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In this study, we prepared mesoporous composite materials templated by poly(ethylene oxide-b-�-
caprolactone) (PEO-b-PCL) diblock copolymers with the matrix of TEOS and phenolic resin. Clearly,
the TEOS is inorganic source and the phenolic resin is organic source, hydrogen-bond donor, and
expander. The phenolic resin exists in a matrix of the silica wall or hole of silica matrix. Through the
DSC thermograms, the morphology of composite nanostructure can be forecasted by supercool-
ing temperature. Small-angle X-ray scattering, transmission electron microscopy, and N2 sorption
measurements indicates that the mesoporous composites displayed the morphology of short cylin-
drical mesostructure. The morphology of mesoporous composite materials is greatly affected by the
phenolic resins that are the large pore size (ca. 30∼40 nm) short cylinder structure, indicates its
possibility of potential application separation, low-refractive index and low-dielectric materials.
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1. INTRODUCTION

Mesoporous materials have received great attention due

to their unique properties including high surface area,

large pore volume, mechanical stability and various

applications in adsorption, catalysis, drug delivery and

separation.1–4 Initially, (Mobil Composition of Matter

No. 41) MCM-41s and (Santa Barbara Amorphous

No. n) SBA-n series were fabricated using aqueous

solutions; however, limiting the templated surfactants

that could dissolve in aqueous solutions.5–8 However,

the most amphiphilic diblock copolymers are water-

insoluble, and the evaporation-induced self-assembly

strategy becomes important to broadly use for the prepa-

ration of mesoporous materials. Poly(ethylene oxide)-

b-poly(propylene oxide)-b-poly(ethylene oxide) triblock

∗Author to whom correspondence should be addressed.

copolymers as templates have been widely preparing

many highly ordered large-pore mesoporous materials.9–12

Zhao et al. used poly(ethylene oxide-b-styrene) (PEO-

b-PS) block copolymer to prepare the highly order

mesoporous silica materials.13 In our previous stud-

ies, we used a series of amphiphilic block copolymers

including poly(ethylene oxide-b-�-caprolactone) (PEO-b-
PCL), poly(ethylene oxide-b-Lactide) (PEO-b-PLA) and

poly(ethylene-b-ethylene oxide-b-�-caprolactone) (PE-b-
PEO-b-PCL) with different molecular weights as the tem-

plates to prepare ordered mesoporous materials.14–19

In addition, the amphiphilic block copolymers are

broadly used in thermosets have been prepared meso-

porous organic or carbon materials.20–25 Reaction-induced

microphase separation strategy is broadly used for the

preparation of mesoporous phenolic resin and carbon

materials.26–29 Hu et al. reported the nanostructures for-

mation in phenolic from the Novolac type of phenolic
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Scheme 1. Preparation of mesoporous composite materials.

resin and PEO-b-PS diblock copolymer, cured with

HMTA. The use of a Novolac type of phenolic resin

can allow studying the morphological transitions before

and after curing reaction.30 In our previous studies, we

have also investigated the molecular weight effect tem-

plated by PEO-b-PCL on the fabrication of ordered meso-

porous phenolic resins and polybenzoxazines through

the reaction-induced microphase separation strategy.20–29

The composite materials of organic (polymer)–inorganic

(silica) is very important, since the semiconductor pack-

age parts such as printed circuit boards and resin adhe-

sive, consist of organic–inorganic (polymer-silica) hybrid

materials. Such materials provide favorable low-dielectric

properties as reflected and low-refractive index by porous

properties. Applying mesoporous silica material to exploit

its porous properties can be accomplished in two ways:

first way is used, chemical or vapor deposition, and sec-

ond way is using composites with polymers.31–44 As a

result, the mesoporous composite materials can improve

this application. In this study (Scheme 1), we use the

second way by blending with the phenolic resin, HMTA,

PEO-b-PCL and TEOS to prepare the mesoporous com-

posite materials. The pore sizes of mesoporous compos-

ite materials were larger than mesoporous silica materials

only templated by PEO-b-PCL. The phenolic resin has

hydrogen bonding interaction with PEO segment and PEO

is hydrophilic segment during mechanical composite pro-

cessing. The hydrogen bonding of phenolic and templates

induce the pore size increased and the phase transition.24

Finally, the phenolic resin exists in a matrix of the sil-

ica wall or hole of mesoporous silica. This material has

potential applications including separation, low-dielectric

and low-refractive index.

2. EXPERIMENTAL SECTION

2.1. Materials
Monomethoxy-poly(ethylene glycol) (PEO, Mw = 5�000)
was obtained from Aldrich. The �-Caprolactone (�-CL,

99%, Aldrich) was purified by vacuum distillation with

CaH2 at ca. 97 �C and 5 mm-Hg. Stannous(II) octoate

(Sn(Oct)2, 100%, Alfa Aesar) was used as catalyst. Phe-

nolic resin was synthesized with sulfuric acid catalyst by

a condensation reaction where average molecular weight

was 500. Dichloromethane (DCM), n-hexane, tetrahydro-

furan (THF), tetraethyl orthosilicate (TEOS), hydrochloric

acid (HCl) and hexamethylenetetramine (HMTA) were all

from Aldrich.

2.2. Synthesis of PEO-b-PCL Block Copolymer
Diblock copolymers was prepared with the monomer of

�-CL, the macro-initiator of monomethoxy-poly(ethylene

glycol) and Sn(Oct)2 as the catalyst through the ring-

opening polymerization in toluene under an N2 atmosphere

at 140 �C. After 18 hours, the resulting block copolymer

was dissolved in dichloromethane and then precipitated

in an excess of cold n-hexane 3 times circle. The poly-

mers were dried at 40 �C under vacuum. Yield: 85%; 1H

NMR (500 MHz, CDCl3,): � 4.10 (t, OCH2, PCL), 3.65

(s, CH2CH2O, PEO), 3.35 (s, OCH3, PEO), 2.30 (t, 2H,

PCL), 1.63 (m, 4H, PCL), 1.38 (m, 2H, PCL). The molec-

ular weight was determined by GPC (PDI = 1.19, Mw =
32�000) and 1H NMR (Mw = 14�900, EO114CL87�.

2.3. Synthesis of Mesoporous Composite
The blending compositions used in this study are summa-

rized in Table I. THF was slowly evaporated at room tem-

perature, and the samples were subsequently in vacuum
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Table I. Blending composition of mesoporous composites.

TEOS PEO-b-PCL Phenolic HMTA THF 0.1 M

Sample (g) (g) resin (mg) (mg) (g) HCl�aq�(g)

TEP1 0�07 0�1 10 1 5 0�1

TEP2 0�07 0�1 7.5 0.7 5 0�1

TEP3 0�07 0�1 5 0.5 5 0�1

TEP4 0�09 0�1 10 1 5 0�1

TEP5 0�09 0�1 7.5 0.7 5 0�1

TEP6 0�09 0�1 5 0.5 5 0�1

TEP7 0�11 0�1 10 1 5 0�1

TEP8 0�11 0�1 7.5 0.7 5 0�1

TEP9 0�11 0�1 5 0.5 5 0�1

TEP10 0�11 0�1 – – 5 0�1

dried at 30 �C for one day. Phenolic resin, HMTA, PEO-

b-PCL and TEOS as the silica precursor were dissolved

in THF until the solutions were homogenous. Mesoporous

silica materials were prepared through an EISA strategy

in THF, using PEO-b-PCL copolymers as templates and

TEOS. Phenolic resin, HMTA and TEOS were added into

a THF (5 g) solution of the block copolymer (2.0 wt%,

containing 0.10 g of copolymer). Various TEOS–to–PEO-

b-PCL was used at a constant 0.1 g of 0.1 M HCl�aq�
concentration into the homogenous solution, with stirring,

which was continued for 30 min. The sample was poured

into an aluminum dish and the THF was evaporated at

room temperature for 48 hours. The transparent film was

collected and ground into a powder, which was then trans-

ferred to a PFA bottle containing 1.0 M HCl�aq� (30 mL)

and treated hydrothermally at 100 �C for 48 hours. The

product was washed with Di-water and EtOH, dried at

room temperature, and curing of the samples was per-

formed using the following temperature profile (100 �C for

2 hours, 150 �C for 2 hours, and 190 �C for 0.5 hours).

Pyrolysis of the crosslinked samples without a protective

gas atmosphere was performed by slowly heating from

room temperature to 330 �C at a heating rate of 1 �C/min.

2.4. Characterization
The molecular weights was determined by the gel per-

meation chromatography (GPC) using a Waters 510 high-

performance liquid chromatograph equipped with a 410

differential refractometer and three Ultrastyragel columns

connected in series, with DMF as the eluent (flow rate:

0.5 mL/min). 1H NMR spectra were measured using a

Varian UNITY INOVA-500 (500 MHz) spectrometer, with

the residual proton resonance of the deuterated chloroform

solvent acting as the internal standard. Small-angle X-ray

scattering (Bruker AXS, Karlsruhe, Germany) with Cu K�
radiation (30 W, 50 kV, 600 	A) was used to measure the

d-spacing. Transmission electron microscope (TEM, JEOL

3010, operated at 200 kV) was used to observe the mor-

phology of mesoporous silicas and TEM samples for mea-

surement were suspended in ethanol and supported onto a

holey carbon film Cu grid. Nitrogen adsorption–desorption

isotherms were measured using an ASAP 2020 analyzer.

The Barrett–Joyner–Halenda (BJH) model was used to cal-

culate pore volumes, pore size distributions and the spe-

cific surface areas.

3. RESULTS AND DISCUSSION

3.1. Characterization of Composite
Differential scanning calorimetry (DSC) is a convenient

to determine the miscibility of composite including the

block copolymer, phenolic resin and silica matrix before

the calcination. Table II summarizes the thermal proper-

ties of composite based on DSC analyses. Figure 1 shows

the second-runs heating (heating rate: 20 �C/min) in the

DSC thermograms, and the values of glass transition tem-

perature (Tg� of the PEO and PCL are very similar c.a.

−60 �C, so the miscibility between PEO and PCL can-

not be determined from the number of glass transitions.

The melting temperatures become broad being caused by

morphological effects and hydrogen bonding interaction

with phenolic resins. The two Tgs of PEO and PCL seg-

ments were found that the higher and lower Tg are com-

ing from the phenolic-PEO and the phenolic-PCL phases

because the inter-association equilibrium constant (KA�

Table II. Thermal properties of mesoporous composites.

Sample Tg (�C) Tm (�C)

PEO-b-PCL −60 52�2

TEP1 −45�5 −13�0 50�1

TEP2 −44�0 9�2 49�2

TEP3 −44�0 – 47�8

TEP4 −51�7 12�0 50�6

TEP5 −51�7 13�3 49�6

TEP6 53�6 26�0 50�1

TEP7 −43�0 4�7 51�5

TEP8 −45�9 10�0 50�6

TEP9 −51�6 – 49�6
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Figure 1. DSC heating curves of mesoporous composites templated by

PEO-b-PCL at different weight fractions of TEOS/PEO-b-PCL/phenolic

after curing HMTA.
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Figure 2. DSC cooling curves of mesoporous composites templated by

PEO-b-PCL at different weight fractions of TEOS/PEO-b-PCL/phenolic

after curing HMTA for with a constant cooling rate of 5 �C/min.

between phenolic hydroxyl group and PEO ether group

is greater than the inter-association equilibrium constant

between PCL carbonyl group. Clearly, the Tg of PCL seg-

ment shifts increasing higher value with the increase of

phenolic contents, but the Tg of PEO segment did not trend

with the increase of phenolic contents since the Tg of PEO
segment also depends on the crystalline of PEO block

segment.

Figure 3. (a) SAXS patterns and (b–d) TEM images of mesoporous composites templated by PEO-b-PCL at weight fractions of (b) TEP1, (c) TEP2,

(d) TEP3.

Figure 4. (a) N2 adsorption/desorption isotherms and (b) pore size dis-

tribution curves of mesoporous composites TEP1, TEP2 and TEP3 tem-

plated by PEO-b-PCL.

Figure 2 shows the first-runs cooling (cooling rate:

5 �C/min) in the DSC thermograms, and the freezing

temperature (Tf� defines the peak of the crystallization

exotherm. The higher and lower crystallization peaks Tf
of the pure PEO-b-PCL with are corresponding to PEO

segment and PCL segment, respectively. Previous reports

proofed the Tf with the nonisothermal crystallization under

9088 J. Nanosci. Nanotechnol. 16, 9085–9092, 2016
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Table III. Textural properties of mesoporous composites templated by various block copolymers.

Sample d (nm)a Pore size (nm) SBET (m2/g)b SM (m2/g)b Pore volume (cm3/g) Micropore volume (cm3/g) Morphology

TEP1 33�1 37�4 311�3 36�5 1�20 0�014 Short cylinder

TEP2 32�4 36�8 331�9 39�1 1�18 0�014 Short cylinder

TEP3 31�8 26�1 318�5 41�6 1�11 0�016 Short cylinder

TEP4 37�6 32�8 362�3 27�2 1�55 0�009 Short cylinder

TEP5 31�3 32�3 379�4 43�3 1�50 0�017 Short cylinder

TEP6 30�8 29�3 333�0 59�3 1�11 0�025 Short cylinder

TEP7 28�5 33�7 301�3 34�4 1�39 0�013 Short cylinder

TEP8 28�5 32�2 280�2 28�9 1�21 0�011 Short cylinder

TEP9 28�5 28�7 400�7 40�4 1�39 0�015 Short cylinder

TEP10 25�1 17�9 575�8 94�1 0�65 0�082 Long cylinder

Notes: aThe d-spacing values were calculated from the first SAXS peak by the formula d = 2
/q∗ . bSBET and SM are the total BET surface area and micropore surface

area calculated from the t-plots, respectively.

a fixed cooling rate and displays a different correlation

with the microdomain structure.45–50 It has reported that

the degree of supercooling (�T = T 0
m−Tf ) required to ini-

tiate crystallization in the lamellar microdomains (�T =
50 �C) as a 1D lamellar confinement and exceedingly

large undercoolings is required for crystallizations in the

cylindrical microdomains (�T = 125 �C) a 2D cylindrical

confinement.45–50 In order words, the exotherm at a lower

Tf (c.a. −55∼−45 �C) is the PCL segment in a 2D cylin-

drical confinement. The DSC analyses are able to become

more convenient characterize the morphology of compos-

ite nanostructure between crystalline–crystalline diblock

Figure 5. (a) SAXS patterns and (b–d) TEM images of mesoporous composites templated by PEO-b-PCL at weight fractions of (b) TEP4, (c) TEP5,

(d) TEP6.

copolymer and organic–inorganic matrix, but the way can-

not use in a diblock copolymer of amorphous hydrophobic

segment.

3.2. Characterization of Mesoporous Composite
To study the hydrogen bonding effect of the phenolic resin

in diblock copolymers PEO-b-PCL during the EISA pro-

cess used for the synthesis of mesoporous composite, we

prepared different composition featuring different phenolic

resin and TEOS (Table I). Figure 3 displays SAXS patterns

of the mesoporous composite templated by EO114CL87 at

various EO114CL87–to–phenolic resin weight ratios at fixed

J. Nanosci. Nanotechnol. 16, 9085–9092, 2016 9089
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Figure 6. (a) N2 adsorption/desorption isotherms and (b) pore size dis-

tribution curves of mesoporous composites TEP4, TEP5 and TEP6 tem-

plated by PEO-b-PCL.

TEOS; the primary scattering peaks appeared clear values

of q of q∗, 31/2q∗ and 41/2q∗ for all composition, suggesting

morphologies: short-cylinder structures. In agreement, the

TEM images in Figures 1(b–d) reveal short-cylinder meso-

porous materials, with the distance between each lamellar

silica wall being much larger than the short cylindrical

mesopores. Increasing the ratio of phenolic resin from

TEP3 sample to sample TEP1, the pore being swelled was

evident in the TEM images in Figures 1(b–d).

Figure 7. (a) SAXS patterns and (b–d) TEM images of mesoporous composites templated by PEO-b-PCL at weight fractions of (b) TEP7, (c) TEP8,

(d) TEP9, (d) TEP10.

The N2 adsorption and desorption isotherms of meso-

porous composite materials all featured representative

type-IV curves according the BDDT (Brunauer, Deming,

Deming, and Teller) system, with a capillary condensa-

tion steps (Fig. 4(a)), and composition provided a capillary

condensation step in the relative pressure range from 0.6

to 1.0, accordingly displaying a typical H3-like hystere-

sis loop, characteristic of slit-like mesostructure, indicating

a sharp pore size distribution at ca. 19 nm based on the

Harkins and Jura model, showed in Figure 4(b). Table III

summarizes the d-spacing, Barrett-Joyner-Halenda (BJH)

pore size distributions; BET surface areas, mircopore sur-

face area, pore volumes, and mircopore pore volumes

of the materials. Increasing the ratio of phenolic resin

from TEP3 sample to sample TEP1, the pore sizes were

increased showed in Table III.

Figure 5 display the TEM images and SAXS patterns

of the mesoporous composite materials. The SAXS pat-

tern in Figure 5(a) for TEP4 features its maximum inten-

sity at a value of q∗ of approximately 0.17 nm−1 (d =
37�6 nm) and the scattering peaks appeared clear values

of q of q∗, 31/2q∗ and 41/2q∗; a short-cylinder structure

appears in the corresponding TEM image (Fig. 5(b)). Fur-

ther decreasing the phenolic resin weight ratio caused the

primary SAXS peak to gradually shift to higher values of

q∗ and become sharper, indicating that the d-spacing grad-

ually change to 30.8 nm and that the mesoporous silica

became more ordered. These features were also evident in

9090 J. Nanosci. Nanotechnol. 16, 9085–9092, 2016



Delivered by Ingenta to: Main CID is 80004805 (JPP)
IP: 185.14.194.183 On: Thu, 19 Jan 2017 02:16:07

Copyright: American Scientific Publishers

Chu et al. Tunable Mesoporous Phenolic-Silica Composites Templated by PEO-b-PCL Block Copolymer

the TEM images in Figures 5(b–d), with the mesoporous

structures becoming order decreasing the phenolic resin

content.

In Figure 6(a), the mesoporous composite materials

(TEP4–TEP6) prepared at the different phenolic resin

weight ratios all provided typical type-IV in their N2

adsorption and desorption isotherms curves according the

BDDT system. They all exhibited H3-like hysteresis loops

at values of P /P0 ranging from 0.5 to 1.0, indicative of

typical mesoporous structures with slit-like pores (short-

cylinder structure). Figure 6(b) displays the pore size dis-

tributions measured from the adsorption curves, based

on the Harkins and Jura model. For TEP4, TEP5 and

TEP6, the pore size distributions were 32.8, 32.3 and

29.3 nm, respectively. Decreasing the ratio of phenolic

resin from TEP4 sample to sample TEP6, the pore sizes

were decreased showed in Figure 6(b).

Figure 7 displays the SAXS patterns and TEM images

of mesoporous composites obtained from the systems

templated by di-block copolymer PEO-b-PCL at various

TEOS/template= 1.1/1 weight ratios with different pheno-

lic resin. The mesoporous silica of TEP10 does not have

phenolic resin. The d-spacing of TEP10 was an identical

25.1 nm (q∗ = 0�25 nm−1� and the others were an identical

28.5 nm (q∗ = 0�22 nm−1�. Clearly, the mesoporous com-

posite materials of TEP6, TEP7 and TEP9 behaved the

short cylinder mesostructure at all ratios and both of SAXS

pattern (in Fig. 7(a)) and TEM image (Figs. 7(b–d)) are

agreeable. But the mesoporous silica material of TEP10

behaved the long cylinder mesostructure in TEM imager

(Figs. 7(e)).

N2 adsorption and desorption isotherms curves as

shown in Figure 8(a) of mesoporous composite exhibits

typical type-IV curves according the BDDT system

with an H3-type hysteresis loop, suggesting a slit-

like mesostructure. A sharp capillary condensation in

Figure 8. (a) N2 adsorption/desorption isotherms and (b) pore size dis-

tribution curves of mesoporous composites TEP7, TEP8 and TEP9 tem-

plated by PEO-b-PCL.

the relative pressure between 0.5 and 1.0 is observed,

indicating TEP7, TEP8 and TEP9 pore size distribu-

tion centered at 33.7, 32.2 and 28.7 nm, respectively

(Fig. 8(b)). In addition, a sharp capillary condensation in

the relative pressure between 0.4 and 1.0 is observed, indi-

cating TEP10 pore size distribution centered at 17.9 nm.

Decreasing the ratio of phenolic resin from TEP7 sample

to sample TEP10, the pore sizes were decreased.

4. CONCLUSIONS

Mesoporous organic–inorganic composite materials are

synthesized by one-step blended with the PEO-b-PCL,
TEOS, phenolic resin, HMTA. During the EISA strategy,

the phenolic resin plays an expanded role because the

hydroxyl group of phenolic resin and an ether group of

PEO segments possesses the hydrogen bonding to make

the pore size swelled and the phase transition from long

cylinder mesostructure to short cylinder mesostructure.

After the curing and the calcination, the phenolic resin

exists in a matrix of the silica wall or hole of silica matrix.

Through the DSC cooling results, the morphology of com-

posite nanostructure can be forecasted by supercooling

temperature. The SAXS patterns, TEM image and nitro-

gen isotherm curve show that all of the mesoporous com-

posite materials are the large pore size (c.a. 30∼40 nm)

with short cylinder structure, indicating its possibility of

potential application separation, low-refractive index and

low-dielectric materials.
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