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Abstract

In this work, we developed an approach that can simultaneously control the
morphology and pore-surface chemistry of mesoporous materials. By introducing diols
as ‘non-covalent cross-linking agents’, microphase separation of polystyrene-b-poly(4-
vinylpyridine)-b-polylactide triblock terpolymers can be tuned, leading to the formation
of long-lived metastable phase with disordered bicontinuous morphology. After
removing polylactide end-block by selectively etching, mesoporous structures can be
achieved, but poly(4-vinylpyridine) mid-blocks will be preserved on the inner wall of
pores. We demonstrate that the prepared mesoporous materials can be applied as
adsorbents for organic dyes and metal ions. This work provides new insight into the

development of functionalized mesoporous materials.

https://doi.org/10.26434/chemrxiv-2024-7twxz ORCID: https://orcid.org/0000-0002-8376-0608 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-7twxz
https://orcid.org/0000-0002-8376-0608
https://creativecommons.org/licenses/by/4.0/

For Table of Contents Only

PS-P4VP-PLA

non-covlent cross-linking
via hydrogen bonding

disordered
bicontinuous
structure

@ bicontinuous channels
mesoporous

materials @ grafted P4VP on the
inner pore walls

https://doi.org/10.26434/chemrxiv-2024-7twxz ORCID: https://orcid.org/0000-0002-8376-0608 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-7twxz
https://orcid.org/0000-0002-8376-0608
https://creativecommons.org/licenses/by/4.0/

Introduction

Over the past few decades, mesoporous materials with pore sizes in the range of 2
to 50 nm have garnered widespread attention due to their high surface area and efficient
transport capabilities.! So far, the preparation of mesoporous materials has evolved
through numerous methods.*’ In these methods, the phase structure of block
copolymers is often employed to construct mesoporous materials.3!° Block copolymers
can form mesopores morphology after undergoing appropriate etching processes, and
they can also be used in combination with other functional components as templates or

directing agents.'!: 12

The chemical properties of the pore walls, i.e., inner surface, play a crucial role in
determining the final performance and functionality of mesoporous materials.'> #
Currently, there are two commonly used methods to modify or functionalize pore-wall
surface. For one thing, post-modification is a straight forward approach to functionalize
pore walls. In this case, functional groups will be introduced onto the pre-designed
framework after the preparation of porous materials.!>!” For another thing, inherent
functional groups on the pore walls can be introduced during the pore formation process.
In particular, by rational designing topological structure of block copolymers,
mesoporous materials with grafted polymers on the pore walls can be prepared.'® For
instance, for ABC triblock terpolymer with a degradable end-block, mid-block-grafted
mesopores is able to be prepared by removing end-block after selectively etching. For

example, Hillmyer and co-workers reported the preparation of hydrophilic mesoporous

materials using polylactide-b-poly(N, N-dimethylacrylamide)-b-polystyrene (PLA-
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PDMA-PS).!* 20 Also, Ndoni and co-workers reported nanoporous materials with
hydrophilic pore walls from polydimethylsiloxane-b-poly(tert-butyl acrylate)-b-

polystyrene (PDMS-PtBA-PS).?!

In addition to the chemical properties of the pore walls, the tortuosity and
continuity of the pores in mesoporous materials also play a crucial role in their
performance. Self-assembly of block copolymers can lead to various morphologies,
including alternating lamellar (L), hexagonally packed cylindrical (HC), and spherical
(S) structures.?? Furthermore, self-assembly of block copolymers can also lead to three
distinct structurally continuous cubic geometries: double gyroid (G), double diamond
(D), and plumber’s nightmare (P).2*2° The transport efficiency of mesoporous materials
prepared from block copolymers can be quantified using the morphology factor (f).
The f values for S, C, G/D/P, and L structures are 0, 1/3, 1, and 2/3, respectively.?’%
This implies that G/D/P phase structures possess higher interparticle transport
efficiency, due to their three-dimensional uninterrupted pathways. Furthermore, the
tortuosity factor (7) of the G/D/P phases is also higher than that of other ones, giving a
larger specific surface area.?® 3932 However, it is challenging to prepare bicontinuous
nanostructures by self-assembly of block copolymers, since thermodynamically stable
phases of block copolymers (G/D/P) only exist in very narrow regions.*>=¢ Recently,
we developed a strategy for the preparation of bicontinuous structures by controlling

the kinetics of microphase separation.’’

In this study, we reported the preparation of bicontinuous mesopores with

functionalized pore walls. We designed and synthesized a triblock terpolymer,
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polystyrene-b-poly(4-vinylpyridine)-b-polylactide (PS-P4VP-PLA). By introducing
diol molecules as ‘non-covalent cross-linkers’, bicontinuous nanostructures can be
induced via self-assembly of SVA. After selectively removing PLA end-block,
bicontinuous mesopores can be obtained. Moreover, due to the presence of surface-
grafted P4VP on the pore walls, the prepared porous materials exhibited adsorption

capacities for organic dyes and metallic ions.

Results and discussion

PS-P4VP-PLA triblock copolymer, named as SVA, was synthesized by using the
reversible addition-fragmentation chain transfer (RAFT) and ring-opening
polymerization (ROP). The detailed procedures were described in the Supporting
Information (SI). The synthesized triblock copolymer was characterized using gel
permeation chromatography (GPC) and proton nuclear magnetic resonance (‘H NMR)
(Figures S2 and S3). The molecular weights (M,) of P4VP, PS-P4VP-OH, and SVA are
5800 g/mol, 33300 g/mol, and 53100 g/mol, respectively. The volume fractions of PS,
P4VP, and PLA in SVA are 64%, 8%, and 28%, respectively (Table S1). Note that the

accurate M, value of P4VP is calculated based on 'H NMR result (Figure S1).

Self-assembly of block copolymers is driven by the immiscibility of different
blocks, which can be defined by the product of the Flory-Huggins interaction parameter
(y) and the degree of polymerization (N).***° The y value between PS and P4VP at 25 °C
is reported to be 0.56.*! Also, the microphase separation between P4VP and PLA has

been reported previously.*? Figure 1a shows the SAXS curves of synthesized SVA
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before and after selective etching with 2M NaOH solution (MeOH/water = 50:50 v/v).
It is found that the reflection peaks can be observed at a relative ¢ value of 1 : \7 in the
pristine SVA. After removing PLA microdomains, more reflection peaks can be
observed at relative ¢ values of 1 : V3 : V4 : V7 : V9, due to the enhanced electron
contrast. Also, the SAXS results indicate the formation of hexagonally packed cylinders
by the self-assembly of SVA. Figure 1b shows the corresponding transmission electron
microscopy (TEM) micrograph of SVA stained by I, in which spot-like patterns with
hexagonal symmetry can be observed. By taking a closer look on the TEM micrograph,
ring-like morphology can be recognized, resulting from the strained P4VP mid-block
(the arrows in Figure 1b). It indicates that core-shell cylinder structures were formed
by pure SVA. Moreover, the corresponding SEM micrograph exhibits typical cylinder

structures in the etched SVA (Figure 1¢), which is consistent with the above results.

o

log(l)

Figure 1. (a) SAXS profiles of as-cast and etched SVA. (b) TEM micrograph of as-cast

SVA stained by I>. (¢) SEM micrograph of etched SVA.

As shown above, after selective etching, porous structure can be achieved. To
clarify whether P4VP mid-block was removed during etching, SVA etched for different

times were measured by 'H NMR. As shown in Figure 2, the peak at around 5.2 ppm is
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attributed to the methine protons (-CH) of the PLA, while the peak around 8.3 ppm is
associated with the protons on the pyridine rings of P4VP. It is found that PLA can be
completely removed after etching for 3 hours (Figure 2). Yet, the molar fraction of
P4VP in the etched SVA is almost independent with the etching time, indicating that
P4VP mid-blocks were not cut off from PS matrix during etching. Also, these results

confirm the presence of grafted PAVP on the inner surface of mesopores in the etched

SVA.
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Figure 2. 'H NMR spectra of SVA etched with 2M NaOH (MeOH/water = 50:50 v/v)

for different times, and the corresponding monomer ratios of PS, P4VP, and PLA blocks.

Next, we intend to control the self-assembled morphologies of SVA. To this end,
three diol molecules, i.e., ethylene glycol (EG), neopentyl glycol (NPG), and bis(4-
hydroxyphenyl) sulfone (BPS), were doped into SVA by solution mixing. In the
following study, the composites of SVA doped with NPG/EG/BPS are termed as

SVA/Nx, SVA/Ex, and SVA/Bx, respectively, where x represents the doping

8
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concentration of diols (waiol/wsva). After etching, the corresponding porous materials
are denoted as ‘eSVA/Nx’, ‘eSVA/Ex’, and ‘eSVA/Bx’, respectively. For example,
‘eSVA/NO’ refers to pure SVA after etching, and ‘eSVA/N5’ refers to NPG-doped SVA

with doping concentration of 5% after etching.

Firstly, the self-assembled morphologies of SVAs in the presence of NPG were
investigated. Figures 3a-3d show the TEM micrographs of self-assembled SVAs doped
with NPG, in which the dark regions represent the P4VP domains. It is found that the
introducing of NPG can effectively regulate the intrinsic morphology of SVA. With the
increasing of doping concentration, the self-assembled structures of SVA gradually
transfer from cylinder to lamellar. Interestingly, as the doping concentration of NPG is
below 10%, self-assembled nanostructures with isotropic morphology can be observed,
e.g., SVA/NS (Figure 3a). To achieve a statistical description on the TEM microscope,
their fast Fourier transform (FFT) patterns were analyzed. For SVA/NS5 and SVA/N10,
ring-like FFT patterns can be observed. In contrast, the FFT pattern of SVA/N20 shows
hexagonally arranged spots, and highly aligned spots can be obtained from the TEM
microscope of SVA/N40, due to the oriented textures on TEM micrographs (see more
details in SI, Figure S4). These results are consistent with the TEM real-space
observation. Again, it suggests that continuous but disordered nanostructures can be
self-assembled by SVA in the presence of NPG at certain concentration. According to
TEM and SEM observation, the phase diagram of SVA/NPG can be determined as

shown in Figure 4.
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¥ oSVA/N4D

Figure 3. TEM micrographs of SVAs doped with NPG (a-d), and the corresponding

SEM micrographs of NPG-doped SVAs after etching (e-h).

To further investigate the morphological evolution of SVA with NPG dopant, SEM
observations on the etched SVAs were performed. Figures 3e-3h show the SEM
micrographs of SVA doped with NPG after removing PLA domains. In eSVA/NS,
disordered pores can be observed (Figure 3e), rather than cylinder phase observed in
eSVA/NO (see Figure 1c). Also, as the doping concentration exceeds 30%, a lamellar
morphology can be observed due to the collapse and compression of the phase structure
after removing the PLA domains (Figure 3h). Moreover, when the concentration of
NPG is higher than 70%, inversed cylinder structures can be observed (Figure S5). To
confirm whether the NPG dopant additive was completely removed during etching,
etched SVA/NPG composites were examined by '"H NMR. It is confirmed that most of
NPG can be removed within 1 hour (Figure S6). In addition, the morphologies of self-

assembled SVA/NPG composites before and after etching were examined by SAXS. It
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is observed that the intensity of SAXS peaks is enhanced after etching (Figure S7). In
particular, the etched SVA/NPG composites exhibited broad scattering peaks, which is
consistent with the disordered morphologies observed in TEM and SEM. However, it
is challenging to determine the structures according to the SAXS results, due to the

broad scattering peaks.

cylinder c_iisorFiered inversed phase
bicontinuous
lamellar cylinder/lamellar
eee o o o e o e SVA/NPG
e o000 o oo e SVA/EG
eee o ° ° ° ® e SVA/BPS
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Figure 4. Phase diagrams of SVA/NPG, SVA/EG, and SVA/BPS.

To gain a deeper insight into the mechanism on the controlled self-assemblies of
SVA, FTIR spectroscopy is used to determine the inter-molecular interactions between
SVA and NPG. Figure S8 shows the FTIR curves of SVA, NPG, and SVA/N10 before
and after etching. In the FTIR spectrum of SVA, the peak at round 993 cm™' is
associated with the stretching mode of the pyridine rings.** ** However, this peak is
significantly weakened in the presence of NPG. Also, the stretching band of pyridine
rings shifts to the higher wavenumber*, due to the coordination of NPG with pyridine
rings. For the same reason, the characteristic peaks of NPG at 2971, 2928, and 2882

cm ! are not visible in SVA/N10.* The above results indicate that, in the SVA/NPG
11
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composites, the diol molecules interact with the pyridine rings of P4VP mid-segments
through hydrogen bonding (Scheme 1). Consequently, the block copolymers were ‘non-
covalently’ crosslinked by the diols, resulting in the reduced chain mobility and reduced
kinetics of microphase separation.*® It leads to the generation of long-lived metastable
phase with network morphologies during solution casting. After selective etching,
mesoporous bulks with bicontinuous channels and grafted P4VP segments on the inner

pore walls can be achieved.

PS-P4VP-PLA 0 ‘g/

A
e H 0-R-0,
H

l, HO/><\0H \ _____________

" n cross-linking via

g ‘”1 R hydrogen bonding
‘\‘ ‘ microphone disordered
o separation bicontinuous
hexagonally packed B
cylinder phase ]
intrinsic morphology metastable phase

Scheme 1. Mesoporous materials with disordered bicontinuous channels from

controlled self-assembly of PS-P4VP-PLA triblock copolymer.

Next, to investigate the structural feature of mesopores, the surface area and pore
size distribution of eSVA/NS5 are determined by using N sorption technique.*’-*® The
surface areas of mesopores can be calculated using the Brunauer-Emmett-Teller (BET)
theory. The BET surface area of eSVA/NS is measured as 52.2 m*/g, that is higher than
that of eSVA/NO (46.6%) and eSV/N40 (7.7 m?/g) (Figure 5). The results indicate that

mesopores with a disorder bicontinuous morphology have a larger surface area
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compared to cylinder mesopores in eSVA/NO. The relatively lower surface area of
eSV/N40 is attributed to the collapse of the lamellar structure after etching. Also, the
N> sorption isotherm of eSVA/NS5 exhibits a type IV isotherm characteristic, indicating
the formation of a mesoporous structure (Figure 5b).*’ Furthermore, the abrupt increase
in nitrogen adsorption at P/P° = 0.88 indicates the presence of a significant outer
surface.’® While the adsorption isotherm exhibits an H1-type hysteresis loop, indicating
a relatively narrow pore size distribution. The average pore diameter of eSVA/NS was
calculated using the Barrett-Joyner-Halenda (BJH) method and found to be around 20

nm (inset in Figure 5b).
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Figure 5. Nitrogen adsorption/desorption isotherms of eSVA/NO (a), eSVA/NS5 (b), and
eSVA/N40 (c) (filled circle: adsorption branch; unfilled circle: desorption branch).

Insert: pore size distribution.

The above results indicate that bicontinuous morphologies of SVA can be prepared
by introducing diol molecules. Besides NPG, it is expected that the other diols can also
be applied to control the self-assemblies of SVA. To this end, the self-assemblies of
SVA in the presence of EG and BPS were investigated. Figure S9 shows the TEM
micrographs of SVA/EG and SVA/BPS composites, and the corresponding SEM

micrographs of etched SVA/EG and SVA/BPS were shown in Figure S10 (see also
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Figures S11-S12). The SAXS profiles of SVA/EG and SVA/BPS before and after are
shown in Figures S13 and S14. It is found that disordered bicontinuous structures can
be prepared in both of SVA/EG and SVA/BPS at certain doping concentration, and the
corresponding phase diagrams were shown in Figure 4. These results confirm that
various diols can reduce the kinetics of microphase separation of SVA, leading to the

formation of bicontinuous structures.

We have already demonstrated that mesoporous structures with bicontinuous
morphology can be prepared by self-assembly of SVA triblock copolymer under kinetic
controlling. More importantly, the preserved P4VP segments grafting on the pore-wall
make the porous materials able to adsorb organic dyes and metallic ions.>"* 32 To this
end, Orange G (OG) and Cu?" were used to verify the adsorption properties of the
porous materials. We also prepared mesoporous PS bulk without P4AVP decoration as a
control, termed as eSA (Figure S15). To measure the adsorption properties, eSVA/N5
and eSA were immersed in aqueous solutions of OG and Cu?" for varying time intervals,
and UV-vis spectroscopy tests were conducted (Figures S16 and S17). Figure 6 shows
adsorption capacities of OG and Cu?" ion by eSVA/NS and eSA. It is found that the
adsorption capacities increase and gradually reach saturation, due to the diffusion of
dye molecules and ions in the grafted layer of PAVP. This is consistent with the previous
report.>* The equilibrium adsorption capacity (g.) of mesoporous materials for OG and
Cu?" ion at different time intervals can be calculated based on the standard curves
(Figures S18 and S19). The equilibrium adsorption capacities of OG and Cu®*" by

eSV/NS5 are 7.5 mg/g and 13.2 mg/g, respectively. In contrast, no adsorption on OG and
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Cu?" ion can be detected in eSA, confirming that the adsorption capacity of eSVA/N5

is attributed to the presence of PAVP segments grafting on the pore walls.
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Figure 6. Adsorption capacity curves eSVA/N5 and eSA for OG (a) and Cu?" (b). The
photograph and schematic diagram of the home-made adsorption setup (c), and the total

adsorption capacity after multiple elution (d).

Moreover, taking advantage of solution processing, mesoporous PS bulk with
P4VP decoration can be prepared onto solid substrates as coating layer. To this end, an
adsorption column containing several inner helical skeletons was prepared by 3D
printing (Figure 6¢). By injecting SVA/NS5 solution into the column, the composite can
be coated onto the surface of the helical skeletons. After etching, porous coating layers
can be obtained (Figure S20). Then, the solution of OG was slowly passed through the

column by using a syringe pump, and the filtrate was repeatedly passed through the

15

https://doi.org/10.26434/chemrxiv-2024-7twxz ORCID: https://orcid.org/0000-0002-8376-0608 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-7twxz
https://orcid.org/0000-0002-8376-0608
https://creativecommons.org/licenses/by/4.0/

column for seven times. As shown in Figure 6d, the adsorption reaches equilibrium
after passing the column for 6 times, and the equilibrium adsorption capacity is 17.3
mg/g. It is noteworthy that, as it is challenging to control the evaporation rate of
SVA/NPG solution in the column, more work is need to further optimize the

morphology of coated SVA layer. The follow-up research is ongoing in our laboratory.

Conclusions

In this study, we have reported an approach for the fabrication of morphology-
controlled mesoporous materials with P4VP-functionalized pore walls. In the presence
of diols as ‘non-covalent cross-linking agents’, e.g., NPG, EG, and BPS, the self-
assemblies of PS-P4VP-PLA triblock terpolymer (SVA) can be effectively retarded, due
to the coordination of OH groups of diols and pyridine rings of mid-block.
Consequently, the morphologies of self-assembled SVA can be regulated. In particular,
under certain doping concentration, disordered bicontinuous morphologies can be
achieved. After selective etching, mesoporous bulks with network channels and P4VP-
grafted inner surfaces can be obtained. The mesoporous materials exhibit adsorption
capabilities for organic dyes and metal ions. This work provides new insight into the

development of functional mesoporous materials.

Supporting Information
Experimental methods, additional SEM micrographs, SAXS profiles, NMR spectra,

and FT-IR spectra.

Notes
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