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A crystalline—crystalline diblock copolymer, poly(ethylene oxide-b-¢-caprolactone) (PEO-b-PCL),
was synthesized through ring-opening polymerization using monomethoxy-poly(ethylene oxide) as a
macro-initiator. The amphiphilic double-crystalline diblock copolymer was used as a template to
prepare highly-ordered mesoporous silicas and phenolic resins using an evaporation-induced self-
assembly (EISA) method. The mesophase transformation of mesoporous nanostructures, which
contained different tetraethyl orthosilicate (TEOS) and phenolic resin contents, was investigated
using small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) analyses.
The SAXS profiles revealed a sharp primary peak and highly long-range order reflections such as a
cylinder or gyroid structures, at certain compositions of TEOS and phenolic resins, which was
consistent with the TEM images. Fourier transform infrared spectroscopy (FTIR) analyses provided
positive evidence that the ether group of PEO is a stronger hydrogen bond acceptor than the carbonyl
of PCL with the hydroxyl group of TEOS or phenolic resin, resulting in the excluded and confined
PCL phase. This is the first report suggesting that differential scanning calorimeter (DSC) analysis

Downloaded on 30 November 2011
Published on 01 November 2011 on http://pubs.rsc.org | doi:10.1039/C1RA00349F

could be utilized as a convenient method to differentiate the morphology of mesoporous

nanostructures in a crystalline—crystalline diblock copolymer.

Introduction

Ordered mesoporous materials with a high surface area, large
pore volume, and mechanical stability, have received much
attention for their potential applications in adsorption, separa-
tion, catalysis, photonics, and drug delivery in recent years.'**
Mobil scientists first reported the synthesis of mesoporous silicas
using cationic surfactants such as cetyltrimethylammonium
bromide (C;cH33N(CHj3)3Br, CTAB) as the template to obtain
highly-ordered mesoporous molecular sieves (M41S) under
hydrothermal and basic conditions.**® Following that report
a large number of studies were conducted to investigate the
formation of mesostructures on the basis of low molecular
weight surfactants by cooperation of self-assembly or true liquid-
crystal templating processes.*’ > A dominant strategy involves
templating of the mesophase growth by volatile solvent
evaporating induction and is known as the evaporation-induced
self-assembly (EISA) strategy. This technique is an alternative
synthetic approach that allows the tuning of inorganic con-
densation with the formation of a meso-organized liquid-crystal
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template.'*>*% As the solvent is removed, a mesophase is
gradually formed.

Amphiphilic block copolymers provide a versatile platform for
fabricating large-area periodic nanostructures by controlling the
self-assembly behavior, with length scales varying from a few
nanometres to several hundred nanometres. Furthermore, block
copolymers have attracted particular interest due to their ability
to form a rich variety of self-assembling nanostructures, such as
lamellar, hexagonally packed cylindrical, and body-centered
cubic micellar structures as a result of the relative volume
fractions of the blocks, total degree of polymerization, and
Flory—Huggins interaction parameter; some examples include
ref. 66-75.

However, the majority of amphiphilic diblock copolymers are
water insoluble, and the EISA strategy becomes very important
when fabricating various mesoporous nanostructures with large
pores. A variety of synthetic strategies have been developed
based on poly(ethylene oxide)-b-poly(propylene oxide)-b-poly
(ethylene oxide) (PEO-PPO-PEO) triblock copolymers as tem-
plates to obtain many highly ordered large-pore mesoporous
silicas.*8:6%64+7696 Commercially available PEO-PPO-PEO tri-
block copolymers are seldom able to directly template ordered
mesoporous silicas with pore sizes larger than 12 nm because of
molecular weight and composition limitations. High-molecular-
weight copolymers with long hydrophobic segments, such as
poly(ethylene-oxide-b-styrene) (PEO-b-PS), are promising
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candidates to template large-pore mesoporous silicates because
the pore dimensions are primarily related to the molecular
weights of the hydrophobic segments.>>!

Similar to the inorganic-organic assembly for mesoporous
silicas, the organic—organic self-assembly approach has also been
successfully used to synthesize ordered mesoporous carbon
frameworks.>*>7 %7104 Recently, a family of carbon mesos-
tructures, including two-dimensional (2-D) hexagonal (space
group of p6mm), 3-D bicontinuous (Ia3d), body-centered cubic
(Im3m) and lamellar symmetries, was prepared using phenolic resins
as a carbon source and PEO-PPO-PEO triblock copolymers as
templates.”’ %% The pore sizes of mesoporous carbons were
limited due to the low molecular weight copolymers. Employing
ordered mesoporous silica such as SBA-15"%77 and KIT-6' as
hard templates can replicate carbon with an ordered mesostructure
and large porosity; this result was thought to be a breakthrough in
the area of mesostructured materials.'®'® A new synthetic
strategy for the preparation of ordered mesoporous carbons with
diverse mesostructures has been developed based on the organic—
organic self-assembly between PEO-PPO-PEO templates and
thermosetting phenolic resin precursors for the direct templating-
synthesis of ordered mesoporous carbons with various pore
structures. Here, a lab-made diblock copolymer PEO-b-PCL
M,, = 14 600) was synthesized as a new template to prepare
ordered mesoporous carbons using an EISA strategy. The pore size
of ordered mesoporous carbons was 11 nm in the presented study.

The PEO-h-PCL diblock copolymer consisted of two immis-
cible crystallizable blocks wherein both PEO and PCL blocks
could form hydrogen bonds with the phenolic resin. In the
A-b-B/C diblock copolymer/homopolymer blends, microphase
separation occurred from the disparity in the intermolecular
interactions.”® 7>!%112 The hydrogen bonding between PEO
and the phenolic resin was significantly stronger than that
between PCL and the phenolic resin. Selective hydrogen bonding
between the phenolic/PEO pair at relatively lower phenolic
contents and co-existence of two competitive hydrogen bonding
interactions between phenolic/PEO and phenolic/PCL pairs at
relative higher phenolic contents were observed in this blend.'"?
This effect leads to the formation of a variety of composition-
dependent nanostructures, including disordered, gyroid and
short cylinder. Similar to the silica/PEO-b-PCL films, as the
ratios of the TEOS/PEO-b-PCL mixtures increase, the morphol-
ogies of the mesophase change from a long cylinder to a
short cylinder. To the best of our knowledge, no studies have
been reported on making use of the self-assembly of double
crystalline PCL-based amphiphilic diblock copolymers as
structure-directing agents in the synthesis of mesostructured
silica and phenolic resin films. As a result of the special
confinement effect of the double crystalline amphiphilic PEO-
b-PCL diblock copolymer, we can utilize a convenient method
that uses DSC to characterize the morphology of mesoporous
nanostructures in a crystalline—crystalline diblock copolymer
PEO-b-PCL, but it does not work in a crystalline-amorphous
diblock copolymer such as PEO-5-PS."'* The phase behaviors
and compete interactions of the mesostructures were investigated
using Fourier transform infrared (FTIR) spectroscopy, high-
resolution scanning electron microscopy (HRSEM), small-angle
X-ray scattering (SAXS) and transmission electron microscopy
(TEM) analyses.

Experimental
Materials

Monomethoxy-poly(ethylene glycol) with a molecular weight of
5000 (MPEG-5 K) was obtained from Fluka and dried by
azeotropic distillation with dry toluene. e-Caprolactone (e-CL,
Acros) was purified by vacuum distillation over CaH,. The
distillation fraction collected at 96-98 °C (5 mm-Hg) was used in
all polymerization. Stannous(II) octoate [Sn(Oct),, Sigma Corp.]
was used as received. Methylene chloride was dried over CaH,
prior to use. The phenolic was synthesized with sulfuric acid in a
condensation reaction, which produced average molecular
weights (Mn = 500) that are described in previous studies.!'> '8
Hexane, tetrahydrofuran (THF), tetraethyl orthosilicate (TEOS),
HCIl, and HMTA (all from Aldrich) were used as received.
Deionized water was used for all experiments.

Synthesis of PEO-5-PCL block copolymer''®. Block copoly-
mers were readily prepared through the ring-opening polymeriza-
tion of e-CL and mPEGS5000 in the presence of stannous octoate as
the catalyst. The reaction mixtures were prepared by introducing, a
desired volume of g-caprolactone monomer into a silanized flask
containing a pre-weighed amount of mPEG5000 under a nitrogen
atmosphere. One drop of Sn(Oct), was added and the flask was
connected to a vacuum line, evacuated, sealed off and heated to
130 °C. After 24 h, the resulting block copolymers were dissolved
in methylene chloride and precipitated in excess of cold n-hexane.
The polymers were dried at 40 °C under vacuum. (Yield: 72%), 'H
NMR (500 MHz, CDCls, Fig. S1t) : 6 4.10 (t, -O-CH,—, PCL),
3.65 (s, -CH,CH,0O-, PEO), ¢ 3.35 (s, -OCH3, PEO), ¢ 2.30 (t, 2H,
PCL), 6 1.63 (m, 4H, PCL), 5 1.38 (m, 2H, PCL); IR : 3350 cm ™
(self-associated hydroxyl group absorption of phenolic resin),
3525 em™ ! (free hydroxyl groups of phenolic resin), 3250 cm !
(hydrogen-bonded hydroxyl with the ether group of PEO),
1734 cm™' (amorphous carbonyl group of PCL), 1724 cm™!
(crystalline carbonyl group of PCL), 1705 cm ™' (hydrogen-bonded
carbonyl group of PCL).

Synthesis of the mesoporous silicas™. Mesoporous silica was
prepared using an EISA strategy in THF with the PEO-b-PCL
diblock copolymer as a template and TEOS as the silica precursor.
Prior to the subsequent direct calcination, a hydrothermal treat-
ment was adopted. In a typical synthetic procedure, 0.1 g of TEOS
and 0.10 g of 0.1 M HCI solution were added to 5 g of a
THF solution of PEO-b-PCL diblock copolymer (approximately
2.0 wt%) with stirring for 30 min to form a homogeneous solution.
The solution was poured into Petri dishes to evaporate the THF at
room temperature for 48 h. The transparent films were collected
and ground into powders. The powders were transferred into a
PFA bottle containing 30 mL of a HCI solution (1.0 M) and
hydrothermally heated at 100 °C for 3 days. The product was
washed with water and ethanol, dried at room temperature, and
calcined in air at 600 °C to produce white mesoporous silicas; the
above calcinations were conducted in a furnace with a heating rate
of 1 °C min~ " as shown in Scheme 1(a).

Synthesis of mesoporous phenolic resins®>>°. Phenolic resin,
HMTA, and PEO-bh-PCL were dissolved in THF until the solu-
tions were homogenous. THF was slowly evaporated at room
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Scheme 1 Preparation of (a) mesoporous silicas and (b) mesoporous phenolic resins.

temperature, and the samples were subsequently vacuum dried at
30 °C for one day. Curing of the samples was performed using
the following temperature profile: 100 °C for 2 h, 150 °C for 2 h,
and 190 °C for 2 h. Pyrolysis of the crosslinked samples was
performed by slowly heating from room temperature to 330 °C
at a heating rate of 1 °C min ' without a protective gas
atmosphere.

Characterization. 'H spectra were recorded at room tempera-
ture on a Bruker AM 500 (500 MHz) spectrometer using the
residual proton resonance of the deuterated solvent as the
internal standard and CDCls as the solvent. Molecular weights
and molecular weight distributions were determined by gel
permeation chromatography (GPC) using a Waters 510 HPLC
equipped with a 410 Differential Refractometer and three
Ultrastyragel columns (100, 500, and 10* A) connected in series;
DMF was the eluent at a flow rate of 1.0 mL min~'. Thermal
analysis was performed using a Q-20 differential scanning
calorimeter (DSC) from TA instrument. The measurement was
operated at a heating rate of 20 °C and a cooling rate of
5°C min~! from 150 °C to —90 °C in Ny; the sample weighted
between 5 and 10 mg. The thermal stability of the samples was
characterized by using a TA Q-50 Thermogravimetric Analyzer
operating under a nitrogen or a air atmosphere. The sample
(approximately 7 mg) was placed in a Pt cell, and heated at a rate
of 20 °C min~! from 30 to 800 °C in a nitrogen flow rate of
60 mL min~ ' or 1.4 °C min~' to 330 °C, and Isothermal for
180 min in a air flow rate of 60 mL min~'. FTIR spectra of the
samples were recorded using the conventional KBr disk method.
The spectra were recorded using a Bruker Tensor 27 FTIR
spectrophotometer. SAXS measurements were taken on a
Nanostar U small-angle X-ray scattering system (Bruker,
Germany) using Cu Ko radiation (40 kV, 35 mA). The d-spacing
values were calculated using the formula d = 2n/g. Nitrogen

sorption isotherms were measured at 77 K with an ASAP 2020
analyzer. Prior to taking the measurements, the samples were
degassed under vacuum at 200 °C for at least 6 h. The Brunauer—
Emmett-Teller (BET) method was utilized to calculate the
specific surface areas. Using the Broekoff—-de Boer (BdB) sphere
model, the pore volumes and pore size distributions were derived
from the adsorption branches of isotherms, and the total pore
volumes were estimated from the adsorbed amount at relative
pressure (P/Py of 0.995). The calibration curve was obtained by
using Silica—Alumina (part no. 004-16821-00) as a reference
material and nitrogen as an adsorption gas. TEM experiments
were conducted on a JEOL 3010 microscope (Japan) operated
at 200 kV. High-resolution scanning electron microscopy
(HRSEM) images were taken using a field emission JEOL
JSM-6700F (Japan) operated at 30 kV.

Results and discussion
Synthesis of PEO-5-PCL

The PEO-h-PCL diblock copolymer with a high molecular weight
(~14 600 g mol ") was easily prepared from a simple one-step
ring opening polymerization (ROP) method. The number average
molecular weights (M,) of the prepared copolymers were
determined from 'H NMR spectra by comparing the peak
intensity of MPEG-5 K (-CH,CH,0-, § = 3.65 ppm) to that of
PCL (-O-CH,—, 6 = 4.10 ppm), considering the molecular weight
(M, = 5000) for MPEG-5 K (Fig. S1, ESI{). Gel-permeation
chromatography (GPC) reported a polydispersity index (PDI) of
1.48 for the PEO-h-PCL diblock copolymer. The TGA of PEO-
b-PCL showed a weight loss of approximately 98 wt% in the
temperature range from 320 to 430 °C under nitrogen (Fig. S2,
ESI¥), and it showed 94 wt% loss between 275 and 330 °C under
air (Fig. S3, ESIt). This result implies that the template can be
easily removed by pyrolysis both in nitrogen and air.
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Phase behavior of mesoporous silicas

PEO-b-PCL is insoluble in water and ethanol because of the high
molecular weight PCL segment. Therefore, the EISA approach
in THF was employed to synthesize mesoporous silicas, phenolic
resins, and carbon. DSC experiments were performed to
investigate the thermal properties of the silica/PEO-b-PCL
nanocomposites. Fig. 1 shows the DSC traces of pure PEO-
b-PCL and silica/PEO-b-PCL nanocomposites recorded by the
cooling scan at a cooling rate of 5 °C min~'. The peak
temperature of the crystallization exotherm is defined as the
freezing temperature (7}), at which a higher 7} corresponds to a
faster crystallization rate. Previous works have reported that the
T associates with the nonisothermal crystallization under a fixed
cooling rate and displays a distinct correlation with the
microdomain structure.!'*12°12* The pure PEO-h-PCL block
copolymer exhibited a crystallization peak at 36 °C (PEO block)
and 29 °C (PCL block).!'? The crystallization ability of the PEO
block is restricted by the PCL block, which is covalently coupled
to the other end of the PEO block. These results indicate that
there are two separated crystalline microdomains in these
diblock copolymers that are comprised of the PEO and PCL
blocks. When the silica/PEO-bh-PCL ratio was= 1/1, two crystal-
lization behaviors (two exotherms) were found at 31 °C and
—49 °C. The higher freezing temperature may be from the
crystallization of the PEO block. The second exotherm found at
a lower freezing temperature, which was not present in either the
PEO or the PCL homopolymer, appeared with more super-
cooling. Chen et al.''*'*° reported that the degree of super-
cooling (AT=T,"—Ty, T,” = 75 °C)'* required to initiate
crystallization in the lamellar microdomains (A7 = 50 °C) is
comparable to that associated with the PCL homopolymer (AT = 42
°C); exceedingly large undercoolings are required for crystallizations
in the cylindrical microdomains (7y = —50 °C,AT = 125 °C)."** As
a result, the second exotherm at a lower 7y (—49 °C) may be from
the PCL block in a 2D cylindrical confinement (AT - 124 °C)
because the lowest 7y of the PEO block in 3D sphere confinement
was at —30 °C.M* The crystallization kinetics exhibited distinct
transitions at the compositions corresponding to the morphological
transformation, which demonstrates the feasibility of exploiting the
microdomain pattern by manipulating the crystallization kinetics of
the block chains. When the ratio of silica/PEO-»-PCL was further

TEOS/PEO-b-PCL
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Fig. 1 DSC thermograms of the crystallization curve with different
ratios of silica/PEO-b-PCL.

increased to 5/1, the 7 of PCL rose slightly to —44 °C, and the 7 of
PEO completely disappeared. This result was attributed to the
mesophase transformation of the silica/PEO-»-PCL nanocomposite
from a long cylinder to a short cylinder (determined by SAXS and
TEM) and the crystal structure destruction of PEO domain. Further
increasing the silica/PEO-b-PCL ratio to 10/1 yielded a very small 7}
for PCL at approximately —49 °C from distorted short cylinders
(determined by SAXS and TEM). In addition, when the silica/PEO-
b-PCL ratio was increased to 15/1, both crystallization peaks
disappeared, implying that the crystalline structures of both PEO
and PCL blocks were destroyed.

The structures of mesoporous silicas templated by double
crystalline amphiphilic PEO-b-PCL were first investigated using
TEM and SAXS as shown in Fig. 2 and 3. The SAXS pattern in
Fig. 2 for TEOS/PEO-b-PCL = 1/1 (named silica-a) shows the
maximum intensity at approximately ¢* = 0.267 nm~' (d =
23.5 nm), and higher-order reflections at 3'2¢* and 2¢* were
observed. A long cylinder structure was observed in the TEM
image in Fig. 3a. When TEOS/PEO-b-PCL = 5/1 (see Fig. 2,
named silica-b), the maximum intensity appeared at approximately
¢* =026 nm™" (d = 24.1 nm), and higher-order reflections at 3"¢*
and 2¢* were observed; these data were characteristic for a short
cylindrical structure, which is further confirmed by TEM as shown
in Fig. 3b. It was found that the TEOS/PEO-b-PCL weight
fractions had an influence on the formation of the mesostructure.
As the ratio of TEOS/PEO-b-PCL increased, the products
experienced a remarkable mesophase transformation from a long
cylinder to a short cylinder. A TEM image of silica-b clearly
indicates a hexagonal pore structure, which confirms that silica-b

TEOS/PEO-b-PCL

Intensity (a.u.)

T T T T T ’
0.2 0.4 0.6 0.8 1.0 1.2 14

g (nm™)

Fig. 2 SAXS patterns of mesoporous silicas templated by PEO-b-PCL
with different TEOS/PEO-b-PCL weight fractions.
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Fig. 3 TEM images of mesoporous silicas templated by PEO-b-PCL with different TEOS/PEO-b-PCL weight fractions: (a)1/1, (b)5/1, (¢)10/1, and (d)15/1.

has a 2D hexagonal mesoporous structure. When the TEOS/PEO-
b-PCL ratio increases, distorted short cylinders (silica-c, Fig. 2 and
3c¢) and disordered structures (silica-d, Fig. 2 and 3d) were observed
because the ratio of the TEOS/PEO-h-PCL is too high to form
long-range ordered structures. The TEM images provided addi-
tional evidence for the mesostructure changes. The transformation
of mesoporous silicas from long cylinders to short cylinders was
also in agreement with the FE-SEM measurements, as shown in
Fig. 4. The FE-SEM image of silica-« in Fig. 4a displays a roughly
flat surface and shows the side view of the hexagonal cylinder
structure. However, the silica-h sample in Fig. 4b shows uniform
and regularly aligned mesopores throughout the whole film,
suggesting the top view of a highly ordered hexagonal cylinder
mesostructure over a large domain. The morphological results were
consistent with DSC analyses; the second exothermic peak
(Ty = —49 °C) of TEOS/PEO-b-PCL = 1/1 was attributed to the
mesophase for PCL crystallizations in a long cylinder of 2D
confinement. The 7} raised slightly to 7, = —44 °C and corres-
ponded to the mesophase transformation from a long cylinder to a
short cylinder of TEOS/PEO-6-PCL = 5/1.

Nitrogen sorption isotherms of mesoporous silicas behaved
like representative type IV curves with a sharp capillary
condensation step in the relative pressure range of 0.85 to 0.95
as shown in Fig. 5A. This result indicates the generation of
mesopores with an ultralarge uniform size. The silica-a sample
exhibited an H,-like hysteresis loop at P/Py = 0.4 to 0.9, which is
indicative of a typical mesoporous structure with large cylind-
rical pores. The H, hysteresis loop found for silica-b was
characteristic of the cage-like mesopores. On the basis of the
Broekoff-de Boer (BdB) sphere model, the mean pore size
measured from the adsorption branch was as large as 19.8 nm as

shown in Fig. 5B. Similar isotherms with large H,-type hysteresis
loops can also be detected for silica-c. The mean pore size in
Fig. 5B for silica-c, calculated from the BdB sphere model, was
22.5 nm and slightly larger than that of silica-b. The total pore
volume and the total BET surface area of silica-6 (0.33 cm® g~
and 170 m? g~ ', respectively), were smaller than those of silica-a
(2.70 cm® g ! and 1188 m? g~!, respectively, Table 1).These
results confirmed the presence of the cage-like mesopores of
short cylinders that were transferred from the cylindrical
mesopores of the long cylinders. Because the PEO-b-PCL weight
fraction of silica-a is much larger than that of silica-b and the
block polymer part played the role of space in silica/PEO-b-PCL
after calcinations, hence the BET surface area of silica-a is much
larger than that of silica-b. Both silica-c and silica-d displayed H,
hysteresis loops, implying a cage-like pore structure connected
by small windows. The BET surface area, pore volume and BJH
pore size of the silica materials are summarized in Table 1,
indicating that the ratio of TEOS/PEO-b-PCL plays an
important role in the determination of the described properties.

Phase behavior of mesoporous phenolic resins

Similar to the process with mesoporous silicas, we first
investigated the thermal behavior of the phenolic/PEO-b-PCL
blends using DSC. In general, DSC analysis is a convenient
method used to determine miscibility and crystallization in
polymer blends. Fig. 6 displays DSC thermograms for the
phenolic/PEO-H-PCL blends (first cooling scan in Fig. 6b and
second heating scan in Fig. 6a) and their curing products with
HTMA at various constituent compositions (first cooling scan in
Fig. 6c). The blends contain a block copolymer with two
immiscible blocks, which is intended to exhibit two T,gs
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Fig. 4 FE-SEM images of mesoporous silicas templated by PEO-b-PCL
with different TEOS/PEO-b-PCL weight fractions: (a)l/1 and (b)5/1.

corresponding to the PCL blocks and the PEO blocks.”
However, the Tgs of pure block copolymer components were
not detected using the present experimental conditions. The
binary pairs of phenolic/PCL!?>!2¢ and phenolic/PEO'!? are
completely miscible in all compositions in the amorphous phase
due to inter-association hydrogen bonding between the hydroxyl

14
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Fig. 5 (a) N, adsorption—desorption isotherms and (b) pore size
distribution curves of mesoporous silicas templated by PEO-b-PCL with
different TEOS/PEO-b-PCL weight fractions.

group of phenolic and the carbonyl group of PCL and ether
group of PEO, respectively; this effect has been reported in our
previous studies.'!* Clearly, the two values of T, became closer
when phenolic resin contents increased, as shown in Fig. 6a. This
result indicated that microphase separation (ordered structure)
occurred at lower phenolic contents (<60 wt%). A single T,
corresponding to a miscible phenolic/PEO-b-PCL blend was
comprised of up to 70 wt% phenolic resin, which is consistent
with ternary phenolic/PEO/PCL blends (> 65 wt% phenolic are
miscible).** The miscibility between these two components is due
to the formation of strong intermolecular hydrogen bonding.
Phenolic acts as a common solvent for PCL and PEO and
induces the blends to become completely miscible (disorder
structure) at higher phenolic resin contents. As shown in Fig. 6b
and 6¢, pure PEO-H-PCL displays two crystallization tempera-
tures at 29 and 36 °C, which is also shown in Fig. 1. The two
crystallization peaks became one single peak as the phenolic
resin content increased (< 40 wt%). Additionally, the lowest Ty
was observed at —6 °C for phenolic/PEO-b-PCL = 40/60, which
was different than with the TEOS/PEO-b-PCL system. A further
increase in phenolic content only showed glass transition
temperatures. This result was consistent with the second heating
scan in Fig. 6a that showed no melting peaks at phenolic resin
contents above 50 wt%. The single exothermic peak was likely

Table 1 Textual properties of the mesoporous silicas, phenolic resins and carbon products

Pore SBET Sm Pore volume  Micropore
Sample d (nm)®  size(nm) (m?g )’ mPg )’ (emPgh) volume (cm® g')  TEOS/PEO-h-PCL® Morphology
Silica-a 23.5 — 1188 389 2.70 0.17 1/1 Long cylinder
Silica-b 24.1 19.8 170 50 0.33 0.02 S/1 Short cylinder
Silica-¢ 29.9 22.5 106 64 0.11 0.03 10/1 Distorted short cylinder
Silica-d — — 71 18 0.08 0.01 15/1 Disorder
Phenolic/PEO-h-PCL?
Phenolic-a  22.4 15.6 403 202 0.42 0.09 40/60 Short-range order
Phenolic-b  23.6 13.9 328 143 0.35 0.07 50/50 Gyroid
Phenolic-c ~ 23.6 11.0 68 22 0.07 0.01 60/40 Distorted short cylinder
Phenolic-d — — — — — — 70/30 Disorder
Carbon® 18.6 11.0 858 647 0.59 0.30 50/50 gyroid

“ The d-spacing values were calculated by the formula d = 2n/q*. ® SBET and SM are the total BET surface area and micropore surface area
calculated from the r-plots, respectively. ¢ Mesoporous silicas were prepared from 0.1 g of EO;14CLg4 and 0.1 g of 0.1 M HCl,q). 4 Mesoporous
phenolic resins were prepared from 0.1 g of EO;14CLgs. ¢ Mesoporous carbon was synthesized from phenolic-b pyrolyzed at 800° C in No.
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Fig. 6 DSC thermograms of (a) second heat scan and (b) first cooling scan of phenolic/PEO-b-PCL blends, (c) first cooling scan of phenolic/PEO-

b-PCL blends after curing.

from the crystallization of the PCL block, because most hydroxyl
groups in the phenolic resin were preferably interacting with the
oxygen atoms in PEO at lower phenolic contents. The result
indicated relatively lower hydrogen-bonded carbonyl groups in
PCL, and the PCL phase was excluded from the phenolic/PEO
phase to form a more regular microphase separation structure.
The primary reason for microphase separation was due to
the inter-association equilibrium constant at 264 (K5 = 264) of
the hydroxyl-ether of phenolic/PEO, which was found to be
substantially higher than the K, (Ko = 116.8) from the
hydroxyl-carbonyl formation of phenolic/PCL.'"?

FTIR spectroscopy is an excellent tool for detecting hydroxyl,
carbonyl, and ether vibrations in blend systems. Phenolic resin
shows excellent potential as a proton donor for hydrogen
bonding interactions with proton-acceptor polymers because
the hydroxyl group is easily accessible in the 4-position of the
aromatic ring. As shown in Fig. S4a (ESIt), pure phenolic
exhibits two bands in the hydroxyl-stretching region. The self-
associated hydroxyl group absorption was located at 3350 cm ™!
and was primarily due to the wide distribution of hydrogen-
bonded hydroxyl groups (self-associated). The free hydroxyl
groups displayed a band at 3525 cm™'. As the concentration of
the block copolymer increased, the intensity of the free hydroxyl
band decreased and disappeared, implying the formation of
hydrogen-bonding between the hydroxyl group of phenolic and
PEO-ether or PCL-carbonyl groups. In addition, Fig. S7a (ESIt)
displays the hydroxyl group shifting to a lower wavenumber
when the PEO-b-PCL is the rich content in the blend
(lower phenolic content), implying that the phenolic hydroxyl
preferably interacts with the PEO ether. Therefore, it is reason-
able to assign the band at 3250 cm ™' to the hydrogen-bonded
hydroxyl with the ether because a relatively smaller number of

the hydroxyl groups appeared to interact completely with the
ether groups of the PEO block to form hydrogen-bonds. The
peak frequency of the broad band shifted higher with increasing
phenolic content. A new distribution of hydrogen-bonding
formation resulted from the competition between the hydroxyl-
hydroxyl group within the pure phenolic and the hydroxyl-
carbonyl group between phenolic and PCL (3410 cm ™).

The carbonyl group in the PCL blocks is also sensitive to
hydrogen-bonding interactions (Fig. S4b, ESI{). The carbonyl
stretching for the pure PCL is split into two bands:
absorptions by the amorphous and the crystalline conformations
at 1734 cm™ ' and 1724 cm™', respectively. The crystalline
conformation at 1724 cm™' disappeared with an increase in
phenolic content. An additional band appearing at approxi-
mately 1703 cm ™! was assigned as the PCL carbonyl group that
was hydrogen-bonded to the phenolic hydroxyl group. The
carbonyl stretching frequency split into only two bands at
1734 em™ ! and 1705 em™ !, corresponding to the free and the
hydrogen-bonded carbonyl groups, respectively. It is clear that
the phenolic hydroxyl is able to form hydrogen bonds with both
PEO and PCL when the phenolic content is above 40 wt% (Table
S1, ESI¥). The hydroxyl groups of phenolic formed hydrogen
bonds only preferentially with the ether of PEO when the
phenolic content was below 40 wt%, indicating the PCL phase
was excluded from the phenolic/PEO phase (relative lower
fraction of H-bonded C=O group of PCL); this result was
consistent with DSC analyses.

The structures of mesoporous phenolic resins that were tem-
plated by the double crystalline amphiphilic diblock copolymer
PEO-b-PCL were also investigated using TEM and SAXS, as
shown in Fig. 7 and 8. These figures suggest that the
phenolic contents have an influence on the formation of the
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Fig. 7 SAXS patterns of mesoporous phenolic resins from different
weight fractions of phenolic/PEO-5-PCL blends.

mesostructure. In SAXS, pure PEO-H-PCL block copolymer
revealed a lamellae character for the special ratio of ¢* and 2¢*.
A remarkable mesophase transformation through short range

100 nm

order, gyroid, short cylinder and finally to disordered structures
was observed with an increase in phenolic resin contents. The
short-range order morphology was observed when phenolic/
PEO-b-PCL = 40/60 (phenolic-a) by SAXS analysis, as shown in
Fig. 7a. Based on only one scattering peak at ¢* = 0.27 nm ™',
d = 23.2 nm was consistent with the TEM image in Fig. 8a. There
was not enough phenolic resin to include the template PEO-
b-PCL block copolymer and to form a complete mesoporous
structure. A highly-ordered bicontinuous gyroid structure was
observed at phenolic/PEO-b-PCL = 50/50 (phenolic-b) based on
SAXS and TEM. In SAXS patterns, as shown in Fig. 7b, the
intensity maximum appears at 62¢* = 0.26 nm ™! (4 = 24.1 nm).
The higher-order reflections at 24%¢*, 38'2¢* and 50"%¢* were
observed, which are characteristic for a long-range order of
bicontinuous gyroid structure, and were further confirmed by
TEM images, as shown in Fig. 8b. When phenolic/PEO-b-PCL =
40/60 (phenolic-c), the maximum intensity appeared at approxi-
mately ¢* = 0.26 nm ™' (d = 24.1 nm) and had a higher-order
reflection at 3"2¢* and 2¢*, as seen in Fig. 7c. These values were
characteristic for a short cylindrical structure, which was further
confirmed by TEM due to the volume fraction of phenolic resin
raising the outer domain as shown in Fig. 8c. However, it
presented a disordered structure when the ratio increased to
phenolic/PEO-b-PCL = 70/30 (phenolic-d), by the SAXS analysis
in Fig. 7d. This analysis presented broad peaks that indicated the
absence of a long-range ordered structure, which was further
confirmed in Fig. 8d by TEM. This result also agreed with DSC
and FTIR analyses. The phenolic hydroxyl was able to form
hydrogen bonds with both PEO and PCL according to FTIR
spectroscopy (Fig. S4, ESIt). A completely miscible blend by

Fig. 8 TEM image of mesoporous phenolic resins from different weight fractions of phenolic/PEO-b-PCL blends: (a) 40/60, (b) 50/50, (c) 60/40, and

(d) 70/30.
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DSC analysis was due to only one single 7, in Fig. 6 when the
phenolic content was at 70 wt%.

Mesoporous phenolic resins exhibited similar N, sorption
isotherms to mesoporous silicas, as shown in Fig. 9A. N,
sorption isotherms of mesoporous phenolic resins behaved like
representative type IV curves with a sharp capillary condensation
step in the relative pressure range of 0.85 to 0.95. These data
indicated the generation of mesopores with a large uniform size.
The phenolic-a and phenolic-b samples exhibited a typical H;-
like hysteresis loop at P/Py = 0.4 to 0.9, indicating a common
mesoporous structure with branched cylindrical large pores. The
H, hysteresis loop found for phenolic-a was the characteristic of
the cylindrical mesopores. Based on the Harkins and Jura model,
the mean pore size measured from the adsorption branch was as
large as 15.6 nm, as shown in Fig. 9B. Similar isotherms with the
H;-type hysteresis loops could also be detected for phenolic-b.
The mean pore size (Fig. 9B) of phenolic-b calculated from the
Harkins and Jura model (13.9 nm) was similar, but slightly
smaller, than that of phenolic-a. The total pore volume and the
total BET surface area of phenolic-b6 were 0.35 cm® g~ ! and
328 m? g ', respectively. These values were much larger than that
of phenolic-¢ (Table 1), confirming the presence of the distorted
short cylinder mesopores that were transferred from the
cylindrical mesopores of the gyroid structure. To the best of our
knowledge, this study is the first to fabricate a long-range order of
bicontinuous gyroid type mesoporous phenolic resin using an
EISA strategy. The BET surface area, pore volume and BJH pore
size of mesoporous phenolic resins are summarized in Table 1.

Furthermore, a special appearance was found in the SAXS of
the mesoporous silicas and phenolic resins with an increase in the

300

[ )

250 - Phenolic / EOMCL84

200

150 —

100

Adsorption volume(cm®/g STP)

50

T T T T v
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure(P/P )

ratio of TEOS/PEO-b-PCL or phenolic/PEO-b-PCL as shown in
Scheme 2. The d-spacing of the mesoporous silicas and phenolic
resins showed a similar phenomenon that both increased upon
increasing the ratios of TEOS/PEO-h-PCL and phenolic/PEO-
b-PCL. However, the pore size of mesoporous silicas increased
when increasing the ratio of TEOS/PEO-»-PCL. The mesoporous
phenolic resins presented different trends that became smaller when
increasing the ratio of phenolic/PEO-»-PCL, as shown in
Table 1. This result is described by the different intermolecular
hydrogen-bonding interactions between silica precursors or
uncured phenolic resin with the PEO-b-PCL block copolymer. It
was expected that the intermolecular hydrogen bonding strength of
phenolic-OH with PEO was stronger than that of Si-OH with
PEO.!"?"128 Ag a result, the uncured phenolic resin would dissolve in
both PEO and PCL blocks, but silica precursors would only locate
at the corona of micelle in the PEO-h-PCL diblock copolymers. In
addition, the hydroxyl group of the phenolic resin will also interact
with the carbonyl of the PCL block at relative higher phenolic
contents, resulting in the decrease of mesopore size after calcina-
tions. This interaction will not occur in the silica system. Fig. S5
(ESIf) shows photograph images of a cured phenolic/PEO-
b-PCL = 50/50 blend and its pyrolyzed product, implying that we
can maintain the original shape of phenolic/PEO-/-PCL thin film
after calcinations. The mesoporous phenolic resin thin film can be
obtained and applied to various fields such as mesoporous carbon
(Fig. S6 and S7, ESIY).

Conclusions

We have successfully synthesized crystalline—crystalline block
copolymers of PEO-H-PCL in the present study. DSC, FTIR,

0.020
13.9 nm (B) —=— 60140
—e— 50/50
—4a—40/60
0.015
€
c
2
g 0010~
28
@]
2
S
©
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Fig. 9 (A) N, adsorption—desorption isotherms and (B) pore size distribution curves of mesoporous resins templated by PEO-5-PCL with different

phenolic/PEO-H-PCL weight fractions.
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Scheme 2 Morphology changes in mesoporous silicas and mesoporous phenolic resin.

SAXS and TEM techniques were employed to investigate the
crystalline behavior, competing hydrogen bonding interaction
and mesoporous nanostructure of silicas and phenolic resins.
The cooling results from DSC showed that the structure
transition of PCL occurred through the 7} of PCL changing.
TEM images and SAXS analyses indicated that different
compositions of TEOS/PEO-b-PCL or phenolic/PEO-b-PCL
blends resulted in different mesoporous nanostructures through
the mediation of hydrogen bonding interactions between silica,
phenolic resins and the PEO-b-PCL block copolymer. FT-IR
spectra also provided evidence that the PEO ether group was a
stronger hydrogen bond acceptor than the PCL carbonyl group.
We obtained different mesoporous nanostructures of silicas and
phenolic resins.
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