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Chiral Assemblies of Achiral Rigid-Flexible Molecules at
the Air/Water Interface Induced by Silver(l) Coordination

Libin Liu,*® " Tianduo Li,”» and Myongsoo Lee*™

Chiral films are obtained from achiral rigid-flexible molecules.
Due to hydrogen bonding and steric constraints, these mole-
cules can self-assemble into chiral assemblies at the air/water
interface upon compression. When the molecules are spread
on a subphase containing AgNO;, they form a stable monolay-
er through coordination with Ag' ions, as confirmed by surface

1. Introduction

Recently, increasing attention has been paid to the chirality of
supramolecular systems, because of their important roles in
both life and materials science." Generally, the chirality of
supramolecular systems can be generated through the assem-
bly of chiral molecules® or through interactions between achi-
ral molecules, such as m-m stacking, hydrogen bonding, elec-
trostatic interactions, and coordination, yielding a chiral aggre-
gate.®¥ In the latter case, construction of chiral supramolecular
assemblies from achiral components is interesting, since mac-
roscopic chirality could be realized by a stereoregular arrange-
ment without any chiral auxiliaries, whereby molecular config-
uration plays a crucial role.’ Studies on molecular design and
formation mechanism of chirality are thus important for con-
structing novel and controllable superhelices, especially from
achiral molecules.

Previously, we reported that chiral assemblies could be ob-
tained from a series of achiral rigid—flexible molecules at the
air/water interface upon compression.” Hydrogen bonding
and steric constraints are responsible for the macroscopic chir-
ality. Now we extend our investigations to a new compound
which contains a short benzene-ring backbone (Scheme 1) and

1.9 nm (axis A)
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Scheme 1. Structure of the rigid-flexible molecule and schematics of the
chiral assemblies formed from the molecules (PPO chain omitted for clarity).
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pressure-area isotherms, UV/Vis and FTIR spectroscopy, and
AFM. More interestingly, macroscopic chirality was detected in
the Ag'-coordinated films by circular dichroism measurements.
The formation mechanisms of the two kinds of chiral films are
briefly discussed.

investigate the surface behavior of its Ag-coordinated film.
Due to hydrogen bonding and steric constraints, this com-
pound can self-assemble into chiral assemblies at the air/water
interface upon compression. Furthermore, when the com-
pound was spread on a subphase containing AgNO;, the mole-
cules formed a stable monolayer through coordination with
Ag' ions. More interestingly, macroscopic chirality was detected
in the Ag'-coordinated films.

Experimental Section

Materials: The amphiphilic rigid-flexible compound described here
consists of an oligo(p-phenylene) conjugated rod with a poly(prop-
ylene oxide) (PPO) coil laterally attached through an imidazole link-
age. The synthetic procedures and characterization are described
in the Supporting Information. The resulting rigid-flexible amphi-
phile was characterized by 'H and *C NMR spectroscopy, elemental
analysis, and matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectroscopy and shown to be in full
agreement with the structure presented in Scheme 1.

Monolayer Fabrication: Langmuir isotherms at the air/water inter-
face and Langmuir-Blodgett (LB) deposition onto a solid substrate
were conducted at room temperature by using a KSV 2000 LB min-
itrough. A 40-120 pL volume of dilute solution of the compound
(c<0.5mgmL™") in chloroform (HPLC grade) was deposited in 5-
10 drops uniformly distributed on the water surface (Nanopure,
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18.2 MQcm™") and left to evaporate and spread evenly for 30 min.
The limiting cross-sectional area was determined at the steep rise
in the surface pressure related to the formation of condensed
monolayer. For AFM measurements, the monolayer LB films were
transferred at a rate of 2 mmmin~' onto silicon wafers at various
surface pressures by the upstroke mode of the vertical dipping
method. For UV/Vis, CD, and FTIR spectral measurements, the float-
ing films were transferred onto quartz and ZnSe solid supports at
selected surface pressure by the horizontal Langmuir-Schaefer
method and by a certain number of depositions.

Highly polished [100] silicon wafers (Semiconductor Processing
Co.) were cut into rectangular pieces (2x2 cm?) and sonicated in
Nanopure water for 10 min to remove silicon dust. The wafers
were then chemically treated with piranha solution (30% concen-
trated hydrogen peroxide, 70% concentrated sulfuric acid; Cau-
tion: hazardous solution!) for 1 h and then washed with abundant
Nanopure water.

Monolayer Characterization: The LB monolayers on the silicon sub-
strates were studied with a Nanoscope llla Multimode AFM. Scans
were performed in the “light” tapping mode in accordance with
the usual procedure adopted in our laboratory.”” An amplitude
ratio of 0.95 and higher was employed to avoid monolayer
damage.” The domain topography and the surface area coverage
were calculated from height histograms by bearing analysis.”» AFM
characterization of the deposited LB films was done after drying in
a desiccator for 24 h. The AFM scans were conducted at 0.5-2 Hz
scanning rate. The AFM tip radii were between 20 and 35 nm, and
the spring constants of these cantilevers were in the range of 40-
60 Nm~'. UV/Vis and CD measurements on the films were per-
formed at room temperature using UV-1650PC and JASCO J-810CD
spectrophotometer, respectively. In the measurement of the CD
spectra, the multilayer films were placed perpendicular to the light
path and rotated within the film plane to avoid polarization-de-
pendent reflections and eliminate the possible angle dependence
of the CD signal."® SEM-EDX spectra were performed with a JSM
6700 F NT equipped with a Link analytical system. FTIR measure-
ments were recorded on Equinox 55 FTIR spectrophotometer with
an average of several hundred scans.

2. Results and Discussion

On the pure water surface the title compound exhibited dis-
tinct amphiphilic properties. The surface pressure-area (7-A)
isotherm reveals a stable Langmuir monolayer at the air/water
interface (Figure 1). A shoulder appeared at a surface pressure
of 11.8 mNm™'. Before and after the shoulder, the limiting
cross-sectional molecular areas calculated by extrapolation of
the steep rise in the surface pressure to zero level are 2.65 and
1.86 nm?, respectively. The values, which are just before the
shoulder on the large molecular area side and just before film
collapse, are consistent with the area occupied by a molecule
in the flat-on and vertical orientations, which are about 2.81
and 2.07 nm?, respectively."” Therefore, the shoulder in the iso-
therm likely indicates a transformation of the aromatic rod seg-
ment of the molecule from flat-on to vertical orientation upon
compression, similar to the orientation of rigid—flexible mole-
cules at the air/water interface demonstrated in our previous
work®

When the compound was spread on a subphase containing
1x1073m AgNO;, the shoulder in the isotherm disappeared
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Figure 1. Surface pressure-area isotherms of the rigid—flexible molecules
spread on the pure water subphase and subphase containing AgNO;.

and the monolayer collapsed at a high surface pressure of
44 mNm~'. Further addition of AgNO; to the subphase did not
affect the isotherm significantly (Figure 1). Considering the
radius of Ag' ions to be 0.116 nm,""? it is reasonable to assume
that the slight increase in the limiting molecular area is due to
formation of an Ag'-coordinated film.

The compound is readily soluble in CHCI;, and displays two
intense B bands at 290 and 322 nm, accompanied by one
weaker Q band at 375 nm in the absorption spectrum (Fig-
ure 2a). The UV/Vis spectra of the LB films deposited from
pure water surface revealed redshifts of the both B bands and
Q band, indicating formation of J-aggregates in the films. For
the LB films deposited from the subphase containing AgNO;,
only one B band at 295 nm and a broad Q band were ob-
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Figure 2. a) UV/Vis spectra and b) FTIR spectra of a 30-layer LB film deposit-
ed from pure water surface and aqueous AgNO; subphase.
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served, completely different from the LB film deposited from
pure water subphase, indicating that coordination of the mole-
cules with Ag' occurred.

To further confirm such complex formation, the FTIR spectra
of the LB films deposited from pure water and AgNO; sub-
phases were measured. Figure 2b shows the main bands of
the LB films deposited from pure water surface at 1643, 1611,
1584, 1514, 1502, 1478, 1463, 1377, 1287 and 1249 cm™'. When
the films were transferred to the AgNO; subphase, the IR
bands changed to 1636, 1610, 1575, 1519, 1508, 1481, 1456,
1374, 1339, 1311, and 1253 cm™". The band at 1643 cm™' can
be assigned to the C=N vibration in the conjugated benzimida-
zole ring, while the bands at 1611, 1584, 1502, and 1463 cm™'
can be assigned to the aromatic rings. When the LB films were
transferred to the AgNO; subphase, the (=N band shifted to
1636 cm™', while those bands assigned to aromatic rings shift-
ed to 1610, 1575, 1508 and 1456 cm™'. These spectral changes
are in accordance with those reported elsewhere for imidazole
ligands before and after coordination with Ag'"® An SEM-EDX
elemental analysis showed that the N:Ag molar ratio of the
Ag'-coordinated films was approximately 2.95:1.24 (Supporting
Information, Figure S2). This indicates that one Ag' ion was in-
corporated per molecule of the monolayer and the film was
fully coordinated.

Atomic force microscopy (AFM) was performed on LB mono-
layers to further confirm the structures. The monolayer trans-
ferred from pure water surface at low surface pressure re-
vealed smooth and uniform films. Upon compression cylinders
were irregularly dispersed on the silicon wafer (Supporting In-
formation, Figure S1). Interestingly, when the film was deposit-
ed after the shoulder (at 15 mNm™"), AFM images revealed ir-
regular ellipse-shaped structures (Figure 3a and b). Between
the elliptical structures, cylinders were also present. The height
of the elliptical structure is about 1.6 nm, similar to the height
of the aromatic segments adopting the standing-up conforma-
tion atop the PPO layer. Further compression led to more
densely packed elliptical structures (Supporting Information,
Figure S1). Remarkably, the films deposited from aqueous
AgNO; subphase at a surface pressure of 10 MNm™' revealed
the presence of nanoribbons (Figure 3¢ and d). The ribbons
have an average height of 1.4nm and average width of
13.7 nm (dimensions after correction for the tip-broadening
effect)." The height of the ribbons is compatible with the
height of the aromatic rod segment, estimated as 1.3 nm by
means of the Corey-Pauling—Koltun (CPK) model. We also per-
formed AFM measurement on
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Figure 3. AFM images of the LB film deposited at a) and b) 15 mNm™" with
pure water as subphase; ¢) and d) 10 MmN m~" with 10 mm AgNO; as sub-
phase. e) and f) Height profiles along the black lines in (a) and (d), respec-
tively.

subphase indicates that silver coordination plays some role.

As we expected, the LB film deposited from pure water sub-
phase showed CD signals (Figure 4a). Considering that the LB
films showed two strong B bands at around 300 nm (axis A
transition) and 325 nm (axis B transition), it can be suggested
that exciton couplets existed in both the A and B axis transi-
tions. Exciton coupling arises from interactions between neigh-
boring chromophores through their locally excited states.
More interestingly, in the Ag-coordinated LB film the CD spec-
tra also revealed a positive Cotton effect at 278 nm, which is
close to the absorption band of the films, and thus indicates
that the Cotton effect is due to the chromophores without any
coupling. In addition, we also obtained opposite CD signals in
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different deposition batches for the two kinds of films
(Figure 4).

To solidly confirm that the supramolecular chirality in the LB
film deposited from pure water subphase and AgNO; sub-
phase really results from the packing of the molecules, and not
from parasitic artifacts which originate from the interaction be-
tween macroscopic anisotropies such as birefringence and
linear dichroism (LD), we measured the angle dependence of
the CD spectra. The sample was placed perpendicular to the
light path to avoid birefringence contributions and rotated in
steps of 10° around the optical axis. The angle dependence of
the CD amplitude is determined by the difference between the
maximum value at 278 nm and minimum value at 350 nm for
the film deposited from the AgNO; subphase (for the film de-
posited from pure water subphase the corresponding values
are 270 and 310 nm), and the corresponding angle depend-
ence of the background is determined by the difference be-
tween the values at the upper wavelength edge at 450 nm
and lower edge at 250 nm, as shown in Figure 5 (see also Fig-
ure S3 in the Supporting Information). Both amplitudes can be
approximated by a cos2f function. The cosine function of the
background is situated around 0 mdeg, while that of the
sample is positively shifted to about 35 mdeg compared with
that of the background for the film deposited from the AgNO,
subphase (23 mdeg for the film deposited from pure water
subphase). This is a clear indication that intrinsic chirality really
exists in the LB films. Recently, Aida et al. and Meijer et al. ob-
served LD in aligned nanofiber systems."® In our case, the ori-
ented direction of the LB film relative to the vertical axis of lin-
early polarized incident light was altered discontinuously
within the range of 0-360° during the LD spectral measure-
ments. Both kinds of films showed LD spectra (Supporting In-
formation, Figure S4), and this indicates that LD also contribut-
ed to the observed CD spectra. For evaluating the spectral
contamination of the CD by LD, the true CD intensity ([CD in-
tensityl,,.) at 269 nm and 278 nm (wavelength for maximum
LD intensity) for the films deposited from pure water subphase
and subphase containing AgNO; were calculated from the ob-
served intensities of CD ([CD intensity],,y) and LD ([LD intensi-
tylossq) at the same wavelength by using semi-empirical Equa-
tion (1).17
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Figure 5. Angle dependence of the CD amplitude (a) and the background

(@) of the CD spectra when the LB film deposited from AgNO; subphase
was rotated in steps of 10° within the sample plane.
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[CD intensity]ue = [CD intensity]y,sq—[LD intensity]y,eq x 0.02

(M)

The contamination of the CD by LD, as calculated by Equa-
tion (2), was evaluated to be 3.8 and 5% for the LB films de-
posited from pure water subphase and aqueous AgNO; sub-
phase, respectively [Eq. (2)].

Contamination [%] of CD by LD = 100 x [(CD intensity)u.

—(CD intensity)qpsq]/[(CD intensity)gpsq
()

The chirality of the LB films deposited from pure water sub-
phase should be due to hydrogen bonding between the mole-
cules and m-m stacking between the aromatic rod segments.®
The intermolecular hydrogen bonding is in a linear fashion and
such an aggregation mode is favored for aromatic rod seg-
ments with larger steric constraints to stack in a cooperative
way to form chirality. When the molecules were spread on the
aqueous AgNO; subphase, the adjacent imidazole groups in
the molecule would be coordinated with Ag' ions. Because the
aromatic rod segments are very large, the molecules are steri-
cally overcrowded when aligned in the same plane during co-
ordination.*® Therefore, the aromatic rod segments must tilt
to some extent along the polymer backbone (Scheme 1). Once
a molecule starts to distort in a certain direction, the neighbor-
ing molecules would follow to form a semihelical structure at
the air/water interface. This caused the chirality of the coordi-
nated LB films. Because the chance of the backbone forming
right- and left-handed helical structures is equal, our experi-
mental results indeed revealed opposite CD signals in different
batches (Figure 4). We fabricated 40 batches of LB films and
found that 22 films showed positive (55%) CD signals and 18
films showed negative signals (45%) around 278 nm. Such in-
determination of the chirality of the films is essentially the
same as those reported for the chirality of films obtained from
achiral molecules which could be due to spontaneous symme-
try breaking." '8

It was recently suggested that good estimates of the
amount of chiral structures could be obtained from the CD
spectra of thin solid films by analyzing the wavelength de-
pendence of the Kuhn g factor, which is also known as the
ratio of the dissymmetry or anisotropy factor, and is defined as
the ratio of the CD and UV/Vis absorbance signals of a
sample.”” To compare the two different optically active LB
films deposited from pure water subphase and AgNO; sub-
phase, the g factor of the two kinds of films was investigated
(Figure 6 and Supporting Information, Figure S5). The maxi-
mum magnitude of the g factor at the B band of the films de-
posited from the AgNO, subphase was slightly larger than that
of the films deposited from pure water subphase, which is due
to the larger steric constraints caused by Ag' ions. Although
we could not deduce the exact tilting angle from our experi-
ments, it is reasonable to suggest that the significant steric
constraints resulting from the larger Ag' ions could promote
symmetry breaking during the interfacial assembly process, be-
cause it could provide additional interspace and degrees of
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Figure 6. Kuhn g factors of the two kinds of chiral films.

the freedom for the neighboring molecules in the aggregate
to cooperatively stagger each other along the axis of aggrega-
tion, producing much larger amounts of optically active supra-
molecules with helical conformation.

We wondered whether the chiral LB films deposited from
pure water subphase could transformed into Ag-coordinated
chiral film by ex situ coordination. The AFM image of the mon-
olayer showed some differences after immersion of the LB
films in AgNO; solution, which indicates partial coordination of
the films with Ag' in the monolayer (Supporting Information
Figure S6). When a 25-layer LB film was immersed in an aque-
ous solution of AgNO;, the CD signal decreased slightly with
progressing reaction. However, the CD signal did not vanish
nor did the position of the peak change even after a longer re-
action time (Supporting Information, Figure S7), because the
coordination reaction could not be completed in the LB films
due to steric hindrance.

In summary, chiral films could be obtained from an achiral
rigid—flexible molecule at the air/water interface upon com-
pression due to hydrogen bonding and steric containts of the
rod segments. By using an aqueous AgNO; subphase the mol-
ecules could coordinate with Ag' ions, as confirmed by surface
pressure-area isotherms, UV/Vis and FTIR spectra, and AFM.
More importantly, the Ag-coordinated films showed macro-
scopic chirality, characterized by CD measurements, which is
due to cooperative interaction of Ag' coordination and the
steric constraints between the aromatic rod segments. This
work gives important clues to the design and fabrication of
chiral molecular assemblies from achiral molecules.
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