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Hierarchical Porosity in Self-Assembled Polymers:
Post-Modification of Block Copolymer-Phenolic Resin Complexes
by Pyrolysis Allows the Control of Micro- and Mesoporosity™**

d3idvd 11Ind

By Sami Valkama, Antti Nykdinen, Harri Kosonen, Ramasubbu Ramani, Filip Tuomisto, Peter Engelhardt,
Gerrit ten Brinke, Olli Ikkala,* and Janne Ruokolainen*

It is shown that self-assembled hierarchical porosity in organic polymers can be obtained in a facile manner based on pyrolyzed
block-copolymer—phenolic resin nanocomposites and that a given starting composition can be post-modified in a wide range
from monomodal mesoporous materials to hierarchical micro-mesoporous materials with a high density of pores and large sur-
face area per volume unit (up to 500-600 m?g™). For that purpose, self-assembled cured composites are used where phenolic
resin is templated by a diblock copolymer poly(4-vinylpyridine)-block-polystyrene (P4VP-b-PS). Mild pyrolysis conditions lead
only to monomodal mesoscale porosity, as essentially only the PS block is removed (length scale of tens of nanometers),
whereas during more severe conditions under prolonged isothermal pyrolysis at 420 °C the P4AVP chains within the phenolic
matrix are also removed, leading to additional microporosity (sub-nanometer length scale). The porosity is analyzed using
transmission electron microscopy (TEM), small-angle X-ray scattering, electron microscopy tomography (3D-TEM), positron
annihilation lifetime spectroscopy (PALS), and surface-area Brunauer—-Emmett-Teller (BET) measurements. Furthermore, the
relative amount of micro- and mesopores can be tuned in situ by post modification. As controlled pyrolysis leaves phenolic hy-
droxyl groups at the pore walls and the thermoset resin-based materials can be easily molded into a desired shape, it is expected

that such materials could be useful for sensors, separation materials, filters, and templates for catalysis.
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1. Introduction

Nature provides several examples where hierarchical po-
rosity is essential for functionality and it facilitates efficient
transport of fluids or gases in plants, wood, lungs, and bones.
Compared to poorly defined porosity within materials con-
sisting of large pore size distribution and materials consisting
of monomodal porosity of narrow pore size distribution at
one length scale, well-controlled hierarchical porosity can
lead to enhanced transport over larger distances based on
continuous macroporous channels (sizes >50 nm), combined
with micropores (<2 nm) and mesopores (2-50 nm), which
promote high surface area, activity, and selectivity.m Also, in
materials science, hierarchically porous materials have re-
cently been extensively investigated for different applications
such as catalysis, biomaterial engineering, separation, filters,
electronics, and optoelectronics.[z’sl In this area, hierarchical
porosity has been investigated using inorganic matter such as
zeolites, sol-gel materials, various silica templates, and
monoliths, where self-assembly has also been used to allow
highly controlled structures; for an extensive list of the litera-
ture see the reviews that have been published.**®! The
length scale of the porosity is typically controlled by select-
ing different starting-material compositions and molecular
weights for the templates. In synthetic polymers, well-defined
hierarchical porosity facilitated by self-assembly is less stud-
ied,[m] even if there is extensive literature for monomodal
polymeric porosity.
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Using inorganic matter, several concepts to prepare hier-
archical bi- or trimodal porous materials have been reported
previously, including, micro-macroporous,[“] micro-mesopo-
rous,m] meso-macroporous,[4’13’16] bimodal mesoporous,[”’lgl
bimodal mesoporous-macroporous,'” and micro-meso-macro-
porous materials.”*?!' Among the various concepts, the tem-
plate-assisted approach provides a facile way for well-defined
structures at different length scales, for a wide range of pore
sizes, and for various chemical functionalities.>'*?*?* Exam-
ples of suitable structure-directing agents include, surfactants
or block copolymers,[25 -1 colloids,P>%3) emulsions,*" polymer
gels,BS] vesicles,m foams,m 37 solid particles, and bacteria.l’®!
By combining different structure-directing agents, the struc-
tures can be controlled hierarchically at different independent
length scales.

Block copolymers provide feasible materials for templates,
as they self-assemble into various structures such as spherical,
cylindrical, lamellar, gyroid, and more complicated phases.”*”!
Previously it has been shown that upon mixing uncured pheno-
lic resins and block copolymers consisting of a block that forms
strong enough hydrogen bonds with the phenolic hydroxyls,
the phenolic resin can be cured, still preserving the self-assem-
bly without macroscopic phase separation.?**!“*#! [n addition,
the structure-directing block-copolymer template can be
removed afterwards by controlled pyrolysis leading to a mono-
modal mesoporous material with a well-defined length
scale.?*! In this work the pyrolysis conditions were observed
that allow even hierarchical porosity as a facile post-modifica-
tion step in phenolic resin—poly(4-vinylpyridine)-block-polysty-
rene (P4VP-b-PS) complexes. Mild pyrolysis conditions lead
only to monomodal mesoscale porosity, as essentially only the
PS block is removed, whereas during more severe conditions
under prolonged isothermal pyrolysis at 420°C the P4VP
chains within the phenolic matrix are also removed leading to
additional microporosity. Owing to the bimodal micro-mesopo-
rous structure, these materials have large surface areas (500-
600 m?g™). In addition, as controlled pyrolysis leaves phenolic
hydroxyl groups at the pore walls and the materials can be
practically molded into any desired shape, not existing only as
powders, their range of applications is increased signifi-
cantly.[42’43]

2. Results and Discussion

A P4VP-b-PS block copolymer (number-average molecular
weight: My pavp=>5600 gmol™, M, ps=40000 gmol™, and
polydispersity index 1.09) was used to prepare mixtures with
the phenolic resin (Vulkadur RB, Bayer) and curing agent hex-
amethylenetetramine (HMTA); see Figure la for the sche-
matic structures. Owing to the hydrogen bonding between the
pyridines and phenolic resin,[*"! self-assembled structures con-
sisting of periodic PS and P4VP-phenolic resin domains are
formed (Fig. 1b). Based on our previous studies!®! the relative
weight fraction of PS in the composition is fixed to 40 %, which
leads to self-assembled cylindrical PS domains. The phenolic
resin domains including P4VP blocks were thermally cured at
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Figure 1. a) Phenolic resin, P4VP-b-PS and schematics of their mutual hy-
drogen 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 nonpolar PS domains. Crosslinking at ele-
vated temperatures “locks” the structure. c) By selecting different pyroly-
sis conditions, the relative fraction of meso- and microporosity can be
tuned. Mild pyrolysis conditions lead to mesoporous material, as essen-
tially only the PS block is removed. Hierarchical porous materials can be
obtained with prolonged isothermal pyrolysis at 420 °C, when both blocks
of P4VP-b-PS are removed. These porous materials have a narrow distribu-
tion of pore sizes, high surface area per volume unit, and hydroxyl groups
at the matrix and pore walls.

100-190 °C. We aimed to explore if pyrolysis conditions could
be identified that would allow distinct and controlled removal
of PS from the self-assembled cylindrical domains and, impor-
tantly, removal of the P4VP chains from the P4VP-phenolic
resin domains without excessive degradation of the phenolic
resin (see Fig. 1c). A couple of considerations are relevant
when selecting the pyrolysis conditions. First, slow heating at
a rate of 1°Cmin™ was selected to minimize the structural
deformations. Second, previous experiencel®” suggested that
ca. 420 °C could not be exceeded to limit the removal of the
phenolic-resin phase. Therefore, an isothermal treatment at
420 °C was used to allow hierarchical porosity. Table 1 lists the
prepared samples, the pyrolysis conditions, as well as the ob-
tained surface areas.

The structures of the cured and pyrolyzed phenolic resin—
P4VP-b-PS complexes (40 wt % PS) were first analyzed using
transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS). Figure 2 displays the TEM images
after different pyrolysis conditions. Before pyrolysis a cylindri-
cal structure was obtained with a periodicity of ca. 55 nm and
the diameter of the PS cylinders was ca. 30 nm (Fig. 2a). Pyrol-
ysis through slowly heating up to 360 °C suggests that part of
the PS cylinders is emptied, but the degradation is still incom-
plete (Fig. 2b). However, upon slowly heating up to 7'=420°C
well-defined cylindrical pores are observed (Fig. 2c), suggest-
ing that PS has been essentially removed. Figure 2d and e

Adv. Funct. Mater. 2007, 17, 183-190
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Table 1. The pyrolysis conditions for self-assembled hierarchically porous samples and the measured surface areas. The pyrolysis is performed in air at a
temperature sweep of 1 °Cmin-1 and all samples are cured with HMTA. The PS weight fraction is 40 % in phenolic resin—P4VP-b-PS complexes.

Sample Pyrolysis conditions

Total Mesoporous Microporous

Final temperature

Isothermal treatment

surface area
2 -1

surface area
2 -1

surface area
2 -1

rq M g] mg] m g1
phenolic resin - - <5 - -
phenolic resin - 120 min at 420 °C <5 - -
phenolic resin-P4VP-b-PS 330 - <5 - -
phenolic resin-P4VP-b-PS 360 - <5 - -
phenolic resin-P4VP-b-PS 390 - 24 22 2
phenolic resin-P4VP-b-PS 420 0 min at 420 °C 40 25 15
phenolic resin-P4VP-b-PS 420 15 min at 420 °C 260 95 165
phenolic resin-P4VP-b-PS 420 30 min at 420 °C 361 105 256
phenolic resin-P4VP-b-PS 420 60 min at 420 °C 457 101 356
phenolic resin-P4VP—b—PS 420 120 min at 420 °C 557 66 491

Figure 2. TEM images of the cured and pyrolyzed phenolic resin—P4VP-b-
PS samples after different pyrolysis conditions representing the progress
of pyrolysis. The PS weight fraction is 40 % in all cases. a) Before pyrolysis,
a cylindrical PS structure with a periodicity of ca. 55 nm is observed.
b) An incomplete degradation of PS is observed upon slowly heating to
360°C (1°Cmin™"). Well-defined mesoscale cylindrical pores due to PS re-
moval are observed for samples swept (1°Cmin™") to 420°C and after a
subsequent isothermal treatment at 420°C for: c¢) 0 min, d) 30 min,
e) 60 min; and f) 120 min. In the last case, a partial collapse of the pores
is observed.

Adv. Funct. Mater. 2007, 17, 183-190
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shows TEM images of samples slowly heated to 420 °C and ad-
ditionally isothermally treated at 420 °C for 30 and 60 min, re-
spectively, showing essentially similar structures as that shown
in Figure 2c, that is, well-defined cylindrical mesopores in the
phenolic matrix. A 3D electron microscopy tomogram (see
Fig. 6b) shows even more clearly the emptied cylinders.
Further pyrolysis for 120 min at 420 °C leads to a slight col-
lapse of the cylindrical pores (Fig. 2f). In conclusion, the TEM
images of Figure 2 show that the self-assembled cylindrical me-
soscale PS domains can be essentially emptied by the pyrolysis
conditions used. However, no conclusions can be drawn from
there for the P4VP chains following the pyrolysis. Note that no
staining is needed in TEM for the contrast. Upon pyrolysis the
electron-density contrast between the domains is increased as
the block-copolymer template is removed.

Figure 3 represents SAXS curves for cured phenolic resin—
P4VP-b-PS with 40 wt % PS prior to pyrolysis and following
different pyrolysis conditions as well as for the cured pure phe-
nolic resin and pure P4VP-b-PS. The pure phenolic resin shows
no intensity maximum in the measured g range and pure
P4VP-b-PS has a broad reflection at g*=0.031 Al TEM,
however, showed a spherical structure for the pure P4VP-b-PS
(data not shown). For phenolic resin—-P4VP-b-PS complexes
the intensity maximum appears before pyrolysis at
ca. ¢*=0.011 A (corresponding to the long period of
L,=57 nm) and higher-order reflection at V3q*¥, V2q*, and
\/751* are observed, characteristic for a cylindrical structure
(see Fig. 3). In addition, a broad combination peak assigned to
V12¢* and v/13¢*, as well as another combination peak were
observed. Upon pyrolysis the intensity pattern essentially re-
mains. The intensity of the first reflection peak is increased
upon pyrolysis, which is explained by the increased electron-
density difference between the self-assembled domains. This is
expected as the TEM image of Figure 2 shows that PS will be
essentially removed from the cylindrical domains. For the high-
est degree of pyrolysis (sweep to 420°C using 1°Cmin™" fol-
lowed by isothermal treatment for 120 min at 420 °C) the first
intensity maximum and its higher-order reflections are shifted
to slightly higher g values (g*=0.013 A™' corresponding to
L, =48 nm). This agrees with the partial collapse of the cylin-
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420 °C, 0 min

390 °C, 0 min

360 °C, 0 min

Intensity / [a.u.]

330 °C, 0 mi

12 13 Combination 1
peak of several reflections]

E Phenolic resin,

E cured
| L | L |

0.04
g [A1]

Figure 3. SAXS intensity patterns for the cured phenolic resin—-P4VP-b-PS
complexes before pyrolysis and after different pyrolysis treatments in air,
as well as for the pure cured phenolic resin and P4VP-b-PS. The intensity
has been Lorentz-corrected for the cylindrical structures by multiplying by
the magnitude of the scattering vector q. The labels indicate the final tem-
peratures after slow temperature sweeps (1°Cmin™") and the length of the
subsequent isothermal treatment. The PS weight fraction is 40% in phe-
nolic resin—P4VP-b-PS complexes.

0.00

drical pores at prolonged isothermal pyrolysis, which is also
suggested in the TEM images (see Fig. 2).

The previous data show that the mesoscale cylindrical do-
mains can be emptied from the PS matter using pyrolysis. The
first evidence that, in particular, the isothermal treatment is
relevant to additionally remove the P4VP chains from the phe-
nolic resin-P4VP domains comes from surface-area measure-
ments, (see Fig. 4). The total surface areas of the samples were
evaluated using the Brunauer-Emmett-Teller (BET) method
and the surface area of meso- and macropores using T-plot
analysis. The surface area of micropores is obtained by sub-
tracting the surface area of meso- and macropores from the
total surface area. All surface areas are summarized in Table 1
and plotted as a function of the pyrolysis conditions in Fig-
ure 4. The surface areas for pure cured phenolic resin and
cured phenolic resin-P4VP-b-PS complexes before pyrolysis
were below the resolution of the measurement system
(<5 m*g™). This was also the case for cured phenolic resin—
P4VP-b-PS by slowly sweeping the temperature up to 330 and
360 °C. For samples pyrolyzed at 390 and 420 °C the surface
areas remain relatively small and result mainly from the meso-
scale porosity due to removal of the PS domain (24 m?g™" and
40 m?g™" for samples pyrolyzed at 390 and 420 °C, respective-
ly). An additional isothermal treatment at 420 °C leads to a
drastic change: the surface area resulting from the mesopores
levels off after ca. 15 min of isothermal pyrolysis at 7'=420°C

www.afm-journal.de
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Figure 4. The BET surface area as a function of pyrolysis conditions for the
cured and pyrolyzed phenolic resin-P4VP-b-PS samples after different
pyrolysis conditions. The PS weight fraction is 40 % in all cases. The x-axis
has been divided into two parts: the left side describes the pyrolysis tem-
perature (°C) and right side the time (min) of the isothermal pyrolysis at
T=420°C.

to ca. 100 m*g™". Note that the surface area resulting from the

mesopores is slightly lower for the sample pyrolyzed at 420 °C
for 120 min (66 m*g™"), as the cylindrical pores are partially
collapsed, which was observed also from TEM and SAXS re-
sults and is also evident in positron annihilation lifetime spec-
troscopy (PALS) measurements (see later). During the isother-
mal pyrolysis at 420 °C the P4VP chains within the phenolic
resin matrix are also removed leading to additional micropo-
rosity, that is, hierarchical micro-mesoporous materials. The
surface area owing to the micropores is drastically increased
due to 120 min of isothermal pyrolysis up to ca. 500 m*g™", sug-
gesting that a substantial amount of P4VP is removed from the
phenolic matrix during pyrolysis, which is in agreement with
our PALS results.

PALS was also used to characterize the microporosity within
the phenolic matrix. PALS is a powerful in situ probe for char-
acterization of porous materials and is applicable to sizes from
sub-nanometer to nanometer scale.*** In this method, the
obtained ortho-positronium (0-Ps) pick-off annihilation life-
time (73) is directly related to the mean free-volume (micro-
pore) size, and its intensity (/) is often interpreted to reflect
the micropore volume density (see Experimental for more in-
formation about PALS).*7*®l Figure 5a and b shows the plot of
73 and /3 as a function of pyrolysis conditions. During the initial
stages of pyrolysis, the 73 value remains almost constant upon
slowly heating up to 390 °C, whereas I; decreases drastically
from 10 to 3.9 %. This can be explained as being due to the
preferential localization of o-Ps in the mesopores formed by
degradation of the PS domain (diameter ca. 30 nm) rather than
in the free volume holes in the phenolic resin-P4VP-b-PS ma-
trix. The existence of a lifetime component pertaining to PS
mesopores was not evident in the present measurement as the
gain of the spectrometer was kept constant at 0.0256 ns/chan-
nel and was aimed to characterize the size of the small P4AVP

Adv. Funct. Mater. 2007, 17, 183-190
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Figure 5. a) o-Ps lifetime (73) and b) o-Ps intensity (I3) as a function of
pyrolysis conditions. The x-axis has been divided into two parts: The left
side describes the pyrolysis temperature (°C) and the right side the time
(min) of the isothermal pyrolysis at T=420°C. Note that the sample be-
fore pyrolysis has been separated with a break in the x-axis.

micropores.[49'51] When the sample was slowly heated up to

420°C, the 75 value suddenly fell by 0.175 ns and remained
almost unchanged thereafter. However, the o-Ps intensity
showed a small increase at 420 °C and remained constant on
the subsequent isothermal pyrolysis at 420 °C for up to 45 min.
This drastic change of the o-Ps lifetime is attributed to the for-
mation of small-sized micropores in the phenolic matrix due to
the degradation of the P4VP chains, in agreement with the
BET results obtained. However, no correlation could be ob-
tained in terms of pore number (/3 value) with the BET results,
maybe due to the preferential localization of 0-Ps in the meso-
pores of PS, as stated above.[?! At the final stage of isothermal
pyrolysis at 420°C, as some of the mesopores are collapsed
(see Figs. 2 and 3), more o-Ps seems to form in micropores
(mainly) and hence a slight raise in the I3 value is observed.
However, a more detailed PALS study is in progress to take
into account the influence of mesopores and functional groups
present at the pore walls on the characterization of micropore
size and its distribution.

The mean radius of the free-volume holes can be roughly es-
timated by means of a simple quantum-mechanical model,**>

Adv. Funct. Mater. 2007, 17, 183-190
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where the o-Ps in a free-volume hole is approximated to a
particle in an infinite spherical potential well of radius R,. The
0-Ps lifetime (73) localized in a free-volume hole is related to
its hole (assumed spherical) radius (R) as

13=0.5[1-(R/R,) + (1/2 1) sin(2nR/R,)] ™" ns 1)

where R, =R+ AR (with AR=0.166 nm) is an empirical param-
eter related to the thickness of a homogeneous electron layer
surrounding the free-volume hole where o-Ps annihilates.*!
The 73 value at each pyrolysis level was used to obtain the aver-
age pore radius using Equation 1. As the PAVP micropores are
produced at 420 °C, the average pore radius below and above
this temperature was found to be 0.295 and 0.282 nm, respec-
tively. This resulted in an average micropore radius of
r=0.27£0.01 nm.

A final effort was made to visualize the micropores using 3D
transmission electron tomography (3D-TEM). This clearly il-
lustrates the mesoporous cylindrical structure where the PS
part was removed by pyrolysis (see Fig. 6). However, more im-
portantly, visualization of the microporosity is obtained. In a
3D transmission electron tomogram the data is acquired from
2D projections at different tilt angles (in this case 120 projec-

Figure 6. a) 3D tomogram of microtomed thin section of the sample iso-
thermally pyrolyzed at 420°C for 60 min, as rendered in isosurface mode
showing surface roughness. b) 1 nm thick digital section of a selected
area of the tomogram shown in figure (a) rendered in solid mode. The fig-
ure suggests micropores shown as black dots in the material. The scale
bar in both images is 20 nm.

tions) and combined, which makes it easier to visualize and in-
terpret a large amount of data. It is possible to view the origi-
nal sample from different angles or to cut the tomogram into
thin “digital slices” to see the inside of the tomogram. The res-
olution r of the reconstructed tomogram is dependent on the
number of projections acquired N and the thickness of the sam-
ple d, and can be estimated using the Crowther criterion
r=m*d/NP% In our case the sample thickness d is ca. 50 nm
and number of projections N is 120, thus the estimated r of the
tomogram is ca. 1 nm. Figure 6a represents a 3D tomogram
for the sample pyrolyzed at 420 °C for 60 min. A digital slice
thickness of 1 nm of the randomly selected area of the tomo-
gram is shown in Figure 6b. The thin slice illustrates the micro-
porous structure within the phenolic matrix. The porosity is
denser close to the mesopores, which is quite reasonable. We
would like to point out that this result must be interpreted as
preliminary, as we did not manage to produce related tomo-
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grams in a cured and non-pyrolyzed phenolic resin-P4VP-b-PS
complex due to the lack of contrast in the sample. This may re-
flect the importance of the emptied mesoporous channels in a
pyrolyzed phenolic resin—-P4VP-b-PS complex for the channels
to promote the removal of P4VP.

Previously we observed that the OH groups of the phenolic
matrix remain after slowly heating up to 420 °C and that the
porous structure and the hydroxyl groups of the phenolic ma-
trix lead to a faster absorption rate and chemical selectivity to-
wards hydrogen-bonding compounds.[29] To probe interactions
at the pore walls, methylene blue (MB) hydrate dye is particu-
larly useful, as there is a strong selective interaction due to the
hydrogen bonding expected between the nitrogen-containing
aromatic ring of MB and phenol. Absorption of MB solution in
Milli-Q water (concentration less than 0.013 wt %) was investi-
gated using UV-vis spectroscopy (Fig. 7). In order to study the
absorption properties, hierarchical porous materials and phe-
nolic-resin samples were immersed into the dye solution. In or-
der to observe differences in the absorption properties between

09+
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Figure 7. MB concentration in aqueous solutions as a function of time
upon addition to (hierarchically) porous phenolic absorbents in the solu-
tions. The concentration of MB is based on its characteristic UV-vis ab-
sorption at A=665 nm as a function of time. The x-axis separation is simi-
lar to what has been given in Figure 4. Note that the pure phenolic resin
sample has been separated with a break in the x-axis.

the samples, the concentration of the MB molecules was se-
lected to be relatively high. The characteristic UV-vis absorp-
tion maximum (at 665 nm for MB in water solution) at differ-
ent times as a function of pyrolysis conditions is represented in
Figure 7. The pure phenolic-resin sample and the sample
slowly heated up to 330 °C absorb only a small amount of dye
from the solution and no significant changes in absorption are
observed. Also, for the samples slowly heated to 360, 390, and
420 °C absorption of MB from the solution is leveled off to a
high absorbance level, indicating that a substantial amount of
MB still remains in the solution. However, the samples with
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higher surface areas (isothermally pyrolyzed at 420 °C for 15,
60, and 120 min) absorb MB from solution more rapidly and
the absorption does not level off even after six months. This
clearly supports the expectation that the high absorption rate
of MB results from the creation of hierarchical porosity.

3. Conclusions

We have shown a facile method to achieve self-assembled
hierarchical porosity in polymers and to tune the porosity from
mesoporous to hierarchically micro-mesoporous simply by con-
trolling the pyrolysis conditions of cured block-copolymer—
phenolic resin complexes. The mesoscale porosity results from
the degraded PS block of P4VP-b-PS, whereas the microporosi-
ty is formed during the degradation of the P4VP block within
the phenolic matrix. We expect that such materials could be
useful for sensors, separation materials, filters, and templates
for catalysis, as they have a high density of pores and a large
surface area per volume unit as well as phenolic hydroxyl
groups at the pore walls. Furthermore, these thermoset resin-
based materials can be practically molded into any desired
shape, not only as powders, which increases their range of ap-
plications significantly.

4. Experimental

Materials: PAVP-b-PS diblock copolymer (M, psyvp=5600 gmol'l,
M, ps =40000 gmol’l, and M /M,=1.09) was provided by Polymer
Source and was used without further purification. Phenolic resin (No-
volac) was supplied by Bayer (Vulcadur RB). The crosslinking agent
HMTA was acquired from Aldrich (99+ %) and tetrahydrofuran
(THF) was provided by Riedel-de Haén (99.9 % ).

Sample Preparation: In order to obtain a cylindrical structure, the
weight percent of PS in the complexes was selected to be 40 % based
on our previous results [29]. The Phenolic resin/HMTA ratio in all
complexes was 88:12. Phenolic resin, HMTA, and P4VP-b-PS were dis-
solved in THF separately until the solutions were homogenous. The so-
lutions 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 samples was performed using the following temperature
profile: 100 °C for 2 h, 150 °C for 2 h, and finally 190 °C for 2 h. Pyroly-
sis of crosslinked samples was performed by slowly heating from room
temperature up to 330-420 °C using a heating rate of 1°Cmin™, with-
out a protective gas atmosphere. Based on the TGA measurements,
T=420°C was chosen to be the highest pyrolysis temperature, because
at that temperature most of the block copolymer has been degraded
whereas the weight of the cured phenolic matrix has not decreased sig-
nificantly [29]. Therefore, instead of further heating, isothermal treat-
ments of lengths of 0, 15, 30, 60, and 120 min were used at 420 °C.

SAXS: The SAXS measurements were performed at the Dutch-Bel-
gian beamline (BM26B) of the European Synchrotron Radiation Facil-
ity in Grenoble, using a beam of 10 keV. The SAXS data were collected
with a 2D multiwire proportional counter (MWPS) at a distance of
8.0 m from the sample. A description of the beamline is given
elsewhere [57]. The magnitude of the scattering vector is given by
q = (4n/4)sinb, where 20 is the scattering angle and A=1.54 A.

TEM and 3D-TEM: The samples were embedded into epoxy Epo-
nate 12, which was procured at 60°C for 2 h in order to prevent the
penetration of epoxy inside the pores. Final curing was performed at
60 °C for 20 h. Sections with a thickness of 40-70 nm were cut using
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Leica Ultracut UCT ultramicrotome with a diamond knife and col-
lected on 600 mesh-sized copper grids. Bright-field TEM was per-
formed with a Tecnai 12 transmission electron microscope using a
120 kV accelerating voltage. Data for 3D-TEM was collected automati-
cally using UCSF Tomography software [58] and a Gatan Ultra-
Scan 1000 camera with a charge-coupled device (CCD) size of
2048 x 2048. The acquired image stack covered the angular range of
+60° with one degree steps, at a magnification of 68 000. Gold ficiduals
with a diameter of 15 nm were used for image alignment. Tomograms
were reconstructed with a maximum entropy method using a custom
software package [59]. In addition UCSF Chimera software was used
for tomogram visualization [60]. The resolution r of the reconstructed
tomogram is dependent on the number of projections acquired N and
the thickness of the sample d and can be estimated by the Crowther cri-
terion r=n*d/N [56]. However, the resolution in the direction parallel
to the optical axis is less than the spatial resolution because of the
“missing wedge” on the tilt range [61]. The microporous structure with-
in the phenolic matrix is expected to be disordered and thus the de-
crease in resolution in one direction should not prevent the observation
of the micropores in a thin slice of the tomogram. To further improve
the accuracy, images were oversampled by acquiring micrographs at a
sufficiently large magnification of 68 000, which resulted in a pixel size
of 0.168 nm. To compensate for oversampling, the original images were
binned six times during the tomogram reconstruction, which leads to
the actual pixel size of ca. 1 nm in the tomograms. This coincides with
the Crowther criterion.

PALS: PALS measurements were performed with a conventional
fast—fast coincidence timing spectrometer with a time resolution of
0.270 ns (full width at half maximum) determined from a “°Co prompt
spectrum. A *Na positron source with an activity of 8 pCi was depos-
ited and sealed between two thin aluminum foils. Two films (thickness:
ca. 400 pm and lateral dimensions: 8 mm x 8 mm) of cured phenolic
resin-P4VP-b-PS samples were stacked on either side of the source to
form source sample sandwich geometry. This was placed between two
scintillation detectors for positron lifetime measurements. A positron
lifetime spectrum with more than one million counts was accumulated
at each level of pyrolysis and the average values from ten measure-
ments are reported. In this method, the survival time of positrons in a
medium is measured. When an energetic positron from a radioactive
source (commonly *’Na) enters a medium, it thermalizes in a very short
time after interacting with the surrounding molecules through inelastic
collisions. The o-Ps lifetime (z3), along with the corresponding lifetime
intensity (/3), which is proportional to the fraction of o-Ps annihilations,
are used to estimate the mean size and often also the relative density of
free-volume holes in a polymer sample [47, 48, 62]. The PALS spectra
of a cured but not pyrolyzed reference sample phenolic resin—-P4VP-b-
PS and those at different conditions of pyrolysis are analyzed using the
program PATFIT-88 [63]. The results of the four-component analysis
are not as reliable as the three-component fit as the former results are
with large standard deviations. Hence, we interpret the results in terms
of three-lifetime components. The three-lifetime component analysis
results have been previously reported for novolac epoxy resins [48, 64].
Since only the long-lived o-Ps lifetime (73) and its intensity (/3) could
be related to the properties of the pores in the samples the discussions
are based on the annihilation characteristics of the third component.

Surface-Area Measurement: The surface area and porosity mea-
surements were performed with a Coulter Omnisorp 100CX gas ad-
sorption instrument using static volumetric adsorption and desorp-
tion method. After loading the sample it was first evacuated at room
temperature to a pressure of 1x107 Torr (1 Torr=133.322 Pa) or
lower. Then, the evacuating temperature was raised first to 90°C
where the sample was evacuated for at least half an hour and there-
after the temperature was raised to a final evacuation temperature
of 200°C. Evacuation at the final temperature was continued until
the pressure went below 1x 107 Torr; a typical evacuation time at
the final temperature was between 3 and 4 h. Nitrogen was used as
an adsorptive gas and measurements were done at a liquid-nitrogen
bath at 77 K. Adsorption isotherm were measured by dosing nitro-
gen to the sample and measuring the adsorbed amount as a function
of nitrogen pressure.
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UV-vis Spectroscopy: Absorption properties of the pyrolyzed pheno-
lic materials were studied as a function of time using MB hydrate (Flu-
ka 97 %) dissolved in Milli-Q water. The specular UV-vis spectra were
measured using a Perkin—Elmer Lambda 950 spectrophotometer in the
wavelength range 250-900 nm. The samples for UV-vis measurements
were prepared as follows: First, MB was dissolved in water at a concen-
tration less than 0.013 wt %. Thereafter, the hierarchical porous mate-
rials (with different pyrolysis conditions) and reference samples (pure
phenolic resin and cured but not pyrolyzed phenolic resin-P4VP-b-PS)
were immersed into the solutions (samples were ground using a mor-
tar). The amount of the materials was selected so that the number of
MB molecules was 6.25 % of the nominal moles of the hydroxyl groups
of the phenolic resin.
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