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Abstract A series of o-cresol novolac epoxy (o-CNER)-

based composites containing various amount of SBA-15,

SBA-16, and MSU-X type mesoporous silicas were pre-

pared, and their performances were evaluated. Morpho-

logical investigation by SEM reveals that the mesoporous

silicas achieve a good dispersion in the o-CNER matrix due

to an effective surface modification. The dielectric constants

of all the composites were measured in the frequency range

of 50–1,000 kHz. The investigation suggested that the

dielectric constant could be reduced from 4.0 of the pure

thermosetting o-CNER to 3.71, 3.73, and 3.73 by incorpo-

rating 5 wt.% SBA-15, SBA-16, and MSU-X, respectively.

The reduction is attributed to incorporation of air voids

stored within the mesoporous silicas, the air volume existing

in the gaps on interfaces between the mesoporous silica and

the matrix, and the free volume created by introducing large-

sized domains. The composites present stable dielectric

constants across the wide frequency range. An improvement

of thermal stability of the o-CNER is achieved by incorpo-

ration of the mesoporous silica materials, while the enhanced

interfacial interaction between the surface-modified meso-

porous silica and the o-CNER matrix has also led to an

improvement of toughness.

Introduction

High-performance epoxy-based composites play an important

role in integrated circuit (IC) chip packaging as encapsulants,

which provide chemical and mechanical protection to the IC

chips, allowing higher reliability and longer lifetime of the

packaged device under the adverse service environment [1].

For example, the epoxy-based composites used for sealing of

integrated circuits are usually prepared by hardening o-cresol

novolac epoxy resin (o-CNER) [2, 3]. Owing to the presence

of multi-functionality, a three-dimensional network structure

with highly crosslinking density was formed during the

o-CNER curing. A higher degree of cross-linking endows

these cross-linked resins with excellent performance. Nowa-

days, the o-CNER-based composites have been used as one of

the most important packaging materials in the field of micro-

electrics and semiconductor manufacture [4]. Through intro-

ducing suitable reinforcing fillers such as silicon dioxide,

organomontmorillonite, etc., the properties of the o-CNER-

based composites can be tailored to meet specific design

requirements such as low density, high strength, high damp-

ing, thermal shock resistance, high thermal conductivity, low

coefficient of thermal expansion, and good electrical proper-

ties, so that they can cope with the trend of the IC ships toward

greater integration and functionality placing a great challenge

on the basic resins for encapsulation [5, 6]. Several attempts

have been made on the clay/o-CNER nanocomposites. Han

and Cho [7] noticed that the fracture toughness, the storage

modulus, and the glass transition temperature (Tg) of epoxy

resins were dramatically improved by incorporation of the

layered silicate. Gao et al. [8] studied a nanocompositing

system of the o-CNER with organic montmorillonite

(O-MMT) and found that the thermal stability was improved

with an increase of the O-MMT content. Liu et al. [9] intro-

duced the nano-scaled silica into o-CNER through a sol–gel
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process, and obtained cured epoxy/silica composites with the

high Tgs, excellent thermal stability, improved flame retar-

dance, and low coefficient of thermal expansion.

In recent years, mesoporous silica materials have

attracted considerable interest in applications of molecular

sieves, catalysts, adsorbents, optical devices, and sensor

devices due to their highly ordered and uniform mesopo-

rosity [10]. Most importantly, the mesoporous silica

materials synthesized in a surfactant templating process

could provide large pore sizes (5–30 nm), high porosities

(45–75%), and controlled pore structures [11]. This makes

it possible to introduce voids into the bulk so that the low-

dielectric air (c = 1) can be utilized to reduce the dielectric

constant (c) of the materials. Many studies showed that the

mesoporous silica materials have low-dielectric constants

in the range of 1.42–2.1 at 1 MHz [12–14], which are

lower than most of the other low-dielectric materials such

as silisequioxane-based dielectric, fluorine-doped silica

film, carbon-doped silica film, organic polymer dielectric,

and Dow Corning’s porous SiLK [15]. The low-dielectric

mesoporous silica materials can meet the requirements of

the new low-dielectric materials for the applications in the

microelectronics and the insulations. Chen-Yang et al. [16]

prepared the PTFE/MCM-41 composites broads with ultra-

low-dielectric constant (1.7–2.05) at 1 MHz. Cheng et al.

also reported that the mesoporous silica could reduce the

dielectric constant of polyimde, though the results had

different variation trend with results as we reported [17,

18]. Wang et al. [19] prepared the epoxy resin/MCM-

41composites, but did not investigate the dielectant con-

stant. Therefore, incorporation of the mesoporous silica

materials into the epoxy resins would be expected to reduce

the dielectric constants of the epoxy resins.

In present work, we reported a new approach to prepare

the o-CNER-based composites by incorporating the meso-

porous silicas into the resin matrix to combine the low-

dielectric constant of mesoporous silicas and the excellent

properties of the o-CNER. A significant reduction of the

dielectric constants for the o-CNER-based composites can

be achieved by this method. We also evaluate the effects of

the mesoporous silica materials on the o-CNER-based

composites in terms of the dielectric and thermal properties.

The present work provides a simple and effective means to

obtain the low-dielectric epoxy-based composites.

Experimental

Materials

Poly(ethylene oxide–b–propylene oxide–b–ethylene oxide)

(EOn–POm–EOn) triblock copolymers, EO20–PO70–EO20

(Pluronic P123), EO106–PO70–EO106 (Pluronic F127), and

EO27–PO61–EO27 (Pluronic P104) were commercially

obtained from BASF Company. Tetraethoxysilane (TEOS)

used as silica source and 3-glycidyl oxypropyl trimethox-

ysilane (GOTMS) used as coupling agent were purchased

from Aldrich Chemical Company. The o-CNER (EPI-

CLON� N-670) with an epoxide equivalent weight of 200–

230 g eq.-1 was kindly supplied by Wuxi Dic Epoxy Co.,

Ltd. 3-Methyl-tetrahydrophthalic anhydride (MeTHPA)

and 2-methyl imidazole were purchased from Beijing

Chemical Reagent Company. All chemicals were of

reagent quality and used as received without further

purification.

Synthesis of mesoporous silicas

Three types of the mesoporous silicas, SBA-15, SBA-16,

and MXU-X, were synthesized respectively by using the

EO20–PO70–EO20, EO106–PO70–EO106, and EO27–PO61–

EO27 surfactants as templates in a sol–gel process. A typ-

ical synthesis was carried out as follows [20–22]: the

amount of surfactant template was dissolved in deionized

water with stirring in a beaker at 35 �C to form a trans-

parent template solution containing the surfactant micelles.

In another beaker, a mixture of the amount of TEOS and

aqueous HCl solution required to give the desired pH was

stirred at 35 �C until a homogeneous solution was

obtained, indicating that the hydrolysis of the TEOS was

complete. Then, the above two solutions were mixed with

stirring for 24 h. In succession, the mixture was aged at

100 �C for another 24 h. The solid powers were collected

by filtration, washed with water, and dried at room tem-

perature in air. The resulting products were calcined at

500 �C for 5 h to remove the template.

Preparation of o-CNER/mesoporous silica composites

The mesoporous silicas were first surface modified with

coupling agent before use in the following way: The

mesoporous silicas were dispersed in dry acetone under

ultrasonic agitation for 30 min, and then the calculated

amount of GOTMS was added to the mixture with loading

of 0.5 wt.%, refluxed 12 h under vigorous stirring. After

the mixture was filtrated with Buchner funnel, the product

was washed several times using acetone and dried in the

vacuum oven at room temperature.

The o-CNER/mesoporous silicas were prepared as fol-

lows: the o-CNER was dissolved in acetone in a beaker.

The calculated amount of mesoporous silica was dispersed

in the solution under ultrasonic agitation in another beaker

for 30 min, and then the MeTHPA as curing agent and the

2-methyl imidazole as catalyst were added into this beaker.

The above two solutions were mixed with stirring for

30 min. Then, the solvent was removed at 50 �C under
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0.05 MPa pressure in a vacuum oven. Subsequently, the

mixture was poured into the preheated molds, which were

surface treated with the mold-releasing agent. All the

samples were cured at 100 �C for 1 h and at 178 �C for

2 h.

Characterizations

X-ray powder diffraction (XRD) was carried out with a

Rigaku D/max-r C diffractometer (40 kV, 50 mA) with

Cu-Ka radiation (k = 0.154 nm), the diffraction patterns

being collected in the 2h range 0.5–8.0� at a scanning rate

of 0.2� min-1. Transmission electron microscopy (TEM)

images were obtained by a Hitachi H-800 transmission

electron microscope operating at 200 kV. Samples for

TEM observation were prepared by dispersing a drop of a

suspension of a ground sample in ethanol on a copper grid

covered by carbon film. N2 adsorption–desorption iso-

therms were obtained at 77 K using a Nova 4200e gas-

adsorption analyzer. Before the adsorption measurements,

the samples were degassed under vacuum at 200 �C for

12 h. The mean pore diameter and the diameter distribution

were calculated from the adsorption branch of the isotherm

using the Barrett–Joyner–Halenda (BJH) method. The

specific surface area was calculated using the Brunauer–

Emmett–Teller (BET) model. Fourier transform IR (FTIR)

spectra of the mesoporous silicas and the surface-modified

ones were obtained using a Bruker Tensor-27 FTIR spec-

trometer with 30 scans. Scanning electron microscopy

(SEM) observation was performed on a Hitachi S-4700

SEM. The morphologies of the mesoporous silica powders

and the fracture surfaces of the o-CNER/mesoporous silica

composites were determined from SEM images. The

composites were fractured first in liquid nitrogen and

mounted on the sample stud by means of a double-sided

adhesive tape for cross-sectional view study. A thin layer

of gold was sputtered onto the cross-sectional surface prior

to SEM observation.

The dielectric constants of the composites were mea-

sured on a WY2851-type LCR bridge meter (Shanghai

Wuyi Electronics Co., Ltd.) in the frequency range of

50 kHz to 1 MHz. The dielectric testing plates with a

diameter of 30 mm and a thickness of 2 mm were obtained

through cast molding. All the tests were done at room

temperature and five measurements were carried out for

each data point. Thermal gravimetric analysis (TGA) was

carried out on a Perkin-Elmer Pyrid-1 thermal gravimetric

analyzer at a heating rate of 10 �C min-1 from 50 to

800 �C under an N2 atmosphere. The impact and tensile

test bars were fabricated via a cast molding. Charpy impact

strength was measured with a SUMITOMO impact

machine tester according to a Chinese national standard

of GB/T1043-98. The thickness of the Charpy impact

specimen was 4 mm, and impact energy was 4 J. The

tensile properties were determined with an Instron-1185

universal testing instrument using a 1000 Newton load

transducer according to a Chinese national standard of GB/

T1040-98. Small dumb-bell specimens with waist dimen-

sions of 20 9 4 mm were used for tensile mechanical tests.

All the tests were done at room temperature and five

measurements were carried out for each data point.

Results and discussion

Microstructure and physical properties of mesoporous

silicas

The SBA-15, SBA-16, and MSU-X type mesoporous sili-

cas have a greater mesoporosity and a higher hydrothermal

stability in comparison with the other type ones, indicating

their significant advantage for use in the low-dielectric

o-CNER-based composites [11, 13]. However, the com-

mercial types of these mesoporous silicas are currently not

available, so they were synthesized in our laboratory

through the micelle-templating technique by seeding rod

micelles of the surfactant aggregates accompanied with the

condensation of a silica sol performed by the hydrolysis of

TEOS. Figure 1 shows the XRD patterns of SBA-15, SBA-

16, and MSU-X, and the corresponding interplanar dis-

tances for these three types of mesoporous silicas were

resolved and shown in the inset of Fig. 1. Through the

Bragg’s law and the corresponding relationship between

the cubic unit cell parameter and interplanar distance at

Fig. 1 X-ray diffraction patterns of the mesoporous silicas
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different Miller indices, a two-dimensional (2D) hexagonal

structure (p6mm) and a 3D body-centered cubic structure

(Im3m) could clearly be identified and assigned respectively

to the SBA-15 type and the SBA-16 type mesoporous silicas.

A finely resolved single diffraction peak at low 2h angle is a

typical pattern for wormhole-like mesostructures of the

MSU-X type mesoporous silica [11, 23, 24].

The TEM image in Fig. 2a confirms the ordered

structure of the SBA-15, and shows that the cylindrical

pores are arranged in an ordered hexagonal array. From

Fig. 2b, the arrays of the ordered and uniform pores

interconnection can be observed for the SBA-16. The

wormhole-like pores in agreement with the mesostructure

of the MSU-X are also observed as shown in Fig. 2c.

Nitrogen adsorption–desorption isotherms for these three

types of mesoporous silicas are shown in Fig. 3. The

SBA-15 exhibits a classical isotherm with H1 type ver-

tical hysteresis loop, characteristic of cylindrical channels

in good agreement with the mesostructure of the reported

SBA-15. Both SBA-16 and MSU-X demonstrate a typical

Langmuir IV-type isotherm with a H2 hysteresis loop,

which has a strong steep desorption branch and a sloping

adsorption branch assigned to the their 3D interconnected

mesoporous structure [11, 24, 25]. From the pore size

distribution curves of three types of mesoporous silicas

according to the analysis by using BJH method as shown

in the inset of Fig. 3, it is found that these mesoporous

silicas present very narrow pore size distributions with the

mean pore diameters in the range of 5.3–7.4 nm. Total

pore volumes for SBA-15, SBA-16, and MSU-X can also

be calculated to be 1.15, 0.86, and 0.72 cm3 g-1 in BET

mode, which is larger than the pore volumes of typical

MCM-41, about 0.57 cm3 g-1 [26]. These important

parameters indicate the amount of air voids stored in the

mesoporous silicas [27].

Morphology

Figure 4 shows the SEM images of the microscopic mor-

phologies for SBA-15, SBA-16, and MSU-X. It is clearly

observed that the SBA-15 exhibits the long rod-like

particles with a length of around 20 lm. The rod-like

Fig. 2 TEM images of the

mesoporous silicas: (a) SBA-15,

(b) SBA-16, and (c) MSU-X

Fig. 3 N2 adsorption–desorption isotherms and pore size distribution

(the inset) plots of the mesoporous silica materials; the isotherms for

MSU-X and SBA-16 are offset vertically by 120 and 320 cm3 g-1

STP, respectively
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sub-particles agglomerate each other and form clusters.

This is the characteristic morphology of the typical SBA-15

obtained from the condensation of TEOS around the adja-

cent micelles of the P123 template as previously reported

[20]. It is also found from Fig. 4b, c that both SBA-16 and

MSU-X present homogenous particles in random shape with

a uniform size of 1–2 lm, whereas the particle size of MSU-

X is larger than that of SBA-16. The original morphologies

are determined by the colloidal phase separation mecha-

nisms, which results in the different external morphologies

for three types of mesoporous silicas in terms of their

individual template used for synthesis [28].

The o-CNER/mesoporous silica composites were

obtained through thermal curing of the o-CNER containing

various amount of mesoporous silica with the MeTHPA.

Owing to the poor interfacial adhesion between the inor-

ganic mesoporous silica and the organic polymer matrix,

the surface modification should first be performed for the

mesoporous silica before being incorporated into the

o-CNER. In present work, we employed the GOTMS as

coupling agent, which was capable of linking mesoporous

silica covalently to the cross-linking o-CNER molecular

network during the curing reaction [29, 30]. Figure 5

shows the typical FTIR spectra of three unmodified mes-

oporous silicas, in which a wide absorption band at around

3,460 cm-1 and a weak band at 968 cm-1 represent Si–OH

stretching and bending vibrations, respectively. Since the

mesoporous silicas used in this study have been synthe-

sized through silanol condensation in aqueous solution, the

FTIR spectra confirm the existence of a large quantity of

silanol groups on their inorganic walls. Furthermore, from

the IR spectra of the three surface-modified mesoporous

silicas as shown in Fig. 5, a series of new absorption peaks

are observed. The peak at 2,928 cm-1 attributed to the

Fig. 4 SEM images of the

mesoporous silicas: (a) SBA-15,

(b) SBA-16, and (c) MSU-X

Fig. 5 FTIR spectra of the mesoporous silicas and their surface-

modified products
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–CH2 stretching absorption, while the peaks at 2,866 and

1,465 cm-1 represent the –CH2 scissor bending vibration,

but the peak at 914 cm-1 corresponding to the absorption

of the oxirane ring is overlapped by a series of intensive

peaks at 838–1,094 cm-1 due to the absorption of the Si–

O–Si and Si–OH stretching vibrations. These results indi-

cate that the GOTMS has been chemically grafted onto the

mesoporous silicas through condensation between the sil-

anol groups of the hydrolyzed GOTMS and those on the

surface of the mesoporous silica. These surface-linked

GOTMS may further react with the MeTHPA during the

curing process (the possible linking way is shown in

Fig. 6), and thus enhance the interfacial adhesion between

the mesoporous silicas and the o-CNER matrix.

Figure 7 shows the SEM images of the fracture surfaces

of the thermosetting o-CNER and its composites. It is noted

that the pure thermosetting o-CNER as a reference illus-

trates a glazed fracture surface with very slight plastic

deformation, indicating a typical brittle fracture behavior.

The mesoporous silicas dispersed in the composites can

still be distinguished from the SEM images of the com-

posites. The larger rode-like agglomeration of the SBA-15

have been broken into smaller particles, which are dis-

persed homogeneously as individual particles in the

o-CNER matrix, as shown in Fig. 7a. It is also noticed that

the surface of the particles attaches some resin and

becomes coarse, indicating a strong interfacial adhesion as

a result of the surface modification of the mesoporous

silicas. The same phenomena can be observed from the

fracture surfaces of the other two types composites, as

shown in Fig. 7b, c. SBA-16 and MSU-X are dispersed

homogeneously as individual particles in the matrix,

whereas MSU-X reveals a slightly poorer dispersion than

SBA-16, due to its larger particle size. However, for these

two types of composites, no disengaged particles are found

on the fracture surfaces, indicating a good interfacial

adhesion between the mesoporous silica and the o-CNER

matrix.

Dielectric properties

Figure 8 displays the variation of the dielectric constants

measured at the frequency of 1.0 MHz as a function of the

content of the mesoporous silica. The thermosetting

o-CNER has a moderate dielectric constant of 4.0. It is

noteworthy that the dielectric constants of three types of

composites gradually decrease with increasing the contents

of the mesoporous silica until the percentage reaches

5 wt.%, where all the composites achieve a minimum

dielectric constant. After exceeding this characteristic

content, the dielectric constants of all the composites begin

to increase with increasing the amount of mesoporous

silica continuously. Furthermore, the o-CNER/SBA-15

composite presents a slightly greater decrement in the

dielectric constant than the o-CNER/SBA-16 and o-CNER/

MSU-X ones at the characteristic content of the mesopor-

ous silica (5 wt.%). The reason is that SBA-15 has a larger

pore volume than the other ones, resulting in a greater air

Fig. 6 Schematic linking

formation of the o-CNER with

the mesoporous silica through

the interfacial reaction
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stored within it. All of the measurements have been repe-

ated five times and the deviations of the testing data were

controlled with ±0.03. Therefore, it is believable that the

reduction of the dielectric constant results from the incor-

poration of air voids (c = 1) when the mesoporous silica is

introduced into the composites.

As we know, there are mainly three models that can be

used to predict the dielectric constant of the dual-component

composite: Maxwell–Garnett, Bruggeman, and Yamada

models. The Maxwell–Garnett equation was widely used to

calculate the dielectric constant of polymeric composites

[31, 32]. The Yamada model was mainly used to calculate

the dielectric constant at different electric field strengths, so

the depolarization factor should be considered based on the

electric field effect with a complicated equation [33]. The

Yamada model is outside of the target of our research on the

o-CNER/mesoporous silica composites. Although there are

three components including o-CNER, silica (SiO2), and air

in the composites, the reduction of the dielectric constant is

mainly attributed to the implantation of air alone with the

mesoporous silicas. Therefore, the composite can be first

considered as a dual-component system (the o-CNER and

the mesoporous silica). The theoretic dielectric constants of

the composites can be predicted by using the Maxwell–

Garnett equation [32]:

c� ce

cþ 2ce

¼ /m

cm � ce

cm þ 2ce

ð1Þ

where ce and cm are the dielectric constants of the ther-

mosetting o-CNER and the mesoporous silica, respectively,

c the predicted dielectric constant of the composite, and /m

the volume fraction of the mesoporous silica. The dielectric

constants of the three types of mesoporous silicas were also

calculated by Eq. 1 based on the total pore volume, cor-

responding to the air volume stored within mesoporous

silica. All of the calculated dielectric constants as well as

the measured ones for reference are listed in Table 1. It is

noticed that the measured dielectric constants of the

Fig. 7 SEM images of the

o-CNER/mesoporous silica

composites: (a) pure

thermosetting o-CNER, (b)

containing 7 wt.% SBA-15, (c)

containing 7 wt.% SBA-16, and

(d) containing 7 wt.% MSU-X

Fig. 8 Dielectric constants of the o-CNER/mesoporous silica com-

posites at a frequency of 1.0 MHz as a function of the content of the

mesoporous silica
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composites are different from the theoretic data that are

slightly greater at the same amount of the mesoporous

silica. The results show that the difference of the pore

volumes in the mesoporous silica exactly plays an impor-

tant role to decrease the dielectric constants of the

composites. Furthermore, the theoretic data decrease con-

tinuously with increasing the amount of the mesoporous

silica, but the measured values present a minimum at a

characteristic content of the mesoporous silica. This

implies that the reduction of the dielectric constants is not

completely attributed to the air volume stored within the

mesoporous silicas.

In order to explore the reason why this deviation occurs,

we calculated the air volume percentages of the composite

by only considering the air volume within the mesoporous

silicas obtained from the N2 adsorption–desorption mea-

surement, and the total air volume in the composite by

using Bruggeman’s model. Assuming there are only three

phases in the composite as mentioned previously, the total

volume percentages in the composite is calculated by using

Bruggeman’s equation [34] for three-component system:

/e

ce � c

ce þ 2c

� �
þ /s

cs � c

cs þ 2c

� �
þ /a

ca � c

ca þ 2c

� �
¼ 0 ð2Þ

where ce, cs, and ca are the dielectric constants of the

thermosetting o-CNER, silica, and air, respectively, c the

measured dielectric constant of the composite, and /e, /s,

and /a the volume fractions of the thermosetting o-CNER,

silica and air, respectively. The calculated results are also

listed in Table 1. It is clearly found that the actual total air

volume in the composite is much greater than the air vol-

ume stored within mesoporous silica. The air voids may

exist in the gaps on the interface between the mesoporous

silica and the o-CNER matrix, and the free volume created

by introducing macro-sized domains [35]. From Fig. 8, it is

found that the air voids exist exactly around the meso-

porous silica and decrease the dielectric constant of the

composites drastically. Moreover, the air volume in the

pores created during mixing process should also be con-

sidered as contribution to the total air volume. Therefore,

the reduction of dielectric constant is contributed by the

whole air voids created by incorporating the mesoporous

silica, which include the air volume stored within the

mesoporous silica, the air void coming from the gaps on

the interface between the mesoporous silicas and the

o-CNER matrix, and the free volume created by intro-

ducing macro-sized domains. The total air volume presents

a maximum at a characteristic content of the mesoporous

silica and begins to decrease with increasing the amount of

the mesoporous silica continuously in terms of the

Bruggeman’s model. This indicates that incorporating too

much mesoporous silica results in an aggregation and a

poor dispersion, which causes a decrease of the air volume,

and thus an increase of the dielectric constant.

Figure 9 shows the frequency dependence of dielectric

constant of the thermosetting o-CNER and its composites

Table 1 Measured and

theoretical dielectric constants,

and air volume percentages in

the thermosetting o-CNER and

its composites with mesoporous

silicas calculated by

corresponding models

a The theoretical dielectric

constants were calculated by

using Maxwell–Garnett

equation
b The air volume stored within

the mesoporous silica in the

composites (volume fraction)

was calculated by using the data

from the N2 adsorption–

desorption measurements
c Total air volume in the

composites (volume fraction)

was calculated according to

Bruggeman’s model

Materials Measured

dielectric

constant

at 1 MHz

Theoretical

dielectric

constanta

Air volume stored

within mesoporous

silica in

compositesb (v./v.%)

Total air volume

in compositesc

(v./v.%)

o-CNER 4.00 – – –

Silica (SiO2) 4.00 – – –

Air 1.00 – – –

o-CNER/1 wt.% SBA-15 3.91 3.94 1.03 2.26

o-CNER/3 wt.% SBA-15 3.77 3.82 3.01 5.79

o-CNER/5 wt.% SBA-15 3.71 3.72 4.89 7.31

o-CNER/7 wt.% SBA-15 3.87 3.63 6.68 –

o-CNER/10 wt.% SBA-15 3.92 3.49 9.21 –

o-CNER/1 wt.% SBA-16 3.90 3.97 0.91 2.51

o-CNER/3 wt.% SBA-16 3.81 3.91 2.71 4.78

o-CNER/5 wt.% SBA-16 3.73 3.86 4.47 6.80

o-CNER/7 wt.% SBA-16 3.88 3.80 6.20 –

o-CNER/10 wt.% SBA-16 3.95 3.72 8.72 –

o-CNER/1 wt.% MSU-X 3.90 3.95 0.96 2.51

o-CNER/3 wt.% MSU-X 3.79 3.88 2.85 5.28

o-CNER/5 wt.% MSU-X 3.73 3.81 4.67 6.80

o-CNER/7 wt.% MSU-X 3.89 3.73 6.43 –

o-CNER/10 wt.% MSU-X 3.91 3.63 8.99 –
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in the frequency range of 50–1,000 kHz. Although the

variation of the dielectric constants of the composites as a

function of the content of the mesoporous silica is identical

to the trend shown in Fig. 8, the dielectric constants for

both pure o-CNER and its composites are almost inde-

pendent of the frequency except at very low frequency,

where some dielectric constants are fairly higher. The

dielectric constant only decreases slightly with increasing

frequency while the temperature keeps constant at room

temperature. It is well known that the dielectric constants

of materials tend to decrease gradually with increasing the

frequency, because the response of the electronic, atomic,

and dipolar polarizable units varies with frequency. This

behavior can be attributed to the frequency dependence of

the polarization mechanisms [36]. Therefore, the magni-

tude of the dielectric constant for a polymer like o-CNER is

determined by the ability of the polarizable units to orient

fast enough to keep up with the applied alternating current

electric field. The orientational polarization decreases

while the frequency increases, as the orientation of dipole

moments needs a longer time than the electronic and ionic

polarization. This results in a reduction of the dielectric

constant. The o-CNER/mesoporous silica composites pre-

pared in the present work exhibit the stable dielectric

constants across the wide frequency range, which are

highly preferred for many microelectronic applications.

Thermal properties

Effects of the three types of mesoporous silicas on the

thermal degradation of the o-CNER were studied using

TGA in the temperature range of 50–800 �C, and the TGA

thermograms are shown in Fig. 10. The thermal degrada-

tion of the thermosetting o-CNER and its composites

occurs through one degradation step in this temperature

range, indicating a good phase interconnection between the

mesoporous silica and the o-CNER matrix, and successful

chemical graft of the GOTMS onto the mesoporous silicas.

The TGA thermograms also suggested that water or solvent

has been successfully removed from the resins and the

composites, because there is no weight loss below 100 �C.

It is clearly demonstrated in Fig. 10 that the thermal sta-

bility of the o-CNER is improved by incorporation of the

mesoporous silica in terms of the temperatures at the rapid

weight loss and the weight percent of the residues above

700 �C. The improvement in these two parameters suggests

that the incorporation of the mesoporous silica into the

o-CNER results ultimately in an improvement in thermal

stability. This improvement in the thermal stability mainly

comes from the enhanced interaction between the o-CNER

and the mesoporous silica through chemical bonding [37].

Furthermore, it may also be assumed that the thermal sta-

bility of organic materials can be improved by introducing

inorganic components like silica, on the basis of the fact that

these materials have inherently good thermal stability [38].

Fig. 9 Frequency dependence

of dielectric constants of the

o-CNER/mesoporous silica

composites containing (a)

0 wt.%, (b) 1 wt.%, (c) 3 wt.%,

(d) 5 wt.%, (e) 7 wt.%, and (f)
10 wt.% mesoporous silica

Fig. 10 TGA thermograms of the thermosetting o-CNER and its

composites with the mesoporous silicas
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Mechanical properties

The impact strength, tensile strength, and elongation at

break of the o-CNER/mesoporous silica composites as a

function of the content of the mesoporous silica materials

are displayed in Figs. 11–13, indicating that the incorpo-

ration of mesoporous silica materials has significant effects

on the mechanical properties. The thermosetting o-CNER

suggests a typical brittle plastic behavior with low impact

strength of 4.3 kJ m-2 and a high tensile strength of

87.7 MPa. It is noteworthy that the impact strength of the

three types of composites all increases with introducing

1 wt.% mesoporous silica into the o-CNER, and reach a

maximum value with addition of 3 wt.% mesoporous sil-

ica. It is evident that the toughening effect of the

mesoporous silica materials could be explained by the

crack front bowing mechanism [39, 40]. For the toughening

polymer system using inorganic particles, the rigid parti-

cles can resist the propagation of the crack, so the primary

crack has to bend between the neighboring particles.

However, the impact strength begins to decrease, as the

weight percent of mesoporous silica increases continu-

ously, suggesting that the high concentration of

mesoporous silica dominates the natural incompatibility of

the inorganic and organic phases, and thus results in a

reduction in toughness [41]. Furthermore, the tensile

strength and elongation at break also decrease rapidly with

incorporation of the mesoporous silica (see Figs. 12 and

13). This is a result of the natural incompatibility between

the inorganic silica and the organic o-CNER, leading to a

poor stress transfer. On the other hand, although the

mechanical properties of the three types of composites

present similar trend of variation as a function of

composition of the mesoporous silica, the o-CNER/SBA-

15 composites indicate a much better toughening effect and

a less deterioration of the tensile properties than the other

two ones, due to the much smaller particle size of SBA-15.

Conclusion

The o-CNER composites containing various amount of

SBA-15, SBA-16, and MSU-X were successfully prepared

through thermal curing with MeTHPA. The dielectric

constants of the o-CNER/mesoporous silica composites can
Fig. 11 Impact strength of the o-CNER/mesoporous silica compos-

ites as a function of the content of the mesoporous silicas

Fig. 12 Tensile strength of the o-CNER/mesoporous silica compos-

ites as a function of the content of the mesoporous silicas

Fig. 13 Elongation at break of the o-CNER/mesoporous silica

composites as a function of the content of the mesoporous silicas
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be reduced from 4.0 of the pure o-CNER to around 3.7 by

incorporation of 5 wt.% mesoporous silicas. The reduction

of the dielectric constant is attributed to the incorporation

of the air voids (c = 1) stored within the mesoporous sil-

icas, the air volume existing in the gaps on the interfaces

between the mesoporous silica and the o-CNER matrix,

and the free volume created by introducing large-sized

domains. SBA-15 has a more significant effect on reduc-

tion of the dielectric constant than the other ones because

of its larger pore volume. The o-CNER/mesoporous silica

composites also present a good phase interconnection and

stable dielectric constants across the wide frequency range.

The thermal stability of o-CNER can be improved by

incorporation of the mesoporous silicas. The incorporation

of the mesoporous silicas is a promising approach to reduce

the dielectric constant of the epoxy resins. The enhanced

interfacial interaction between the surface-modified meso-

porous silica and the o-CNER matrix can also lead to the

improvement of the toughness. The incorporation of the

mesoporous silica materials is a promising approach to

reduce the dielectric constant of the epoxy resins.
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