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The hierarchical porous structures of vinyl polymers, such as polystyrene
(PSt) and poly(methyl methacrylate) (PMMA), were derived from
morphologies of a biomineral through replication. The resultant PSt
hierarchical structures showed enhanced adsorption properties of
organic molecules as hydrophobic adsorbents in an aqueous medium.

Hierarchically organized structures in biominerals have relation-
ships with their emergent properties, such as mechanical strength
and optical properties." Biomimetic approaches have been studied
for the morphology control of crystalline materials.> However, it is
not easy to achieve simultaneous synthesis and morphogenesis of
such fine-tuned structures. If similar hierarchical morphologies are
generated in a variety of materials, the enhanced properties can be
derived from the morphology control. Here we report on the
hierarchical morphology replication from a biomineral to vinyl
polymers, such as polystyrene (PSt) and poly(methyl methacrylate)
(PMMA). The porous PSt showed enhanced properties as a
hydrophobic adsorbent originating from the replicated biogenic
hierarchical morphologies with the micrometer-scale sponge
structure and unit nanoparticles. Biominerals of calcium carbonate
(CaCO;) have a variety of morphologies consisting of the biological
macromolecules and oriented calcite nanocrystals 20-100 nm in
size.> Although biominerals are composed of abundant resources
in nature, the hierarchically organized structures contribute to the
emergence of the superior properties. Our challenge here is the
application of the biogenic hierarchical structures to develop
functional materials through morphology replication from bio-
minerals to synthetic materials. The hierarchical structures of
biominerals were used as the functional materials themselves,
self-templates, and templates in previous studies.®® For exam-
ple, CaCO; biominerals themselves were applied to an adsorbent
of gases and heavy metal ions and a stationary phase of
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chromatography.®” The silica skeleton of a diatom served as the
self-template for the preparation of a silicon hierarchical structure
with enhanced electrochemical properties.® While biological
resources were used as templates for synthesis and morphology
control of inorganic materials,”™* the approaches were not fully
applied to those of organic materials. Our group found that the
hierarchical morphologies of biominerals and biomimetic
materials were replicated to organic materials, such as conductive
polymers and organic crystals."' However, the replicated hierarchical
morphologies were not effectively applied for the enhancement
of the properties. Our intention here is to find an application of
the replicated polymer materials with the biogenic hierarchical
morphologies.

Morphologies of polymer materials in a range of length scales
are significant for their applications."” Syntheses of designed
monomers and their precise polymerization direct morphology
control of polymers at a molecular level.’* Self-organized polymer
materials in nanometer to micrometer scales are prepared by phase
separation and segregation.* In general, it is not easy to achieve
synthesis and simultaneous morphogenesis of polymers from
nanometer to macroscopic scales. A variety of templates are used
for morphogenesis of polymer materials from nanometer to micro-
meter scales, such as mesoscale porous materials, metal organic
frameworks, and colloidal crystals of microparticles."™'>™® Electro-
spinning provides fibrous units of polymer materials to form the
higher ordered structures.'®”® However, generalizable methods for
the hierarchical morphogenesis of polymer materials from nano-
scopic to macroscopic scales are not fully studied in previous studies.
We have proposed a method for synthesis and morphogenesis
of conductive polymers through the replication of the original
hierarchical structures in CaCO; biominerals.'" Since a variety
of hierarchical morphologies in CaCO; biominerals consist of
the oriented nanocrystals,* the incorporation and polymerization
of the monomers in the interspace of the nanocrystals facilitate the
morphogenesis of the polymers. The hierarchically organized poly-
mer materials are obtained after dissolution of the original CaCO;
materials. However, the method was only applied to oxidative
polymerization of pyrrole and thiophene derivatives. In addition,
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the replicated biogenic morphologies did not contribute to the
enhancement of the properties in the previous reports.™*

In the present work, we report on synthesis and morphogenesis
of hierarchical porous polymers, such as PSt and PMMA, for a
hydrophobic adsorbent. A sea urchin spine consisting of the micro-
meter scale sponge and unit nanoparticles was used as an original
material for the morphology replication of the polymers. The
biogenic structures were replicated to PSt and PMMA through radial
polymerization of styrene (St) and methyl methacrylate (MMA) in
the nanospace of the oriented unit crystals. The hierarchical
morphologies of PSt contribute to the enhanced properties as a
hydrophobic adsorbent. Macroscopic morphologies of PSt are
controlled and designed in industrial scales for versatile uses.
Recent reports showed the emergent properties originating from
the morphology control of PSt.>**> Here we focused on a biogenic
hierarchical architecture of a sea urchin spine with the micrometer-
scale sponge morphology consisting of the oriented nanocrystals
because the hierarchical morphologies combine to achieve the
high specific surface area for the adsorption and permeability
of an aqueous medium. Therefore, morphology replication
provides PSt with the suitable structures as a hydrophobic adsorbent.
The present work shows a new concept of the application of
functional biogenic structures through the hierarchical morphology
replication methods.

A sea urchin spine consisting of the oriented CaCO; nanocrystals
and biological macromolecules was used as the original material for
the hierarchical morphogenesis of PSt (Fig. 1a and b). The original
sea urchin spine showed the sponge structure with continuous pores
around 10 pm in diameter (Fig. 1a). The micrometer-scale sponge
consisted of the oriented nanocrystals around 50 nm in size (Fig. 1b).
The detailed experimental methods are described in the ESL{ The
biological macromolecules incorporated into the nanospace were
removed by the immersion in an aqueous solution containing
sodium hypochlorite (NaClO) and subsequent heat treatment.
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Fig. 1 Hierarchical morphology replication from a sea urchin spine as an
original material to PSt. FESEM images of a sea urchin spine (a, b), the
CaCOz-PSt composites (c, d), and the PSt hierarchical architecture after
dissolution of the original CaCOz material (e, f).
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The neat liquid of the St monomer containing azobisisobutyronitrile
(AIBN) as an initiator was introduced into the interspace of
the nanocrystals. The CaCO; oriented nanocrystals containing the
mixture of St and AIBN were maintained at 70 °C for 48 h. The AIBN
concentration and polymerization temperature were referred to a
previous work.'®” After the radical polymerization proceeded, the
composites of CaCO; and PSt were formed (Fig. 1c and d).
The formation of PSt was confirmed by Fourier-transform infrared
(FT-IR) spectroscopy (Fig. S1 in the ESIt). In the CaCO5-PSt compo-
sites, PSt was not infiltrated into the micrometer-scale pores of the
sponge structure (Fig. 1la and c).f The grain boundary of the
nanocrystals was not clearly observed in the magnified image
(Fig. 1d). The PSt content in the composites was estimated to be
8.7 wt% by thermogravimetric (TG) analysis (Fig. S2 in the ESI}).
These results indicate that PSt was not formed in the micrometer-
scale sponge pores but in the interspace of the unit nanocrystals.
The incorporation and polymerization of the St monomer were
achieved on the sponge skeletal body with a layer of around 10 pm
in thickness. The control of the layer thickness was achieved in our
previous work."® The PSt hierarchical architecture was obtained by
the dissolution of the original CaCO; material (Fig. 1e and f). The
micrometer-scale sponge morphology consisted of nanoparticles
around 70 nm in size. The replicated PSt showed a similar hier-
archical structure to that of the original CaCO; material (Fig. 1a, b, e
and f). In the PSt hierarchical architecture, the remaining calcium
species originating from the original CaCO; material were not
detected by energy dispersive X-ray (EDX) spectroscopy (Fig. S3 in
the ESIt). In this way, the PSt hierarchical architecture was obtained
through the morphology replication of a biomineral as an original
material. Similar hierarchical morphologies of PMMA were obtained
using the same method (Fig. S4 in the ESIY).

The incorporation and polymerization of the St monomer
into the nanospace are the key processes for the hierarchical
morphology replication. The bulk polymerization proceeds in the
nanospace, even though the monomer and oligomers can remain in
the polymerized material. Since PSt was formed and confined in the
nanospace, the incorporated PSt showed different thermal properties
from those of the bulk state on the thermograms of differential
scanning calorimetry (DSC) (Fig. 2). The DSC thermogram of the
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Fig. 2 Polymerization in the interspace of the oriented nanocrystals.
(a) DSC curves of the CaCOz—PSt composites (i) and bulk PSt synthesized
under the same conditions without CaCOs (ii). (b) The schematic illustration
of the incorporated PSt into the nanospace of the oriented unit crystals.
(c) The schematic illustration of the incorporated PSt in the as-synthesized
state (the left panel) and a stable conformation after the relaxation with an
exotherm during the heating process.
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CaCO;-PSt composites showed the exothermic peak at around
85 °C during the heating process (chart (i) in Fig. 2a). The
reference bulk PSt was synthesized using the same procedure
in the absence of CaCOj;. The reference PSt showed the baseline
shift with the endothermic peak at around 100 °C corresponding
to the glass transition temperature (chart (ii) in Fig. 2a). In the
CaCO;-PSt composites, the exothermic peak at around 85 °C is
ascribed to the conformational change in the PSt chains (Fig. 2b
and c). Since PSt is synthesized from the neat liquid of St
through radical polymerization in the confined nanospace, a
stable conformation is not achieved in the as-synthesized state.
Therefore, a stable conformation is achieved by the relaxation
with an exotherm during the heating process (Fig. 2¢). The same
relaxation behavior was reported in PSt prepared in a metal
organic framework.'®” The results support that the formation of
PSt proceeds not in the micrometer-scale sponge pores as the
bulk state but in the confined nanospace (Fig. 2b).

Here the pore volume and pore diameter of the nanospace
are estimated from the amount of PSt incorporated into the
composite. Although a variety of organic compounds in liquid
states have been introduced into the nanospace regardless of
the hydrophilic and hydrophobic natures,'' the pore volume
and pore diameter of the nanospace are not estimated by a gas
adsorption method. Since the CaCO;-PSt composite includes
8.7 wt% of PSt in the nanospace (Fig. S2 in the ESIY), the volume of
the incorporated PSt is calculated to be 9.16 x 10~> cm?® in 1 g of the
original CaCO; oriented nanoctystals at a density of 1.04 g cm™> for
PSt. Therefore, the pore volume of the oriented nanocrystals (V;,) is
estimated to be V,, = 9.16 x 10~ > cm® g~ ! if the total volume of the
nanospace, except the micrometer scale sponge pore (Fig. 1a), is
occupied by PSt. When the shape and size of the CaCO; nanocrystals
are assumed to be a cube of 50 nm on a side without aggregation
(Fig. 1b), the specific surface area (Scaco,) is estimated to be
44.3 m* g~ " ata density of 2.71 g cm ™ for CaCOj;. Based on these
estimations, the pore width of the nanospace (L) is calculated to
be L, = 4.1 nm using eqn (1) based on the assumption that the
space has a slit-type pore structure (Fig. 2b).>*

_ 2
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The results support that the characteristic thermal properties as
shown in Fig. 2 are ascribed to the confined effects in the
nanospace corresponding to D, = 4.1 nm. These results suggest
that the oriented nanocrystals can be regarded as a family of
porous materials.

The enhanced properties as a hydrophobic adsorbent were
observed on the resultant hierarchical PSt architectures (Fig. 3).
Rhodamine 6G and p-cresol were used as typical models of industrial
wastewaters (Scheme S1 in the ESIt). The static adsorption proper-
ties were studied by changes in the initial concentrations (C,) of
rhodamine 6G and p-cresol. The aggregation of the nanoparticles
around 200 nm in size, as a reference, was performed by reprecipita-
tion of a commercial PSt from the toluene solution with the addition
of methanol (Fig. S5 in the ESIt). The adsorption experiments
were performed by immersion of the PSt samples in the aqueous
solutions for 2 days. The aqueous solutions of rhodamine 6G
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Fig. 3 Adsorption properties of rhodamine 6G (a, b) and p-cresol (c, d) on the
PSt hierarchical architecture and reprecipitated PSt. (a, c) The photographs of the
PSt hierarchical architecture and reprecipitated PSt immersed in the aqueous
solutions of rhodamine 6G (a) and p-cresol (c). The insets of panel (a) show the
pictures of the PSt samples before the adsorption experiments. (b, d)
The adsorption isotherms of rhodamine 6G (b) and p-cresol (d) on the PSt
hierarchical architecture (circles) and reprecipitated PSt (squares).§

and p-cresol penetrated into the hierarchical PSt (Fig. 3a). In
contrast, the reprecipitated PSt floated on the aqueous solutions
without the penetration even after 2 days (Fig. 3c). Since the
concentrations of the remaining aqueous solutions became
constant after 2 days, the adsorption equilibrium was assumed
to be achieved. The adsorbed amounts (W) at the adsorption
equilibrium concentrations (C.) were measured after 2 days to
prepare the adsorption isotherms (Fig. 3b and d). The relation-
ship between the C,, C., and W is summarized in Tables S1-S3 in
the ESL{ Under all the experimental conditions, the hierarchical
PSt showed the improved adsorption properties rather than the
reprecipitated one (Fig. 3b and d). For example, the amount of
the adsorbed rhodamine 6G was 253 mg g~ for the hierarchical
PSt at C, = 0.444 wt% and 15.8 mg g~ * for the reprecipitated PSt at
C. = 0.484 wt% (Fig. 3b). The adsorption amount of the hierarchical
PSt is comparable to 300 mg g ' for that of a commercial PSt
adsorbent (Amberlite XAD-2000) at C. = 0.416 wt% (Table S1 and
Fig. S6 in the ESIt). The amount of p-cresol adsorbed was 109 mg g~ *
for the hierarchical PSt at C. = 1.26 wt% and 23.7 mg g * for the
reprecipitated PSt at C. = 1.08 wt% (Fig. 3d). The amount is
comparable to the adsorption amount of m-cresol on a porous PSt,
namely 126 mg g~ " at C. = 0.978 wt%, prepared by the flash freezing
process, a new phase separation technique, in a recent report.>
The improved adsorption properties of the hierarchical PSt are
ascribed to the morphologies replicated from a sea urchin spine
(Fig. 1e and f). The sponge morphology of PSt at a micrometer scale
contributes to the permeability of the aqueous solutions. The unit
nanoparticles around 70 nm in diameter serve as the adsorption
site with a high specific surface area. The specific surface area of
the PSt spheres (Spg) is estimated to be 82.4 m® g ' when the
density and diameter of PSt are assumed to be 1.04 g cm ™ * and
70 nm, respectively. Around C. = 1 wt%, the number of cresol
molecules on 1 nm* of the PSt samples (12.) was calculated to be
4.49 nm > for our hierarchical PSt, 2.50 nm™ 2 for a commercial one
(Amberlite XAD-200), and 3.79 nm ™ for a porous PSt in a previous
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report.”” The resultant hierarchical PSt showed the highest 7.
rather than the reference adsorbent samples. These results suggest
that the replicated biogenic hierarchical morphologies on PSt
possess a suitable structure for a hydrophobic adsorbent.

In summary, the hierarchical morphologies of a sea urchin spine,
a biological resource, are replicated to PSt and PMMA. The original sea
urchin spine consisted of the micrometer-scale sponge morphology
and oriented nanocrystals. The hierarchical morphology replication
was achieved by the incorporation and polymerization of the mono-
mers in the interspace of the oriented nanocrystals. Since PSt was
synthesized in the confined nanospace, the unique exothermic
behavior with the conformational changes was observed on the
DSC thermogram. The results indicate that the interspace of the
oriented nanocrystal was a confined nanospace. The hierarchical PSt
showed enhanced adsorption properties as a hydrophobic adsorbent.
The enhancement of the adsorption properties is ascribed to the
hierarchical structures including the micrometer-scale pores of the
sponge morphology and interspace of the nanoparticles. The present
work is a model case of using a sea urchin spine. Functional
morphologies of biological resources have potential for the enhance-
ment of the properties in a variety of materials. The present method
for the hierarchical morphology replication can be applied to the
development of a variety of functional polymer materials.

Notes and references

i A sea urchin spine consisting of the oriented CaCO; nanocrystals was
immersed in a neat liquid of the monomers. Then, the excess monomer,
such as in the micrometer-scale pores of the sponge, was absorbed by a
paper towel. As reported in our previous studies,'* the method facilitates
the incorporation of the monomers into the nanospace without the
infiltration of the micrometer-scale pore. The monomer-incorporated
sample was set in a vessel with the other vessel containing the monomer.
Since the monomer vapor was filled in the reaction chamber, the
incorporated monomer was not easily vaporized from the nanospace.

§ The adsorption isotherms of the commercial PSt adsorbent are
displayed in Fig. S6 in the ESL¥
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