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ABSTRACT: The control of molecular interactions between
host and guest is of considerable importance for adsorption
and release applications. To address this challenge, polymeric
ionic liquid (PIL) brushes were prepared via reversible
addition—fragmentation chain transfer polymerization, where
we demonstrate that PILs confer a resistance to fouling of the
material based on the counterion tunability of PILs. The
anion-exchange of poly(1-vinyl-3-buthylimidazolium bro-
mide) was used for the control of the host—guest interactions.
Measurement of film thickness, contact angle, and surface
morphology of the resulting surfaces were used to confirm the
structural characteristics of the cyclodextrin-functionalized
PIL brushes. The PIL brushes with switchable properties
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protect the immobilized host molecule against undesirable interactions without any morphological changes during storage and

has potential application in bioseparation and biosensors.
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B INTRODUCTION

Functional polymer films possess several unique properties that
can be modified to control their chemical and physical
properties. The tunability of functional polymer films therefore
provides unique opportunities to develop new materials for
filtration, separation, biotechnology, biomaterials, and elec-
tronics.' > For these applications, a variety of host molecules
such as crown ether, cucurbituril, and cyclodextrin (CD) on
the polymer brushes can provide multiple interactions with
guest molecules.””"* Modification of polymer brushes with
host molecules has offered polymer/material chemists
opportunities to prepare smart surfaces that respond to
different stimuli or changes in the environment via supra-
molecular interaction. Several supramolecular systems such as
hydrogen bonding and inclusion complexes, among others,
have frequently been used for the formation of complex
macromolecular architectures.'”'* In particular, CDs can form
inclusion complexes with a variety of molecules due to the
toroid-shaped molecular structure with a relatively hydro-
phobic interior cavity.''® Thus, supramolecular systems have
utilized CDs in many applications ranging from agriculture to
biotechnology.17_22 For example, CD-functionalized materials
can provide a mechanism for separation and purification that
can be used for the removal of organic molecules from liquid
media and vapor phase.**~*° Unfortunately, CD molecules can
also be easily fouled by contaminants in these applications.
There is sustained interest in the preparation of CD-
functionalized polymer brushes.'"'>?”~>" Strategies to protect
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CD-materials against fouling and undesirable interactions,
however, are very limited in the literature. In our previous
work, pH- and temperature-responsive cross-linked-polymer
brushes were prepared by reversible addition—fragmentation
chain transfer (RAFT) polymerization. The switchable capture
and release capabilities of the stimuli-responsive brush-gels
were also investigated by analyzing the host—guest interaction
between methylene blue and CD under different environ-
mental conditions.®® In this work, we adopt a different
approach to address the challenge of control of molecular
interactions between host and guest molecules by using
polymeric ionic liquids (PILs) brushes. In recent years, PILs
have received increasing interest as a novel subclass of cationic
polymers with unique physicochemical properties.”' —** PILs
incorporate the structural characteristics of ionic liquids (ILs)
into polymer chains, which can lead to interesting and versatile
polymeric materials for multiple applications.>*° More
importantly, the characteristics of PILs can be tailored through
simple exchange of anionic counterions,’’ Our strategy
exploits the stability and tunability of PIL brushes without
sacrificing surface functionality or morphological changes.
Moreover, the PILs brush system protects the S-cyclodextrin
(f-CD) molecules against undesirable interactions during
long-term storage.
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Scheme 1. Preparation and Controlled Supramolecular Complexation of f-CD Functionalized Polymer Brushes”
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Monomer/RAFT agent/Initiator:420/2/1. Chemical structure of monomers, TFSI and Ada-FITC.

B EXPERIMENTAL SECTION

Materials. All chemicals were analytical reagent grade and
obtained from Sigma-Aldrich and used as purchased unless otherwise
specified. Silicon (100) wafers (single side polished, N-type) were
purchased from Aldrich. 1-Vinyl-3-buthylimidazolium bromide
(VImC,Br),*® p-cyclodextrin methacrylate (8-CDMA),** and fluo-
rescein isothiocyanate (FITC) labeled Ada (Ada-FITC)* were
prepared according to the previously published protocols. Deionized
water 18.2 MQ.cm) was obtained from a Milli-Q water purification
system (Millipore, Bedford, MA, U.S.A.).

Surface-Initiated Polymerization. Preparation of surface 3 was
described in our previous works."'~* The poly(VImC,Br-co-f-
CDMA) brushes were synthesized via RAFT polymerization. Surface
3 was placed in a glass reactor with monomer, f-CDMA (1% of
monomer), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as
RAFT agent, 4,4’-azobis(4-cyanovaleric acid) as initiator (Mono-
mer/RAFT agent/Initiator:420/2/1), and water/ethanol (10 mL).
The mixture was degassed by three freeze—pump—thaw cycles and
heated to 70 °C for 24 h. After the reaction was quenched in an ice
bath, the surface 4 washed with water/ethanol mixture and dried
under a stream of nitrogen. Poly(VImC,TFSI-co--CDMA) brushes
were prepared via anion exchange reaction. Surface 4 was immersed in
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) solution in
water at room temperature for 24 h and then washed with water and
ethanol and dried under a stream of nitrogen.

Preparation of the Inclusion Complex. Poly(VImC,TFSI)/f-
CD inclusion complex was synthesized according to the freeze-drying
method. First, 0.23 g of poly(VImC,TFSI) (M, g = 1.14 X 10* g
mol™', DP = 26) was added to 5§ mL of aqueous solution of f-CD
(0.59 g) at 1:1 ratio (TFSL:-CD). The solution was stirred for 24 h
at room temperature. Finally, poly(VImC,TFSI)/S-CD inclusion
complex powder was obtained after the solution was lyophilized for
48 h.

Controlled Supramolecular Complexation between Target
Molecule and g-CD-Functionalized PIL Brushes. The fluorescein
isothiocyanate isomer I (FITC) labeled 1-adamantylamine (Ada-
FITC) molecule was used as a target molecule for the determination
of controlled supramolecular complexation of cyclodextrin-function-
alized polymeric ionic liquid brushes. The poly(VImC,Br-co-f-
CDMA) brushes were immersed in an aqueous solution (25.0 uM)
of Ada-FITC at room temperature for 24 h in the dark. After the
brushes were rinsed five times with deionized water, the fluorescence
images of the surfaces were recorded via Fluorescence microscope.
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Then poly(VImC,Br-co-f-CDMA) brushes were washed with
deionized water at 40 °C for 10 min. For preparation of
poly(VImC,TFSI-co--CDMA) brushes, the washed poly(VImC,Br-
co-f-CDMA) brushes were immersed in LiTFSI solution in water at
room temperature for 24 h and then washed with water and dried
under a stream of nitrogen. Afterward, the poly(VImC,TFSI-co-f-
CDMA) brushes were placed in an aqueous solution (25.0 uM) of
Ada-FITC at room temperature for 24 h in dark, and fluorescence
images were captured. Fluorescence intensities were calculated from
fluorescence images via ImageJ software.

B RESULTS AND DISCUSSION

Surface Modification and Characterization. The PIL
brushes were synthesized via RAFT polymerization (Scheme
1). The silicon wafers were cleaned by HF solution (1). HF
treatment creates a uniform layer of Si—H groups across the
surface (1). These uniformly distributed grafting points
increase the grafting density of polymer chains. Surface 1
was then modified with allylamine using UV irradiation (2).
The RAFT agent was immobilized on surface 2 through an
amide coupling reaction (3), and the polymer brushes were
subsequently synthesized via RAFT polymerization (4).

The progress of surface polymerization was confirmed using
XPS spectra. The initial surface that displayed the RAFT agent
(surface 3) was confirmed by the presence of C 1s, O 1s, N 1s,
S 2p, Si 2s, and Si 2p as previously reported.’>*' After RAFT
polymerization, the grafting of the PILs was confirmed by the
presence of Br 3d (71.2 eV, Figure 1a), and the sharp increase
in the N 1Is signal at 402.3 eV, which is attributable to a
positively charged nitrogen (N*, Figure Ic).** Following
treatment with LiTFSI, the disappearance of Br and
appearance F (F 1s, 688.7 eV, Figure 1b), and N~ (N 1s,
399.4 eV, Figure 1d) peaks confirmed the occurrence of the
counteranion exchange reaction. We note that the N*/N™ ratio
was calculated as 1.6, which is below the theoretical prediction
of 2.0 based on the atomic composition of poly(VImC,TFSI-
co-f-CDMA). The ratio of 1.6 indicates that there was more
TESI present than anticipated, and we surmise that this was
due to complex formation between TFSI and #-CD which has
been characterized previously.”> ™ This complex is critical to

DOI: 10.1021/acsapm.9b01058
ACS Appl. Polym. Mater. 2020, 2, 751-757


http://dx.doi.org/10.1021/acsapm.9b01058

ACS Applied Polymer Materials

](@) Br salt (b) TFSI salt

F1s

Intensity (a.u.)
Intensity (a.u.)

696 634 692 690 688 686 684 682
Binding energy (eV)

74 72 70 68 66 64
Binding energy (eV)

78 76
1(e) 1)

NJ

Intensity (a.u.)
Intensity (a.u.)

A

M 'vaww

408 406 404 402 400 398 396 394 408 406 404 402 400 398 396 394
Binding energy (eV) Binding energy (eV)

(e)

Intensity (a.u.)
Intensity (a.u.)

206 294 292 290 288 286 284 282
Binding energy (eV)

206 294 292 290 288 286 284 282
Binding energy (eV)

Figure 1. High-resolution XPS spectra of surface 4 (a, ¢, and e) and §
(b, d, and f).

the antifouling and storage characteristics of the films that are
described below.

A high-resolution C 1s scan was performed to obtain more
detailed information about the chemical state of the PIL brush
surface. Figure le,f shows C 1s spectra of poly(VImC,Br-co-f-
CDMA) (surface 4) and poly(VImC,TESI-co-f-CDMA)
(surface §) with their subpeaks. For poly(VImC,Br-co-f-
CDMA), the C 1s spectrum is deconvoluted into four
subpeaks assigned to C—C at 285.0 eV, C—N at 285.6 eV,
C—0 at 286.8 €V, and O—C=0 at 289.3 eV. The facile anion
exchange was confirmed by the fitting of five components of
the C 1s core-level peak having binding energy at 285.0, 285.4,
286.7, 288.9, and 292.8 eV attributed to C—C, C—N, C-0,
O—-C=0, and C-F, respectively. Chemical composition of
the PILs surface was calculated from high-resolution C 1s
spectra. C—O and O—C=0 peaks originated from f$-CD and
used for the determination of methacrylate ratio. The peak
ratio (C—O/O—C=0) that belongs to poly(VImC,Br-co-f-
CDMA) brushes was calculated as 18.9, which means that each
P-CD molecule contained approximately two methacrylate
units. On the other hand, the grafting density of #-CD was also
determined as S and 5.9% for poly(VImC,Br-co--CDMA) and
poly(VImC,TFSI-co-f-CDMA) brushes, respectively. These
results were relatively higher than the feed ratio (1%) of the f-
CD. This increase is caused by the -CD which is randomly
inserted and multiplied on the top of chains of PILs.

The counteranion exchange reaction and TESI/B-CD
complexation were also investigated by '’"F NMR and FTIR
spectroscopy (see Supporting Information for further dis-
cussion of FTIR results). While the complex between
monomeric -CD and TFSI partners has been characterized
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previously,”~*” we sought to confirm that this association was

still operative with PIL. '’F NMR spectrum analysis of linear
polymers in solution was carried out (Figure 2) to probe the
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Figure 2. 'F NMR spectra of poly(VImC,Br), poly(VImC,TFESI),
and poly(VImC,TFSI)/B-CD complex (TFSL:A-CD molar ratio is
1:1) in DMSO.

supramolecular complexation of f-CD and poly(VImC,TFSI).
No "F NMR signal was observed for the poly(VImC,Br)
species. Following treatment with LiTFSI, an 'F NMR signal
appeared at —77.91 ppm to indicate formation of poly-
(VImC,TESI). When f-CD was added (molar ratio of TFSI:f-
CD, 1:1), a characteristic shift*~* in the ’"F NMR signal of
the TFSI to higher frequency (—77.86 ppm) indicated the
supramolecular interaction between -CD and TFSI. Follow-
ing another anion exchange reaction, the fluorine signal
disappeared completely. These results confirmed that the
TESI group was encapsulated within the cavity of f-CD
through host—guest interaction.

The polymer brush synthesis and ion exchange were also
tracked via static water contact angle measurement (Figure 3).
The static water contact angle of surface 3, functionalized with
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid, was 63 +
2° which was higher than the value of 55 + 3° for the surface 2
before the immobilization. These values are consistent with the
literature and indicate the attachment of the more hydrophobic
RAFT agent.A'8 When the PIL brushes were prepared, the static
water contact angle of the surface decreased substantially to
about 45 + 4° consistent with the hydrophilic nature of
poly(VImC,Br-co-3-CDMA). After the anion-exchange reac-
tion, a significant change in surface wettability was
characterized by a dramatic increase in the static water
contact-angle from 45 + 5° (poly(VImC,Br-co-f-CDMA)) to
102 + 3° (poly(VImC,TFSI-co-3-CDMA)) (Figure 3). As
alluded to earlier, the chemical structure of the cation and the
anion both play a vital role in controlling the characteristics
and properties of the PILs. Recent studies showed that
performing anion exchanges on PILs greatly influenced the
solubility of the polymers.’®*”*’ The solubility characteristics
of the PIL brushes were tuned by anion exchange in the
presence of excesses of salts producing polymers that ranged
from hydrophilic to hydrophobic. The hydrophilic poly-
(VImC,Br-co-f-CDMA) layer adopts an extended chain
conformation to allow complexation between host and guest
molecules, while the hydrophobic poly(VImC,TFSI-co-f-
CDMA) layer protects the guest molecules with TSFI
counterion.

To further characterize the PIL brushes on the silicon
surface, the surface morphology was investigated by AFM, and
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Figure 3. AFM images, cross-sectional analysis, and photographs in ambient conditions of 5.0 uL water droplets for Br salt (a) and TFESI salt (b) of

polymer brushes.

the corresponding images are shown in Figure 3. It was noticed
that the surface morphology was altered after coating with
poly(VImC,Br-co-f-CDMA), compared with the Si-RAFT
surfaces. Root-mean-square (RMS) roughness for Si-RAFT
was changed from 0.80 nm™ to 6.6 nm upon subsequent
grafting of poly(VImC,Br-co-f-CDMA) chains. The increase
in RMS roughness values of the polymer brushes was possibly
due to uneven distribution of collapsed poly(VImC,Br-co-f-
CDMA) graft chains on the surface. Overall, the film
morphology appeared as needle-like structure, and the
ellipsometric film thicknesses of the poly(VImC,Br-co-f-
CDMA) brushes were measured to be 34 + 4 nm. The effect
of counteranions on the surface morphology of the polymer
brush was investigated by characterizing and comparing the
surface morphologies of PIL brushes from Br and TFSI salts.
The poly(VImC,TFSI-co-3-CDMA) brushes were fabricated
via anion exchange reaction. For this, poly(VImC,Br-co-f-
CDMA) brushes were immersed in the LiTFSI solution, then
washed with deionized-water, acetone and THF in order. As
shown in Figure 3b, no significant differences were observed
between the morphology of poly(VImC,Br-co-f-CDMA) and
poly(VImC,TFSI-co-}-CDMA) brushes. In the cases of TFSI
salts, the surface roughness (8.6 nm) and ellipsometric
thickness (42 + S nm) of the brushes were slightly increased
because of the steric hindrance of TFSI group.

Controlled Supramolecular Complexation. As men-
tioned previously, CD can participate in host/guest complexes
by inclusion of suitable molecules from liquid media and the
vapor phase. However, this ability of CD molecules can cause
problems during the periods of storage. The protection ability
of the PIL chains against undesirable interaction was also
tested using a model organic compound: The adamantyl-FITC
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conjugate (Ada-FITC) was chosen as a model molecule for the
controlled supramolecular complexation with CD. Controlled
supramolecular complexation of f-CD-functionalized brushes
is illustrated in Scheme 1. The influence of counteranion on
complexation of #-CD with Ada-FITC was monitored by UV—
vis spectrophotometry at 492 nm and fluorescence microscopy.

Figure 4 shows the Ada-FITC removal (%) from the
solution with contact time for the adsorption of Ada-FITC
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Figure 4. Variation of Ada-FITC removal with contact time for the
adsorption of Ada-FITC onto PILs brushes under the environmental
condition.

onto PILs brushes under environmental conditions. The
adsorption of Ada-FITC onto the poly(VImC,Br-co-f-
CDMA) brushes increased with increased time. The poly-
(VImC,Br-co-f-CDMA) brushes is hydrophilic and allowed
the Ada-FITC adsorption by A-CD molecules at room
temperature. On the other hand, the adsorption of Ada-
FITC was unfavorable for poly(VImC,TFSI-co-f-CDMA)
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brushes. We propose that the dramatically reduced absorption
of Ada-FITC arises because of the blocking of S-CD cavities
with TFSI ions to prevent Ada-FITC adsorption. Indeed, the
affinity of B-CD for TFSI is actually higher than for adamantyl
derivatives."*** It can be observed from Figure 4 that after 240
min of adsorption, the removal efficiencies of poly(VImC,Br-
co--CDMA) and poly(VImC,TFSI-co--CDMA) were 81 +
6%, and 5 + 1%, respectively.

From a practical point of view, stability, and reusability are
essential features for adsorption applications. In this study, the
reusability of the PILs brushes was investigated in a cyclic
manner by measuring the fluorescence intensity of PILs brush
surfaces and adsorption of Ada-FITC through Br and TFSI salt
cycles (Figure S). The Ada-FITC desorbed after sonication
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Figure 5. Normalized fluorescence intensity of PILs brushes and
removal efficiency (%) of Ada-FITC (patterned) in repeated cycles.

cleaning at 40 °C, then anion was exchanged. The anion
exchange procedure was repeated five times. The poly-
(VImC,Br-co-f-CDMA) brushes showed a subtle decrease in
performance toward the removal of Ada-FITC over time. This
observation could be explained by the decreased exchanging
efficiency with increasing repeated cycles. Overall, these results
suggest that PIL brushes are a reusable platform.

To further test the up-take ability of the PIL surfaces, we
compared the performance of PILs brushes against different
ratios of Ada-FITC and the competitive guest molecule 1-
adamantanecarboxylic acid (Ada-COOH) (Figure 6a). Using
fluorescence microscopy, we were able to confirm that the
fluorescence intensity of Ada-FITC was higher in poly-
(VImC,Br-co-f-CDMA) films than for poly(VImC,TFSI-co-
B-CDMA) films which was consistent with the “up-take”
experiments in Figure 4. As the amount of Ada-COOH was
increased within the molar ratio, we observed a consistent
decrease in fluorescence intensity from the poly(VImC,Br-co-
B-CDMA). These results indicate that Ada-COOH effectively
competes with Ada-FITC for the -CD sites within the film,
which allowed us to exam the films antifouling potential.

The antifouling behavior of the PILs brushes was tested
using Ada-COOH as the fouling source. Poly(VImC,Br-co-f3-
CDMA) and poly(VImC,TFSI-co-f-CDMA) films were
immersed in an aqueous solution of Ada-COOH for the
exposure times indicated (Figure 6b). After exposure, the
poly(VImC,Br-co-3-CDMA) brushes were washed with
deionized water and then immersed in a solution of Ada-
FITC. The depletion of Ada-FITC from the solution was then
determined by UV—vis spectrophotometry at 492 nm. The
ability of the poly(VImC,Br-co--CDMA) brushes to scavenge
Ada-FITC from solution was significantly compromised
(Figure 6b (red)) because Ada-COOH served to bind and
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Figure 6. (a) Normalized fluorescence intensity of PILs brushes with

different Ada-FITC (%) feed ratio. (b) Variation of Ada-FITC
removal with exposure time.

foul the unprotected f-CD moieties in the film. This same
procedure was then repeated with poly(VImC,TFSI-co-f5-
CDMA) brushes with the important caveat that poly-
(VImC,TFSI-co-f-CDMA) films were converted to poly-
(VImC,Br-co-3-CDMA) films through ion exchange prior to
treatment with Ada-FITC (Figure 6b (blue)). The TFSI
counterions in the poly(VImC,TFSI-co-3-CDMA) brush
served to protect the f-CD moieties such that ion exchange
leads to a functional polymer brush that was able to effectively
scavenge Ada-FITC from solution. These results clearly
demonstrate the potential of poly(VImC,TFSI-co-3-CDMA)
brushes to guard against the fouling of surface functional
groups during long-term storage.

B CONCLUSIONS

In conclusion, f-CD-functionalized PIL brushes with switch-
able properties were successfully prepared via RAFT polymer-
ization to protect the B-CD against contamination. Using
techniques such as XPS, ellipsometry, and AFM, we confirmed
the structure of f-CD-functionalized PIL brushes during each
stage of surface functionalization. Static water-contact-angle
measurements showed that an anion exchange reaction could
tune the wettability of the PIL brushes. After anion exchange,
an inclusion complex between #-CD and the TFSI counterion
prevents undesirable host—guest interactions during storage.
The complexation behavior of the brushes could be controlled
and switched by the identity of the counteranions. This new
strategy for the preparation of responsive and contamination-
free surfaces may provide opportunities to develop innovative
responsive materials for various applications. Additionally, our
newly developed B-CD-functionalized polymer brushes may be
potentially useful for bioseparation, biosensor, and biomedical
engineering via supramolecular interaction.
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