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ABSTRACT: Zwitterionic brushes have a wide range of applica-
tions, including use as lubricating surfaces and antifouling
membranes. In this study, densely end-tethered poly(cysteine
methacrylate) (PCysMA) brushes were synthesized using surface-
initiated activators regenerated by electron transfer atom transfer
radical polymerization (SI-ARGET-ATRP). The structure of the
PCysMA brushes was investigated using ellipsometry, X-ray
reflectivity (XRR), attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR), and atomic force microscopy
(AFM). The results of these characterization techniques were used
to study the effect of SO,*~, CI, NO;~, Br~, and SCN™ anions,
divalent Ca®* and Ba®* cations, and trivalent Y>* cations on the
structure of the PCysMA brushes. The results showed that the
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PCysMA brushes in solution exhibit an “antipolyelectrolyte” effect to a certain degree, which inversely follows the Hofmeister series

of anions. The introduction of divalent cations Ca** and Ba®* had

a modest impact on the dimensions of the PCysMA brushes,

indicating that chelating interactions between the cations and zwitterion units work against the “antipolyelectrolyte” effect. The
complexation was even stronger in the presence of trivalent Y** cations, which caused the PCysMA brushes to shrink. These findings
highlight the importance of ion specificity to the structure of zwitterionic brushes in aqueous solutions.

B INTRODUCTION

Nonspecific adsorption of biomacromolecules and micro-
organisms on surfaces poses great challenges in many
applications, ranging from biomedical sensors to ship hulls."”
To address these challenges, zwitterionic polymeric materials
have been proved to be a promising and effective candidate.
Zwitterionic polymers, or polyzwitterions, encompass a group
of ampholytic polymers, bearing pairs of cationic and anionic
side groups while remaining net-neutrally charged.”* Due to
their well-hydrated structures,” zwitterionic polymers are
resistant to nonspecific protein adsorption, cell adhesion, and
subsequent biofilm formation, explaining why they have been
widely investigated as nontoxic antifouling materials for
biomedical and engineering materials.” "'

In practice, there are only a few materials used for the
aforementioned purposes. Poly(ethylene glycol) (PEG)-based
materials have been widely used for their high resistance
toward nonspecific protein adsorption and cell adhesion.'”
However, PEG materials are subject to long-term degradation,
as these can be oxidized under an open-air atmosphere and
lose function in biological media."* Resistance to nonspecific
adsorption and cell adhesion is generally attributed to the
strong hydration of PEG chains,'* which has been examined by
computer simulations using oligo(ethylene glycol) self-
assembled monolayers (SAM) as model systems.''® These
studies revealed the presence of a tightly bound water layer
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around the SAM, which leads to repulsive forces that prevent
protein adsorption on these surfaces.">'® While hydration
layers in PEG-based materials are primarily formed through
hydrogen bonding, zwitterionic materials are presumably able
to bind water molecules more strongly through electrostatically
induced hydration,"’é often conferring on the latter better
capabilities at nonspecific protein adsorption and cell
adhesion.'”

In contrast to typical polyelectrolyte brushes, which stretch
in pure water but shrink in salt solutions,'® some zwitterionic
brushes adopt a behavior of stretching in salt solutions yet
shrinking in pure water, dubbed the “antipolyelectrolyte”
effect. This phenomenon is caused by the balance between ion-
pairing interactions, dipole orientations, and local dielectric
constants within brushes, which screen the attractive
interactions between positive and negative charges within the
zwitterionic units.’

Despite significant advancements in the development of
zwitterionic brushes, in both academic and industrial settings, a
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Scheme 1. (a) Surface Cleaning and Initiator Inmobilization on Silicon Substrates, (b) Synthesis of the CysMA Monomer, and

(c) Synthesis of a PCysMA Brush via ARGET-ATRP
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more comprehensive understanding on the effect of salt
addition on the structure of zwitterionic brushes, specifically
those bearing amino acid motifs as side chains, is needed. In
particular, the formation of different types of conjugate
structures between salt ions and zwitterionic moieties is
expected to produce a significant impact on macromolecular
architectures within the brushes. The extent of the formation
of ion—brush complexes, which include monodentate, bridging
bidentate, and chelating bidentate coordination, can be
dictated by the ionic strength, which in turn can be exploited
to tune the brush properties at the nanoscale.

To address this issue, a densely tethered zwitterionic
polymer brush containing amino acid moieties, poly(cysteine
methacrylate) (PCysMA), with a fairly narrow distribution of
chain length, was synthesized via S-LATRP."” The properties of
PCysMA brushes were thoroughly investigated in the presence
of salts of different identities with two main purposes: (I) To
investigate the association of anions with zwitterionic groups,
various anions were selected from the Hofmeister series, which
ranks ions according to their ability at precipitating proteins”’
and will allow for a systematic understanding of how to tune
interactions between anions and amino acid groups.21 (II) To
study the effect of multivalent cations interacting with
carboxylate groups, three ionic compounds, Ca(NO;),,
Ba(NO;),, and Y(NO,);, were employed. A combination of
attenuated total reflection Fourier transform infrared spectros-
copy (ATR-FTIR), X-ray reflectometry (XRR), ellipsometry
equipped with a liquid cell, and atomic force microscopy
(AFM) was used in concert to reveal the intriguing structures
of PCysMA brushes in these various conditions.

1946

B EXPERIMENTAL SECTION

Materials. (3-Aminopropyl)triethoxysilane (APTES, 99%), a-
bromoisobutyryl bromide (BIBB, 98%), triethylamine (TEA,
>99%), 2,2’-bipyridine (bpy, >99%), 3-(acryloyloxy)-2-hydroxyprop-
yl methacrylate (99%), L-cysteine (97%), sodium L-ascorbate
(>99.0%), dimethylphenylphosphine (DMPP, 99%), copper(II)
bromide (Cu(II)Br, >99%), sodium thiocyanate (NaSCN, >99.99%
trace metals basis), sodium bromide (NaBr, >99.99% trace metals
basis), sodium chloride (NaCl, ACS reagent, >99.0%), sodium nitrite
(NaNO;, ACS reagent, >99.0%), sodium sulfate (Na,SO,, ACS
reagent, >99.0%, anhydrous, powder), calcium nitrate tetrahydrate
(Ca(NO;),-4H,0, ACS reagent, 99.0%), barium nitrate (Ca(NO;),,
99.999% trace metals basis), yttrium(III) nitrate tetrahydrate,
(Y(NO,;);4H,0, 99.999% trace metals basis), tetrahydrofuran
(THF, anhydrous, 99.8%), dichloromethane (DCM, ACS reagent,
>99.5%, containing 40—150 ppm amylene as stabilizer), ethyl acetate
(ACS reagent, >99.5%), methanol (>99.9%), and deuterium oxide
(D,0, 99.9 atom % D) were purchased from Sigma-Aldrich. 3-
(acryloyloxy)-2-hydroxypropyl methacrylate was purified with inhib-
itor removers (Sigma-Aldrich) before thia-Michael addition, and the
other chemicals were used without further purification. Single side
polished silicon wafers ([100] orientation, 4 in. diameter, S00 ym
thickness) were purchased from University Wafer (Boston, MA).
Deionized water was prepared from a Millipore Milli-Q system with a
resistivity of 18.2 MQ-cm.

Surface Cleaning and Initiator Immobilization. Silicon wafers
were pieced into 10 mm X 55 mm rectangles and then cleaned with a
Nano-Strip (KMG Chemicals) solution. A layer of APTES was first
deposited onto the silicon substrates via vapor deposition (0.015
mbar) in a vacuum chamber for 1 h, followed by annealing at 110 °C
in air for 1 h. An ATRP initiator, BIBB (0.94 mL, 8.40 mmol), was
grafted to the APTES monolayer in THF (40 mL) with triethylamine
(1.20 mL, 8.40 mmol), as illustrated in Scheme 1la.

Preparation of Cysteine Methacrylate (CysMA). The synthesis
of the CysMA monomer was based on the protocols by Armes and
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co-workers."? 1-Cysteine (22.00 g, 181.57 mmol) was dissolved in
deionized water (120 mL), and the solution was deoxygenated by
nitrogen purging for 30 min. DMPP (30 uL, 221 pumol) and 3-
(acryloyloxy)-2-hydroxypropyl methacrylate (40.57 g, 189.37 mmol)
were added to cysteine solution under the protection of nitrogen, and
the aqueous solution was stirred at ambient temperature for 2 h, as
shown in Scheme 1b The reaction solution was then purified twice
with DCM (80 mL) and ethyl acetate (80 mL). CysMA monomer
was isolated and dried using a lyophilizer and characterized using 'H
NMR.

Synthesis of PCysMA Brushes. PCysMA brushes were prepared
by Activators Regenerated by Electron Transfer (ARGET-ATRP),*
as shown in Scheme lc. In a typical reaction, CysMA (20.0 g, 60.0
mmol), bpy (51.5 mg, 0.33 mmol), and Cu(II)Br, (7.4 mg, 0.033
mmol) were dissolved in deionized water (45.0 mL). After
deoxygenation by nitrogen purging for 30 min, sodium L-ascorbate
(65.3 mg, 0.33 mmol) was added to the aqueous solution under
nitrogen flow. The solution was then syringed over the substrates in a
vacuum chamber, and the polymerization was allowed to proceed at
ambient temperature. After the desired reaction time, the polymer-
ization was terminated by exposing the solution to air. The samples
were then rinsed with water and dried under a stream of nitrogen gas.

X-ray Reflectivity (XRR). XRR measurements were performed at
the Advanced Photon Source (APS) beamline 33-BM-C with a liquid
cell. An X-ray energy of 21 keV was used with a beam size of 900 ym
X 500 um and a charge coupled device 2D detector. A vertical
resolution of 17.9 A was achieved using the setup at the beamline.
PCysMA brushes were immersed in aqueous solutions for 15 min
before XRR data were collected. A four-layer model was developed to
analyze data from a system consisting of a Si/SiO,/brush layer/
aqueous layer, where the thickness of the SiO, layer and the
roughness of the Si/SiO, interface were fixed among the substrates,
which were 18.9 and 4.5 A by value, respectively. The components
and concentration of the aqueous solutions were known. Thus, the
SLD values of aqueous solution were calculated theoretically, which
are listed in Table S1. In the model, the root-mean-square roughness
was used to describe the rough interface.”> The interface was
expressed by an ensemble of smooth interface with certain z-
coordinates z; + z, weighted by a probability density P,(z) with mean
value

o= / zP(2) dz
and root-mean-square roughness
sz = /(z - ﬂj)sz(z) dz

Ellipsometry. The dry thickness of PCysMA brushes on a Si wafer
was modeled using an Alpha-SE spectroscopic ellipsometer (J. A.
Woollam Co., Lincoln, NE) at multiple incident angles of 65°, 70°,
and 75°. The ellipsometric data were fit to a three-layer model (Si/
SiO,/brush layer), in which optical constants of the Si and native SiO,
(fixed to 1.49 nm) were taken from CompleteEASE software’s library
database. A transparent Cauchy model, n(1) = A + B/A% was used to
model the brush layer for which A and B were fitted as 1.502 and
0.012 pm? respectively. Measurements of brushes immersed in
aqueous solutions were conducted using an Alpha-SE 500 ym liquid
cell with fused silica windows (J. A. Woollam Co., Lincoln, NE) at an
incident angle of 70°. The resultant data were analyzed with window
corrections using a four-layer model (Si/Si0, /brush layer/aqueous
layer) with fixed optical values for Si, native SiO, (fixed at 1.49 nm),
and water from CompleteEASE software’s library database. The
thickness and refractive index of the brush layer were fitted using a
Cauchy layer, n(4) = A + B/A* where A varied from 1.445 to 1.486
and B was around 0.020 um? Three measurements were conducted
for each condition such that a mean and standard deviation could be
derived.

Atomic Force Microscopy (AFM). Height and phase images of
PCysMA brushes in aqueous solutions were acquired using a MFP3D-
SA AFM (Asylum Research, Oxford Instruments, Goleta, CA) in
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Tapping mode. AFM probes (qp-HBC, Nanosensors, Neuchatel,
Switzerland) with nominal force constants of 0.35—0.8 N/m and
typical tip radius of curvature smaller than 10 nm were used. Prior to
the measurements, each substrate was immersed in the aqueous
solution for 15 min.

Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) Spectroscopy. ATR-FTIR measurements were per-
formed using an Alpha II FTIR spectrometer (Bruker) with a
Diamond Crystal ATR accessory. Substrates were immersed in
various aqueous solutions (D,O used as solvent) for 15 min before
each measurement. ATR-FTIR spectra were acquired between 400
and 4000 cm™".

Nuclear Magnetic Resonance (NMR). 'H solution NMR spectra
were obtained on a 500 UltraShield Plus spectrometer (Bruker, 500
MHz) using approximately 30 mg of sample dissolved in 1 mL of
deuterium oxide.

B RESULTS AND DISCUSSION

PCysMA brushes were synthesized via SIFARGET-ATRP of
CysMA monomers.”> Armes and co-workers have demon-
strated a facile and robust route to synthesize high purity
CysMA monomers.'”** However, the thickness of zwitterionic
brushes produced using CysMA under conventional SI-ATRP
conditions was limited to about 27 nm,"” which hampers the
ATR-FTIR characterization of the brushes. To overcome the
thickness limitation, ARGET-ATRP, in which ATRP activators
were regenerated by reducing agents, was used prepare the
PCysMA brushes.”* Using this strategy, PCysMA brushes with
a larger thickness of 97 + 2 nm in the dry state were achieved.
While experience shows that surface-initiated ATRP produces
a fairly narrow distribution of chain lengths, there is no reliable
method to determine the molecular weight of end-tethered
chains. The results we report here, which concern comparative
local ion binding at fixed grafting density, should not depend
significantly on chain length. Assuming the grafting density to
be 0.1 chain/nm?, a brush with thickness of 97 nm corresponds
to a number-average molecular weight of the grafted polymer
chains of 584 kg/mol. It may be interesting to explore effects of
grating density in future work.

In its natural form, L-cysteine is pH-responsive, with an
isoelectric point at pH of 5.02,%° resulting in the environmental
dependence of the PCysMA brushes in aqueous solutions.
These weak zwitterionic brushes may differ significantly as a
function of pH from permanently zwitterionic betaine-based
brushes. However, through ellipsometry, AFM, and surface
zeta potential characterizations, Armes and co-workers were
able to experimentally determine the zwitterionic regime of
PCysMA to be between pH 2.0 and pH 9.5."” The pH values
of the aqueous solutions used in this study all fell within the
zwitterionic regime, as detailed in Table S2.

Brush Dimension Follows Inverse Hofmeister Series.
The first set of salts used in this work include SO,*~ > CI™ >
Br™ > NO;™ > SCN, ordered by decreasing ability at protein
precipitation,” correlated to the chaotropic character of the
anions.”" Schlenoff and co-workers studied the anion-specific
interactions with a zwitterionic polymer, poly(sulfobetaine
acrylamide), through hydrodynamic radius (R;) measurements
using a set of anions located along the Hofmeister series, and
found a strong correlation between the Ry of the polymer
chains and the chaotropic character of the anions in aqueous
solutions, in which the maximum R; was observed with the
most chaotropic anion, SCN—.%¢

The effect of anions on PCysMA brush dimensions as a
function of concentration was investigated using ellipsometry,
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as shown in Figure 1. The mean brush thickness in most salt
solutions (NaCl, NaNOs, NaBr, and NaSCN) was invariant at
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Figure 1. Brush height measured by ellipsometry plotted against the

concentration of anions follow Hofmeister series: SO,*~, CI~, NO;",
Br~, and SCN™.

low salt concentrations, up to 0.1 M, and then increased
monotonically with the salt concentration until 3.0 M. This
trend can be rationalized through the concept of osmotic and
salted brush regime, which was first employed to explain the
effect of salt on polyelectrolyte brushes.'® At low salt
concentration, inter-/intrachain binding of the zwitterion
units forms a network of PCysMA brushes, which resist the
penetration of added ions into the brush layer. At high salt
concentration, ions screen the interactions between zwitterion
moieties, and the “antipolyelectrolyte” effect dominates. While
most salts triggered an “antipolyelectrolyte” response from the
PCysMA brushes, the brush thickness remained invariant in
Na,SO, solutions, even after the ionic strength of Na,SO,
exceeded 3.0 M. The observed brush thickness behavior with
most salt solutions falls in agreement with other studies, in
which the studied polybetaines exhibit the same “antipolyelec-
trolyte” effect.”'”” Among the salts investigated, NaSCN
exerted a significant impact on swollen brush dimension, in
consistence with the fact that less-hydrated chaotropic anions
are more likely to promote the disassociation of PCysMA
brush inter-/intrachain bonds among zwitterionic groups.” On
the other hand, compared to the monovalent anions, the
introduction of sulfate anions led to a different polymer brush
thickness dependence. Most probably, the divalent and

kosmotropic nature of sulfate anions negated the “antipolye-
lectrolyte” effect. The hydration state of PCysMA brushes was
disturbed when an excess of strongly hydrated SO,*” was
present, which counteracted the charge screening effect
brought by the ions. These results are in line with the work
by Takahara and co-workers, in which they verified the
hydration-state modulation of zwitterionic brushes through the
interplay with SO,>~ using neutron reflectivity (NR).°

XRR and NR are powerful tools for probing polyelectrolyte/
zwitterionic brushes on solid substrates at the subnanometer
scale.”'®*"™> Compared to NR, XRR provides even higher
resolution, and smaller samples can be measured using XRR.
When the PCysMA brushes were analyzed, none of the XRR
spectra showed clear interference fringes upon addition of
aqueous solutions (Figures S1—S5), likely due to the relatively
close SLD values between brush and solution. However, useful
information can be extracted by analyzing XRR spectra under
various conditions. The SLD profiles of the brushes in NaSCN,
NaNO;, NaCl, and Na,SO, solutions were merely set by the
function used to model the interface between layers, as seen in
Figures S1—SS. The SLD values of PCysMA brush in 1 mM
salt solutions resemble those of the brushes in Milli-Q water,
indicating the inner structure of the brush is intact in the
presence of low content of ions. However, as the salt
concentration increases, the PCysMA brushes start exhibiting
an anion dependence, which inversely follows the sequence of
the Hofmeister series of anions. Compared with Milli-Q water,
an approximate 75% swell ratio of the PCysMA brushes is
observed in 3 M NaSCN, while on the other side of spectrum,
the brush dimension hardly changes in 1 M Na,SO,, as
illustrated in Figure 2a. One intriguing observation is the
increase of interfacial width between brush and solution,
correlated to the kosmotrope/chaotrope character of the
anions as well as concentration, as shown in Figure 2b. On one
hand, a more diffuse interface layer forms as the concentration
of the most chaotropic anion, SCN~, increases. On the other
hand, the interfacial layer width remains constant even at high
concentrations of the kosmotropic anion, SO,*". It is plausible
that a more diffuse layer in the NaSCN solution is induced by
strong interactions between the SCN~ and the —NH;*
functional group on the brush. The weakly hydrated
thiocyanate anions interact strongly with the ammonium
groups due to the similar water affinities.’’*® This strong
interaction breaks the network of zwitterion pairs and leads to
a more hydrated state of PCysMA, which in turn releases more
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Figure 2. (a) Brush height measured by XRR plotted against the concentration of anions follow the Hofmeister series $0,>7, CI, NO;~, Br™, and

SCN7; (b) the corresponding interfacial width.
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free brush chains into brush/solution interface. While both
XRR and ellipsometry revealed the same trend upon
introduction of salts, results obtained by XRR is more
informative, as it surveys the sample at the subnanometer scale.

To further investigate the interfacial structure, the PCysMA
brushes in aqueous solution were examined using AFM. All the
AFM height images revealed a smooth brush/solution interface
(Figure 3). The root-mean-square average of height deviation,

0.6pm

Rq=2.68 nm
T

Figure 3. AFM height images of PCysMA brush in (a) Milli-Q water,
(b) 3 M NaSCN, (c) 3 M NaNO;, and (d) 1 M Na,SO,. Scan size: 3
um X 3 um (scale bars: 0.6 yum).

Rq, was used to characterize the interfacial width. A Rq value
of 2.68 nm was obtained when the measurement was
performed in Milli-Q water. When the solution was replaced
with 3 M NaNO;, the Rq value increased slightly to 2.81 nm,
indicating the formation of a more diffuse interface. When
immersed to 3 M NaSCN, an even higher Rq value of 3.08 nm
was recorded. This trend corroborates the XRR results, once
again demonstrating that chaotropic anions create a more
diftuse brush/solution layer. Conversely, when the image was
taken at 1 M Na,SO,, a decrease in Rq was measured, meaning
the topology of PCysMA brush in the presence of a
kosmotropic anion becomes more uniform as brush tails
tend to be buried inside the brush layer. Similar results have
been reported by Higaki, Takahara, and co-workers, in which
they studied a zwitterionic brush of poly(3-(IN-2-methacryl-
oyloxyethyl-N,N-dimethyl)ammonatopropanesulfonate)
(PMAPS) and observed a more diffuse brush/solution layer in
the presence of NaSCN solutions.”'

Complementary to the ellipsometry, XRR, and AFM results,
ATR-FTIR spectra of the PCysMA brushes in solution were
measured to explore further the effect of the anions on the
brush structure. These ATR-FTIR spectra provide a micro-
scopic view of the interactions between anions and amine
groups in the brush at a molecular level and serve to
complement the observations from XRR, ellipsometry, and
AFM. Spectra were acquired using 1 M solutions of the above-
mentioned salt species, as shown in Figure 4. The peak
centered at 1619 cm™', correlated to the deprotonated
carboxylate groups,”””® did not change in position upon the
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Figure 4. ATR-FTIR spectra of PCysMA brushes in 3 M NaSCN,
NaBr, NaNO;, NaCl, and 1 M Na,SO, solutions (from top to
bottom).

addition of salt (see Figure S6). This indicates a relatively weak
interaction between sodium cations and brush carboxylate
groups. A peak around 1200 cm™' appeared when the salt
solutions were introduced, which commonly corresponds to
the NH bending vibration mode in amino acid groups, hinting
at active interplay between the amine groups and the added
ionic species.””*" More interestingly, a red-shift of the peak
frequency by 19 cm™ occurs when the SO,*™ is replaced by
the SCN™.

Onsager’s model provides us with one of the most
straightforward routes to understanding the effect exerted by
the local electrostatic fields on molecular vibrational modes. In
this model, the electrostatic field exerted by the solute is
treated as a dielectric continuum, and the field in turn imparts
an external field to the solute.*' The Onsager model predicts a
reduction in the static dielectric constant of the solvent, which
results in an observed blue-shift in the absorption peaks of
vibrational probe molecules. Conversely, an increase in the
solvent dielectric constant would lead to a red-shift in the
absorption peaks.' In this study, the introduction of
chaotropic anions like thiocyanate, bromide, nitrite, and
chloride imparts a very different electrostatic field than that
of kosmotropic anions, like sulfate. Therefore, it is likely the
chaotropic nature of thiocyanate anions disturbs the hydration
layers surrounding the positively charged amine moieties. Both
thiocyanate and amine groups are polarizable because of their
weak hydration shell,* so these opposite charges with a similar
affinity to water form strong ion pairs between them,">*
creating an even higher static dielectric constant around the
amine groups. On the other hand, the kosmotropic nature of
sulfate anions preserves a tight hydration layer, which serves as
a barrier against interaction with positively charged amine
groups. The relatively loose pairs of sulfate and amine ions
exert little influence on the dielectric field around the amine
groups, causing a blue-shift in the C—N stretching vibration.

Effect of Divalent Cation Presence Is lon Specific. As
the brush thickness varies with salt concentration, ion
specificity is another point of interest. The structural behavior
of the brushes in the presence of two different divalent cations
with the same anion was investigated. In contrast to the case of
polyelectrolyte brushes like polystyrenesulfonate (PSS), in
which the addition of divalent cations causes a dramatic
decrease in the brush thickness,'® PCysMA brushes swell
slightly as a function of solution concentration, as illustrated in
Figure S. Although neither the calcium nor the barium cations
have a huge impact on the dimension of PCysMA brushes, the
swelling behavior of the brush is ion-specific. A subtle increase
in the thickness of the brushes is observed in the Ca(NO;),
solution up until the concentration reaches 0.1 M, after which
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Figure S. Brush height measured by ellipsometry plotted against the
concentration of the divalent cations Ca** and Ba*".

drastic swelling behavior is observed. This response resembles
that observed in solutions of chaotropic anions to a lesser
extent. In contrast, the minor swelling of the PCysMA brushes
in the presence of barium cations is independent of
concentration.

Ellipsometry provides useful information about the structure
of PCysMA brushes in the presence of divalent cations.
However, ATR-FTIR has proved to be even more powerful at
understanding the physical networks formed by divalent metal-
ion-containing polymer brushes.”® Metal ions can coordinate
via carboxylate coordination, ie., monodentate, bridging
bidentate, and chelating bidentate coordinations.*®** There-
fore, the response of the PCysMA brushes in the presence of
Ca’ and Ba® ions at various concentrations was measured
through ATR-FTIR, and the resulting spectra are shown in
Figures 6 and S7. At very low concentration of 107¢ M, only
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Figure 6. ATR-FTIR spectra of PCysMA brushes in 107, 1075, 1074,
1073, 107% 107, and 1 M Ca(NOj), solutions (from top to bottom).

the asymmetric stretch vibration of carboxylate groups
appeared at 1619 cm™’, indicating that the coordination
between cations and carboxylate moieties was dominated by
bridging bidentate. With increasing salt concentration, a
shoulder positioned at 1559 cm™' started to emerge,
corresponding to the chelating bidentate complexes. Surpris-
ingly, the shoulder disappeared when the sample was exposed
to a concentration of 1 M. While the shoulder height roughly
increased with increasing Ca(NOj;), concentration, due to the
low signal nature of the brushes on silicon substrates for ATR-
FTIR measurements, quantitative analysis could lead to
erroneous conclusions. The changes observed with ATR-
FTIR may be correlated to the complex species present at
various concentrations. At low Ca*' concentrations, each
calcium ion can coordinate with as many carboxylate groups as
possible. In this scenario, a more compact bridging bidentate
complex was formed. At intermediate concentrations, as more
carboxylate groups participate in the coordination with Ca*", a
combination of bridging and chelating bidentate complexes
was adopted. At high concentrations of Ca(NO;),, calcium
ions existed in surplus, and thus a monodentate structure
would accommodate more calcium ions per carboxylate group.
Under these conditions, the physical networks formed by
divalent metal ion containing PCysMA brush were modulated
by an ion screening effect, causing the brushes to swell as
observed in ellipsometry experiments. In the series of
Ba(NO;),, the ATR-FTIR measurements were limited to
0.01 M due to salt precipitation problems. As carboxylate
groups were in excess at 0.01 M, a similar phenomenon as in
0.01 M Ca(NO;), was seen.

The AFM height images revealed again smooth brush/
solution interfaces in both Ca(NO;), (1 M) and Ba(NO,),
(0.1 M) solutions, with a root-mean-square average of height
deviation of 2.95 and 2.05 nm, respectively (Figures 7a and
7b). These values were close to those obtained in Milli-Q
water, eliminating possible lateral structural heterogeneities of
PCysMA brushes in divalent cationic solutions. With all the
characterization methods combined, a deeper insight into the
effect of divalent cations on the structure of PCysMA brushes
can be achieved, as concluded in Scheme 2.

Effect of Trivalent Cation. Parallel to the studies
performed with the divalent cations, the effect of trivalent
cations on the brush structure was investigated using
ellipsometry, as shown in Figure 8. The dimensions of the
brush in Y(NO;); solution were similar to those in Milli-Q
water up to a concentration of 3 X 107> M. Further increasing
the concentration resulted in a collapse of the brush structure,
which stands in direct opposition to the “antipolyelectrolyte”
effect seen with mono- and divalent salt solutions. However,
further increase of Y(NO,); concentration led to not only the

Figure 7. AFM height images of PCysMA brush in (a) 1 M Ca(NO;),, (b) 0.1 M Ba(NO;),, and (c) 1 M Y(NO,); solutions. Scan size: 3 ym X 3

um (scale bars: 0.6 um).
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Scheme 2. Through Increasing the External Salt Concentration of Ca(NO;), or Y(NO,);, a Zwitterionic Brush Can Chelate
Multivalent Cations through Bridging Bidentate (a) to Bridging/Chelating Bidentate (b) and to Monodentate (c)
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Figure 8. Brush height measured by ellipsometry plotted against the
concentration of a trivalent cation, Y**.

recovery in brush dimension but also a subtle swelling of the
brush structure. The range of concentration for which there is
brush collapse can be attributed to the physical networks
forming inside the brush layer due to the superior coordination
capacity of Y**, which has been shown to produce a dramatic
effect on PSS brush collapse in 107> M Y(NO,),.'%* Of more
interest was the dimensions recovery range, and to explore the
underlying mechanism, ATR-FTIR was employed.

The ATR-FTIR spectra of PCysMA brush in Y(NO;),
solutions are shown in Figure 9. For concentration values
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Figure 9. ATR-FTIR spectra of PCysMA brushes in 107¢, 107°, 107,
10731072, 107", and 1 M Y(NO,), solutions (from top to bottom).

between 107 and 107* M, the spectra showed almost identical
features, and the peak of the signature asymmetric stretch
vibration of carboxylate groups at 1619 cm™' was always
present, indicating the existence of coordination between
cations and carboxylate moieties by a bridging bidentate
complexing behavior.”*** Upon increasing the concentration, a
dramatic broadening and change in the position of the
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carboxylate peak was observed, shifting to 1559 cm™". The
broad peak distribution is due to different carboxylate vibration
modes, revealing that both bridging and chelating bidentate
complexes existed, with a higher population of chelating
bidentate complexes in the system. As Y*>* possesses a higher
coordination number than Ca** and Ba®*, a more compact
brush structure is required to accommodate these and results
in a collapse of the dimensions of the PCysMA brushes as
observed by ellipsometry. At the high concentration of 1 M,
the peak shifted back to ca. 1633 cm™’, which was similar to
what was seen in Ca®" solutions. The shift manifested a loosely
monodentate complex structure forming between Y** and
carboxylate groups in 1 M solution, and charge screening
among polymer chains facilitated recovery in the brush
dimension.

The results from the ellipsometry and ATR-FTIR experi-
ments suggest it is of interest to investigate the lateral
structural uniformity of the PCysMA brushes in trivalent
cations. According to Ruths and co-workers, structural
inhomogeneities occurred when the PSS brushes were
immersed in Y(NO,); solutions.”> To address this question,
PCysMA brushes were measured with AFM, performed in a 1
M Y(NOs,); solution (Figure 7c). In contrast to the phase
separation observed in PSS brushes in a 0.1 mM Y(NO;),
solution, a homogeneous lateral brush/solution interface was
encountered, with an Rq value of 0.21 nm. In the case of PSS
brushes, phase separation is attributed to the synergistic work
of solvophobic and multivalent ion-induced effects.”> Un-
expectedly, in the case of PCysMA brushes, although
multivalent ion-induced effects still exist, the much more
solvophilic backbone of PCysMA prevents the ion—brush
complexes from phase separating.

B CONCLUSION

The structure of densely tethered PCysMA brushes generated
via SILARGET-ATRP was systematically investigated to study
the effects of monovalent, divalent, and trivalent ions. The
results of ellipsometry, XRR, ATR-FTIR, and AFM measure-
ments showed that zwitterionic PCysMA brushes exhibit an
“antipolyelectrolyte” effect that follows the inverse Hofmeister
series of anions in order of increasing chaotropicity. On the
other hand, the brush dimension was altered in a less
pronounced way by divalent cations such as Ca®* and Ba®',
while a collapsed structure was observed in the presence of
trivalent Y*' cations. These findings demonstrate that the
structure of zwitterionic brushes can be manipulated by ionic
species, highlighting the importance of ion specificity in the
design of zwitterionic materials for a wide range of
applications, including colloidal systems, responsive smart
materials, and antifouling purposes.
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