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Anion-r interaction at the solid/water interfaces

We report evaluations of the anion-r interactions at the
solid/water interface. Force curve measurements revealed
that a single-molecule force of anion-r interaction between
a naphthalenediimide (NDI) unit and a negatively charged
surface of the cantilever was ~40 pN.
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Anion—r interaction has been found to play a key role in interfacial
phenomena. In this study, we evaluated the anion—= interactions at
the solid/water interface. Anion adsorption originating from anion—=n
interaction at the interfaces followed the hydration energy and the
presence of conjugated systems of the anions by the QCM measure-
ments. Force curve measurements revealed that the single-molecule
force of anion—n interaction between an NDI unit and the negatively
charged surface of the cantilever was ~40 pN. To the best of our
knowledge, this is the first example of obtaining a single-molecule
force for anion—n interactions.

Interfacial phenomena, such as wettability, friction, adhesiveness,
and dispersion of colloidal particles, are important factors in
determining material characteristics. The interfacial properties
are mainly governed by physicochemical properties such as charge,
hydrophilic-lipophilic balance, and surface morphology. Adsorp-
tion at solid/liquid interfaces, based on intermolecular interactions,
has a significant impact on the interfacial properties. For example,
amphiphilic molecules reversibly adsorb at the solid/liquid inter-
face via electrostatic or hydrophobic interactions and contribute to
the control of friction and colloidal dispersibility.

Intermolecular interactions arising in bulk water are inhibited
because noncovalent bonds, based on electrostatic interactions,
compete with solvation (hydration).! On the other hand, it is known
that molecular interactions are enhanced at the interfaces in
comparison to the bulk media®* because the dielectric constant
of water near the interface, such as the solid/water interface, is lower
than that of the bulk water owing to the weakened dipole of aligned
water molecules at the interface.® Therefore, the solid/water interface
is a suitable space for intermolecular interactions and molecular
recognition.
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Anion-r interactions are noncovalent interactions between
an electron-deficient aromatic ring and anion species.”® When
a strong electron-withdrawing group is introduced into an
aromatic system, the charge distribution on the aromatic plane
is inverted, whose negative quadrupole moment (Q.,) then
attracts anions." Naphthalenediimide (NDI) bearing Q. of
18 B is an excellent acceptor for anion-n interactions. On the
other hand, electron-rich aromatic compounds such as ben-
zene attract cation species by comparable cation-n inter-
actions.” Although anion-n interactions have been proposed
by theoretical investigations, they have recently been observed
in crystal structures and solutions®*™" and have contributed to
functional molecular systems.’>'* Matile et al. reported the
transport of anions across biological membranes’ and in
chemo- or enantioselective catalysis.'® Simultaneously, it was
revealed that many protein folding structures and enzymatic
reactions are based on anion-r interactions.'”*® Furthermore,
Zeng et al. revealed that anion-m and cation-n interactions
coexist during bioadhesion based on catecholic moieties with
phosphate ester and potassium.'® These reports reveal that
anion-n interaction is an excellent tool to control not only
small molecular functions but also macromolecular and macro-
scale phenomena at the material interfaces.

The nanomechanics of the molecular interactions were
examined by force measurements using a surface force appa-
ratus (SFA) or atomic force microscopy (AFM). Auletta et al
demonstrated the force measurements of the host-guest inter-
action of f-cyclodextrin monolayers on Au(111) with several
guests immobilised on the AFM cantilever and evaluated the
binding strength of the complexes.? Israelachvili characterised
cation-n interactions in the adhesion proteins of marine organ-
isms in aqueous media by force analysis and observed that
the interactions play a key role in the underwater adhesion
of marine creatures, such as mussels.?’ As mentioned
above, anion—n interactions were also found to contribute to the
biological adhesion process (SFA measurements).”” Inhibition
experiments with these anions have revealed that the strength of
anion-r interactions follows the order HPO,>~ > SO,>~ > NO;.
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Fig.1 Chemical structure of TEG-NDI-TES and immobilization on the
silica substrate.

This trend is associated with the charge density, polarity, and
hydration behaviour of the anions. This report demonstrated that
interfacial analytical techniques have started to reveal anion-n
interactions at the solid/water interfaces and their contributions
to interfacial phenomena. This is the only report on anion-n
interactions at interfaces. However, the system was investigated
using complex biological molecules. For understanding the inter-
action at the interface, the system needs to be simplified.

To examine anion-m interactions at the solid/liquid inter-
face, we immobilised an NDI derivative (TEG-NDI-TES; TEG:
triethylene glycol) composed of an NDI core as a popular and
simple anion-m acceptor and an alkoxysilyl group capable of
covalent bonding with the silica surface (Fig. 1). Quartz crystal
microbalance with dissipation (QCM-D) measurements revealed
anion-binding of NDI@silica, based on anion-n interactions. At
NDI@silica, we directly observed anion—r interactions and evaluated
single molecular force by force curve measurements in water
using AFM.

To evaluate anion-n interactions at the solid/water interface,
we synthesised a new NDI derivative (TEG-NDI-TES), as shown
in Scheme S1 (ESIT). For immobilisation, a silica substrate was
immersed in a dichloromethane solution of TEG-NDI-TES
(1.0 mM) for 15 h and then heated for 1 h at 100 °C to achieve
film formation through the silane coupling reaction. After this
modification, the Raman spectrum of NDI@silica was
obtained. It showed characteristic bands of NDI deriva-
tives, for example, 2901 (v C-H), 2862 (v C-H), and 1564
(vs/vas C=C) em ™" (Fig. 2), which revealed the successful film
formation of TEG-NDI-TES. The contact angle of NDI@silica
with pure water was 61°, which is larger than that of the bare
silica substrate, which also showed that an organic film was
formed on the silica substrate (Fig. S3, ESIT). Furthermore, in
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Fig. 2 Raman spectra of NDl@silica and bare silica substrate.
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the AFM phase image of NDI@silica, a rough surface morphol-
ogy was observed, whereas the surface of the bare silica sub-
strate was smooth (Fig. S4a, ESIt). The signal intensity in the
AFM phase images represents the relative rheological proper-
ties of the surface. The NDI@silica image indicated that a soft
organic film was formed on the hard silica substrate. These
results confirmed that TEG-NDI-TES was successfully immobi-
lised on the silica substrate.

Next, anion—n interactions between the NDI moieties on the
substrate and anion species in THF were evaluated by a spectro-
scopic method. The UV/Vis absorption spectra of the TEG-NDI-
TES-modified quartz substrate were measured in THF (Fig. S4b,
ESIY). In the absence of anion species, characteristic bands of the
NDI moiety were observed at 358 nm and 378 nm, originating
from the 0-0 and 0-1 vibronic transitions, respectively.>® With
titration of fluoride anions with tetra-n-butylammonium fluoride
(TBAF), the intensities of these bands decreased and the baseline
around 400-600 nm increased. The absorption bands at 476 and
560 nm, originating from the NDI" and NDI>~ radical anions, are
positioned in this region, which indicates the reduction of the
NDI moiety through anion-n interactions.** Thus, NDI@silica
interacts with fluoride anions at the solid/liquid interface, analo-
gous to the solution media.

Based on anion-n interactions, the anion species were
adsorbed on NDI@silica. For quantitative evaluation, the
adsorption amounts of the anion species were measured using
QCM-D, which can assume the adsorbed mass (Sauerbrey
mass, Am [ng]) owing to changes in the frequency of the
QCM-D sensor (AF, [Hz]) by using the following equation:
Am = —C x (AF,/n), where C is a constant (0.177 mg m > Hz )
and n is the overtone number (3 in this study). Pure
water was flowed onto the QCM-D silica sensor, modified with
TEG-NDI-TES, and then, the aqueous solution of TBACI was
continuously injected, which resulted in a decrease in AF;, as
shown in Fig. 3a. We used a low concentration of TBA salts to
exclude the effect of the energy dissipation on the frequency F,
owing to the viscosity and density changes in the bulk solution.

We also examined the adsorption behaviour of NDI@silica
with several anions (Fig. S5, ESIt). Table 1 shows the frequency
change (AF;/3) caused by the flow of anion species and the
assumed adsorption amounts of the anions (Ianjon [mol cm™?]).
The strength of anion-n interactions depends on the electron
density of the anions," which corresponds to their hydration
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Fig. 3 (a) Variation in the frequency (AFs/3) as a function of time. TBACL

concentration was fixed at 1.0 x 107> M. (b) Plots of the adsorption
amount of the anions (I'anion) VS. the hydration energy of anion species
(AGpyq).
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Table 1 Frequency changes (Afs/3) and adsorption amounts of the
anions (Ianion), ratio of adsorbed anions against one NDI unit on the
silica substrate

NO;~  SO2~ <l Br~ I
AF,/3 (Hz) 2.00 2.85 027 025 N.D.
Tanion (10 °mol em™2)  5.71 5.16 135 0.55 N.D.
Anion/NDI 0.93 0.84 022  0.09 N.D.

energy (AGpyq). As shown in Fig. 3b, the plots of I'ypion VS. AGhyq
revealed that halide anions (CI~ > Br~ > I") and SO,*", and
the anions with larger AGy,q showed larger adsorption
amounts. On the other hand, NO;™ specifically showed a larger
T anion- A previous report has presented similar results in that
anions with a m-conjugated system show better anion binding
with the NDI units than halide anions because of the concerted
effect of m-n interaction with anion-n interaction."® Further-
more, with anions showing better binding, the frequency
change (AF;/3) reached the stationary state more quickly,
indicating that the adsorption speed also depends on the
strength of anion-n interaction (Fig. S5, ESIT). After replace-
ment with pure water, AF;/3 recovered to the initial value,
which also revealed that the anion adsorption is based on a
noncovalent interaction (Fig. S5f, ESIt). From these results, we
observed the trend of anion adsorption on the NDI-modified
substrate, which follows the strengths of anion-=n interaction.
Next, to investigate anion-n interactions at the solid/liquid
interface, we recorded force curve measurements with AFM,
which can measure the physical forces between NDI@silica and
a silicon nitride cantilever in aqueous media. The surface of the
cantilever is negatively charged in water under neutral condi-
tions because the pK, of silicon nitride is ~5.5.>>?° Fig. 4a
shows a typical force curve of NDI@silica with a negatively
charged cantilever in pure water. From apparent separation of
3-4 nm, an attractive force of ~0.1 nN was observed. The curve
was apparently different from the theoretical curve of the van
der Waals attractive force®” with the assumption of a general
organic thin film. In contrast, the TEG-modified silica substrate
(TEG@silica) showed a repulsive force with respect to the
molecular length, which revealed that the attractive force was
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Fig. 4 Approaching force curves of NDI@silica in pure water (a),
TEGa@silica substrate in pure water (b), and NDI@silica in 10 mM TBACI
of aqueous solution (c). The theoretical curve of van der Waals force is
attached on the curve of NDI@silica in pure water. The Z-scale interval is
0.2 nN.
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derived from the NDI moiety (Fig. 4b). The TEG groups on
NDI@silica can also show similar repulsive force according to
the steric effect. One possibility is that the NDI core tilts on the
surface owing to interactions of the polar groups of the NDI
core and TEG group with the silica surface, and the TEG group
located near the surface provides the steric effect in the vicinity
of the surface. Therefore, it is expected that anion-n interac-
tions between the NDI-modified substrate and the negative
charge are observed in the measurement.

Furthermore, to clarify the anion-n interactions at the inter-
face, we examined the effect of the presence of chloride anions.
Based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) the-
ory, the repulsive force was suppressed in the presence of salts
owing to the electrostatic shielding on the interfaces and the
net attractive force in the presence of salts and can be enhanced
compared to that in the absence. However, if the attractive force
is derived from the interaction between NDI@silica and the
cantilever surface, the excess amount of added chloride anions
is likely to interact with the NDI moieties on the surface and
inhibit the attractive force, resulting in a repulsive force owing
to electrostatic repulsion. As a result, repulsive force was
observed and then was jumped into attractive force in the
presence of 10 mM TBACI. This revealed that an electrostatic
repulsive force was cancelled when the negatively charged
cantilever entered the NDI film (Fig. 4c). To observe the clear
trend of this inhabitation behaviour of the added chloride
anion, a histogram of the detected force was created, which
confirmed that the attractive force gradually reverted to the
repulsive force with increasing chloride ion concentration
(Fig. 5a and b and Fig. S6, ESIt). These results revealed that
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Fig. 5 Histograms of the observed force on NDl@silica in pure water
(a), aqueous solutions of TBACL (b), TBABr (c), and TBAI (d) (n = 100). The salt
concentration was fixed at 10 mM. Detailed histogram of the observed attractive
force on NDlI@silica in pure water (e) and its autocorrelation coefficient (f).
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anion-r interactions were observed on NDI@silica. This is a
remarkable result of direct observation of anion-m interactions
with the force measurement, as reported by Zeng.** The effect of
anion species on the inhibition was examined using 10 mM TBAC],
TBABr, and TBAI in water (Fig. 5b—d). According to these histo-
grams, the inhibition behaviour trend was CI~ > Br~ > I, which
corresponds to the trend of the adsorption amount obtained by
the QCM-D measurements and a previous report.'” The results of
this study show that the stronger the anion-r interaction between
NDI@silica and the species, the greater the amount of anion
adsorption, resulting in a higher probability of repulsive force.
Finally, by using autocorrelation function analysis,*® we assumed
a single-molecule force of anion-m interaction at the interface.
Fig. 5f shows the autocorrelation coefficient according to the
detailed histogram of the attractive force observed on NDI@silica
in pure water (Fig. 5e). This revealed the peak periodicity of the
interval of ~40 pN, which represents the single-molecule force of
anion-r interaction observed here. The single-molecule of anion—-
n interaction is comparable with those of other molecular inter-
actions, such as cation-r interactions with calixarene-ammonium
cations (~80 pN)* and the strong antigen-antibody interaction
with avidin-biotin (160 pN),** suggesting that the obtained value of
the single-molecule force is sufficient for the interaction. To the
best of our knowledge, this is the first example of obtaining a
single-molecule force for anion-r interactions.

In conclusion, we evaluated anion—n interactions at the solid/
aqueous solution interface by using films based on the NDI
analogue that is a popular and simple anion-n acceptor. The
strength of the interaction followed the trend NO;~ > S0,>” >
CI” > Br- > I, as revealed by adsorption measurements by
QCM-D and inhabitation experiments on the force curve measure-
ments, which corresponds to the extent of the hydration energy
and the presence of the conjugated systems of the anions. The
force curve measurements demonstrated direct observation of
anion-n interactions, and autocorrelation analysis revealed the
single-molecule force to be ~40 pN. Based on this finding, we are
currently working on controlling the macroscopic physical proper-
ties of the solid/water interface, such as wettability and particle
dispersibility, using anion-specific and selective adsorption of
anions. We hope that the results obtained in this study will lead
to the development of various functional materials and stimulus-
responsive materials in the future.
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