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In Situ Monitoring of the Reaction-Induced
Self-Assembly of Phenolic Resin Templated by
Diblock Copolymers

Jheng-Guang Li, Wei-Cheng Chu, U.-Ser Jeng, Shiao-Wei Kuo*

In this study, in situ small-angle X-ray scattering (SAXS), in situ Fourier transform infrared
(FTIR) spectroscopy, and transmission electron microscopy (TEM) are used to monitor the for-
mation of ordered mesophases in cured mixtures of phenolic resin and the diblock copolymer
poly(ethylene oxide-block-e-caprolactone) (PEO-b-PCL). SAXS and TEM analyses reveal that
the mesophase of the phenolic/PEO-b-PCL mixture transforms sequentially from disordered

to short-range-ordered to hexagonal-cylindrical to gyroidal
during the curing process when using hexamethylenetet-
ramine (HMTA) as a cross-linking agent, indicating that a
mechanism involving reaction-induced microphase separa-
tion controls the self-assembly of the phenolic resin. In situ
SAXS is also used to observe the fabrication of mesoporous
phenolic resins during subsequent calcination processes.

1. Introduction

The preparation of mesoporous phenolic resins and car-
bons through organic—organic self-assembly has received
much attention because these materials have a wide
range of potential applications.'2!] Phenolic resins can be
divided into two classes: resol- and novolac-based mate-
rials.?>24 Resol-type nanostructures can form phenolic
thermosets in the absence of any additives during the
curing process. Accordingly, using a resol as a carbon pre-
cursor for the one-step synthesis of mesoporous carbons
through thermal treatment under a N, atmosphere can
be an efficiency strategy; nevertheless, mesoporous resol-
based materials typically lack thermal stability because
of their lower degrees of cross-linking. Notably, however,
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prepared mesoporous phenolic resins templated by
poly(isoprene-block-2-vinylpyridine)2°! and poly(styrene-
block-4-vinylpyridine) diblock copolymers with hexam-
ethylenetetramine (HMTA) as the curing agent to fabricate
thermally stable mesoporous phenolic resins.

In previous studies, we used evaporation-induced self-
assembly (EISA), with double-crystalline poly(ethylene
oxide-block-e-caprolactone) (PEO-b-PCL) diblock copoly-
mers as templates and HMTA as the crosslinking agent,
to prepare a series of mesoporous phenolic resins.3*! In
these phenolic resin/PEO-b-PCL systems, we observed,
using small-angle X-ray scattering (SAXS), transmission
electron microscopy (TEM), differential scanning calorim-
etry (DSC), and Fourier transform infrared (FTIR) spectros-
copy, an interesting relationship between the transfor-
mation of the mesophase and the degree of competitive
hydrogen bonding. Furthermore, blending of PEO-POSS
[Star poly(ethylene oxide)—functionalized silsesquioxane]
during the preparation process could result in so-called
disorder—order and order—order transitions by enhancing
the long-range ordering and the mesophase transforma-
tion, respectively.?] Although several other key factors
are known to affect the mesophase formation during the
EISA process, including the interaction of the interface
and the rate of solvent evaporation,26-28] the subsequent
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crosslinking (or curing) steps of these complicated mix-
tures have rarely been investigated, especially through in
situ observation of the curing process.

In this study, we used in situ FTIR spectroscopy, in situ
SAXS, and TEM measurements to determine that thermal
treatment is the most important factor affecting the meso-
phase of phenolic/PEO-b-PCL mixtures. In a typical proce-
dure, we used in situ SAXS and FTIR spectroscopy to mon-
itor the curing of a mixed thin film of PEO-b-PCL diblock
copolymer (EO;;,CLg,; M, = 14 580 g mol™?), novolac-phe-
nolic resin, and HMTA obtained after EISA processing.
The in situ SAXS data revealed a surprising phenomenon:
the mesostructure of the mixture transformed sequen-
tially from a disordered structure to a short-range ordered
structure to a hexagonal cylindrical structure and finally
to a bicontinuous phase (gyroid) structure upon thermal
curing; this behavior was consistent with the corre-
sponding TEM observations. In addition, in situ FTIR spec-
troscopy revealed that the degree of hydrogen bonding of
the phenolic/PCL pair gradually decreased upon extending
the curing process (or increasing the temperature), indi-
cating that the cross-linked phenolic resin gradually
distributed to the outer regions of the structure as its
molecular weight increased during the curing procedure
(Scheme 1).

2. Experimental Section

2.1. Materials

The double-crystalline block copolymer PEO-PCL (EO;14CLg,)
was synthesized through ring-opening polymerization, with a
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molecular weight of 14 580 g mol™ (determined using *H NMR
spectroscopy) and 22 000 g mol™ and a polydispersity index (PDI)
of 1.31 [determined using gel permeation spectroscopy (GPC) with
DMF as the eluent (0.6 mL min™) and calibration with polysty-
rene (PS) standards]. Star PEO-POSS was purchased from Hybrid
Plastics (USA) with a molecular weight of 5576 g mol™ . The phe-
nolic was synthesized through a condensation reaction with
H,S0,, producing an average molecular weight (M, =500 gmol™)
similar to those described in previous studies.[>-5]

2.2, Preparation of Uncured Thin Films and Mesoporous
Phenolic Thin Films

Phenolic resin, HMTA, and PEO-b-PCL (for the preparation of
phenolic resin/PEO-b-PCL/HMTA thin films at a weight ratio of
50:50:5 or phenolic resin/PEO-b-PCL/PEO-POSS/HMTA thin films
at a weight ratio of 50:50:22:5) were dissolved in THF until the
solution became homogeneous. The THF was evaporated slowly
at room temperature and then the sample was vacuum-dried at
30 °C for 1 d to obtain the uncured thin film. Curing of the sam-
ples was performed under the following temperature profile:
100 °C for 2 h, then 150 °C for 2 h, and then 190 °C for 0.5 h. The
cross-linked samples were pyrolyzed through slow heating of the
samples from room temperature to 330 °C at a rate of 1 °C min™?
in the absence of a protective gas.[4l

2.3. Characterization

Thermal analysis was performed using a TA Instruments Q-20 dif-
ferential scanning calorimeter operated at a heating rate of 20 °C
min™ and a cooling rate of 5 °C min™? over a specific temperature
range under N,. In situ FTIR spectra of the samples were recorded
using the uncured thin film and a Bruker Tensor 27 FTIR spec-
trophotometer. IR spectra recorded at elevated temperatures by
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W Scheme 1. Preparation and mesophase transformations of a phenolic resin/PEO-b-PCL mixture during the curing process.
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Figure 1. a,b) In situ SAXS patterns of the phenolic resin/PEO-b-PCL mixture during the curing reaction; c)Selected SAXS patterns of the

specific phenolic resin/PEO-b-PCL mixture.

similar curing stages of phenolic resins were obtained by using
a cell mounted inside the temperature-controlled compartment
of the spectrometer. In situ SAXS experiments were performed
using the SWAXS instrument at the BL17B3 beamline of the
NSRRC, Taiwan; the X-ray beam had a diameter of 0.5 mm and
a wavelength (1) of 1.24 A; d-spacings were calculated using
the formula, d = 2n/q, where q is the scattering vector. All tem-
perature-resolved SAXS measurements were carried out at sev-
eral temperatures by similar curing stages of phenolic resins
on a hot-stage under a dry nitrogen atmosphere. TEM images
were recorded using a JEOL 3010 microscope (Japan) operated at
200 kV; samples were prepared through solution-casting without
thermal annealing.

3. Results and Discussion

Figure 1 displays in situ SAXS experimental data recorded
during various curing periods to obtain kinetic SAXS data
(that is, treating the sample at 100 °C for 2 h, at 150 °C for
2 h, and at 190 °C for 30 min with a temperature increasing
rate of 2 °C min™). These kinetic SAXS measurements
reveal extremely different patterns that can be distin-
guished into roughly three periods: a first period from 30
to 70 °C (Figure 1a) in which the SAXS patterns reveal a
transformation from disorder to short-range order (single
peak); a second period between 70 and 100 °C (Figure 1a) in
which an interesting feature could be observed: the single
scattering peak tended toward a set of specific peaks in a
ratio (1:V3:V4) that indicated the development of repre-
sentative hexagonal cylindrical packing; and a final key
period from 100 °C to the end of the cross-linking reaction
(Figure 1b) in which the set of SAXS peaks changed from a
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ratio of 1:V3:V4 to V6:V8:V14:V16:V20, illustrating that the
mesophase of the phenolic resin/PEO-b-PCL mixture grad-
ually transformed from hexagonal cylindrical packing to a
bicontinuous packing (gyroid) structure, a so-called order—
order transition. The brief summary in Figure 1c reveals
that the blend mixture featured a disordered arrangement
at the onset of curing (30 °C). When the curing tempera-
ture reached over 60 °C, the single-scattering peak sud-
denly appeared, revealing that the crystalline properties of
the PEO and PCL segments are both close to 60 °C greatly
affected the mesophase of the mixture; we attribute this
phenomenon to two effects: a rapid increase in electron
density contrast and a sudden increase in the mixture's
mobility, leading to microphase separation—induced self-
assembly behavior when the curing temperature was
above the melting point of double-crystalline PEO-b-PCL.
Continuing the curing process up to a temperature of
74 °C, the SAXS pattern revealed clear hexagonal cylin-
drical packing, resulting in the SAXS profile exhibiting
organized peaks at a peak ratio of 1:V3:V4. However,
the broad main peak of SAXS data shows it contain a
side peak at 74 °C, therefore, we believe it should be the
mixed structure of hexagonal packing and gyroid, or the
transition structure with two kinds of structure charac-
ters. When we completed the curing reaction at 190 °C
for 30 min, we obtained a final phenolic resin/PEO-b-PCL
product exhibiting typical gyroid character (Scheme 1).
The order—order phase transformation occurs during the
curing process. As the system evolved from hexagonal
cylinder to gyroid with higher surface areas, we sug-
gest one mechanism: the interfaces become gradually
softened due to the diminishing hydrogen bonding at
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Figure 2. Selected microtomed TEM images of the specific phenolic resin/PEO-b-PCL
mixture during the curing reaction.

elevated temperatures (lower surface energy owing to the
lost of hydrogen bonding). Which may trigger the trans-
formation for gyroid; before the phenolic cross-linked
(high surface energy again). We assume the system may
need to anneal at 100-120 °C for formation of gyroid, and
cure (or cross-linked) the structure at a higher tempera-
ture, such as 150 °C. Therefore, the structure is locked due
to extremely high rigid surfaces (or rod shells).

To confirm these SAXS results, we used TEM to charac-
terize the cured phenolic resin/PEO-b-PCL mixture. Figure 2
displays TEM images of selected cured thermosets at 70,
80, and 150 °C and the final product. The side view images
in Figure 2a,b reveal that hexagonal cylindrical packing
was maintained until the curing temperature reached
above 70 °C. Our SAXS characterization revealed that the
mesophase of the phenolic resin/PEO-b-PCL mixture grad-
ually transformed from a cylindrical to gyroidal structure
when the curing temperature reached above 100 °C; the
TEM image in Figure 2c reveals a clear cubic character,
providing further evidence for the mesophase indeed
changing to a gyroid type at 150 °C. The final product of
curing reaction also exhibited a gyroid structure, as evi-
denced in Figure 2d, although the TEM images of the
above-mentioned four cured samples displayed poor

{= Macromolecular

Macromol. Chem. Phys. 2013, 214, 2115-2123
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

contrast, due to the low difference in
electron density between the phenolic
resins and our PEO-b-PCL template. The
combination of SAXS and TEM charac-
terization confirmed that an apparent
mesophase transformation—from dis-
ordered to short-range ordered to cylin-
drical and finally to gyroidal—occurred
during the curing process. Thus, this
event is not only the first direct observa-
tion of a mesophase transition but also
provides powerful evidence for thermal
treatment (cross-linking reactions)
indeed being a key factor in the reac-
tion-induced self-assembly of the final
mesophase of the phenolic resin/PEO-
b-PCL (matrix/template) mixture.[2°]

To determine the variations in
hydrogen bonding and the distribution
of phenolic resin during the curing pro-
cess, we recorded in situ FTIR spectra of
the C=0 stretching region (from 1770
to 1670 cm™) of the phenolic resin/
PEO-b-PCL/HMTA mixture (Figure 3),
knowing that both the ether groups
of the PEO blocks and the C=0 groups
of the PCL blocks are capable of inter-
acting with the OH groups of the phe-
nolic resin through intermolecular
hydrogen bonding. The signal for the
C=0 stretching of the phenolic/PEO-b-PCL/HMTA system
was split into two bands—for the free and hydrogen-
bonded C=0 groups, respectively—that fitted well to
the Gaussian function. In Figures 3a,b, we observe two
separate C=0 stretching bands from the curing range
from 30 to 100 °C for 120 min, corresponding to the
hydrogen-bonded (1708 cm™) and free (1734 cm™) C=0
groups, respectively, of the PCL segments in the PEO-b-PCL
block copolymers. The fraction of hydrogen-bonded C=0
groups decreased upon increasing the curing tempera-
ture, suggesting that the cured phenolic resin tended to
distribute at the outer regions of the film upon increasing
the progress of the cross-linking reaction (i.e., increasing
the molecular weight of the cured phenolic resins), due to
lower solubility and the weaker interactions between the
C=0 groups of the PCL segments and the OH groups of
the phenolic resin (Scheme 1); accordingly, the inter-
association equilibrium constant for the OH/ether oxygen
atom interaction (K, = 264) was greater than that for the
OH/O=C interaction (K, = 116) at room temperature.[%31]
Figure 3c further reveals that when the curing tempera-
ture was maintained beyond 100 °C, the curing-phenolic
resin had left the PCL domain entirely, because only the
signal for free C=0 appeared in the FTIR spectra. The
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[ Figure 3. In situ FTIR spectra of the phenolic resin/PEO-b-PCL mixture during the curing reaction.

fraction of hydrogen-bonded C=0 groups can be calcu-
lated using an appropriate absorptivity ratio (o = o/ 0g =
1.5), as we have discussed extensively in a previous
study.3% The curve fitting data revealed that the ratio of
hydrogen-bonded C=0 groups decreased between the
beginning and the end of the curing process (32.8% ini-
tially, close to 0% ultimately). Our experimental FTIR
spectra suggest that the fraction of hydrogen-bonded
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C=0 groups of the PCL block decreased upon increasing
the temperature, consistent with the SAXS patterns and
TEM images; thus, the blend material underwent a trans-
formation to a complete gyroid structure while the phe-
nolic resins units were expunged from the PCL domains.
Figure 3d displays FTIR spectra recorded after the curing
step, revealing that the final gyroid structure had been
fabricated completely to become the stable mesophase,

./ Macromolecular



Macromolecular
Chemistry and Physics

www.mcp-journal.de

32.48°C
28.29°C
3
3
[*]
aQ
S |pure PEO-b-PCL
=
5 o
¥ |roc ¢
2 |so°c
© 0 4.44°C
e [120c AT .
150°C
Curin 15.20°C
T v T T T T T T T
-50 0 50 ... 100 150
Temperature( C)

Figure 4. DSC cooling curves of the phenolic/PEO-b-PCL mixture
after specific curing periods.

consistent with the SAXS data. On the basis of previous
experiments, we propose that the phenolic resins gradu-
ally migrated to the outer domains of the self-assembled
structure, forming an increasingly denser phase, during
the disordered-to-cylindrical and cylindrical-to-gyroidal
transition processes (Scheme 1).

Figure 4 presents DSC traces of the cured phenolic
resin/PEO-PCL mixture recorded during the cooling scan
under specific conditions. The peak temperature of the
crystallization exotherm is defined as the freezing tem-
perature (T); a higher value of T; corresponds to a faster
rate of crystallization. Previous studies have found that
the value of T is associated with nonisothermal crystal-
lization under a fixed cooling rate and that it displays a
distinct correlation with the microdomain structure.[3233!
The DSC cooling curve of the pure PEO-b-PCL block
copolymer exhibited two separate and low values of T,
due to the restricted movement of the two blocks of the
copolymer, relative to those of the pure homopolymers
PEO and PCL; the higher value of T; represents the crystal-
lization of PEO and the other, lower value to the contri-
bution of crystalline PCL.5] As is evident in Figure 4, the
value of T; shifted unexpectedly to higher temperature
when the curing temperature was greater than 120 °C,
indicating the effect of confinement of the copolymer
suddenly decreased when the mesophase transformed
from cylindrical to gyroidal, based on the lower degree
of restriction of the bicontinuous structure, consistent
with the SAXS and TEM data. Finally, after performing the
whole curing process, we used calcination to remove the
PEO-b-PCL template and construct mesoporous phenolic
resins. The in situ SAXS experiment revealed during the
calcination process (Figure 5a) that the higher-ordering
reflection peak become sharper as a result of the removal
of PEO-b-PCL, leading to pore formation and greater
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contrast in electron density. Figure 5b displays the SAXS
pattern of the final pyrolyzed product; its characteristic
V6:V8:V14:V16:V20:V22 reflection ratio confirms that a
clear gyroidal structure remained after calcinations. The
primary SAXS scattering located in 0.25 nm™?, which V6g*
indicated the reflection viewed from [211], the d-spacing
could be calculated to 25 nm, and the cell parameter “a”
could be calculated to 61 nm by the equation a = 6%/2d,,;
In addition, we used TEM analysis to confirm the struc-
tural ordering and bicontinuous symmetry of this mate-
rial (Figure 5c—e). The TEM images of the gyroid-type
mesoporous phenolic resin with different orientations
([111], [110], and [311] planes, respectively) were con-
sistent with a bicontinuous-gyroid structure having Ia3d
symmetry. Besides, we could directly measure the param-
eter “a” (approximately 59 nm) from the TEM image of
[111] direction in Figure 5c, this result also nearly agreed
with the cell parameter obtained from the SAXS primary
reflection (d,q; = 25 nm and a = 61 nm).

We observed a similar phenomenon in another
blending system—phenolic resin/PEO-b-PCL/PEO-POSS/
HMTA—in a previous report, where the final calcined
product exhibited hexagonal cylindrical packing.[*!
Hence, we applied in situ SAXS characterization also to
that system to observe its timely mesophase transfor-
mation (Figures 6 and 7). Figure 6 displays the SAXS pat-
terns recorded during the curing process; similar to the
phenolic resin/PEO-b-PCL system, the mesophase trans-
formed from disordered to short-range ordered beyond
the melting point (ca. 60 °C, Figure 6a), progressed to a
hexagonal cylindrical structure (ca. 100 °C, Figure 6a),
and eventually formed a stable hexagonal cylindrical
structure providing the definitive 1:V3:2 ratio of its scat-
tering peaks (>150 °C, Figure 6b). Figure 7a presents the
SAXS patterns (Figure 7a) of this phenolic resin mixture
at the onset of the calcination process; it exhibits three
apparent reflections with a 1:V3:2 reflection ratio, cor-
responding to a hexagonal cylindrical structure. TEM
images (Figure 7b,c) of the calcined product viewed from
the [001] (top view of cylinder, Figure 7b) and [10] (side
view of cylinder, Figure 7c) directions, respectively, were
consistent with a hexagonal cylindrical structure (2D).

4, Conclusion

To observe the range of mesophase transformations occur-
ring during curing and calcination processes, we used
SAXS, FTIR, TEM, and DSC to perform a series of in situ
characterizations of phenolic/PEO-b-PCL and phenolic/PEO-
b-PCL/PEO-POSS mixtures. SAXS and TEM analyses revealed
that the mesophase of the phenolic/PEO-b-PCL mixture
transformed from disordered to short-range ordered to
hexagonal cylindrical and, finally, to gyroidal structures
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I Figure 5. a) In situ SAXS patterns of the cured phenolic resin/PEO-b-PCL mixture during the calcination process. b) SAXS pattern of the

[110], and [31] planes, respectively.

during the curing procedure; similar phenomena occurred
in the phenolic/PEO-b-PCL/PEO-POSS mixture, with the
mesostructure of the mixture changing from disordered
to short-range ordered and then stabilized to a final hex-
agonal cylindrical structure upon increasing of curing
temperature. Accordingly, a key aspect in the formation of
these self-assembled structures, during the fabrication of
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ordered mesoporous phenolic resins, is the curing step (or
cross-linking step). In other words, a mechanism involving
reaction-induced microphase separation can be used to
control the structure of the final product. In addition, in
situ FTIR spectroscopy and DSC analyses of the cross-linked
systems provided important evidence regarding the dis-
tribution of the cured phenolic resin in the whole mixed
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I Figure 6. In situ SAXS patterns of the phenolic resin/PEO-b-PCL/PEO-POSS mixture during the curing reaction.
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Figure 7. a) In situ SAXS patterns of the cured phenolic resin/PEO-b-PCL/PEO-POSS mixture during the calcination process. b,c) TEM images
of the hexagonal cylindrical mesoporous phenolic resin viewed along the [001] and [10] planes, respectively.
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system during the reaction-induced self-assembly process.
Although we have described a fundamental study of the
inner workings of only phenolic resin/PEO-b-PCL blends
during their curing process, we believe that the concepts
described herein could be applied to the preparation of
mesoporous phenolic resins with different structures and,
furthermore, to controlling the structures of mesoporous
phenolic resins with focus on their ultimate applications.
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