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ABSTRACT: Enantioselective wetting of a chiral polymer
film was demonstrated. The contact angle of chiral liquids
on the film was strongly dependent on their chirality
although their physical properties including surface tension
were identical. Such wetting behavior resulted from the
enantioselective surface reorganization involving local
conformational change of the polymer chains at the liquid
interface. The concept of “dynamic interface for chiral
discrimination” has possible potential for the development
of materials capable of chiral sensing, optical resolution,
and asymmetric synthesis.

M olecular chirality is one of the keys in various biological
events in living systems. Thus, great effort has been
expanded to develop artificial polymers and molecules that are
capable of chiral discrimination using biomimetic and/or
supramolecular concepts." However, most of the polymers
and molecules investigated have been studied in the solution
state. If one desires to solidify a polymer or molecule and use it
as a material for chiral sensing, optical resolution and
asymmetric synthesis, the surface properties of the materials
should be taken into account. This is simply because the
material surface is in contact with a chiral liquid and a selective
interaction with one enantiomer occurs at the liquid interface.
For such materials development involving surface engineering,
one of the challenging issues is to achieve enantioselective
wetting, where the surface properties vary in response to
chirality of the surrounding liquid. Until now, such wetting has
not been realized in the absence of an auxiliary® due to the
difficulty of amplifying molecular chiral discrimination to
appear as a macroscopic event.”> Thus, the fabrication of a
surface for enantioselective wetting remains challenging,
although it should find broad applications in chiral selectors,”
biomolecular scaffolds,” microfluidic devices® and so forth. In
this communication, we report the first instance of the
enantioselective wetting of a chiral polymer film. Our successful
strategy utilizes two concepts; surface reorganization of the
polymer film and an induced chirality of the polymer side chain.

It has been widely accepted that the surface structure of
polymer films varies in response to their surrounding
environment to minimize the interfacial free energy.7 For
example, the surface of a film of an amphiphilic block
copolymer was covered with the hydrophobic component in
air or vacuum. However, once the film was immersed into
water, the surface turns to be hydrophilic due to the preferential
segregation of the hydrophilic component at the water
interface.® Such a surface reorganization was also found for a
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Scheme 1. Chemical Structure of Chiral Polymers Designed
and Synthesized in This Study

<«—— flexible main chain

n
*{?\/O
O O 5
— O f }
flexible linker O J\/\/\/
o
t

\—Y—J

n-n interaction source chiral centre

alkyl chain
X

film of simple poly(n-alkyl methacrylate)s, in which the ester
bond behaves as the hydrophilic component.” This should be
the case even though a chiral molecule is applied to a polymer
surface as a liquid. If the surface can discriminate the chirality,
the wettability should be eventually different between two
enantiomeric liquids. To realize such enantioselectivity, the
polymer should be chiral and possess a high capability of the
chiral discrimination.

On the basis of these considerations, we designed a chiral
polymer, as shown in Scheme 1 (S-P and R-P). The polymer
contains four important units; the main chain of methacrylate,
alkyl linkers, biphenyl moieties, and alkyl chains having a chiral
center. A methacrylate main chain was chosen because of its
flexibility, resulting in a surface reorganization responding to
environmental change. To preserve the flexibility of the main
chains, alkyl linkers were inserted between the main chain and
the biphenyl moieties. The biphenyl moiety works as a 7—x
interaction source, leading to the arrangement of the side
chains.'® The alkyl chain having a chiral center provides a
chirally twisted structure to the side-chain arrangement, the so-
called induced chirality. Such induced chirality has often been
observed for helical polymers, supramolecular gels, liquid
crystals, and Lanzgmuir—Blodgett films,"" and leads to high
enantioselectivity.™>!2

S-P and R-P were synthesized in four steps (see the
Supporting Information, SI). The alkyl chain with a chiral
center was introduced to 4,4’-biphenol by a Mitsunobu reaction
using (R)- or (S)-2-octanol. Subsequently, 2-bromo-1-hexanol
as a flexible spacer was introduced by a Williamson ether-
ification and the resultant hydroxyl group was then allowed to
react with methacrylol chloride, leading to a chiral monomer.
Finally, S-P or R-P was obtained by a free radical polymer-
ization of the corresponding monomers. The number-average
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Figure 1. (a) UV—vis and (b) CD spectra for the S-P and R-P films on
quartz glass substrates.

molecular weight and polydispersity index were determined to
be 18k and 1.8 for S-P, and 18k and 2.3 for R-P, by gel
permeation chromatography using poly(methyl methacrylate)
as a standard.

Films of the polymers were prepared on quartz glass
substrates and silicon substrates with a native oxide layer by a
spin-coating method from n-hexane solution of each of the
polymers at a concentration of 1.0 wt %. The film thickness was
determined to be typically 53 nm by ellipsometry. Figure 1
shows ultraviolet—visible (UV—vis) and circular dichroism
(CD) spectra for the S-P and R-P films. UV—vis spectra for
these films were identical and were characterized by an
absorption band centered at 265 nm being assignable to the
m—n* transition of the biphenyl moiety in the side chain of the
polymer. The maximum absorption wavelength (4,,,,) observed
for both films was shorter than that for the corresponding
polymers in the solution state (A, = 270 nm) where the
biphenyl moieties were isolated from each other (see Figure S4
in the SI). This makes it clear that the biphenyl moieties in the
polymer side chain form an H-like aggregation in both S-P and
R-P films. Interestingly, CD spectra for the S-P and R-P films
showed an induced CD signal depending on the molecular
chirality. The spectral patterns remain unchanged by rotating
the films around the light beam axis, confirming that there was
no contribution from a linear dichroism signal (see Figure SS in
the SI). These results lead to an assumption that the polymer
provides an induced chirality based on a chiral arrangement of
biphenyl moieties through the H-like stacking and its
handedness is imposed by the molecular chirality.

Enantioselective surface properties of the films were
investigated by contact angle measurements using (S)- and
(R)-1,2-propanediols (S-L and R-L) as probe liquids, which are
important building block as versatile chiral synthons for
asymmetric synthesis and thus a rapid detection of their
chirality is required."® Panel a of Figure 2 shows the time (t)
dependence of the contact angle (6) of the droplets of S-L and
R-L on the S-P film. The initial & value for the S-L droplet was
63° and did not change over the time after being placed. In the
case of R-L, on the other hand, the 6 exponentially decreased
with increasing time and reached a constant value of 41° after
20 s. That is, the 0 value at t = 30 s was smaller for R-L than for
S-L, as shown in Figure 2b. Importantly, opposite behaviors
were observed for the R-P film. The 6 value for the S-L droplet
was time-dependent while that of R-L was not (see Figure S7 in
the SI). The 0 values for R-L and for S-L at t = 30 s were 63°
and 41°, respectively. These results clearly indicate that the
polymer films possess enantioselective surface properties, which
were also confirmed by using 1,3-butanediol as a probe liquid
(see Figure S8 in the SI).
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Figure 2. (a) Time dependence of the contact angle of a mixture of S-
L and R-L with various R-L fractions on the S-P film. Open circles and
solid lines denote the experimental data and best-fit curves using eq 1.
(b) Photograph showing the S-L and R-L droplets on the S-P and R-P
films after 30 s. (c) Correlation between the 6., and 7 values and the
R-L fraction.

The above-mentioned results motivated us to examine the
contact angle of a mixture of S-L and R-L with various ratios. As
shown in Figure 2a, the extent of the time dependence of the
contact angle was striking with a higher fraction of R-L. To
quantify the behaviors, the @—t plot was fitted by the following
equation:*®

e(t) = (gini - eter) eXP(_t/T) + eter (1)

where 0., 0,., and 7 are the initial 8 at ¢ = 0, the terminal 6, and
the time constant for the 6 decay, respectively. Curve-fitting for
all plots provided a good correlation coefficient (r* > 0.98).
Panel ¢ of Figure 2 shows the composition dependence of 8.,
and 7. Both 6, and 7 were proportional to the R-L fraction.

ter

The origin of the 6, difference between S-L and R-L

droplets on the S-P film is discussed. According to Young’s
relation, the contact angle can be given by

Orer = cos{(, = 1)/1} @)

where ¥, 7y, and ¥, are the tensions at the solid/gas, solid/liquid
and liquid/gas interfaces, respectively. Here, the y, value was
common for the two cases because the same film was used
under controlled temperature and humidity. Also, the y; values
of S-L and R-L are identical at 48 mN m™' due to their
enantiomeric chemical structures.'* Thus, the 6, difference
between S-L and R-L droplets on the S-P film must be related
to the ¥, value. That is, the interfacial structures of S-P with S-L
and R-L were different from each other.

To confirm the above-mentioned hypothesis, the surface of
the film, which was immersed into the chiral liquid, was
characterized by atomic force microscopy (AFM) using the
intermittent contact mode at room temperature. Figure 3
shows the surface morphology and corresponding cross-
sectional profiles of the S-P films. The surface of the original
S-P film was relatively flat with a root-mean square roughness
(Rryms) of 2.0 = 0.4 nm. No substantial change was observed
after immersing the film into S-L (Rpyg = 2.1 + 0.5 nm).
However, after the immersion in R-L, the film surface became
rougher, resulting in the Rpyg value of 3.1 + 0.5 nm. These
results indicate that the surface morphology of the S-P film was
changed by contact with R-L but not with S-L, as a result of the
change in the aggregation states of polymer chains.

It is well-known that the contact angle is affected by the
surface roughness of a film even on the nanometer scale.” The
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Figure 3. (a—c) Surface morphology and (d—f) cross-sectional profiles along the solid lines shown in panels a—c obtained for the S-P film under (a

and d) the ambient air, (b and e) S-L, and (c and f) R-L.

roughness effect has been discussed on the basis of the two
major classical models of Wenzel and Cassie—Baxter. When a
droplet completely contacts with a surface of a given material
over their mutual interface, the contact angle on a rough surface
can be expressed by Wenzel’s equation. This equation predicts
that the apparent contact angle becomes smaller with increasing
surface roughness when the @ value for a flat surface is less than
90°. Thus, a plausible explanation for the reason why the
contact angle on the S-P film was smaller for R-L than for S-L is
the roughness effect. To confirm whether this is the case, we
estimated to what extent the € value of R-L on the S-P film
became smaller by the surface roughness (see the SI). As a
result, it could be 61°, being much larger than the experimental
value of 41°. Also, the experimental value cannot be
rationalized by Cassie’s equation, where a probe droplet
partially contacts the top of surface protrusions with an air
gap. In this case, the apparent contact angle on the rough
surface (the R-L/S-P interface in our case) is always larger than
that on the flat surface (the S-L/S-P interface). Thus, the
contact angle difference for S-L and R-L shown in Figure 2 can
hardly be explained in terms of the surface roughness of the
film. This leads to an idea that aggregation states of chains in
the S-P film can be altered only by R-L.

To examine local conformation of the polymer chains at the
chiral liquid interface, sum frequency generation (SFG)
vibrational spectroscopy, which currently provides the best
depth resolution among available techniques, was performed.
Figure 4 shows SFG spectra for the S-P film at air, S-L, and R-L
interfaces. Here, the measurements were carried out with a light
polarization combination of ssp (SF output, visible input, and
infrared input). In this case, information on dipoles, or
functional groups, along the direction normal to the interface
is accessible.”¥'® For the original film, signals from the
symmetric and antisymmetric C—H stretching vibrations of
the methylene groups were clearly observed at 2852 and 2930
cm™, respectively. Signals assignable to the symmetric and
antisymmetric C—H stretching vibrations of the methyl groups
were also observed at 2866 and 2948 cm ™, respectively. After
immersing the S-P film in S-L, the SFG spectrum was almost
unchanged. On the other hand, when the film was immersed
into R-L, the intensity of the signals from the methylene groups
became weaker. Instead, a signal from the antisymmetric C—H
stretching vibration of the methylene groups next to the oxygen
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Figure 4. SFG spectra for the S-P film at air, S-L, and R-L interfaces,
obtained with an ssp polarization combination.

atom in the ester and the ether bonds evolved.” This spectral
change is quite reasonable if the side chains of S-P segregate to
the R-L phase as a result of formation of an attractive
interaction between the carbonyl group of S-P and the hydroxyl
group in R-L.

In fact, it has been reported that the change in the interfacial
conformation of poly(n-alkyl methacrylate)s upon contacting
water was induced by hydrogen bonding between the carbonyl
groups in the polymer side chain and water.” Thus, the
enantioselective wetting seen here is associated with a surface
reorganization via the local conformational change of polymer
chains.'” If so, a decrease in the contact angle of R-L on the S-P
film with increasing time (Figure 2a) should reflect the
conformational change. It is noteworthy that the S-P film, after
immersion in R-L and then being dried with a nitrogen flow,
shows the same time dependency in the contact angle of S-L
and R-L as that observed for the original film (see Figure S9 in
the SI). This suggests that the local conformation of polymer
chains at the R-L interface returned to the original one when R-
L was removed. Taking into account that the driving force for
the local conformation change of chains is the formation of
noncovalent bonds such as hydrogen bonding, the reversible
change in the surface properties dependin§ on the presence or
absence of the liquid can be understood."

We have demonstrated enantioselective surface properties of
films of a chiral polymer by contact angle measurements using
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chiral aliphatic diols as a probe liquid. The contact angle varies
over the range of 41° to 63°, depending on the chirality of the
liquid. This is based on the enantioselective surface
reorganization of the polymer chains, which is induced by
hydrogen bonding between the carbonyl group in the polymer
and the hydroxyl group in the liquid. The present results
illustrate the utilization of the polymer film for the
determination of chirality by observing the wetting behaviors.
The concept, for which we propose the name “dynamic
interface for chiral discrimination” has possible potential for the
development of chiral materials, leading to a breakthrough in
the field of chemistry and materials science dealing with

chirality.
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Experimental details and additional characterization data. This
material is available free of charge via the Internet at http://
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