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Frontal polymerization-triggered simultaneous
ring-opening metathesis polymerization and cross
metathesis affords anisotropic macroporous
dicyclopentadiene cellulose nanocrystal foam
Jinsu Park 1 & Seung-Yeop Kwak 1,2,3✉

Multifunctionality and effectiveness of macroporous solid foams in extreme environments

have captivated the attention of both academia and industries. The most recent rapid,

energy-efficient strategy to manufacture solid foams with directionality is the frontal poly-

merization (FP) of dicyclopentadiene (DCPD). However, there still remains the need for a

time efficient one-pot approach to induce anisotropic macroporosity in DCPD foams. Here we

show a rapid production of cellular solids by frontally polymerizing a mixture of DCPD

monomer and allyl-functionalized cellulose nanocrystals (ACs). Our results demonstrate a

clear correlation between increasing % allylation and AC wt%, and the formed pore archi-

tectures. Especially, we show enhanced front velocity (vf) and reduced reaction initiation time

(tinit) by introducing an optimal amount of 2 wt% AC. Conclusively, the small- and wide-angle

X-ray scattering (SAXS, WAXS) analyses reveal that the incorporation of 2 wt% AC

affects the crystal structure of FP-mediated DCPD/AC foams and enhances their

oxidation resistance.
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Functional cellular solids or polymeric solid foams are
developed to suit the needs of specialized applications such
as automotive, aerospace, electronics, and biomedical, where

materials perform in extreme environments. Their lightweight,
excellent thermal insulation, shock absorbance, and abilities to
transport or store energy, gas, or fluids, and so on have been of
particular interests in both academia and industries1–6. The
customizable nature of these materials’ properties is greatly
affected by the tailored structures7. Therefore, advanced design
strategies can elucidate the unfathomed structure-property rela-
tionships that are helpful for building forthcoming multi-
functional materials. Recently, biomimetic cellular construction
in foams has been a popular strategy to greatly enhance func-
tionality of synthetic materials by recreating naturally occurring
configurations such as anisotropy and honeycomb-like
orientations8–10. Inspired by nature’s structural complexity and
topologies, more recent works have explored different foaming
processes such as 3D printing and freeze casting to better control
foam architectures and to realize the followed unique character-
istics such as improved thermal and fire retardancy, and strength-
to-weight ratio, respectively11,12. However, the requirement for
additional preparation of 3D printable inks, specialized equip-
ment, posttreatment procedures, and high energy and large
capital inputs still limit the efficiency of foam manufacturing
processes13,14.

An emerging technique for producing porous materials that
overcomes the forementioned challenges is frontal polymerization
(FP). FP is a mode of converting monomer into polymer during
an exothermic, self-sustained bulk polymerization. Initiated from
a localized reaction zone, a propagating front autonomously cures
the monomer by the coupling of thermal diffusion and Arrhenius
reaction kinetics15. Therefore, the followed efficiencies in time,
cost, and energy rose the desirability of FP in the manufacturing
of thermoset polymers and composite materials. Its transition to
up-scaling, however, was limited due to the lack of control over
the pot life at room temperature (RT) by the Arrhenius kinetics.
In efforts to alleviate this challenge, A. Mariani et al.16 and I. D.
Robertson et al.17 reported the use of different Grubbs’ catalyst
(first generation, GC1; second generation, GC2)–inhibitor com-
binations (e.g., GC1–triphenylphosphine16, GC2–phosphite17)
that greatly reduced the bulk polymerization rate and extended
the pot life during the frontal ring-opening metathesis poly-
merization (FROMP) of dicyclopentadiene (DCPD) monomer at
RT. The versatility of FP reactions inspired for many advanced
studies to investigate, for instance, the effects of different
monomer-initiator mixtures18 and reaction triggers19 to the
properties of resulting composites20, and to the morphologies of
the spontaneously created patterns realized by thermal
instability21,22. Especially, cellular solids with apparent hollow
topologies were effectively created via FP of DCPD. For example,
M. Garg et al.23 recently reported a production of porous or
vascularized DCPD monolith via a synchronized ring-opening
metathesis polymerization (ROMP) and depolymerization of
DCPD and a poly(propylene carbonate) sacrificial layer, respec-
tively. Moreover, D. M. Alzate-Sanchez et al.24 studied the rela-
tionship between blowing agents, gelation time, and resin
viscosity in the production of anisotropic channels within DCPD
foams. Despite these cutting-edge results, a more homogeneous
pore organization may be achieved by reducing the dependency
of foam porosity to the number of sacrificial layers and the long
delay time derived from precursor formulations. Within the foam
manufacturing via FP of DCPD, a more precise and rapid means
of controlling local pore morphology and size distribution are not
yet realized. Thus, different strategies that tailor foam archi-
tectures are needed to produce more advanced, ubiquitous
macroporous polymeric materials.

Interestingly, the intrinsic characteristics of foaming agents, or
building blocks, such as the shapes and assembly also govern the
resulting foam micro-/macrostructures and properties. For
example, foams created with spherical SnO2 nanoparticles
(NPs)25 and multi-walled carbon nanotubes26 exhibited round
and elongated pore microstructures that were accompanied by
enhanced microwave absorption and electromagnetic shielding
performance, respectively. Additionally, neat anisotropic packings
of polymer nanofibers27 and metal nanoplates28 subsequently
improved conductivity and ion transport of the produced foams,
respectively. Amongst these materials, cellulose nanofibers
(CNFs) and cellulose nanocrystals (CNCs) are unique building
blocks that have gained an exponential amount of attention in
composite and foam manufacturing for their innate anisotropic
structure, structural robustness, renewability, and cost-
efficiency14,29,30. Specifically, their structure-directing ability,
enabled by the inherent cellulose morphologies, to form tree
xylem-like honeycomb microstructures was observed in solid
foams prepared by unidirectional freeze-casting31–33, mold-
casting34, and ice-templating directional freeze-drying35.
Despite these progresses, such organized morphological struc-
tures induced by cellulose are not yet realized through FP.

Currently, chemically induced phase separation (CIPS) and
high internal phase emulsion (HIPE) polymerization are the
two prevalent methods of producing DCPD foams36. We
hypothesized that an FP-triggered simultaneous ROMP and
cross metathesis (CM) of DCPD and CNCs, respectively, and
the subsequent crosslinking rate differences would drive an
effective phase separation and thus foam manufacturing.
Herein, we report a rapid formulation of DCPD/CNC foams
with homogeneous distributions of millimeter-scale anisotropic
honeycomb-like pores, or millichannels, that are realized by the
shape and surface chemistry of allyl-functionalized CNC (AC).
Our results provide a direct correlation between AC wt% and
the formed pore microstructure, and show the ability of ACs to
alter the crystal structures of poly(DCPD) (pDCPD) that rela-
tively inhibited oxidation. Based on these results, our work
provides a facile method of tailoring foam morphology by using
functionalized bioabundant CNCs and contributes to the
development of simpler strategies that replicate biological per-
vasive vascular networks such as engineered tissues, organoids,
synthetic gas exchange devices, heat exchangers, and flow
batteries.

Results and discussion
Synthesis and characterization of AC. In a standard production
of porous pDCPD, a robust separation of the monomer and
solvent phases largely contributes to the resulting foam structures
and properties. Recently, the introduction of various metal NPs
and lipase enabled the realization of distinctive foam morpholo-
gies and functionalities36. Similar phenomena were observed
from FROMP-mediated foams by embedding secondary solvent24

and polymeric microparticles21 in the monomer layer. While
different combinations of monomer-secondary phase systems still
remain widely unexplored in DCPD FROMP, we were inspired to
examine how the intrinsic morphology of rigid rod-like CNCs
would affect the construction of the pDCPD monolith micro-
structure in situ. Therefore, our initial approach was to frontally
polymerize a mixture of DCPD monomer and hydrophobically
modified CNCs. CNCs were coated with tannic acid-decylamine
(CTD) by following a method reported by Z. Hu et al.37 (Sup-
plementary Fig. 1). Compared to the μ-CT images of a neat
DCPD solid, those of DCPD/1 wt% CTD exhibited formation
of a few voids (Supplementary Fig. 2). Meanwhile, reactions of
2, 4 wt% CTD were not initiated presumably due to the poor
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dispersity and hindrance in the reaction initiation induced by the
large amount of tannic acid-decylamine moiety (Supplementary
Fig. 3). These heterogeneous and isotropic pore organizations
suggested that hydrophobic coating of CNC was insufficient to
produce cellular solids.

In DCPD FROMP, GC2 is an important component that
generates polymers by cleaving and forming C=C bonds
between monomers. Leveraging this chemistry, we hypothesized
that a more effective separation between the monomer and
CNC phases may be achieved by introducing additional C=C
moieties (R’CH2CH=CH2) to CNC (C6H7O5), or by using AC
(C6H7O5R3, R=H or CH2CH=CH2)38. Specifically, we
hypothesized that the C=C moieties of AC would also undergo
FP which then simultaneously triggers ROMP and CM of
DCPD and AC, respectively. First, AC was synthesized via a
one-step process using NaOH/urea aqueous solution and allyl-
chloride38. Solid-state 13C cross-polarization magic angle
spinning (CP-MAS) NMR spectra of CNC, AC, and low allyl-
AC (LAC) (Fig. 1a, Supplementary Fig. 15, 17) and inverse-
gated (IG) NMR spectra of AC and LAC were obtained (Fig. 1b,
Supplementary Figs. 4, 5, 16, 18). For a quantitative analysis
of the ratio between one AC AGU unit and its allyl-moieties,

IG-decoupling sequence was performed. By gating off the 13C
spin over the acquisition time only, the 13C decoupling
sequence reduces the Nuclear Overhauser Effect (NOE)
enhancements of carbon atoms39. In the case of AC, the CP-
MAS NMR analysis revealed carbon chemical shifts (δ) of its
allyl groups (–CH2CH=CH2) at 134.5 ppm (C8), 116.0 ppm
(C9), and 29.22 ppm (C7) which agreed with those from
previous reports38,40. Carbon characteristic peaks of LAC were
also observed at similar δ: 135.3 ppm (C8), 117.9 pm (C9), 30.69
ppm (C7) but exhibited weaker intensities. From both AC and
LAC, the C7 peaks lacked clarity compared to C8 and C9 peaks
presumably due to the newly built up NOE by several
experimental parameters that disproportionally enhanced
certain carbon signals and produced non-quantitative spectra41.
The results obtained from the IG-NMR analyses of AC and
LAC revealed allyl-group carbon peaks at similar δ values
(δAC,C8= 134.7 ppm, δAC,C9= 116.1 ppm, and δAC,C7= 29.15
ppm; δLAC,C8= 133.6 ppm, δLAC,C9= 117.2 ppm, and δLAC,C7=
30.54 ppm). For the quantitative peak integration of C7–9
carbon peaks, C1 peak was set as a reference (1.00)
(Supplementary Figs. 4, 5, 15–18). Using the typical method
of calculating degree of substitution of cellulose42,43, a complete
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Fig. 1 Preparation of allyl-functionalized cellulose nanocrystals of varying % allylation. a Solid-state 13C CP-MAS NMR spectra of CNC, AC, and LAC.
b 13C solid IG-NMR of AC and LAC, and the assigned allyl-group carbon peaks. c The normalized ATR-FTIR spectra of CNC, AC and LAC. d A
representation of robust allylation of CNC by the strong monosubstituted alkene C=C bending at 930 cm−1 in AC.
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allylation or the sum of peak integration across C7–9 positions
was assumed to be 3. Therefore, % allylation was obtained by

% allylation ¼ ðsumof the obtained peak integrated values of C7; C8; C9Þ
3

Using this method, % allylation of AC and LAC were
approximately 79% and 13%, respectively (Table 1). The
significant difference in % allylation aligned well with the results
exhibited in the normalized attenuated total reflectance-fourier-
transform infrared spectroscopy (ATR-FTIR) spectra of AC and
LAC, where the intensity of monosubstituted alkene bending at
930 cm−1 was significantly weaker in LAC compared to AC
(Fig. 1c, d)38. Collectively, these results confirmed a successful
preparation of ACs with varying % allylation for FP.

Synthesis and characterization of frontally polymerized
DCPD/AC foams. Both AC and LAC NPs were suspended in

liquid DCPD monomer at four different wt%: 0.5, 1, 2, 4, prior to
being thermally initiated for FP. It is widely understood that the
NP dispersity greatly contributes to the characteristics of reaction
products44,45. Therefore, NPs were agitated in liquid monomer
layer at varying wt% using a probe ultrasonic processor and
further processed in an ultrasonic bath until appropriately dis-
persed. Probe-ultrasonication was an essential step that prevented
the agglomeration of AC and LAC in aqueous media, as con-
firmed in the transmission electron microscopy (TEM) analysis
(Supplementary Fig. 6). Then, the monomer/NP mixtures were
degassed and stirred in an N2 environment to which the GC2
catalyst solution was added and further stirred briefly. Approxi-
mately 11,000 μL of each mixture was transferred into a 15
×150 mm glass tube. Using a soldering iron, FP was initiated from
the bottom of the glass tube from which bubbles started to form
and white cylindrical DCPD/AC foams were subsequently pro-
duced in the direction of the propagating front (Supplementary
Videos 1, 2, 3, 4).

With increasing AC wt%, the produced foams became paler
and more porous with increasingly larger millichannels
(Fig. 2a–c). Consequently, DCPD/AC foams exhibited decreasing
densities (ρ) and volume fractions (ф) for increasing AC wt%
(Supplementary Table 1). On contrary, DCPD/LAC foams
remained less porous and relatively transparent even at higher
LAC wt% which were translated into higher ρ and ф than those of
DCPD/AC foams (Fig. 2d, Supplementary Table 2). μ-CT images
of the formed cellular solids were obtained to confirm our
observations and assess their morphological structures (Fig. 3). In
the case of DCPD/AC foams, an increasing trend of pore
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DCPD/AC 
Liquid Mixture FP DCPD/AC Foam

0.5wt% AC 1wt% AC 2wt% AC 4wt% AC
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Fig. 2 FP-mediated production of DCPD/AC, -LAC foams. a Image of frontally polymerized DCPD/AC foams at varying AC wt%. b Pore sizes of DCPD/
AC foams increased with increasing AC wt%. c A schematic showing the frontal manufacturing of DCPD/AC foams. d Image of DCPD/LAC foam that
were produced under the same experimental set up as the DCPD/AC foams.

Table 1 Quantitative allyl/AGU ratios and the calculated %
allylation values of AC and LAC were obtained via 13C
Inverse-gated Solid NMR (IG-NMR).

Quantitative Allyl/AGU ratio % allylation

Allyl-cellulose (AC) 2.4:1 79
Low allyl-AC (LAC) 0.39:1 13
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Fig. 3 A directly proportional relationship between % allylation, AC wt%, and the produced pore sizes and organizations was observed. a μ-CT images
of DCPD/AC foams at varying AC wt%. b Box plot of the DCPD/0.5-4 wt% AC foam pore sizes and their homogenous distribution. c μ-CT images of
DCPD/LAC foams at varying LAC wt%. d Box plot of DCPD/0.5-4 wt% LAC foam pore sizes and their heterogeneous distribution. e A plot showing the
relationship between the % porosity and degree of anisotropy of DCPD/AC and -LAC foams.
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diameters was observed with increasing AC wt% and the pore
measurements were in range of sub-to-inter-milipore class
(Table 2)46. Moreover, the pore size distribution across the
transverse plane became increasingly homogeneous until 2 wt%
AC then slightly decreased at 4 wt% AC (Fig. 3a, b). The porosity
(% porosity) and degree of anisotropy (DA) of DCPD/AC foams
along the coronal planes were obtained via the Bruker CTAn
software. As shown in Fig. 3e, the increases in % porosity and AC
wt% were directly proportional while relatively maintaining the
directional anisotropy within the range of DA that was previously
reported of DCPD foams24 (DA0.5wt%AC = 0.57; DA1wt%AC =
0.46; DA2wt%AC = 0.39; DA4wt%AC = 0.33). The slight decrease in
DA was due to the interconnectivity of stochastically created
anisotropic bubbles (Supplementary Fig. 7). On the other hand,
LAC foams showed drastically contrasting microstructures
despite being constructed under the same experimental proce-
dures (Fig. 3c). Unlike the case of AC, DCPD/LAC foams
exhibited rather random distributions of pore sizes, % porosity,
and DA despite increasing LAC wt% (Figs. 3d, e). Based on these
results, a clear correlation between % allylation, AC wt% and the
resulting foam architecture was observed.

AC morphology and its C=C functionalization tandem drives
a physicochemical phase separation. CIPS and HIPE are gen-
erally understood as a three-step biphasic polymerization sys-
tem in which first, DCPD monomer is either dissolved in a
solvent as a minor component or mixed with an immiscible
liquid (80–99 vol%), then polymerized into a continuous
phase24,36,47. Once the non-polymeric phases are removed, the
formed macroporous structures are revealed. On the other
hand, current study offers a one-pot strategy in which the
separation of simultaneously polymerized majority (DCPD,
96–99.5 wt%) and minority (AC, 0.5-4 wt%) phases creates
macroporous architectures in situ.

To support this claim, CP-MAS NMR analyses of the produced
DCPD/AC foams were performed under the hypothesis that the
C=C groups of DCPD and AC did not crosslink with each other
during FP. Specifically, we aimed to examine any δ shifts or the
C=C bond peak intensity changes at approximately 130 ppm (C8,
C10) with increasing AC wt%. As shown in Supplementary Fig. 8,
however, no noticeable differences between the CP-MAS NMR
spectra of DCPD/AC foams and that of neat DCPD solid were
observed. On the other hand, the X-ray diffraction (XRD)
analysis of the same specimens revealed an increasing intensity of
the cellulose (004) plane characteristic peak37 at approximately
2θ ≈ 31.7° with increasing AC wt% (Supplementary Fig. 9).
Collectively, these results indicated that the C=C moieties of AC
and DCPD did not crosslink with each other during the one-pot
FP-production of DCPD/AC foams.

The voids, or bubbles, within the foams were the second
indicator that corroborated our hypothesis. According to
previous studies, bubbles were generated by the evacuation of
the individually dispersed droplets either during the formation of
a new continuous internal phase47, the elimination of the
dissolved gas or water in monomer48, and solvent boiling or
thermal decomposition of initiators49. In the case of the current

study, however, the N2-purged reaction environment and
degradation of the reactants seemed less likely to have induced
bubble formation. First, DCPD/0.5–1 wt% CTD solids, despite
being produced in the same experimental conditions as those of
DCPD/AC, -LAC foams, remained bubbleless. Moreover, as
observed from the thermogravimetric analyses (TGA) (Supple-
mentary Fig. 10), the decomposition temperatures of AC and
LAC (~260 °C) were significantly higher than the maximum
reaction temperatures (TMax) obtained from this study (~150 °C,
shown in Fig. 5c).

Based on these results, we hypothesized that the bubbles of
DCPD/AC, -LAC foams were produced by the formation of an
AC-induced internal phase within the frontally polymerizing
pDCPD phase. Specifically, we intended to identify the effects of
AC CM to the subsequently formed internal morphologies
of the foams. As shown in Fig. 3a, c, bubbles were arranged in a
splayed pattern across the vertical planes of the foams containing
0.5–4 wt% AC and 2, 4 wt% LAC. According to J. A. Pojman50,
this pattern was indicative to a macroscale phase separation of
two reactants in a mixture by their individual crosslinking during
FP. To assess the effects of these selective crosslinking to the
construct of the polymerized millichannel microstructure, the
field-emission scanning electron microscopy (FE-SEM) images of
the pores were obtained. Unlike the rather rough cross-sectional
surface of neat DCPD solid (Fig. 4a), millichannel walls of
DCPD/AC foams exhibited smooth curvatures (Fig. 4b–e) that
were also observed from the previously reported FP-mediated
foams produced by synchronized reactions of DCPD/1,5-
cyclooctadiene22 (ROMP), and -cyclohexane24 (decomposition).
Therefore, we presumed that the nucleated millichannel surfaces
were produced by a simultaneous reaction of ROMP and CM of
DCPD and AC, respectively. Individually, the spiral-shaped
millichannels, which were more clearly observed at 0.5, 1 wt% AC
(Figs. 3a, 4b, S11a-b), were representative of the single-head spin
mode in FP that emerged from two distinctive crosslinking
reactions of different C=C moieties in a mixture. In this mode, an
unstable two-dimensional (2D)-front simultaneously moved to its
perpendicular directions by the temperature perturbation50.
According to previous studies, spin mode arose from three
contributing factors: the initial reaction temperature, the reactor
geometry, and the changes in crosslinking degree during the
reaction50–52. Since the initial experimental temperature
remained constant at RT, we first investigated the effects of
changing the reactor diameter to the spin-mode-induced
formation of millichannels. FP of DCPD/0.5 wt% AC was
separately performed in a glass vial and a borosilicate capillary
tube with the diameters (d) of 25 mm and 1.5 mm, respectively.
The produced millichannels were examined via the FE-SEM and
the digital optical microscopy according to the thicknesses of the
produced foams. Nevertheless, despite the variation of reactor d,
the relatively periodic spiral shape (170 ± 41 μm for d = 25 mm;
230 ± 32 μm for d = 1.5 mm) induced by spin mode was clearly
observed from the millichannels (Supplementary Fig. 11a, b).
Therefore, these results suggested that the reactor geometry was
not a leading contributor to the spin mode in the frontal
production DCPD/AC foams.

On the other hand, a directly proportional trend of AC wt%
and millichannel width was observed by the merging of adjacent
millichannels (Supplementary Fig. 11b–e). This indicated that
the changes in the crosslinking degree induced by the CM of
AC C=C moieties affected the constructs of DCPD/AC foam
morphologies. Consequently, we hypothesized that the reaction
dynamics of a conventional FP of DCPD was altered by ACs. To
verify this claim, we sought to measure the kinetics of DCPD/
AC bulk polymerization at the reaction front16,53,54. Therefore,
the in situ changes in front velocity (vf) and the maximum

Table 2 Average diameters of DCPD/AC and DCPD/LAC
foams, and their standard deviation values from three
replicates are shown.

Avg. diameter (mm) 0.5 wt% 1 wt% 2 wt% 4 wt%

AC 0.64 ± 0.4 1.1 ± 0.8 1.2 ± 0.7 1.6 ± 1
LAC 1.4 ± 0.5 1.9 ± 1 0.76 ± 0.4 1.2 ± 0.7
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reaction temperatures (TMax) were obtained during the FP of
the monomer/AC mixtures. Front displacements (x) were first
measured by monitoring the movement of front positions
across the test tubes that were prelabeled at 1 cm intervals. The
obtained x values were plotted against time (t) to calculate vf of
each reaction. TMax values were obtained using T-type
thermocouples that were submerged in the bottom of the
monomer/AC mixtures from which FP was initiated by a
localized thermal stimulus and cured the mixtures as propagat-
ing fronts traveled along the direction of the transferring
thermal energy (Fig. 5a). The x vs. t plot of the DCPD/AC
specimens showed stable, linearly increasing graphs that
confirmed pure FPs (Fig. 5b). As shown in Table 3, vf steadily
increased from 0.89 ± 0.2 mm s−1 to 1.7 ± 0.1 mm s−1 until 2 wt
% AC, then slightly decreased to 1.1 ± 0.1 mm s−1 at 4 wt% AC.
Given that % allylation of AC was 79%, this relative decrease in
vf may have resulted from a mild interruption in the CM
reaction due to the increased amount of non-allylated CNC
hydroxyl group55. Nevertheless, previous systems attributed an
increasing trend in vf to the increased crosslinking degree that
was dependent on the amount of C=C moieties in FP56,57. To
demonstrate this relationship between C=C moieties and vf, the
reaction velocities of DCPD/AC, -LAC, and -CTD were
compared. As shown in Supplementary Fig. 12a, the introduc-
tion of allylated CNC clearly increased the vf of neat DCPD,
while the addition of CTD significantly decreased vf presumably
due to the hindered reaction initiation by its non-allylic
moieties. Variation of % allylation also affected the reaction
dynamics. Unlike from the case of DCPD/AC where vf was
directly proportional to AC wt%, vf obtained from DCPD/LAC
specimens exhibited negligible differences from each other.
Moreover, even at the lowest wt% of AC, LAC, and CTD, the
effect of controlling the amount of C=C moieties to the vf of

DCPD FP was clearly demonstrated (Supplementary Fig. 12b).
Collectively, the incorporation of highly reactive olefins like the
allyl-moieties increased the reaction velocity and was further
increased upon their compositional increment. As shown in
Fig. 5c, the temperature vs. t profile of neat DCPD and DCPD/
0.5-4 wt% AC FP reactions were characterized by sharp
temperature spikes (i.e., TMax) that were observed shortly after
the reaction initiations. Without the application of localized
stimulus, the reaction temperature remained rather constant at
around 21 °C. The flatter regions of the graphs were
characterized as the reaction initiation time (tinit) or the
amount of time the initiation zone was heated prior to the
advent of a propagating front. A generally increasing trend of
tinit was observed with increasing AC wt%; however, a dramatic
drop in tinit at 2 wt% AC was highlighted (Table 3). None-
theless, according to previous reports, this typical trend of
increasing tinit was indicative to the lowered reaction reactivity
by the introduction of secondary reactants in FP24,58. Especially,
micro-/nanoparticles behaved like heat sinks that absorbed the
heat released from reactions and subsequently decreased TMax

by the effects of their shapes and dimensions21,56,59. Unlike
these reports, the TMax values obtained from the current study
exhibited little differences from each other at around 151 °C
(Table 3). Therefore, we first investigated the potential
relationship between the AC size and TMax. However, as
confirmed by the TEM analysis (Supplementary Fig. 6), the
dimension (width, w x length, l) of AC (14 ± 3 × 88 ± 13 nm,
aspect ratio ~ 6.6 ± 2) was in the vicinity of the spherical SiO2

NP width values that were found in the previous FP systems
reported by S. P. Davtyan et al.59 (w ~ 10 nm) and S. Chen
et al.56 (w ~ 20 nm). Meanwhile, a recent study by L. M. Dean
et al.19 reported an enhancement of FP kinetics such as thermal
conductivity, TMax, tinit, and vf by the increased aspect ratio of

(d) x100 (e) x100

(b)

x500

x100 (c)

x500

x100(a) x500

Fig. 4 Field-emission scanning electron microscope (FE-SEM) images of the produced DCPD/AC foams. a Neat DCPD solid, (b) DCPD/0.5 wt% AC,
(c) DCPD/1 wt% AC, (d) DCPD/2 wt% AC, and (e) DCPD/4 wt% AC at ×100–500 magnification.
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carbon-based NPs. Based on these previous findings, the
negligible shifts of TMax in our study may have resulted by
the offsetting effect between AC’s thermally insulating nature
and their relatively high aspect ratio. As for the rather
increasing standard deviations of TMax (Table 3), we presumed
that an in situ detection of an instantaneous TMax at the pDCPD
front was hampered by the stochastic formation of bubbles
during DCPD/AC FP, especially by the simultaneously
generated air-filled voids (Supplementary Fig. 13a). This was
demonstrated by the μ-CT imaging technique that revealed the

locations of the thermocouple hot junctions within DCPD/AC
foam pores (Supplementary Fig. 13b–e).

The influence of ACs to the crystal structure of pDCPD and
the resulted relative enhancement of oxidation resistance. It
was revealed from previous studies that the complexity of the
DCPD FP cure kinetics was determined by the changes induced
to its reaction dynamics (e.g., TMax, vf, and tinit)54,60. Especially,
these changes that arose from the addition of secondary reactants
such as reinforcement fillers17,54, monomers22,24,61, and micro-/
nanoparticles19,21 led to the realizations of enhanced mechanical
properties, macroscopic patterns, and structural local order in the
pDCPD products. In the case of current study, we observed an
enhanced oxidation resistance from the produced DCPD/AC
foams. Specifically, we hypothesized that by the introduction of
2 wt% AC, an oxidation-resistive crystal structure was poly-
merized in DCPD foams by its rapid tinit (36 ± 8 s) and vf
(1.7 ± 0.1 mm s−1) that tandem altered the curing kinetics of FP
(Fig. 5d).

Firstly, we observed a gradual discoloration of the DCPD/AC
foams from yellowish white to brown over 8 weeks post-
production (Supplementary Fig. 14). A typical sign of material

Fig. 5 Evaluation of the reaction kinetics observed during FP of the DCPD/AC mixtures. a For increasing AC wt%, the reaction lasted for shorter
amounts of time. b Front velocities of each reaction were obtained by plotting front displacement against time. c The temperature vs. time plots exhibited
negligible changes in maximum temperature with increasing AC wt%. On the other hand, a general trend of increasing reaction initiation time was
observed with increasing AC wt%, with the exception of 2 wt% AC. d Reaction kinetics of 2wt% AC was highlighted as it exhibited the most rapid front
velocity and shorter reaction initiation time, respectively, amongst the tested specimens. Standard deviations of the obtained values (TMax, vf, and tinit) are
shown as error bars.

Table 3 Front velocity (vf), maximum temperature (TMax),
and initiation time (tinit) values were obtained during frontal
polymerization of the DCPD/AC samples.

0 wt% 0.5 wt% 1 wt% 2 wt% 4 wt%

vf (mm s−1) 0.89 ± 0.2 1.2 ± 0.05 1.3 ± 0.03 1.7 ± 0.1 1.1 ± 0.1
TMax (°C) 151 ± 0.20 153 ± 5.4 150 ± 9.3 153 ± 17 151 ± 15
tinit (s) 22 ± 6 60 ± 1 106 ± 4 36 ± 8 110 ± 8

The standard deviations were obtained across three replicates of the experiments.
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degradation in ambience, as described by S. Kovačič et al.36,62,
oxidation of pDCPD posed a major challenge to the production
of porous DCPD monoliths and membranes by drastically
altering the material properties and reducing product applic-
ability. Experimentally, oxidation of DCPD/AC foams was
confirmed by the normalized ATR-FTIR spectra from which
pronounced C=O and O–H absorption peaks, that agreed with
previously reported results62, were observed at around 1700 cm-1

and 3390 cm−1, respectively (Fig. 6a). Unlike those of other
DCPD/AC formulations, however, C=O and O–H peaks
pertaining to DCPD/2 wt% AC exhibited significantly lowered
intensities that verified the relative oxidation resistance.

According to previous reports, the susceptibility towards
oxidative damage resulted from the high density of alkenes along
the pDCPD backbone62. Therefore, changing the tacticity of
polymerizing monomer by controlling the C=C bond stereo-
chemistry or by using robust initiators were favorable measures of
preventing pDCPD oxidation36,62. So far, hydrogenation was
successful in enhancing the oxidation resistance of, for example,
low-crosslinked pDCPD aerogels63 and ROMP-mediated nor-
bornene polymers64. This effect was corroborated by a recent
study by Y. Nakama et al.64 from which a strong correlation
between oxidation resistance and the changes induced to the
chain conformations or packing modes in crystal lattices was
confirmed by the wide-angle x-ray diffraction measurement.
Based on these findings, our group sought to investigate the
nanoscale effect of ACs to the development of the DCPD/AC
foam crystal structures. Therefore, 2D small angle-/wide-angle
X-ray scattering (SAXS, WAXS) analyses were performed to
capture the AC-induced long-to-short range order changes in the
crystal structures of the prepared specimens64–66. Both analyses
were performed in the transmission mode; the primary X-ray
beams were emitted perpendicularly to the vertical axes of the
prepared samples after which the scattered beams and the
scattering angles (2θ) were collected (Fig. 6b). The obtained 2D
scattering images were transformed into one-dimensional
scattering patterns by the azimuthal integration method in which
the scattered light signals were averaged along the concentric
circle around the incident beam by the scattering vector (q) or the
azimuth angle (ψ = 360°)67,68. For the SAXS analysis, neat DCPD
and DCPD/AC mixtures were frontally polymerized in separate
borosilicate capillary tubes (d = 1.5 mm) without changing any
experimental procedures. Similar to our aforementioned results,
more numbers of larger bubbles were formed with increasing AC
wt% (Supplementary Fig. 11b–e). For a clearer assessment of
crystalline domain structures formed by AC only, scattering light
intensities pertaining to neat DCPD solids were background
subtracted from those of DCPD/0.5–4 wt% AC foams. The
azimuthal-integrated intensity plot revealed structure peaks of
0.5 wt%, 1 wt%, and 4 wt% AC at approximately ψ0.5wt%AC = 29°,
161°, 178°; ψ1wt%AC = 29°, 152°, 173°; and ψ4wt%AC = 75°, 161°,
173° (Fig. 6c). Unlike the cases of these formulations, the
structural peaks of 2 wt% AC exhibited a rather periodic pattern
across ψ ~ 29°–132°, which was hypothesized to represent a
relatively homogeneous distribution of crystalline domains along
the vertical axis of the DCPD/2 wt% AC foam. This phenomenon
was supported by the scattering intensity vs. scattering vector
(ln(I(q)) vs. q) plot of 2 wt% AC. While no intensity peaks were
observed at other AC wt%, sharp intensity peaks at qMax =
0.02846 Å−1 and qMin = 0.03070 Å−1 were observed for 2 wt%
AC (Fig. 6d). By the equation dL = 2π/qmax

68–70, the crystalline
domain spacing (dL) of 2 wt% AC was 3.514 nm. Based on these
results, it was understood that a long-range order of crystalline
domains was uniquely formed by 2 wt% AC. Then, the effects of
introducing ACs to the crystal and lattice structures of DCPD
were investigated by the WAXS analysis. Prior to this analysis,

neat DCPD solids and the produced DCPD/AC foams were
vertically sliced into rectangular shards with approximately 3-
4 mm in thickness. As shown in the azimuthal-integrated WAXS
intensity profile, the broad shoulder peak obtained from the
DCPD/2 wt% AC foam was indicative of the induced orderedness
in its crystal lattices by 2 wt% AC (Figs. 6e, f). Meanwhile, the
more apparent influence of controlling AC wt% to the changes in
the initial DCPD crystal structures was observed from the
scattering intensity vs. scattering angle (2θ) plot (Fig. 6g). As
shown in Fig. 6h, 2θ generally shifted to the right as AC wt%
increased from 0 wt% to 2 wt% (2θNeat DCPD = 16.36°; 2θ2wt% AC

= 16.88°), after which it slightly shifted to the left at 4 wt% AC
(2θ4wt% AC = 16.76°). Using the Bragg’s equation (λ = 2dcosθ)
and the Scherrer equation (D = (Kλ)/(βcosθ)), the values of lattice
spacing (d-spacing) and crystallite size (D) that were related to
neat DCPD solid and DCPD/AC foams were calculated, where λ
was the wavelength of the incident beam, K was the shape factor
constant (K = 0.89), and β was the measured full width at half
maximum of the 2θ peaks64,66,68. By the values of d-spacing2wt%
AC = 0.5248 nm and D2wt% AC = 18.19 nm, it was understood
that, compared to the crystal structures formed by other DCPD/
AC formulations, those generated by DCPD/2 wt% AC consisted
of the smallest crystallites with the tightest packing of crystal
lattices (Table 4).

The long-range order of DCPD/2 wt% AC crystalline domains
may have arisen from the rapid reaction dynamics. Previous
reports had shown the effects of NP surface chemistry to the
nucleation rate and thus the foaming processes of polymeric
foams71. Especially, under a shear force induced unidirectional
polymerization, CNCs directed the production of confined
anisotropic structures in effect to the simultaneously altering
physicochemical dynamics72,73. Based on these studies, it may be
hypothesized that, at 2 wt% AC, the rapidly moving front
physically aligned ACs in the direction of reaction propagation.
From the background subtracted SAXS pattern of 2 wt% AC, we
observed the formation of a long-range order (dL = 3.514 nm) in
the AC crystalline domains. While increasing AC wt% generally
decreased both the d-spacing and D values of the polymerized
crystal structures, those of DCPD/2 wt% AC comprised of the
most tightly packed crystallites. Our SAXS and WAXS results
revealed that, compared to other DCPD/AC formulations, an
optimal amount of 2 wt% AC induced a more homogenous
distribution of neatly packed crystallites across the DCPD/2 wt%
AC foam. Leveraging the previously reported results that tightly
packed lattice structures suppressed oxygen diffusion and
material oxidation61,62,74, it was understood that the structural
changes induced by 2 wt% AC were instrumental to the
comparative enhancement of oxidation resistance of the DCPD/
2 wt% AC foam. Therefore, a one-pot strategy to relatively inhibit
oxidation of pDCPD foams by introducing an optimal amount of
2 wt% AC was presented in this study.

Conclusion
In summary, we have demonstrated an efficient method of pro-
ducing solid polymeric foams by frontally polymerizing DCPD/
AC mixture. Two allyl-functionalized CNC samples were pre-
pared by the varying % allylation: 79 % (AC) and 13 % (LAC).
Both AC and LAC were dispersed in a liquid monomer layer at
different wt%: 0.5, 1, 2, 4. FPs of DCPD/AC and -LAC mixtures
were initiated by a localized thermal stimulus, and cellular solids
with varying pore microstructures were produced accordingly to
the AC and LAC wt%. The μ-CT analyses clearly demonstrated
the interrelationship between % allylation, AC wt%, and the
subsequently produced pore sizes and their distributions. More-
over, with increasing AC wt%, % porosity of the foams increased.
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Fig. 6 An assessment of DCPD/AC foam crystal structures via the ATR-FTIR, SAXS, and WAXS analyses. a The normalized ATR-FTIR spectra of the
prepared neat DCPD and DCPD/AC foams revealing the significantly less oxidized state of DCPD/2 wt% AC foam 8 weeks post-production. b A schematic
of the transmission mode in the SAXS and WAXS analyses. c The background subtracted azimuthal-integrated SAXS pattern of 2wt% AC exhibited a
rather homogeneous distribution of crystalline domains between ψ ~ 29°–132°. d A long-range order of crystalline domains induced by 2wt% AC was
observed by the broad shoulder peak. e, f WAXS patterns of neat DCPD and DCPD/AC foams suggested that 2 wt% AC induced a directionality in the
lattice structures. g, h The effects of incorporating ACs to the frontally polymerized DCPD crystal structures were observed by the shifts in 2θ.
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The FE-SEM analyses and the obtained vf, TMax, and tinit values
tandem corroborated the effects of varying amount of AC C=C
moieties to the constructs of the DCPD/AC foam micro-
structures. Amongst the produced DCPD/AC foams, the relative
oxidation resistance of DCPD/2 wt% AC foam was highlighted.
The background subtracted SAXS pattern of DCPD/2 wt% AC
exhibited a formation of a long-range order within its crystalline
domains. The apparent AC-induced changes in the crystal
structures of pDCPD were confirmed by the WAXS patterns of
the DCPD/AC foams. Specifically, 2 wt% AC directed the for-
mation of a DCPD/AC crystal structure that composed of crys-
tallites with the tightest lattice spacing. In conclusion, we have
demonstrated that an optimal amount of 2 wt% AC not only
directed the formation of honeycomb-like milichannels but also
induced a relatively homogeneous distribution of neatly packed
crystalline domains across the DCPD/2 wt% AC foam that sub-
sequently realized an enhancement of oxidation resistance.

Methods
Materials. Dicyclopentadiene (DCPD), 5-ethylidene-2-norbonene (ENB), second-
generation Grubbs’ catalyst (GC2), phenylcyclohexane (PCH), allyl chloride, urea,
sodium hydroxide (NaOH), hydrochloric acid (HCl), and decylamine were pur-
chased from Sigma-Aldrich and used as received. Tannic acid was obtained from
Alfa Aesar and used without modification. Tributyl phosphite inhibitor (TBP) was
purchased from TCI-Sejin CI. Acetone (99.5%) was purchased from Dae Jung
Chemical and used without further purification. Cellulose nanocrystal (CNC) was
acquired from Nanografi Nano Technology and used as received. A 26V-65W FX-
8801 HAKO soldering iron was used to trigger FP. ISTEK Multimeter CP-500L was
used to adjust pH levels. 15 × 150 mm glass test tubes (Tube 2, 15150) were
purchased from Dai Han Scientific. 1.5 × 80 mm Borokapillaren capillary tubes
were purchased from Muller GmbH. T-type welded thermocouples were purchased
from Omega Engineering. TM947SD digital thermometer from Lutron Instru-
ments was used to record temperature values during the FP reaction.

Preparation of allyl-functionalized cellulose nanocrystal. AC was synthesized
following previous reported procedures38. Briefly, 2 g of CNC was dispersed in 50 g
of NaOH/urea solvent that was filtered with 5 C filter paper, and consisted of 60 g
of NaOH, 40 g of urea, and 1000 mL of dilute water. After being sonicated for
approximately 30 min, the CNC-solvent mixture was stored in a freezer (−4 to
−10 °C) for 12 h. The frozen solid was thawed and rigorously stirred at RT. For one
anhydroglucose unit (AGU) of CNC, 1 to 24 molar equivalence of allyl-chloride
was added and was extensively stirred at 35 °C for 72 h under the exclusion of light.
The product was neutralized with HCl aq. and precipitated with acetone. The
precipitate was further washed with acetone and distilled water three times each,
and then freeze-dried at −40 °C overnight to obtain purified AC (Il-Shin Lab
Bondiro). The obtained AC was stored at −15 °C under the exclusion of light.

Formulation of DCPD/AC foam via frontal polymerization. The DCPD/ENB
mixture was made following previously reported systems15. DCPD is solid at RT; it
was first melted in an oven at 50 °C and blended with 5 wt% of ENB to depress its
freezing point. Unless otherwise specified, all references to DCPD refer to the 95/5
DCPD/ENB solution. Five different DCPD/AC mixtures were made by dispersing
ACs of varying wt%: 0, 0.5, 1, 2, and 4. The liquid DCPD/AC mixtures were
ultrasonicated (Sonics & Materials, VCX 750) for approximately 20 min at
amplitude (amp.) of 25% and 10min at amp. = 35%, and further sonicated for
10 min (NEXUL NXPC). This mixture was then degassed overnight. Typically, a
catalyst/inhibitor solution was made by dissolving GC2 (1E-4 molar equivalence to
DCPD) in TBP (2 molar equivalent to GC2)/PCH (50 μL per 1 mg of GC2)
mixture. The catalyst/inhibitor solution was added to DCPD/AC mixture and
stirred homogenously for 2 min. The mixture was frontally polymerized using a
soldering iron that was preheated to approximately 250 °C for 30–40 min.

Front velocity and temperature measurements. A glass tube was filled with
11 mL of DCPD/AC mixture. FP was initiated by placing a heated soldering iron in
a direct contact with the bottom of the glass tube. Prior to the reaction initiation,
the T-type welded thermocouples were connected to the TM947SD digital ther-
mometer, and were submerged to the bottom of the glass tubes from where thermal
stimulus was applied and the reaction of FP was initiated. Then the temperature
values were recorded for every 2 s. A thermal infrared camera (Keysight U5857A)
and Canon EOS 550D were used to monitor front propagation. Front propagation
images were obtained from Keysight TrueIR Analysis and Reporting Tool software.
The front velocity (vf) was calculated by taking the slope of the best-fit line in the
front displacement (x) versus time (t) plot.

Preparation of CTD. CTD specimen was made following previously reported
procedures37. In the first step, 2 g of CNC was uniformly dispersed in 150 mL of
distilled water. Then, approximately 0.478 g of HEPES was added to the CNC
dispersion, NaOH was added to adjust the mixture’s pH level to 8.0, and 0.101 g of
tannic acid was added to the form a CNC-TA dispersion. After being stirred at RT
for 72 h, 2 mL of CNC-TA mixture was saved in a separate glass vial. Then, 4.0 g of
decylamine was added; the resulting CNC-TA-DA (CTD) mixture was rigorously
stirred for 3 h at RT before it was thoroughly washed with distilled water and
acetone. The CNC-TA intermediate mixture underwent similar washing processes.
The reaction products were dried in a vacuum oven at 35 °C overnight and
stored at RT.

Characterization. Unmodified CNC powder was used without further processing.
After freeze-drying AC and LAC, the samples were processed into fine powder
using a freeze-miller (SPEX 6875D) for further characterizations. For 13C solid
NMR analyses, approximately 100 mg of both CNC derivative powders were
prepared. 13C Inverse-gated solid 500MHz NMR (Bruker Avance II HD) was
performed for AC and LAC in 13C MAS 10 kHz spinning mode with contact time
of 30 ms for 7.55 h and 11.49 h, respectively. 13C CP-MAS solid NMR analyses for
AC and LAC were conducted on a solid 500MHz NMR instrument (Bruker
Avance II HD) instrument for 14.10 h and 15.41 h, respectively. 13C CP-MAS Solid
NMR analyses for ACs and LACs were performed in CPTOSS mode with magic
angle spinning rate at 5 kHz and contact time of 2 ms. NMR spectra were analyzed
using MestReNova software. For transmission electron microscopy (TEM) analysis
of AC, approximately 2 wt% of powdered AC was dispersed in DI water. To
evaluate the effect of using probe-ultrasonication device (Sonics & Materials, VCX
750), the AC dispersion was sonicated for 20 min at amplitude of 25 % and 5min
at 35 %. TEM carbon grids were glow discharged using a PELCO easiGlow
instrument. 5 μL of AC dispersion was then dropped on a TEM carbon grid. Then,
AC-on-carbon grid was negatively stained using 2 μL of uranyl acetate. TEM
images of AC dispersion were obtained using the Talos L120C (120 kV) instru-
ment. ATR-FTIR spectra of the unmodified CNC, AC, LAC, DCPD/AC, -LAC,
-CTD powders were analyzed using the Thermoscientific Nicolet iS5 instrument
and OMNIC software. DCPD/AC foam monoliths were characterized using micro-
computed tomography (μCT) (Bruker, Skyscan 1273). They were individually
scanned for approximately 25 min at the charge voltage of 60 kV. The transverse,
coronal, and sagittal μ-CT images of the scanned samples were obtained using the
AccuCT microCT software. % Porosity and degree of anisotropy (MIL = 0.8)
across the coronal planes were obtained using the Bruker CTAn software. 550 slices
of μ-CT images were analyzed using a rectangular ROI (w x l, 750 pixels x 800
pixels) for both analyses. Average pore diameters were obtained by examining the
transverse μ-CT images on the imageJ software. DCPD/AC foams were sliced into
smaller pieces with an approximate thickness of 2 mm using stainless blades ahead
of the field-emission scanning electron microscope (FE-SEM) analyses (Carl Zeiss,
Sigma). The cut specimens were placed on putters and sputter-coated with plati-
num for 120 s at 60 mA in a vacuum environment using the Leica micro-
systems instrument. Small angle X-ray spectrometry was performed using
the Xenocs XEUSS2.0 instrument. 5 mL liquid DCPD/AC mixtures were put in the
1.5 × 80 mm capillary tubes (Muller GmbH Borokapillaren) and were frontally
polymerized by putting a heated soldering iron in contact with the outside of the
capillary tubes. For the SAXS analyses, the distance was 2500 mm, and the scat-
tering wavelength and time range were 1.54189 Å and between 600 and 1200 s,
respectively. Milichannels that were formed inside the same capillary tubes were
observed using the Mi-9100-ZOOM S digital optical microscopy, and the images
were obtained using the UBCAMPRO PROVIX software. Wide-angle X-ray
spectrometry was performed using the Bruker D8 Discover instrument across 2θ
range of 4–39°. The tested specimens were prepared into shards with approxi-
mately 3 mm in thickness. The distance between the detector and the samples was
6 cm, and the scattering wavelength and analysis duration were 1.5418 Å and 600 s,
respectively.

Data availability
The datasets generated during and/or analyzed during the current study are available
within the paper and its Supplementary Information file. Supplementary Videos 1, 2, 3, 4
that show the FP reaction of DCPD/0.5-4 wt% AC of this study are available as
supplementary video files. The supplementary information contains: ATR-FTIR spectra

Table 4 The shifts in 2θ values, lattice spacing (d-spacing),
and crystallite sizes (D) were determined by the WAXS
analyses of neat DCPD and DCPD/0.5 – 4wt% AC foams.

0 wt% 0.5 wt% 1 wt% 2 wt% 4 wt%

2θ (deg) 16.36 16.52 16.58 16.88 16.76
Lattice Spacing
(d-spacing) (nm)

0.5414 0.5362 0.5342 0.5248 0.5286

Crystallite Size
(D) (nm)

23.48 20.90 20.47 18.21 19.38
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of the produced CTD specimen; μ-CT images of the transversal, coronal, and sagittal
planes of neat DCPD and DCPD/1 wt% CTD monoliths; Images of DCPD/2, 4 wt% CTD
reactions; Peak integrated IG-NMR spectrum of AC; Peak integrated IG-NMR spectrum
of LAC; TEM images showing the effect of probe ultrasonicator before the FP of DCPD/
AC mixture; Physical characteristics of the formed DCPD/AC foams; Physical
characteristics of the formed DCPD/LAC solids; A schematic reasoning the relative
decrease in degree of anisotropy shown in this study; Solid-state 13C CP-MAS NMR
spectra of unmodified CNC, AC, LAC, DCPD, and DCPD/AC foams; XRD patterns of
unmodified CNC, AC, LAC, DCPD, and DCPD/AC foams; TGA patterns of unmodified
CNC, CTD, AC, and LAC; An FE-SEM image DCPD/0.5 wt% AC that was cured in a
25 mm vial, and digital OM images of DCPD/0.5-4 wt% AC that was cured in 1.5 mm
capillary tubes; Front displacement vs. time plot of neat DCPD, DCPD/0.5-4 wt% AC,
DCPD/0.5-4 wt% LAC, and DCPD/0.5, 1 wt% CTD reactions; A schematic and μ-CT
images showing the positions of thermocouple hot junctions in the produced DCPD/AC
foams; Images showing the oxidation of DCPD/AC foams over 8 weeks; Unedited 13C
CP-MAS Solid NMR spectra and Solid-state 13C IG-NMR spectra of AC and LAC.

Received: 31 March 2022; Accepted: 22 September 2022;

References
1. Lee, J. & Deng, Y. The morphology and mechanical properties of layer

structured cellulose microfibril foams from ice-templating methods. Soft
Matter 7, 6034–6040 (2011).

2. Maiti, A. et al. 3D Printed cellular solid outperforms traditional stochastic
foam in long-term mechanical response. Sci. Rep. 6, 24871 (2016).

3. Maimouni, I., Cejas, C. M., Cossy, J., Tabeling, P. & Russo, M. Microfluidics
mediated production of foams for biomedical applications. Micromachines 11,
83 (2020).

4. Wu, L. et al. Natural forest-inspired Ag lithiophilic porous arrays grown in Cu
foam hosts with bi-continuous electronic/ionic pathways for highly stable Li
metal anodes. J. Mater. Chem. A 9, 20748–20757 (2021).

5. Xia, Q. et al. Highly linear and low hysteresis porous strain sensor for wearable
electronic skins. Compos. Commun. 26, 100809 (2021).

6. Zhu, B. et al. Highly selective CO2 capture and photoreduction over porous
carbon nitride foams/LDH monolith. Chem. Eng. J. 429, 132284 (2022).

7. Lu, T. J., Xu, F. & Wen, T. 1.1 Introduction and synopsis in Thermo-Fluid
Behaviour Of Periodic Cellular Metals (Springer, 2013).

8. Huber, A. T. & Gibson, L. J. Anisotropy of foams. J. Mater. Sci. 23, 3031–3040
(1988).

9. Reichler, M. et al. Scalable method for bio-based solid foams that mimic wood.
Sci. Rep. 11, 24306–24317 (2021).

10. Bhudolia, S. K., Gohel, G. & Leong, K. F. Enhanced energy absorption
characteristics of novel integrated hybrid honeycomb/polystyrene foam. J.
Cell. Plast. 57, 839–848 (2021).

11. Yu, Z.-L. et al. Bioinspired polymeric woods. Sci. Adv. 4, eaat7223 (2018).
12. Konka, J., Buxadera-Palomero, J., Espanol, M. & Ginebra, M.-P. 3D Printing

of hierarchical porous biomimetic hydroxyapatite scaffolds: adding concavities
to the convex filaments. Acta Biomaterialia 134, 774–759 (2021).

13. Minas, C., Carnelli, D., Tervoort, E. & Studart, A. R. 3D Printing of emulsions
and foams into hierarchical porous ceramics. Adv. Mater. 28, 9993–9999
(2016).

14. Shao, G., Hanaor, D. A. H., Shen, X. & Gurlo, A. Freeze casting: from low-
dimensional building blocks to aligned porous structures – a review of novel
materials, methods, and applications. Adv. Mater. 32, 1907176 (2020).

15. Pojman, J. A., Curtis, G. & Ilyashenko, V. M. Frontal polymerization in
solution. J. Am. Chem. Soc. 118, 3784–3784 (1996).

16. Mariani, A., Fiori, S., Chekanov, Y. & Pojman, J. A. Frontal ring-opening
metathesis polymerization of dicyclopentadiene. Macromolecules 34,
6539–6541 (2001).

17. Robertson, I. D. et al. Rapid energy-efficient manufacturing of polymers and
composites via frontal polymerization. Nature 557, 223–227 (2018).

18. Taschner, R., Knaack, P. & Liska, R. Bismuthonium- and pyrylium-based
radical induced cationic frontal polymerization of epoxides. J. Polym. Sci. 59,
1841–1854 (2021).

19. Dean, L. M., Ravindra, A., Guo, A. X., Yourdkhani, M. & Sottos, N. R.
Photothermal initiation of frontal polymerization using carbon nanoparticles.
ACS Appl. Polym. Mater. 2, 4690–4696 (2020).

20. Li, B. et al. Rapid preparation of PAM/N-CNT nanocomposite hydrogels by
DEM frontal polymerization and its performance study. RSC Adv. 11,
35268–35273 (2021).

21. Gao, Y. et al. Controllable frontal polymerization and spontaneous patterning
enabled by phase-changing particles. Small 17, 2102217 (2021).

22. Lloyd, E. M. et al. Spontaneous patterning during frontal polymerization. ACS
Cent. Sci. 7, 603–612 (2021).

23. Garg, M. et al. Rapid synchronized fabrication of vascularized thermosets and
composites. Nat. Commun. 12, 2836 (2021).

24. Alzate-Sanchez, D. M. et al. Anisotropic foams via frontal polymerization.
Adv. Mater. 34, 2105821 (2022).

25. Zhao, B. et al. Preparation of honeycomb SnO2 foams and configuration-
dependent microwave absorption features. ACS Appl. Mater. Interfaces 7,
26217–26225 (2015).

26. Li, J. et al. Microcellular epoxy/reduced graphene oxide/multi-walled carbon
nanotube nanocomposite foams for electromagnetic interference shielding.
Appl. Surf. Sci. 552, 149232 (2021).

27. Lee, H., Kim, S., Shin, S. & Hyun, J. 3D Structure of lightweight, conductive
cellulose nanofiber foam. Carbohydr. Polym. 253, 117238 (2021).

28. Zhao, Y. et al. One-step colloid fabrication of nickel phosphides nanoplate/
nickel foam hybrid electrode for high-performance asymmetric
supercapacitors. Chem. Eng. J. 373, 1132–1143 (2019).

29. Lavoine, N. & Bergström, L. Nanocellulose-based foams and aerogels:
processing, properties, and applications. J. Mater. Chem. A 5, 16105–16117
(2017).

30. Kose, O., Boott, C. E., Hamad, W. Y. & MacLachlan, M. J. Stimuli-
responsive anisotropic materials based on unidirectional organization
of cellulose nanocrystals in an elastomer. Macromolecules 52, 5317–5324
(2019).

31. Pan, Z.-Z. et al. Cellulose nanofiber as a distinct structure-directing agent for
xylem-like microhoneycomb monoliths by unidirectional freeze-drying. ACS
Nano 10, 10689–10697 (2016).

32. Han, J. et al. Effects of nanocellulose on the structure and properties of
poly(vinyl alcohol)-borax hybrid foams. Cellulose 24, 4433–4448 (2017).

33. Wang, Q. et al. Honeycomb-structured carbon aerogels from nanocellulose
and skin secretion of Andrias davidianus for highly compressible binder-free
supercapacitors. Carbohydr. Polym. 245, 116554 (2020).

34. Septevani, A.-A., Evans, D. A. C., Martin, D. J. & Annamalai, P. K. Hybrid
polyether-palm oil polyester polyol based rigid polyurethane foam reinforced
with cellulose nanocrystal. Ind. Crops Products 112, 378–388 (2018).

35. Darpentigny, C., Molina-Boisseau, S., Nonglaton, G., Bras, J. & Jean, B. Ice-
templated freeze-dried cryogels from tunicate cellulose nanocrystals with high
specific surface area and anisotropic morphological and mechanical
properties. Cellulose 27, 233–247 (2020).

36. Kovačič, S. & Slugovc, C. Ring-opening metathesis polymerisation derived
poly(dicyclopentadiene) based materials. Mater. Chem. Front. 4, 2235–2255
(2020).

37. Hu, Z., Berry, R. M., Pelton, R. & Cranston, E. D. One-pot water-based
hydrophobic surface modification of cellulose nanocrystals using plant
polyphenols. ACS Sustain. Chem. Eng. 5, 5018–5026 (2017).

38. Hu, H., You, J., Gan, W., Zhou, J. & Zhang, L. Synthesis of allyl cellulose in
NaOH/urea aqueous solutions and its thiol-ene click reactions. Polym. Chem.
6, 3543–3548 (2015).

39. Al-Aasmi, Z. H., Shchukina, A. & Butts, C. P. Accelerating quantitative 13C
NMR spectra using an EXtended ACquisition Time (EXACT) method. Chem.
Commun. 58, 7781–7784 (2022).

40. Glaser, R., Hillebrand, R., Wycoff, W., Camasta, C. & Gates, K. S. Near-silence
of isothiocyanate carbon in 13C NMR spectra: a case study of allyl
isothiocyanate. J. Org. Chem. 80, 4360–4369 (2015).

41. Otte, D. A. L., Borchmann, D. E., Lin, C., Weck, M. & Woerpel, K. A. 13C
NMR spectroscopy for the quantitative determination of compound ratios and
polymer end groups. Org. Lett. 16, 1566–1569 (2014).

42. Ho, F. F.-L., Kohler, R. R. & Ward, G. A. Determination of molar substitution
and degree of substitution of hydroxypropyl cellulose by nuclear magnetic
resonance spectrometry. Anal. Chem. 44, 1 (1972).

43. Kondo, T. The assignment of IR absorption bands due to free hydroxyl groups
in cellulose. Cellulose 4, 281–292 (1997).

44. Naito, M., Yokoyama, T., Hosokawa, K. & Nogi, K. Characteristics and
behavior of nanoparticles and its dispersion systems in Nanoparticle
Technology Handbook Vol. 3 (ed. Naito, M., Yokoyama, T., Hosokawa, K. &
Nogi, K.), Ch. 3, 109–168 (Elsevier, 2018).

45. Joudeh, N. & Linke, D. Nanoparticle classifcation, physicochemical properties,
characterization, and applications: a comprehensive review for biologists. J.
Nanobiotechnol. 20, 262 (2022).

46. Mays, T. J. A new classification of pore sizes in Studies in Surface Science and
Catalysis (ed. Llewellyn, P.L., Rodriquez-Reinoso, F., Rouqerol, J. & Seaton,
N.) Vol. 160 (Elsevier B. V., Aix-en-Provence, 2007).

47. Zhang, T., Sanguramath, R. A., Israel, S. & Silverstein, M. S. Emulsion
templating: porous polymers and beyond. Macromolecules 52, 5445–5479
(2019).

48. Li, Q. et al. Advances in frontal polymerization strategy: from fundamentals to
applications. Prog. Polym. Sci. 127, 101514 (2022).

49. Potzmann, P. M., Villanueva, F. J. L. & Liska, R. UV-initiated bubble-free
frontal polymerization in aqueous conditions. Macromolecules 48, 8738–8745
(2015).

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00740-1

12 COMMUNICATIONS CHEMISTRY |           (2022) 5:119 | https://doi.org/10.1038/s42004-022-00740-1 | www.nature.com/commschem

www.nature.com/commschem


50. Pojman, J. A. Self organization in synthetic polymeric systems. Ann. N. Y
Acad. Sci. 879, 194–214 (1999).

51. Sivashinsky, G. On spinning propagation of combustion waves. SIAM J. Appl.
Math. 40, 432–438 (1981).

52. Pojman, J. A., Ilyashenko, V. M. & Khan, A. M. Free-radical frontal
polymerization: self-propagating thermal reaction waves. J. Chem. Soc.,
Faraday Trans. 92, 2825–2837 (1996).

53. Fiori, S., Mariani, A., Ricco, L. & Russo, S. Interpenetrating
polydicyclopentadiene/polyacrylate networks obtained by simultaneous non-
interfering frontal polymerization. e-Polym. 2, 029 (2002).

54. Kumar, A., Gao, Y. & Geubelle, P. H. Analytical estimates of front velocity in
the frontal polymerization of thermoset polymers and composites. J. Polym.
Sci. 59, 1109–1118 (2021).

55. Groce, B. R., Gary, D. P., Cantrell, J. K. & Pojman, J. A. Front velocity
dependence on vinyl ether and initiator concentration in radical-induced
cationic frontal polymerization of epoxies. J. Polym. Sci. 59, 1678–1685 (2021).

56. Chen, S., Sui, J., Chen, L. & Pojman, J. A. Polyurethane-nanosilica hybrid
nanocomposites synthesized by frontal polymerization. J. Polym. Sci. A:
Polym. Chem. 43, 1670–1680 (2005).

57. Shen, H. et al. Rapid fabrication of patterned gels via microchannel-conformal
frontal polymerization. Macromol. Rapid Commun. 42, 2100421 (2021).

58. Malik, M. S., Schlögl, S., Wolfahrt, M. & Sangermano, M. Review on UV-
induced cationic frontal polymerization of epoxy monomers. Polymers 12,
2146 (2020).

59. Davtyan, S. P., Berlin, A. A., Shik, K., Tonoyan, A. O. & Rogovina, S. Z.
Polymer nanocomposites with a uniform distribution of nanoparticles in a
polymer matrix synthesized by the frontal polymerization technique.
Nanotechnol. Russ. 4, 489–498 (2009).

60. Goli, E., Robertson, I. D., Geubelle, P. H. & Moore, J. S. Frontal
polymerization of dicyclopentadiene: a numerical study. J. Phys. Chem. B 122,
4583–4591 (2018).

61. Ivanoff, D. G., Sung, J., Butikofer, S. M., Moore, J. S. & Sottos, N. R. Cross-
linking agents for enhanced performance of thermosets prepared via frontal
ring-opening metathesis polymerization. Macromolecules 53, 8360–8366
(2020).

62. Kovačič, S., Krajnc, P. & Slugovc, C. Inherently reactive polyHIPE material
from dicyclopentadiene. Chem. Commun. 46, 7504–7506 (2010).

63. Lenhardt, J. M. et al. Increasing the oxidative stability of
poly(dicyclopentadiene) aerogels by hydrogenation. Polymer 54, 542–547
(2013).

64. Nakama, Y., Hayano, S. & Tashiro, K. Influence of tacticity on the crystal
structures of hydrogenated ring-opened poly(norbornene)s. Macromolecules
54, 8122–8134 (2021).

65. Chuang, W.-T., Jeng, U.-S., Sheu, H.-S. & Hong, P.-D. Competition
between phase separation and crystallization in a PCL/PEG polymer blend
captured by synchronized SAXS, WAXS, and DSC. Macromol. Res. 14, 45–51
(2006).

66. Bolze, J., Kogan, V., Beckers, D. & Fransen, M. High-performance small- and
wide-angle X-ray scattering (SAXS/WAXS) experiments on a multi-functional
laboratory goniometer platform with easily exchangeable X-ray modules. Rev.
Sci. Instrum. 89, 085115 (2018).

67. Burian, M., Meisenbichler, C., Naumenko, D. & Amenitsch, H. SAXSDOG:
open software for real-time azimuthal integration of 2D scattering images. J.
Appl. Crystallogr. 55, 677–685 (2022).

68. Schnablegger, H. & Singh, Y. Orientation and order in The SAXS Guide:
Getting Acquainted with The Principles Vol. 4 (Anton Paar GmbH, 2017).

69. Chang, R. et al. Alternating poly(lactic acid)/poly(ethylene-co-butylene)
supramolecular multiblock copolymers with tunable shape memory and self-
healing properties. Polym. Chem. 6, 5899–5910 (2015).

70. Holzwarth, U. & Gibson, N. The Scherrer equation versus the ‘Debye-Scherrer
equation’. Nat. Nanotechnol. 6, 534 (2011).

71. Goren, K., Chen, L., Schadler, L. S. & Ozisik, R. Influence of nanoparticle
surface chemistry and size on supercritical carbon dioxide processed
nanocomposite foam morphology. J. Supercrit. Fluids 51, 420–427 (2010).

72. Khuu, N., Kheiri, S. & Kumacheva, E. Structurally anisotropic hydrogels for
tissue engineering. Trends Chem. 3, 1002–1026 (2021).

73. Apostolopoulou-Kalkavoura, V., Munier, P., Dlugozima, L., Heuthe, V.-L. &
Bergström, L. Effect of density, phonon scattering and nanoporosity on the
thermal conductivity of anisotropic cellulose nanocrystal foams. Sci. Rep. 11,
18685 (2021).

74. Zhang, T., Zhao, M., Daneshvar, F., Xia, F. & Sue, H.-J. Solution-processable
oxidation-resistant copper nanowires decorated with alkyl ligands. ACS Appl.
Nano Mater. 2, 7775–7784 (2019).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (2020R1A2C1005394) and SNU Materials
Education/Research Division for Creative Global Leaders (No. 4120200513611). We
greatly appreciate Professor Youngeun Kim, Ph.D from the Materials Science and
Engineering Department at Seoul National University for her insightful comments in
interpreting our SAXS/WAXS results.

Author contributions
J.P. conceived and designed the project. S.-Y.K. supervised the project. Syntheses and
analyses in the experiments were performed by J.P.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-022-00740-1.

Correspondence and requests for materials should be addressed to Seung-Yeop Kwak.

Peer review information Communications Chemistry thanks Alberto Mariani and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00740-1 ARTICLE

COMMUNICATIONS CHEMISTRY |           (2022) 5:119 | https://doi.org/10.1038/s42004-022-00740-1 | www.nature.com/commschem 13

https://doi.org/10.1038/s42004-022-00740-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Frontal polymerization-triggered simultaneous ring-opening metathesis polymerization and cross metathesis affords anisotropic macroporous dicyclopentadiene cellulose nanocrystal foam
	Results and discussion
	Synthesis and characterization of AC
	Synthesis and characterization of frontally polymerized DCPD/AC foams
	AC morphology and its C=C functionalization tandem drives a physicochemical phase separation
	The influence of ACs to the crystal structure of pDCPD and the resulted relative enhancement of oxidation resistance

	Conclusion
	Methods
	Materials
	Preparation of allyl-functionalized cellulose nanocrystal
	Formulation of DCPD/AC foam via frontal polymerization
	Front velocity and temperature measurements
	Preparation of CTD
	Characterization

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




