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Functional Porous Structures Based on
the Pyrolysis of Cured Templates of
Block Copolymer and Phenolic
Resin**

By Harri Kosonen,* Sami Valkama, Antti Nykinen,
Miika Toivanen, Gerrit ten Brinke, Janne Ruokolainen,
and Olli Ikkala

Porous materials with controlled pore sizes have been in-
vestigated for different applications such as filters, separation,
sensors, supports for catalysis, and controlled drug release.
Proper selection of chemical groups lining the pore walls, as
well as detailed control of the pore size and size distribution,
can lead to selectivity and various functions. In this work we
describe a facile method to construct porous films by cross-
linking phenolic resin in the presence of a self-assembled
block-copolymer template, followed by pyrolysis at moderate
temperature. This enables us to transfer the ordered block
copolymer self-assembly into porosity, with a fine control of
the pore size and distribution. These materials have large sur-
face area (in excess of 300 m?g ™), with a high number of phe-
nolic hydroxyl groups at the matrix and pore walls, which can
be used for, e.g., selective absorption or for further functional-
ization.

Concepts to prepare materials ranging from nanoporous
(pores<2 nm) or mesoporous (<50 nm) up to macroporous
(>50 nm) have been previously demonstrated."~” Typically,
nanoporous materials are crystalline framework solids, such
as zeolites, discotic molecular assemblies,[31"33] or “robust”
molecular crystals formed using supramolecular®! design
principles.>!"?% These materials can have large void volumes
and high internal surface areas, but the supramolecular mate-
rials often tend to collapse upon emptying the pores. Several
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MATERIALS

approaches have also been presented to prepare mesoporous
and macroporous materials, such as “track-etching”,“’ﬁ] using
honeycomb structures”?*) and emptying nanostructured
templates (e.g., sol-gel processing of surfactants or block
copolymers,”’m] selective degradation of material with UV
exposure,[24‘26] pyrolysis,[21‘23’34] and selective removal of low-
molecular-weight amphiphiles (combs) from hierarchically
self-assembled polymeric comb-coil supramolecules[35’36]).

Block copolymers provide ideal structures for templates, as,
by a facile route, they self-assemble into various structures as
a result of the repulsion between the covalently bonded
blocks; examples include the spherical, cylindrical, lamellar,
and gyroid structures.*#! Previously, we have shown that
alkylphenols can be selectively hydrogen-bonded to the pyri-
dine groups of poly(styrene)-block-poly(4-vinylpyridine) (PS-
block-P4VP) leading to hierarchical structures.>*! In addi-
tion, self-assembly is achieved upon mixing uncured phenolic
resins and block copolymers consisting of a block that forms
strong enough hydrogen bonds with the phenolic hydroxyls,
and we have shown that in such cases the phenolic resin can
be cured while the self-assembly is preserved.[44’45]

PS-block-P4VP copolymer (number-average molecular
weights: M, ps=40000 gmol™ and M, psyp=5600 gmol™)
was used to prepare mixtures with phenolic resin (Vulcadur
RB, Bayer Ltd.) and the curing agent hexamethylenetetra-
mine (HMTA); see Figure 1a for the structures. Owing to the
hydrogen bonding between the pyridine and the phenolic res-
in,®! self-assembled structures consisting of PS and P4VP/
phenolic resin domains are formed (Fig. 1b). The relative
weight fractions of the domains can be tuned to obtain differ-
ent morphologies. After thermal curing at 100-190 °C, the aim
was to selectively remove the PS-block-PAVP template using
controlled pyrolysis (see Fig. 1c). Proper pyrolysis conditions
were determined using the results of thermogravimetric
analysis (TGA) (Fig. 2). Slow heating was used in order to
minimize structural deformations of the films when the block-
copolymer part was removed. Based on the TGA measure-
ments, 7'=420°C was chosen to be the highest pyrolysis tem-
perature, because, at that temperature, most of the block co-
polymer has been degraded whereas the weight of the cured
phenolic matrix has not decreased significantly.

The structures of the cured and pyrolyzed complexes were
analyzed using transmission electron microscopy (TEM) and
small-angle X-ray scattering (SAXS). Figures 3a—f present
TEM images of cured samples of different composition before
and after pyrolysis. A “worm-like” structure with a periodicity
of ca. 50 nm was observed for the materials before (Fig. 3a)
and after pyrolysis (Fig. 3b) when the weight fraction of PS
was wps=30%. Note that no staining was needed and the
contrast after pyrolysis was significantly higher than before,
which can be explained by the increased electron-density con-
trast between the domains upon pyrolytic removal of the
block copolymer. A cylindrical morphology was observed
when the weight fraction of PS was increased to wps=40 %
(Fig. 3c before and Fig. 3d after pyrolysis). The periodicity of
the structure was ca. 50 nm and the diameter of the cylinders
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Figure 1. a) Phenolic resin, PS-block-P4VP and schematics of their mutual hydrogen bonding. b) As a result of hydrogen bonding, the phenolic resin
and P4VP are confined within the same self-assembled domains as they microphase separate from the non-polar PS domains. Crosslinking at elevated
temperatures “locks” the structure. c) During the selected pyrolysis conditions, PS-block-P4VP is essentially removed, leaving porous material with a
narrow distribution of pore sizes, high surface area per volume unit, and hydroxyl groups at the porous matrix and the pore walls.
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Figure 2. TGA curves for three HMTA-cured complexes of PS-block-P4VP/
Phenolic resin (M,, ps=40000 gmol'1 and M,, payp=5600 gmo|‘1) and
reference materials (cured phenolic resin and PS-block-P4VP) under
ambient atmosphere. The weight fraction of PS [wps] and the selected
pyrolysis temperature 420 °C are indicated.

was ca. 30 nm. Also, other morphologies can be obtained
after curing, such as spherical (Fig. 3e, wps =20 %, after pyrol-
ysis) and lamellar (Fig. 3f, wps=60%, long period
(Lp) =42 nm, before pyrolysis). The spherical structure turned
out to be more difficult to empty, because the degraded
block-copolymer residues need to diffuse through the pheno-
lic matrix. The lamellar structures, in turn, were difficult to
microtome for TEM after pyrolysis owing to their fragility,
and the structure was partly destroyed and collapsed.

Figure 4a presents SAXS curves for the cured samples
before pyrolysis. For wps =50 %, at least six equally spaced
intensity maxima were observed, the first located at
ca. 0.014 A7, indicating a highly ordered lamellar structure
with a periodicity of ca. 45 nm. For wps=60% and 70 %,
lamellar structures were observed with periods of ca. 42 and
39 nm, respectively. The structure of pure PS-block-P4VP
could not be deduced from SAXS data, as the intensity maxi-
ma were too broad. TEM, however, shows a spherical struc-
ture. Also, for mixtures containing less than 50 % PS, the
scattering intensity maxima become broadened and it is pro-
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Figure 3. TEM images of HMTA-cured complexes of phenolic resin and
PS-block-P4VP Samples were as follows: a) wps=30% before pyrolysis,
b) wps=30% after pyrolysis, c) wps=40% before pyrolysis, d) wps=
40% after pyrolysis, e€) wps=20% after pyrolysis, and f) wps=60%
before pyrolysis. The scale bar is indicated in (c) and is the same for all
images.

gressively more difficult to assign the structure based on
SAXS alone. In such cases, TEM proves to be more useful
(see Fig. 3 for wps =40 %, 30 %, and 20 %).

SAXS curves for the corresponding samples after pyrolysis
are shown in Figure 4b. Even if not directly evident from
Figures 4a,b, the intensity of the scattered radiation was

Adv. Mater. 2006, 18, 201-205
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Figure 4. SAXS intensity patterns for PS-block-P4VP, phenolic resin and complexes before (a)
and after (b) pyrolysis. The intensity has been Lorentz-corrected for lamellar (wps=50-70%
before pyrolysis) and cylindrical structures (wps=40% before and after pyrolysis) by multiply-
ing by ¢° and g, respectively. The weight fraction of PS is indicated (wps). The magnitude of
the scattering vector is defined by g=(4r/4)sind, where 20 is the scattering angle, and

=154 A.

almost two decades higher in the pyrolyzed samples than in
the unpyrolyzed samples. This could be explained by the
increased electron-density difference between the self-as-
sembled domains, as caused by the selective degradation in
pyrolysis. For samples with wpg<50 %, the scattering-peak
positions did not change significantly as a result of pyrolysis.
The fact that higher-order reflections could not be distin-
guished more clearly after pyrolysis, could result from in-
creased local variations of periodicities when chemical bonds
are broken and new ones are formed during pyrolysis. For
wps =50 %, the well-defined lamellar structure observed prior
to pyrolysis is totally lost and the faint peak is shifted to a
larger value of scattering vector. This indicates that the lamel-
lar structure partly collapses during pyrolysis.

In Figure 5, Fourier-transform infrared (FTIR) spectra are
presented for the samples before and after pyrolysis in the
wavenumber range 2700-3700 cm™', which is characteristic for
hydroxyl bands. Pure PS-block-P4VP (curve i) does not show
peaks above 3200 cm™. All samples containing phenols had a
peak at ca. 3430 cm ™' and a shoulder at ca. 3500 cm ™, corre-
sponding to the stretching bands of hydrogen-bonded and free
phenolic OH groups, respectively. The stretching bands of the
OH groups do not disappear under the selected pyrolysis con-
ditions, indicating that significant number of the OH groups
remain after pyrolysis. On the other hand, peaks from the
block copolymer are significantly diminished during pyrolysis.
This agrees with the increased electron-density contrast in
TEM, and could be explained by significant removal of the
block-copolymer component upon pyrolysis.

Surface areas were measured from selected samples using
the Brunauer-Emmett-Teller (BET) method. The surface
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the hydroxyl groups of the phenolic matrix
could lead to a faster absorption rate and
chemical selectivity. The absorption properties
of two dye model compounds, i.e., Methylene
Blue hydrate (MB) and Rhodamine 6G
(R-6G) dissolved in Milli-Q water (concentra-
tion less than 0.010 wt.-%), were studied using
UV-vis spectroscopy (see Fig. 6). MB is ex-
pected to have a strong selective interaction resulting from
the hydrogen bonding between its nitrogen-containing aro-
matic ring and phenol, whereas R-6G is likely to have weaker
absorption, owing to less-selective interactions. In order to
study the absorption properties, porous phenolic material
(pyrolyzed PS-block-P4VP/phenolic resin complex with a cy-
lindrical porous structure, wps =40 %) and a reference sample
(pyrolyzed phenolic resin, wps =0 %) were immersed into the
dye solutions. The amount of the dyes was quite arbitrarily se-

L h)4
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L f)_
e)
d

c)]

b)
a)

Absorbance 4 [a.u.]

3600 3400 3200 3000 2800
Wavenumber [cm™!]

Figure 5. FTIR absorption bands in the range 2700-3700 cm™' for the
HMTA-cured PS-block-P4VP/phenolic resin complexes and PS-block-P4VP
before and after pyrolysis. Samples are as follows; a) wps=0% after py-
rolysis, b) wps=30% after pyrolysis, c) wps=40% after pyrolysis,
d) wps=50% after pyrolysis, e) wps=0% before pyrolysis, f) wps=30%
before pyrolysis, g) wps=40% before pyrolysis, h) wps=50% before
pyrolysis, and i) pure PS-block-P4VP.
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Figure 6. MB and R-6G concentrations in aqueous solutions as a function of time
upon the addition of phenolic absorbents in the solutions. The denotation
wps=40% refers to HMTA-cured PS-block-P4VP/phenolic resin after pyrolysis,
where the PS fraction in the mixture is 40 % leading to cylindrical pores. The de-
notion wps=0% refers to the pyrolyzed phenolic resin without block copolymer,
which has no porosity. a) Concentration of MB based on its characteristic UV-vis
absorption at =665 nm as a function of time. b) Concentration of R-6G based
on its characteristic UV-vis absorption at 2=277 nm as a function of time. Note

between the dye and the phenolic matter also plays an
important role in absorption properties (as comparing
the wps =0 % cases between MB and R-6G).

In summary, porous materials with a narrow distri-
bution of pore sizes, high density of pores, large sur-
face area per volume unit, and selective absorption
properties can be easily prepared using templates of
block copolymer and phenolic resin. When the block
copolymer is removed by a controlled pyrolysis, poros-
ity is obtained, with a high number of hydroxyl groups
at the matrix and pore walls. We expect that such
porous materials with a large number of functional
groups could be useful for, e.g., sensors, separation ma-
terials, filters, and templates for catalysis.

Experimental

Materials: Poly(styrene)-block-poly(4-vinylpyridine) (PS-
block-PAVP) diblock copolymer was provided by Polymer
Source Ltd. and was used without further purification.
The molecular weight of the PS and P4VP blocks and polydis-
persity were M, ps=40000 gmol’l, M, pavp =5600 gmol’1
and M,/M,,=1.09. Phenolic resin (Novolac) was supplied by
Bayer Ltd. (Vulcadur RB) and was used without further puri-
fication. The crosslinking agent hexamethylenetetramine
(HMTA) was acquired from Aldrich (99 + %) and tetrahydro-
furan (THF) was provided by Riedel-de Haén (99.9 %).

Sample Preparation: The composition of complexes is de-
scribed by the weight percent of PS in the final blend (wps).
The phenolic resin/HMTA ratio in all the complexes was
88:12. Phenolic resin, HMTA, and PS-block-P4VP were dis-
solved in THF separately until the solutions were visually

that the absorbance depends on the concentration logarithmically.

lected so that the number of MB and R-6G molecules was
0.77 % of the nominal number of the hydroxyl groups of phe-
nolic material. The characteristic UV-vis absorbance maxima
(at 665 nm for MB and at 277 nm for R-6G) as a function of
time are represented in Figure 6. In the case of MB, the non-
porous reference material (wps =0 %) absorbs a small amount
of the dye from the solution during the first hours, after which
the absorption rate levels off, and after ca. 200 h no signifi-
cant changes in absorption are observed (Fig. 6a). The corre-
sponding porous material (wps =40 %) absorbs MB from solu-
tion much more rapidly and absorbance approaches zero near
400 h, indicating that most MB molecules have been absorbed
from the solution. In contrast, in the case of R-6G, the refer-
ence material (wps=0 %) absorbs only a very small amount
of the dye from the solution (Fig. 6b), obviously as a result of
weaker interactions. In the corresponding porous material,
the absorption is fast within the first few first hours and then
levels off to a relatively high absorbance level, indicating that
a substantial amount of R-6G still remains in the solution.
These results clearly support the expectations that the high
absorption of MB in the pyrolyzed porous phenolic material
results from the creation of porosity (as comparing the cases
wps=0 % and 40 % for MB) and that the hydrogen bonding
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homogenous. The solutions were combined and the mixtures

were stirred for one day at room temperature. THF was

slowly evaporated at room temperature and thereafter the
samples were vacuum dried at 30 °C for one day. Curing of the sam-
ples was performed using the following temperature profile: 100 °C
for 2 h, 150°C for 2 h, and finally 190 °C for 2 h. Samples were pre-
pared with different weight fractions of PS, i.e., wps =0, 10 %, 20 %,
30 %, 40 %, 50 %, 60 %, and 70 %. Pyrolysis of crosslinked samples
was performed by heating a sample from room temperature up to
420°C using the heating rate of 1°Cmin' without a protective gas at-
mosphere. The form of the sample during pyrolysis (film with thick-
ness of ca. 100 um or powder) did not seem to have an effect on the
resulting structures or porosity.

Thermogravimetric Analysis (TGA): Proper pyrolysis conditions
for the cured samples were determined using TGA. TGA curves were
measured using Mettler—-Toledo TG50 thermogravimeter with TC11
processor. Samples were heated from 40 to 600 °C using a heating rate
of 1°Cmin! without a protective gas atmosphere.

Transmission Electron Microscopy (TEM): Crosslinked and pyro-
lyzed samples were embedded in epoxy and cured at 60 °C overnight.
Thin sections (50-100 nm) were cut using Leica Ultracut UCT ultra-
microtome and a diamond knife at room temperature. No staining
was performed for the microtomed sections. Bright-field TEM was
performed on a Tecnai 12 transmission electron microscope operating
at an accelerating voltage of 120 kV.

Small-Angle X-Ray Scattering (SAXS): The SAXS measurements
were performed at the Dutch-Belgian beamline (BM26B) of
European Synchrotron Radiation Facility in Grenoble, using a beam
of 10 keV. The crosslinked and pyrolyzed samples were pressed
between two polyimide films. The SAXS data were collected with a
two-dimensional multiwire proportional counter at a distance of

Adv. Mater. 2006, 18, 201-205



8.0 m from the sample. A description of the beamline is given else-
where [46].

Fourier-Transform Infrared (FTIR) Spectroscopy: FTIR spectrosco-
py was used to study the phenolic hydroxyl groups in the samples. All
IR spectra were obtained using a Nicolet Magna 750 FTIR spectrom-
eter at room temperature. A minimum of 64 scans was averaged at a
resolution of 2 cm™. The samples were grounded with potassium bro-
mide crystals and pressed into pellets. The samples were dried in vacu-
um oven at 30 °C for 24 h before measurements.

Surface-Area Measurement: The surface area was determined with
Micromeritics Flow-Sorb 2300 II analyzer using a single-point Bru-
nauer-Emmett-Teller (BET) method at the temperature of liquid
nitrogen (P/Py=0.30). The samples were degassed (under nitrogen/
helium flow) at 200 °C for 30 min before the measurement.

UV-Vis Spectroscopy: Absorption properties of the pyrolyzed phe-
nolic materials were studied as a function of time using two low mo-
lecular weight dyes, i.e., Methylene Blue hydrate (MB) (Fluka, 97 %)
and Rhodamine 6G (R-6G) (Fluka), dissolved in deionized (Milli-Q)
water. The specular UV-vis spectra were measured using a Perkin—
Elmer Lambda 950 spectrophotometer in the wavelength range of
250-900 nm. The samples for UV-vis measurements were prepared as
follows. First, MB and R-6G were dissolved in Milli-Q water at con-
centration less than 0.010 wt.-%. Thereafter, the porous phenolic
material (cylindrical structure, wps=40%) and reference sample
(wps=0 %) were immersed into the solutions (pyrolyzed films were
grounded using a mortar). The amount of the materials was selected
so that the number of MB and R-6G molecules was 0.77 % of the
nominal moles of the hydroxyl groups of phenolic material.
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