3.54g) was added into the surfactant- 
containing solution during vigorous stirring [24,25]. The composite 
solution was stirred for another 48 h to achieve a homogeneous mixture 
and then the sample was left in an oven at 100 ◦C for 48 h. White powder 
material was collected after washing with deionized water and dried at 
room temperature. The removal of surfactant molecules by Soxhlet 
extraction (a mixture of 5 g HCl and 150 g methanol) for 12–14 h at 
60 ◦C in a solution was carried out [24,25]. The extracted samples were 
collected by filtration, washed with a huge amount of water, and dried at 
room temperature. 

2.3. Functionalization of the EMO framework with PTS or UTS 

For comparison, 15 wt% of BTSE (3.54 g) has been replaced with 
organosilica co-precursor (either PTS or UTS) to functionalize the 
framework of the EMO via a sol-gel self-assembly process as shown in 
Fig. 1. Hereafter, EMO-PTS (Fig. 1b) and EMO-UTS (Fig. 1b) codes will 
be used when EMO particles are functionalized with PTS and UTS, 
respectively. 

2.4. Preparation of EMO reinforced polymer nanocomposite films 

The 15 wt% polyamic acid (PMDA-ODA PAA) solution from PMDA 
and ODA was synthesized in NMP solvent according to Fig. 2 in a three- 
neck flask under an inert atmosphere. Pure PI and its hybrid composites 
films were also prepared using the same synthesis procedure. For 

composite films, the different weight percentages of pure EMO (0, 2, 3, 
5, 7, 9 wt%) and functionalized EMO with either PTS or UTS were added 
into the PAA acid solution (wt./wt.) under an inert atmosphere at room 
temperature. Before adding into the PAA solution, at first, the EMO 
particles were well-dispersed in NMP for 1 h by ultrasonication. 

Then, the homogeneously dispersed filler particles were added (drop 
by drop) into PAA solution to avoid local inhomogeneities. The hybrid 
solutions were cast as free-standing thin films by using an applicator and 
then left into glass plates inside the vacuum system which was con-
nected with the flow of nitrogen. After slowly flowing nitrogen for 36 h 
at 25 ◦C, then a few steps for thermal imidization were used to convert 
PAA to the cured PI and its hybrid composite films. The heating tem-
perature was maintained from 40 to 300 ◦C (at 40 ◦C for 1 h, 60 ◦C for 2 
h, 80 ◦C for 2 h, 100 ◦C for 1 h, 200 ◦C for 1 h and 300 ◦C for 2 h). For 
making only pure PI, the same thermal imidization protocol was 
employed. 

2.5. Measurement and characterization techniques 

Powder X-ray diffraction patterns for all EMO, EMO-PTS, and EMO- 
UTS samples were determined with the Bruker GADDS XRD system 
using Cu Kα radiation at room temperature and the 2θ angle was be-
tween 0.5 and 10◦. Surface areas and pore size distributions were 
determined by N2 sorption at 77 K using a Quantachrome BET surface 
area analyzer (NOVA 1200) apparatus and applying the Brunauer- 
Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) methods [26, 
27]. The pore-size distribution curves were obtained from the desorp-
tion branch of the isotherm by the use of the BJH method. Pore volumes 
were recorded at a relative pressure of 0.94 (P/PO), assuming full surface 
saturation with nitrogen molecules. All of the samples were dehydrated 
at 150 ◦C for 24 h before carrying out the nitrogen adsorption experi-
ments. Transmission electron microscope (TEM) (TEM microscope; 
operated at 300 kV) images were obtained by dispersing solid EMO 
particles using ultrasonication in methanol and then pouring the 
homogenously dispersed solution onto a carbon-coated copper grid. For 
the transparency measurements, a UV–vis photo spectrometer 
(UV–3101PC) was used for all studied samples. The solid-state NMR 
spectra were recorded on the same NMR instrument equipped with a 
solid-state probe using the following experimental conditions: 13C 
CP/MAS NMR, 6 usec prescan delay time, 2000 usec contact pulse, 5 
kHz MAS rate, and 2000 scans; 29Si CP/MAS NMR, 30.0 usec delay time, 
1200 usec contact pulse, 5 kHz MAS rate, and 2500 scans. For the 
indentation test, the tests were carried out using MTS Nano XP ® with a 
Berkovich (3-side pyramid) indenter. A constant strain rate of 5% sec-1 

was applied during the loading segment. The maximum depth was set to 
be 5 μm into the surface. It was followed by 60 s holding time after the 
indenter reached maximum depth. The same rate was applied for the 
unloading segment. E and H reported here were averaged values in the 
depth range of 4 μm ~ 5 μm. For a cross-section of thin films, a field 
emission scanning electron microscope (JEOL FESEM JSM6700F) was 
used for observing the fractured cross-section of thin films. Before 
observing fractured surfaces, the fractured surfaces from liquid nitrogen 
were gold-coated for 20 s. To determine the glass transition tempera-
ture, a dynamic mechanical (DMA2980) instrument was used with a 
heating rate of 5 ◦C/min. For transmission electron microscopy (TEM), 
ultrathin sections with a thickness of about 80 μm were cut using a 
diamond knife with a Leica Ultracut UCT microtome at room tempera-
ture. The sections were collected on carbon-coated copper grids. A JEOL 
2100 transmission electron microscope (TEM) operating at an acceler-
ating voltage of 200 keV was used to examine the thin sections. The 
dielectric constants (DC) were recorded on a TA instrument DEA 2970 
dielectric analyzer. Each sample was heated from room temperature to 
150 ◦C at 5 ◦C/min, held at the same temperature for 30 min, again 
re-run the sample until 200 ◦C under the same protocol. Data were ac-
quired from the second run. The employed frequency was from 10 to 
100 kHz over about 150 μm thin film specimens. FT-IR spectroscopy 

Fig. 2. Synthetic scheme for preparing pure polyamic acid solution (PAA) and 
EMOs reinforced polymer composite films. 
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analysis of the pure PI and its hybrid films was performed using an FTIR- 
Perkin- Elmer spectrometer (ATR mode). 

3. Results and discussion 

3.1. Structural-surface properties of mesoporous organosilica fillers 

The major objective of this study is to make use of hydrophobic 
ethane-bridged mesoporous organosilica (EMO) particles with the pol-
yamic acid (PAA) for making mechanically enhanced nanocomposite 
film with low-k by using small loading of the employed filler materials 
[1–5]. Firstly, in this study, the hydrophobic ethane segment is bridged 
to the with two silicon atoms (Fig. 1a) instead of conventional silica with 
huge surface hydroxyl groups. This hydrophobic ethane segment of EMO 
could make it more hydrophobic to have an impact on the dielectric 
constants and mechanical properties [4–8,15,20–23]. Secondly, to 
investigate the effects of organic functional groups, such as PTS (Fig. 1b) 
and UTS (Fig. 1b) are used to functionalize the EMO framework via the 
reaction between the hydroxyl groups of ((HO)3Si–CH2–CH2–Si(OH)3) 
of BTSE and hydroxyl groups of trialkoxysilanes during sol-gel self--
assembly process which attached functional groups in the framework of 
EMO [20,24,25,28–30]. Thus, covalently bonded organic functional 
groups are incorporated into the EMO framework for preparing the PTS 
or UTS-functionalized EMO framework [20,24,25,28–30]. Then, three 
types of mesoporous organosilica filler materials (EMO, EMO-PTS, and 
EMO-UTS) were characterized with X-ray powder diffraction (XRD), 
transmission electron microscope (TEM), solid-state NMR, and N2 
adsorption-desorption (BET) measurements. The detailed 
structural-characterizations of the three EMO-based fillers are shown in 
Figs. 3 and 4. The low-angle X-ray diffraction profiles for three meso-
porous organosilica fillers in Fig. 3 could be ascribed to the formation of 
a well-ordered mesostructure [24,25,28–30]. TEM images in Fig. 4 also 
confirm the formation of well-organized nanopore channels of all sam-
ples [24,25,28–30]. The N2 adsorption-desorption data for the three 
mesoporous organosilica fillers are summarized in Table 1 and results 
are well consistent with the previous reports on the mesoporous orga-
nosilica functionalized with other trialkoxysilanes [24,25,28–30]. Based 
on the pore-size distribution obtained by the Barrett–Joyner–Halenda 
method, the obtained pore sizes (PS) were ranged from 2.9 to 3.2 nm as 
shown in Table 1 [26,27]. The Brunauer– Emmett–Teller (BET) surface 
areas (SA) and total pore volumes (PV) for the three mesoporous orga-
nosilica fillers are found to be ranged from 777 to 1065 m2/g and 0.68 to 
1.02 cm3/g, respectively [24–30]. 

The solid-state NMR spectra in Fig. 5 were used to confirm the 
incorporation of organic functional groups and results of which have 
suggested that the presence of the strong signal for all EMO samples at 
about 5.22 ppm corresponds to an ethane carbon atom [20,24,25, 
28–30]. The differences between the two spectra in Fig. 5c and d sug-
gested that organic groups such as the urea segment are associated with - 
160 ppm and phenyl related with ⁓ 126–127 ppm and 134–135 ppm 
are the integrated part of the final EMO framework, respectively [24,31, 
32]. 

Fig. 6 shows the T [2] and T [3] resonances, which could be assigned 
to C–Si(OSi)2(OH) (minor) and C–S(OSi)3 (major) in the framework 
sites, respectively [20,24,25,28–32]. The absence of Q sites (- 85 ppm to 
- 120 ppm) in the 29Si NMR spectra of mesoporous organosilica filler 
materials indicates that no cleavage of Si–C bonds occurred during 
either the incorporation and or the removal of surfactant via solvent 
extraction process [20,24,25,28–32]. 

This study now focuses on the effects of content of covalently-bonded 
organic functions in the mesoporous organosilica (EMO) particles on the 
dielectric and thermo-mechanical properties of functional EMO rein-
forced polyimide nanocomposite films. 

Investigation of Optical transmittance, Microstructure, Dielectric 
and Thermo-mechanical Responses of Final Nanocomposites. 

The optical transmittance of pure PI and its composites in Fig. 7 was 
measured with UV-VIS spectroscopy since optical transmittance in the 
visible range has been widely used as an initial criterion for the homo-
geneous mixing of organic and inorganic phases for the composite ma-
terials with enhanced properties [4–8,10–17,33–37]. As shown in Fig. 7, 
all-composite films have shown optical transmittance of more than 80% 
indicating that final hybrid composite films are quite transparent in the 
visible range. The hybrid nanocomposite films were found to be trans-
parent when EMO content was ≤2 wt%, whereas hybrid films became 
translucent with 3 wt% of EMO, but the hybrid film became almost 
opaque when the content of EMO was ≥5 wt%. The optical trans-
mittance for the other samples is shown in the supporting information 
(Fig. 4). These results are consistent with the previously reported pol-
yimide/silica and polyimide-modified silica composites [4,5,7,8,13,33]. 

Based on observations, the optical transmittance of hybrid films is 
found to be decreased with the increasing amount of EMO in the final 
composites, perhaps due to the agglomeration of EMO particles, 
resulting in high scattering which associated with particle/domain sizes 
of the composites. These results are consistent with previous studies on 
hybrid composite materials [4–8,13]. 

FT-IR spectra in the supporting information show the peaks for pure 
PI and its composites. The important characteristic absorption peaks of 
the imide group for all imidized films are seen at 1776 cm-1 (C––O, 
asymmetric stretching), 1709 cm-1 (C––O, symmetric stretching), 
whereas the peak at 1360 cm-1 and a broad shoulder peak at 715-719 
cm-1 could be assigned to the C–N cyclic imide groups [4–10]. The 
presence of the main characteristic peak for composite films in the range 
of 1050–1115 cm-1 is due to the incorporation of Si–O–Si bonds from the 
employed porous organosilicas [4–14,16,33,38,39]. The complete 
disappearance of peak at 1650 cm-1 for all imidized films suggests the 
conversion from polyamic acid into the PI and its composites under 
employed conditions [4–14,16,33,34,38,39]. 

3.2. Microstructure of composites 

Fig. 8 compares the SEM cross-sectional images for pure PI (Fig. 8a) 
and its composite materials (Fig. 8b–d). Among the images, Fig. 8c 
shows better phase morphology without any phase separation than the 
other images in Fig. 8b and d in terms of dispersion, compatibility, 
ductility, and aggregation, indicating that the functional group UTS is 
better than either the PTS group or EMO. Fig. 8b and d show the small 
number of aggregated particles that seemed to be buried (indicated by 
arrows in the images) within the PI matrix with no sign of major phase 
separation. In contrast, the average particle sizes in Fig. 8c are about 

Fig. 3. Low-angle XRD patterns of surfactant-extracted: (a) EMO, (b) EMO-PTS, 
and (c) EMO-UTS. 
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15–20 nm even particles in Fig. 8c seem invisible whereas the particles 
are in Fig. 8b and d are in the range of about 50–60 nm. Importantly, no 
holes or extracted filler particles were observed in Fig. 8b–d, suggesting 
the improved compatibility and interfacial interaction between fillers 
and polymer matrix [6–18]. Fig. 8c shows unambiguously the highest 
degree of dispersion in the PI matrix compared to the other two com-
posites (Fig. 8b and d) because the EMO-UTS filler contains a urea 
functional segment (Fig. 1c), which allows the covalent bonding be-
tween the PI matrix and the amino group, and silanol function groups for 
hydrogen bonding. Thus, the polymer may undergo interaction more 
easily compared to other studied systems in this work, so better homo-
geneously dispersed and compatibilized phases in Fig. 8c are observed 
[4,5,7–14,33–35]. These SEM images are consistent with previously 
reported organosilica/modified silica-containing polyimide composites 
[40–42]. Pukanszky et al. [40] have reported that the interfacial 
strength was shown to ascertain the influence of the filler surface 
functionalization on the intensity of the interfacial interactions and 
stronger interfacial interactions are established in the compatibilized 
silica/polymer nanocomposites [5–9,13–15,18,34,38,40–44]. 

Similar kinds of interactions would expert for our studied composite 
systems since we have used mesoporous organosilica with two different 

organic groups. Therefore, the degree of interactions is expected to be 
different for producing the final composite films that would impact the 
formation of final morphology. The cross-sectional TEM images for 
various samples are shown in Fig. 9. Images in Fig. 9 have evidenced that 

Fig. 4. TEM images of surfactant-extracted samples: (a) EMO, (b) EMO-PTS, and (c) EMO-UTS.  

Table 1 
Surface-structural properties of EMO and functionalized EMOs.  

Sample 
Code 

Surface area (SA) (m 
[2]/g) 

Pore volume (PV) (cm 
[3]/g) 

Pore size (PS) 
(nm) 

Pure EMO 1065 1.02 3.2 
EMO-PTS 782 0.77 3.0 
EMO-UTS 767 0.68 2.9  

Fig. 5. The solid-state 13C NMR spectra of (a) as-synthesized EMO, (b) 
surfactant-extracted EMO, (c) surfactant-extracted EMO-UTS, and (d) 
surfactant-extracted EMO-PTS. 

Fig. 6. The solid-state 29Si NMR spectra of (a) as-synthesized EMO, (b) 
surfactant-extracted EMO, (c) surfactant-extracted EMO-UTS, and (d) 
surfactant-extracted EMO-PTS. 

Fig. 7. UV–visible spectra of pure PI and its composite films (PI/EMO (2 wt%), 
PI/EMO-PTS (2 wt%), and PI/EMO-UTS (2 wt%). 
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the EMO and functionalized EMO with PTS and UTS embedded in the 
polymer matrix. The good retention of mesoporous structures in Fig. 9 
suggested the encapsulation of nanopore space/air space into the 
polymer matrix through mesoporous organosilica fillers [6,19]. Similar 
images were reported for mesoporous/polymer composites [6,19,45]. 

To provide further evidence of the presence of phase compatibility of 
the resulting PI and its composite films, AFM images in Fig. 10 were used 
since the values of average roughness (Ra) and mean squared roughness 
(Rq) are directly reflecting on the inorganic/organic phase behavior of 
the resulting hybrid nanocomposites [4,5,8,33–35]. Fig. 10 shows the 
AFM images 2D (left panel) and 3D (right panel) of pure PI and nano-
composite films of PI-containing various mesoporous fillers with 
different shapes and sizes. The Ra and Rq values of the pure and hybrid 
composite films are in the range of 1.97 to 0.38 nm and 2.57 to 0.67 nm, 

respectively. Some values of the resulting hybrid films are very similar 
and are even smaller than that of pure PI, indicating that the prepared 
hybrid nanocomposite films had excellent surface planarization as well 
as good compatibility of the final hybrid composites. The 3-D images in 
Fig. 10 (right panel) could be classified as “islands” in the sea-island 
hybrid nanocomposite films. For the composites, the islands became 
broader and less sharp compare to pure PI. Such results could occur 
when organic and inorganic components are well-intermingled with 
each other via hydrogen/covalent bonding at the nanometer scale. Such 
morphologies could impact directly to enhance the overall properties of 
the resulting nanocomposite films [4,5,8,31–33]. 

Fig. 8. Cross-sectional SEM images of (a) pure PI, (b) PI/EMO, (c) PI/EMO-UTS, and (d) PI/EMO-PTS. The scale bar is 200 nm.  

Fig. 9. The TEM cross-sectional of (a) PI-EMO (2 wt% of EMO), (b) PI/EMO-UTS, and (c) PI/EMO-PTS.  
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3.3. Dielectric response of pure PI and its composites 

The dielectric constant of the polymer and associated composites is 
found to depend on the types of incorporated functional groups, and 
dispersion of fillers, and methods used, which are the influencing factors 
for fabricating the final composite with low-k [1–8,20–23]. Hydropho-
bic organic segment ethane containing EMO and EMO functionalized 
with PTS and UTS group are used with polyimide to investigate how 
organic functional groups would impact the dielectric constants of PI. 
Fig. 11a shows that how the ethane segment containing EMO with 
organized mesopores influences the dielectric constant (DC) of the PI 
matrix. 

It is found that the incorporation of ethane-bridged EMO into the PI 
matrix decreases the DC values, plausibly due to the incorporated uni-
form hydrophobic well-ordered mesopores (that is free volume) and the 
hydrophobic ethane (≡Si–CH2–CH2–Si≡) backbone in the main frame-
work instead of silica (≡Si–O–Si≡) may also contribute to reducing the 
values of dielectric constants [1–8]. For investigating the effects of 
organic groups on the DC values, two different functional groups such as 
(i) PTS and (ii) UTS incorporated EMO samples (EMO-PTS in Fig. 1b and 
EMO-UTS in Fig. 1c) are also prepared for comparison. As the organic 
functions such as PTS and UTS are part of the EMO mesoporous 
framework as shown in Fig. 1b and c respectively, which should influ-
ence the DC values of final composites. Both samples (PI/EMO-PTS and 
PI/EMO-UTS) show lower DC values than that of pure PI and PI/EMO 
composite film due to the incorporation of a significantly large amount 
of air specie/void (mesopore) within the polymer composites. For this 
study, for example, when pores are occupied with organic functions such 
as hydrophobic phenyl (Fig. 1b) or propyl segment (Fig. 1c) that will 
prelude to reduce DC values from 2.82 for PI/EMO composite film to ~ 
nearly 2.51 to 2.53 for both PI/EMO-PTS film and PI/EMO-UTS film 
with small loading of 2 wt% of organosilica fillers, showing the direct 
impacts of organic functions on DC values of composites in Fig. 11b. 
What is surprising is that even the uredopropyl segment is a bit hydro-
philic compare to the phenyl segment but dielectric values are also 
found to be almost the same regardless of the nature of functional groups 

within the nanochannels of periodic mesopore of organosilica fillers, 
due to the highly organized and well-ordered hydrophobic 
ethane-bridged EMO mesoporous framework along with hydrophobic 
propyl segment from uredo containing UTS organic functional group. 
Previously, it is already reported that hydrophobic vinyl 
group-containing silsesquioxane (VSSQ from vinytriethoxysilane) was 
remarkably able to reduce the dielectric constant of the pure PI due to 
the addition of the hydrophobic vinyl group of VSSQ into the polymer 
[1–8,15]. These results are very comparable with nanoporous poly-
hedral oligomeric silsesquioxane (POSS) materials because 10 wt% of 
POSS incorporated PI nanocomposite film has shown DC about 2.8 [4, 
6–8,15]. The reported DC values compare well with other porous 
silica-based composite systems which have had the loading of filler 
materials at least 10 wt% [6–9,15,16]. This systematic study shows that 
how mesoporous mesopores with organic functions in the final frame-
work will control dielectric constants at the nanometer-scale. 

Reinforcing and Thermo-mechanical Responses of EMO, EMO-PTS, 
and EMO-UTS based Nanocomposite. 

The mechanical properties of pure PI and its composites in Fig. 12 
were investigated by a nanoindentation experiment. Fig. 12 shows that 
functional mesostructured organosilica fillers dispersed PI composite 
films show higher modulus and hardness compared to the pure PI. Such 
improvement in the mechanical properties of polymer composites 
occurred when filler particles are highly intermingled and dispersed in 
the PI matrix [4–7,14–17,19,33–35]. The hardness of PI/EMO-PTS 
composite film is higher than the PI/EMO-UTS film perhaps due to the 
structural differences of the precursors used. The most important point is 

Fig. 10. AFM images of pure polyimide and its hybrid composite films: (a) pure 
PI, (b) PI/EMO, (c) PI/EMO-PTS, and (d) PI/EMO-UTS. (Left side images: 2D 
and right-side image: 3D). Scanned area: 2 μm × 2 μm for all studied samples. 

Fig. 11. Dielectric constants of pure PI and composite films at a frequency of 
0.1 MHz: (a) DC as a function of EMO content and (b) DC as a function of nature 
of functional organic groups incorporated into the framework of EMO. 
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that the enhanced mechanical properties of the nanocomposite films 
without adding “any additional coupling agents” via a simple mixing 
process are reported here. It should be mentioned here that phenyl and 
uredopropyl functions are covalently incorporated into the mesopores of 
ethane-bridged mesoporous organosilica (EMO) framework via a direct 
self-assembly process. However, the difference of properties could be 
interpreted based on the introduced interactions in the systems such as 
compatibility, dispersion, hydrogen/covalent bonding, and structural 
advantage of nanoporous EMO particles [4–7,14–17,19,31]. 

Fig. 13 shows the glass-transition temperatures (Tg) of pure PI and its 
composites with various functional mesoporous fillers. It is seen that the 
incorporation of functional mesoporous fillers into the PI matrix 
significantly increases the Tg of the nanocomposites regardless of the 
nature of functional groups of mesoporous filler particles than pure PI. 
The values of Tg for hybrid films shift from 353 ◦C for the pure PI, to 
368 ◦C for PI/EMO, to 370 ◦C for PI/EMO-PTS, to 378 ◦C for PI/EMO- 
UTS hybrid films. The enhancement of the Tg can usually occur when 
the segmental mobility of polymer matrix becomes very restricted due to 
the following reasons: (i) simultaneous presence of hydrogen or covalent 
bonding, (ii) the homogenous dispersion of filler particles, (iii) degree of 
cross-linking, and (iv) increasing the interfacial area at given inorganic 
content [4–10,15–19,33–35]. All these factors could impact enhancing 
Tg values. However, PI/EMO-UTS hybrid shows the highest peak shift 
even nanoporous particles contain soft uredopropyl segments in the 
backbone perhaps due to covalent bonding between the urea segment of 
EMO-UTS particles and PI matrix which cause an increased restricting 
strength of the incorporated mesoporous organosilica filler particles on 
the PI molecules. 

Moreover, confining the polymer in the mesopores will also suppress 
the mobility of the polymer matrix. The used organic functional groups 
may allow multi-linkages between the polyimide chain and functional 
nanoporous organosilica particles which may play a vital role to 
enhance Tg of the resulting hybrid composites [4–10,15–19,33–35]. 
From the variation of Tg, it could also be concluded that EMO-UTS may 
exhibit the strongest interfacial interaction with PI matrix, and thus, 
fewer PI chain segments can be activated, leading to the lower intensity 
of tanδ. The lower intensity of tanδ was reported for compatibilized 
co-continuous hybrid composite phase brought by coupling agent [41]. 

4. Conclusions 

This study has successfully demonstrated the ability of three types of 
mesoporous organosilica materials to function as reinforcing fillers for 
enhancing the thermo-mechanical properties as well as reducing the 
dielectric constant of the polymer upon addition of a small amount of 
filler such as 2 wt%. SEM images have suggested that homogeneous 
dispersed functional mesoporous organosilica in the polymer matrix at 
the nanometer scale could be used as a “reinforcing agent and nanoporous 
low dielectric material”. The results have also suggested that phenyl and 
uredopropyl groups incorporated functionalized EMOs could also be 
used for preparing mechanically enhanced polymer composites with 
low-k "without adding any additional coupling agents”. In particular, EMOs 
with one ethane organic function in the main framework and another 
one in the pores of EMO are of great interest and this study may open the 
new facile route to create a variety of polymer-functional nano/meso-
structured nanocomposites with a possible coupling of controlled 
properties. 
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Fig. 12. Modulus (top panel) and (bottom panel) hardness of various samples: 
(a) Pure PI, (b) PI/EMO, (c) PI/EMO-PTS, and (d) PI/EMO-UTS. 

Fig. 13. Effect of ethane-bridged EMO and functionalized EMO filler materials 
on the glass transition temperature of (a) pure PI, (b) PI/EMO, (c) PI/EMO-UTS, 
and (d) PI/EMO-PTS. 
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