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Introduction

Solute-induced wettability control at
naphthalenediimide polymer brushes via anion—n
interactions

Masaaki Akamatsu, (2 *><9 Haduki Nakahara,® Ayumi Kimura,? Kyosuke Arakawa,®
Shinsuke Ifuku,“® Kenichi Sakai®® and Hideki Sakai**®

Wettability at solid/liquid interfaces is a critical property that influences material functions such as sensing,
mass transport, interfacial reactions, and adhesion. While selective wettability toward specific substances
is desirable, established methods to achieve this remain limited. Noncovalent interactions, especially
those driving molecular recognition and self-assembly, are essential for biological functions and func-
tional molecular systems. However, their role in controlling the interfacial wettability has not been fully
explored. In this study, we aimed to control the water wettability using anion—= interactions between
anions and electron-deficient aromatic rings. To enhance these interactions, polymer brushes bearing
naphthalenediimide (NDI) units serving as anion receptors have been fabricated on solid substrates.
Quartz crystal microbalance with dissipation (QCM-D) measurements revealed strong and selective
adsorption of nitrate ions (NO=~). Force curve analysis was used to further quantify the anion-= inter-
actions at the interface. When aqueous solutions containing various anions were applied to the NDI-
modified surfaces, a decrease in the contact angle was observed compared to that of pure water, indicat-
ing enhanced wettability. Notably, the NO3™ solutions led to a significant reduction in the contact angle,
which is consistent with the adsorption data. These findings demonstrate successful modulation of wett-
ability through molecular recognition, specifically via anion—= interactions. This approach offers a promis-
ing strategy for developing selective wetting interfaces. Future work may involve integrating electrowetting
mechanisms to expand their applications in sensors, controlled substance transport, and separation
technologies.

and mass transport in biological membranes.®” These inter-
actions can also influence the properties of the liquid/solid

Non-covalent interactions (e.g., hydrogen bonds and van der
Waals forces) drive the formation of a variety of self-assembled
structures, including micelles, vesicles, liquid crystals, supra-
molecular polymers, and higher-order structures created by
proteins and DNA or RNA.'™ These structures are essential for
biological functions. Additionally, precise molecular reco-
gnition associated with these inter- and intra-molecular inter-
actions plays a significant role in selective chemical reactions
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interfaces, such as wetting, friction, adhesion, and particulate
dispersion.

Recently, considerable attention has been devoted to the
wetting phenomena of solids adapting to the contacting
liquid.® This adaptive wetting originates from the affinity
based on molecular interactions between the functional
groups near the solid interface and the liquid. Conversely,
selective wetting is expected to occur by designing this inter-
molecular interaction. This enables the construction of func-
tional interfaces for sensing, mass transport, separation of
water/oil components, efficiency of interfacial reactions,
adhesion, cell screening, and the reduction of friction.”™*

Thus far, selective wetting has been achieved through
chemical processes involving silane coupling agents or micro-
fabrication technologies."”'* Solid interfaces that provide
novel selective wettability for compounds with significantly
different properties (e.g., polarity) have been reported.
However, selectivity for similar molecules or atoms has not yet
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been fully achieved. Takahara and Huck have reported tuning
the wettability of water or oil using ionic or zwitterionic
polymer brushes by taking advantage of the contraction or
expansion of the polymer due to the formation of ion pairs
during ion additions.”*® Shundo and Tanaka succeeded in
recognizing the R and S isomers of chiral liquid molecules
using a cast film of chiral polymers.'”” However, the design of
selective wetting for desired compounds or their solutions
remains challenging.

Recently, as a new anion recognition mechanism, anion-r
interactions between anions and aromatic rings have attracted
much attention.'®?? By introducing a strong electron-with-
drawing group into an aromatic ring, its quadrupole moment
(Q) is inverted and an attractive interaction occurs, acting as
an anion receptor. The introduction of functional groups,
such as naphthalenediimide (NDI), is a typical skeleton that
can be functionalized by introducing functional groups.”® The
anion-rn interaction plays an important role in the formation
of higher-order structures of proteins and in enzymatic
reactions.”"** This has been applied to anion sensors,?® artifi-
cial ion channels,>” and homogeneous organocatalysts,”®° as
well as for the control of molecular assembly®® and catalytic
activity by electric fields*>*! on electrode surfaces. Our group
reported reversible adsorption and desorption of anions upon
two-dimensional mechanical stimulation using a monolayer of
amphiphilic NDI at the air/water interface.**** The anion
adsorption capacity was found to be affected not only by the
functional group but also by the association state and environ-
ment. Furthermore, we reported on mechanoelectrical trans-
duction, which evokes a signaling mechanism in living organ-
isms via anion adsorption ability.*® This suggests that the
interface is an effective platform for amplifying the anion reco-
gnition ability to macroscale properties.

On the other hand, Zeng et al. revealed that this anion-n
interaction also contributes to the bioadhesion mechanism,
based on the evaluation of the solid film of polycatechol and
the water interface by surface force measurements.>*® Our
group quantitatively evaluated the adsorption properties of
anions at the solid/water interface by forming monolayers of
NDI derivatives (Fig. 1(b), monoNDI@silica) using quartz
crystal microbalance with dissipation (QCM-D) measure-
ments.”” It was found that flat nitrate ions (NO;~) exhibited
excellent adsorption at the interfacial film. Furthermore, force
curve measurements by atomic force microscopy (AFM)
revealed that the single force of the anion-n interaction
between the NDI unit as a receptor and the negative charge is
~40 pN. However, the control of water wettability by anion
addition is trivial. This may be due to the low number of func-
tional groups present at the interface in the monolayer and the
weak total force of anion-r interactions at the interface.

In this study, NDI-modified polymer brushes were syn-
thesized to increase the number of anion adsorption sites and
amplify the anion-n interactions at the solid/water interface
(Fig. 1). This was aimed at controlling wettability by increasing
the affinity between the solid interface and water, driven by
the adsorption of anions on the NDI moieties (Fig. 1(c)). A
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Fig. 1 Anion—x interaction at water/solid interfaces using NDI-modified
polymer brush (polyNDI/EA@silica) and monolayer (monoNDl@silica) (a
and b). Enhancement of water wettability of the solid surface with
anions in aqueous solutions (c).

copolymer brush was synthesized from monomers of NDI-
modified (NDI) and ethyl methacrylates (EA) (Fig. 1(a),
polyNDI/EA@silica). The anion adsorption capacities of the
synthesized NDI-modified copolymer brushes were evaluated
by QCM-D measurements. In addition, anion-=n interactions at
the solid/water interface were quantified using force-curve
measurements. Furthermore, the contact angles of “aqueous”
solutions containing different anion species were measured,
and the control of water wettability by anion addition is dis-
cussed from the viewpoint of interfacial energy. By achieving
water wettability control associated with anion adsorption, we
expect to be able to construct selective wetting interfaces by
designing receptor sites in the future.

Results and discussion

A methacrylate copolymer brush (polyNDI/EA@silica) com-
posed of NDI units bearing tetraethylene glycol monomethyl
(TEG) groups as the hydrophilic moieties and ethyl units was
designed (Fig. 1(a)). The monomer containing the NDI group
was synthesized in five steps, and the polymer brush was pre-
pared on a silica substrate via surface-initiated atom transfer
radical polymerization (SI-ATRP),*® using a copolymerization
of the NDI monomer with ethyl methacrylate at a feed molar
ratio of 1:1 (Scheme S1). Spectroscopic ellipsometry con-
firmed the formation of an organic film with a thickness of
~8 nm in the dry state, and infrared (IR) spectroscopy using
the ATR mode revealed peaks attributed to the C=O stretching
vibrations of ester and imide groups (1725 and 1640 cm™’,
respectively), as well as peaks derived from the C-C stretching
vibrations of aromatic rings (1560 cm™"), reflecting the mole-
cular structure of the polymer brush (Fig. S3). These results
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collectively confirm the successful formation of the polymer
brushes.

The amount of anions adsorbed on the substrate was evalu-
ated using the QCM-D technique. A decrease in the frequency
shift (AF,) was observed in flowing aqueous solutions of tetra-
butylammonium salts of various anions (Fig. S4), indicating
ion adsorption, similar to the results previously reported for a
monolayer system (monoNDI@silica).”” However, in contrast
to the previous monolayer system, the dissipation shift (AD,),
which reflects the viscoelastic properties of the film, exhibited
an overtone dependence (Fig. S5). The penetration depth of
oscillation on the vertical direction of the film depends on the
overtone number. If the molecular film is sufficiently thick,
overtone number affects AF, and AD,.*° This behavior indi-
cated the formation of a viscosity-dominant “soft” film consist-
ing of polymer brushes. Nevertheless, this also implies that
the commonly used Sauerbrey equation is not applicable to
calculating adsorption amounts in such cases. Therefore,
based on the viscoelastic model,*® the adsorption amounts
were calculated using the AF,, and AD,, values at different over-
tone numbers.

Theoretically, anion-rn interactions are stronger for anions
with higher charge densities, that is, those with larger
hydration energies (AGpyq). AGhya represents the stabilization
energy associated with complete hydration of a bare ion, and it
reflects the charge density of the ion. Fig. 2 shows the adsorp-
tion amount plotted against the hydration energy of each
anion. Similar to the previously reported monolayer system,*”
halide ions, such as CI7, Br, and I", as well as sulfate ions
(S0,%>7), followed this trend. However, nitrate ions (NOj;")
exhibited unusually strong adsorption. This is likely due to the
additional n-n stacking interaction between the n-conjugated
system of NO;~ and NDI units.

Compared with the monolayer system, the polymer brush
exhibited an overall ~6-fold increase in the adsorption
amount. This enhancement was attributed to the increased
number of adsorption sites introduced by the polymer brush

80
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OmonoNDI@silica Q
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Fig. 2 Plots of the adsorption amount of the anions (I) of polyNDI/
EA@silica and monoNDl@silica vs. the hydration energy of the anion
species (AGhyq).
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structure. Interestingly, for NO;™, a particularly large ~12-fold
increase in adsorption was observed. This may be explained by
the formation of spatial environments within the polymer
brush that are well suited to the size and shape of the planar
structure of NO;~, thereby facilitating stronger interactions
with the NDI sites.

In contrast, the homopolymer brush composed solely of
NDI units (polyNDI@silica) showed almost no adsorption of
anions. Therefore, the aggregation state of the NDI moieties
within the film was evaluated based on the absorbance ratio of
Iy o to Iy4 (Ip-o/Ip-1) derived from the NDI units using UV/vis
absorption spectroscopy (Fig. S6). For polyNDI@silica, the
characteristic absorption bands of the NDI moiety were
observed at 358 nm and 378 nm, originating from the 0-0
and 0-1 vibronic transitions, respectively.”® Compared to
monoNDI@silica and the monomer (MAA-NDI-TEG) in chloro-
form solution, polyNDI@silica exhibited a markedly decreased
Iy_o/Iy; ratio, indicating that the NDI units were in a strongly
aggregated state and that the adsorption sites on the NDI moi-
eties were lost. These findings suggest that copolymerization
with ethyl acrylate effectively secured sufficient adsorption
sites, which are essential for anion adsorption.

Next, to directly evaluate the anion-rn interactions at the
solid/water interface, force curve measurements were con-
ducted using AFM. Fig. 3(a) shows the force curves with the
force on the vertical axis and the apparent distance on the
horizontal axis. In water, polyNDI/EA@silica exhibited an
attractive force, similar to that previously reported for
monoNDI@silica.>” This attraction is considered to arise from
the anion-= interaction between the negatively charged cantile-
ver (silicon nitride) in water and NDI moieties on the polymer
brush. In contrast, for the poly(ethyl acrylate) brush
(polyEA@silica) without NDI moieties, only repulsive forces
were observed (Fig. 3(a)), indicating that the attractive force
observed with polyNDI/EA@silica was a specific interaction
derived from the NDI units. Furthermore, histogram analysis
of the measured forces revealed that the average attractive
force was —0.92 nN, approximately 13 times greater than that
observed in monolayer systems (Fig. 3(b)). In addition, the
onset distance at which the attractive force was detected
shifted to approximately 6 nm, indicating both enhancement
of the interaction and film thickening due to brush formation.

In addition, the single-molecule force of the anion-n inter-
action between the NDI moiety on the substrate and the nega-
tive charge on the cantilever was calculated through autocorre-
lation analysis*® of the attractive forces observed in pure water
(Fig. 3(c)). The periodicity in the autocorrelation function indi-
cated that the single-molecule force derived from the anion-n
interaction for polyNDI/EA@silica was approximately 40-50
pN. This value is close to the result obtained for
monoNDI@silica (~40 pN),>’ suggesting that the observed
interaction originates from a one-to-one interaction between a
single negative charge on the cantilever and a single NDI unit
on the substrate, regardless of whether it occurs in a mono-
layer or polymer brush. In other words, the increase in the
total anion-n interaction strength upon brush formation was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Approaching force curves of polyEA@silica in pure water, polyNDI/EA@silica in pure water or aqueous 10 mM TBACI solution, and

monoNDI @silica in pure water (from top to bottom). The Z-scale interval was 1.0 nN. (b) Histogram of the observed attractive force on the NDI-
modified polymer brush in pure water in pure water (n = 100) and (c) its autocorrelation coefficient.

supported by the increased number of NDI moieties. In con-
trast, the slight enhancement of the single-molecule force on
polyNDI/EA@silica compared to monoNDI@silica is derived
from the delocalization of electrons through the inter- or intra-
molecular & stacks of the NDI units in the polymer brush film.*!

Furthermore, upon the addition of 10 mM TBACI to water,
a repulsive force was observed, followed by jump-in behavior
(Fig. 3(a)). This repulsion is considered to result from the
electrostatic repulsion between the anions adsorbed on the
substrate and the negatively charged cantilever. As mechanical
compression proceeds, ClI™ ions are expelled from the film,
leading to the emergence of an attractive force, observed as a
jump-in behavior.

Next, the attractive and repulsive forces observed upon the
addition of various anions were analyzed as histograms
(Fig. S7). The main components are summarized in Fig. 4.
Before anion addition, only attractive forces were observed;
however, upon the introduction of anions, a shift toward the
repulsive force regions was detected. This transition to repul-
sion is particularly pronounced for anions with higher adsorp-
tion affinities. These results further support the presence of
anion-rn interactions between the polyNDI/EA@silica and the
negatively charged cantilever.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Force detected on polyNDI/EA@silica and monoNDl@silica
using force curve measurements in pure water or aqueous solutions of
TBA,SO,4, TBANO3, TBACL, TBABr, or TBAI.

In contrast, in the homopolymer brush (polyNDI@silica),
the increase in the repulsive forces upon anion addition was
not significant (Fig. S8), which is likely due to the low anion
adsorption. Moreover, the magnitude of the repulsive forces
was greater than that observed for monoNDI@silica, clearly
indicating that polymer brush formation enhances anion
adsorption and alters the interaction accordingly.
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With the formation of a polymer brush, enhancement of
the anion-n interaction at the water/solid interface was con-
firmed. Next, we investigated the control of wettability by water
driven by anion interactions. Fig. 5(a) shows the contact angles
measured when 10 mM aqueous sodium salt solutions of
various anions were dropped onto the NDI-modified substrate.
In this characterization, we chose sodium salts instead of tetra-
butylammonium salts, which are used for QCM-D and force
curve measurements, because of the versatility of the salts for
potential applications. Moreover, the relative hydrophobicity of
the tetrabutylammonium cation may inhibit the enhancement
of water wettability derived from anions.

The polyNDI/EA@silica surface exhibits a contact angle of
61.4° with water. In contrast, a decrease in the contact angle
was observed for the anion-containing aqueous solutions, indi-
cating enhanced wettability due to the presence of anions.
Notably, in the case of NO;~, a maximum reduction of 29° in
the contact angle was observed. Compared to previous results
for monolayer systems, where the maximum change was
approximately 7° for NO;~ solutions, polymer brush formation
enabled a dramatic anion-induced change in the contact angle.

The change in contact angle caused by the addition of
solute anions is believed to result from the adsorption of
anions onto the NDI moieties on the modified substrate after
the aqueous solution comes into contact with the surface. This
adsorption enhances the affinity of the substrate for water,
owing to the charge of the anions and their associated
hydration water. To confirm that anion adsorption served as
the driving force, the contact angles were plotted against the
adsorption amounts of each anion, as shown in Fig. 5(b). A
decrease in the contact angle was observed with increasing
adsorption amount.

Br- 0802

NOy-

0 10 20 30 40 50
Adsorption amount / x10-1°-mol-cm—2
Fig. 5 (a) Contact angles of polyNDI/EA@silica and monoNDl@silica
for pure water and aqueous solutions of Na,SO,4 NaNOsz, NaF, NaCl,
NaBr, and Nal, and photographs of pure water and aqueous solution of
NaNOs. The concentration of the sodium salts was fixed at 10 mM. (b)
Contact angle vs. adsorption amount of anions.
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In particular, for halide anions (I", Br-, and Cl7), the
contact angle linearity decreased with increasing adsorption
amount. However, NO;~, which exhibited the largest change in
contact angle, deviated from this linear trend. As shown in
Fig. 2, this is likely because NO;™ has a hydration energy com-
parable to that of I", meaning its hydration ability is low. This
result further supports the idea that partially hydrated water
molecules surrounding the interfacial anions contribute to
affinity toward the bulk liquid (water). Therefore, to maximize
wettability changes, the intrinsic properties of the anions must
also be considered. Additionally, SO,>~ showed a contact angle
change similar to that of Br~, despite its adsorption amount
being only approximately one-tenth. This deviation from the
trend was likely due to the dehydration effect associated
with SO,*".

As described above, we observed changes in wettability
driven by anion adsorption, which, in turn, was driven by
anion-n interactions with the polymer brush substrate. To
quantify the enhanced affinity between the anion-containing
aqueous solutions and the polymer brush surface, the inter-
facial free energy (ys) was calculated using the surface tension
of the aqueous solution (y;5) and the surface free energy of the
substrate (ys,) based on Young’s equation (eqn (1)). The results
are listed in Fig. 6.

Ysg = Vsl + 1g COS 0 (1)

Consequently, a decrease in the interfacial free energy upon
anion addition was observed for the polymer brush substrate
(Fig. 6). This confirms that anion addition plays a role in stabi-
lizing the substrate-water interface by enhancing the affinity
between the two phases. In contrast, while some interfacial
stabilization was also observed for the monolayer substrate
upon anion addition, the extent of the change was only
approximately one-third of that seen with the polymer brush
substrate, consistent with the abovementioned results.

With respect to the contact angle, although the addition of
salts contributes to changes in surface tension, such variations
are limited to only a few mN m™". By contrast, the free energy

n
o

Pure
water

l H polyNDVEA@silica
[0 monoNDI@silica

NO, C- SO2 Br I

—_
o

o

Interfacial free energy (y)) / mN-m-1
=

Fig. 6 Interfacial free energies of polyNDI/EA@silica and
monoNDIl@silica for pure water and aqueous solutions of NaySO,,
NaNOs3, NaCl, NaBr, and Nal according to contact angle measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the solid/liquid interface (y4) calculated in the present study
exhibits a pronounced change on the order of several tens of
mN m™". This indicates that the interfacial energy modulation
arising from the specific adsorption behavior of anionic
species at the interface constitutes the predominant factor gov-
erning the observed variation in contact angle. Furthermore, a
good linear relationship was found between the contact angle
and interfacial free energy (Fig. S9), indicating that the contact
angle change strongly depends on the interfacial stabilization
driven by anion adsorption via anion-r interactions.

These findings demonstrate that wettability can be effec-
tively controlled through interfacial energy stabilization driven
by anion adsorption. To the best of our knowledge, this is the
first example in which the selectivity of molecular recognition
has been directly linked to interfacial properties.

Conclusions

The anion adsorption enhancement and wettability control of
water were investigated using naphthalenediimide (NDI)-modi-
fied polymer brushes. Compared to previously reported mono-
layer substrates, the NDI and ethyl acrylate copolymer brush
substrates exhibited a significant increase in both the amount
of anion adsorption and the attractive force derived from
anion-n interactions. Autocorrelation analysis revealed that
the 1:1 intermolecular force between an NDI unit and a nega-
tive charge was approximately 40-50 pN, similar to previous
systems, confirming that the amplified attractive force was due
to an increased number of NDI units.

Furthermore, the water contact angle on the NDI/EA copoly-
mer brush substrate decreased with the addition of anions.
This enhancement in wettability was dependent on both the
amount and type of anions adsorbed. The observed change
originated from a reduction in the interfacial free energy
between the substrate and water, which was attributed to the
increased surface charge resulting from anion adsorption onto
the NDI units and associated hydration water. This represents
the first example of wettability control at a solid/liquid inter-
face based on molecular recognition.

By utilizing the physical properties of solid/liquid inter-
faces, this approach holds promise for sensing applications,
where outputs such as wettability and particle dispersibility
can be leveraged. Through the appropriate design of substitu-
ents on the NDI framework and polymer structure, selective
wettability control tailored to specific purposes is expected to
become feasible in the future.

Recent studies have reported the use of electrowetting for
sensing, material separation, and liquid transport.**** Matile
and Akamatsu also reported the electric field control of
anion-n interactions.’®*" By further developing the selective
wetting behavior induced by solute anions identified in this
study and combining it with electrowetting techniques, it may
be possible to achieve spatiotemporal control of wettability.
This can pave the way for advanced sensing technologies,
selective material separation, and precise mass transport.
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