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ABSTRACT: In this study, we investigated the functionality- and
size-dependent differentiation capability of bulk nanoporous
polystyrene (PS) materials in aqueous environments. A three-
arm star block copolymer (consisting of dibranched PS and linear
polylactide (PLA) blocks) was employed to prepare PS nano-
channels with the average pore diameter of 14.2 nm. Due to the
ester group at the junction of the PS and PLA blocks, a negatively
charged carboxylate group could be placed as the wall functional
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group automatically after the PLA etching. Based on specific electrostatic interactions, the bulk PS channels with the carboxylated
wall could selectively capture a water-soluble cationic dye (rhodamine 6G) in the aqueous and methanolic solutions.
Furthermore, the well-defined porous PS displayed excellent size-dependent selectivity, which was proved by a fluorescence
quenching experiment using differently sized gold nanoparticles (AuNPs). Rhodamine 6G dyes on the pore wall were effectively
quenched by 2 nm AuNPs. In contrast, the 16 nm AuNPs (larger than the pore diameter) did not affect the brightness of the

rhodamine 6G-loaded PS.

Molecular recognition in nanopores is an intriguing
subject because of its tremendous application potential
for separations, and sensors." To enhance the selective capture
in nanopores, two major factors (i.e, wall functionality and
pore size) have to be optimized for a target analyte.
Nanoporous polycarbonate (PC) membranes have been used
as materials for chemical separations.” Several methods have
been employed to control pore size and wall functionality. For
example, electroless gold plating can tune the pore size by
thickening the gold layer, and functional groups on the gold
surface were modified by subsequent thiol treatment.’> More-
over, charged polymers and dendrimers have been coated on
the oppositely charged pore surface, thus, enabling both pore
size and functionality to be controlled in a single step.*
Although nanoporous PCs are beneficial in terms of pore
control, they have low pore densities (~10° pores/cm?), and
the pores are randomly distributed across the membranes.
The self-assembly of block copolymers (BCPs) consisting of
chemically inert and labile blocks can provide an alternative way
to prepare nanoporous polymers.6 In contrast to PC
membranes, the nanopores from BCP assemblies are regularly
arrayed, and the pore densities are as high as 10" pores/cm?’
Although other block copolymer samples (e.g, polybuta-
diene-block-polydimethylsiloxane) were employed,® polystyr-
ene-block-polylactide (PS-b-PLA) is a representative polymer
precursor for the preparation of nanoporous polymers, which
has been intensively studied by the Hillmyer group.”” Some
results regarding the postmodification of wall functionalities
and thin film applications have been reported.'’ Nevertheless,
except for a capsule-like PS tube with a single pore recently
reported to discriminate charged analytes,"" no bulk PS with a
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regular array of nanopores has been applied to molecular
separations.

Therefore, it is worth investigating separation events in
organic nanopores coming from designed BCPs. To do so, we
employed a three-arm star (PS),-b-PLA with its PS volume
fraction (f) of 0.6 (Figure 1a). The three-arm star architecture
was chosen to obtain a hexagonal columnar morphology with
PLA cylindrical cores, because the branched block makes the
curvature toward the linear block in order to relieve some
packing constraints.'” According to the theoretical studies of
miktoarm block copolymer assemblies, the relaxation of the
multiarm block favors the outside of the curved interface at the
expense of a gained stretching energy of the inner linear
block."® Indeed, the three-arm star block copolymer showed a
hexagonal columnar morphology (Figure 1b and Figure S1(a)),
while the linear PS-b-PLA with the identical f exhibited a
lamellar morphology.'* In the BCP design, it should also be
noted that a removable ester group was placed at the junction
of the PS and PLA blocks (Figure 1a). Thus, it automatically
changed into a negatively charged carboxylate on the PS wall by
a NaOH etching step (Figure 1c).

The three-arm block copolymer was prepared by a click
reaction of dibranched PS and PLA blocks (Scheme S1).'® The
obtained star block copolymer could be converted into well-
defined monolithic nanoporous PS (1) with the average pore
diameter of 142 nm (Figure S2). Assuming that all the
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Figure 1. (a) Molecular structure of (PS),-b-PLA, and schematic
representations of (b) the hexagonal columnar structure assembled by
(PS),-b-PLA and (c) the nanoporous PS (1) after removing the PLA
block using NaOH. (d) Molecular structures of rhodamine 6G and
calcein.

Figure 2. Time-dependent photographs of the porous PS pieces in
methanolic (a) rhodamine 6G, (b) calcein, and (c) rhodamine 6G/
calcein mixture solutions. (d—f) Bright field micrographs (10x). (d)

carboxylate groups were placed on the surface, the areal density
of the carboxylate functional groups was estimated to be 0.33/

2 : .
nm- using th.e spec1ﬁc? surface area (determu?ed from the Pristin porous PS (1). (e, f) Solvent-free porous pieces taken from
nitrogen sorption experiment) and molecular weight of the PS methanolic rhodamine 6G and calcein solutions, respectively. In (b),
block. The experimental method, including macroscopic PS pieces at the bottom are indicated by the arrows.

orientation and chemical etching processes, was performed as
similar to what the Hillmyer group reported previously. The

regarding experimental details including the porosity character- concentrations in the solutions. As with the observation in
izations are presented in Supporting Information. the methanolic solutions, it was noticeable with the naked eye
As confirmed by the 'H NMR and gel permeation that the rhodamine 6G solution became lighter than the calcein
chromatography (GPC) results (Figure S4), the PLA block solution with increasing amounts of porous PS (Figure 3a,b).
was completely removed by a chemical etching using NaOH The quantitative analysis was done by monitoring the UV—vis
solution. Therefore, anionic carboxylate groups were placed on absorption data of the solutions. The absorbance of the
the pore wall (Figure 1c). With this in mind, we considered that rhodamine 6G solution decreased from 0.63 to 0.51 and 0.23
the PS nanochannels with the negatively charged walls could with increasing amounts of 1 (Figure 3a), because the
capture positively charged analytes that are small enough to rhodamine 6G molecules in the solution diminished due to
penetrate into porous channels. To demonstrate this the insoluble porous PS sieving rhodamine 6G molecules
hypothesis, we examined the electrostatics-based differentiation (Figure 3f). In contrast, only a tiny absorbance reduction was
of 1. We chose two water-soluble dyes (i.e., rhodamine 6G and observed in the calcein solution, although identical amounts of
calcein) as the analytes, because they are analogous in size and 1 were added (Figure 3b).
structure, but different in charge (Figure 1d). With the naked Besides the spectroscopic evidence, it is necessary to verify
eye, the dye differentiation of 1 was preliminarily examined in the permeation of the dye molecules into PS pores. First, we
the methanolic solutions containing rhodamine 6G and calcein, investigated a nonporous PS homopolymer with a carboxylic
respectively. The PS pieces in the rhodamine 6G solution acid group (see Scheme S1). The nonporous PS was immersed
turned pink, while no color was observed in the calcein solution in the aqueous rhodamine 6G solution. In contrast to the PS
(Figure 2a,b). In addition, the color in the mixture solution of sample (1-Rho) taken from the rhodamine 6G solution, the
the two dyes was seemingly identical to that in the rhodamine nonporous sample did not turn red (Figure S7). This suggests
6G solution (Figure 2c). The direct observation of the PS that the red porous PS in the rhodamine 6G solution comes
pieces taken from the dye solutions using an optical microscope not from the exterior surface, but from the interior pore area.
was identical to the above observation. The entire area of the To investigate this in more detail, we examined the
solvent-free PS sample from the rhodamine 6G solution turned fluorescence microscope images of 1, 1-Rho, and 1-Cal
red, while the sample from the calcein solution looked (taken from the calcein solution). The samples were excited
translucent gray (the same as the pristine PS (1); Figure 2d—f). at 510 nm. No emissive region was observed in the fluorescence
More elaborate experiments were performed in the aqueous image of 1. For 1-Rho, a strong emission was observed over the
solutions because our porous PS is potentiallz applied to whole sample area, which also indicates that cationic molecules
biological targets such as water-soluble proteins.'® Because the permeated into the internal pores of the sample (Figure 3f). In
density of 1 is lower than water, the porous PS pieces were contrast, 1-Cal was less bright, and slightly emissive regions
sealed in aluminum foil with holes and then immersed in the 10 were found near the sample edge. This means that calcein
UM aqueous solutions of rhodamine 6G and calcein. As the molecules could not penetrate into internal pores but were

amount of 1 added increased, we checked the dye slightly loaded in pores at the edge areas (Figure 3g).

1376 dx.doi.org/10.1021/mz3005154 | ACS Macro Lett. 2012, 1, 1375—1378



ACS Macro Letters

= 10 uM of aq. calcein
- == 0.54 mg/mL of 4 for 24h
= == 3.54 mg/mL of 1 for 24h

F B —— 10Mof aq. thodamine 6G 067
¢ - == 0.54 mg/mL of 1 for 24h [

--- 354mg/mLof1for2ah g5

o
=

Absorbance
o
>
Absorbance
o
©

024

00 r - r v v -
300 350 400 450 500 550 600
wavelength (nm)

(e) 1-Cal

Wavelength (nm)

(c)1 (d) 1-Rho

(f) 1-Rho (g) 1-Cal

Rhodamine 6G

o

Calcein

O

Figure 3. UV—vis absorption variations of (a) rhodamine 6G solution
and (b) calcein solution as a function of the amount of 1 added. In the
vial photos, the left and right images were taken before and after the
addition of 1. (c—e) Fluorescence microscope images and (f, g)
schematic representations: (c) 1, (d, f) the PS sample (1-Rho) taken
from the rhodamine solution, and (e, g) the PS sample (1-Cal) taken
from the calcein solution.

The above experimental results demonstrate 1 can recognize
selectively cationic analytes via the electrostatic interaction of
anionic carboxylate groups on the wall. Consequently, pore
functionality is an important parameter for molecular
discrimination.

Meanwhile, gold nanoparticles (AuNP) are frequently
employed as a quencher for many dye molecules. It is well-
known that rhodamine 6G is quenched by AuNPs of various
sizes.'”” With this in mind, we envisaged that AuNPs with
different diameters could prove the size-dependent recognition
in porous PS materials. To test this, we prepared two AuNPs
with average diameters of 2 and 16 nm, respectively (Figures
4a,b and S8). The surface groups of the AuNPs were carboxylic
acid. Taking into account the sparse population (0.33/nm”) of
the carboxylate group of 1 and the molecular area (1.85 nm*)'®
of rhodamine 6G, the rhodamine 6G in 1-Rho presumably can
only interact with one carboxylate group on the wall. Therefore,
the remaining nitrogen moiety of rhodamine 6G has the
possibility to interacts with carboxylic acid units on the AuNP
surface. Because both AuNPs had the identical acid
functionality, the surface effect for quenching rhodamine 6G
could be ruled out. Therefore, we assumed that the dye
quenching was mainly attributed to the different AuNP
diameters relative to the PS pore diameter. The concentrations
of the 2 and 16 nm AuNP solutions were determined to be 10
uM and 56 nM, respectively. The rhodamine 6G-containing PS
sample (1-Rho) was immersed in each AuNP solution. After a
prolonged immersion of 4 days, the PS samples were
investigated using fluorescence microscopy. The samples were
excited at 510 nm. The PS sample taken from the 16 nm AuNP
solution was as bright as 1-Rho before immersion in the AuNP
solution (Figure 4c,d). This suggests that 16 nm AuNPs cannot
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Figure 4. Transmission electron micrographs of (a) 16 nm AuNP and
(b) 2 nm AuNP. Fluorescence microscope images (c—e) and
schematic representations (f, g): (c) 1-Rho, (d, f) 1-Rho immersed
in 16 nm AuNP solution, and (e, g) 1-Rho immersed in 2 nm AuNP
solution.

interpenetrate the nanopores of 1-Rho, because the particle
diameter is larger than the pore diameter (Figure 4f). In
contrast, the PS sample from the 2 nm AuNP solution became
dimer than 1-Rho (Figure 4¢). This indicates that 2 nm AuNPs
permeated nanopores and effectively quenched rhodamine 6G
dyes in the pore interior (Figure 4g). Consequently, the results
clearly demonstrate the influence of particle size on dye
fluorescence in nanopores.

In summary, we have verified that the porous PS (1) can be
utilized as a polymeric sieve for nanosized analytes. Because of
the controlled wall functionality (anionic carboxylate), 1 was
able to selectively capture positively charged rhodamine 6G. In
addition, 1 with the 14.2 nm pore diameter exhibited excellent
size-dependent selectivity. The 2 nm AuNPs eflectively
quenched rhodamine 6G on the porous wall, while the 16
nm AuNPs did not affect the brightness of the rhodamine 6G-
loaded PS. We believe that the nanoporous PS can be diversely
applied for the development of smart chromatographic
materials for nanosized chemical and biological analytes.
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