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A series of achiral rod-coil molecules consisting of an oligo(p-phenylene) conjugated rod with a poly(ethylene oxide)
or poly(propylene oxide) coil laterally attached through an imidazole linkage were synthesized, and their interfacial
behaviors were investigated. Compounds 1a and 1b have a similar surface behavior with a shoulder indicating a
transformation of rod segments from flat-on to vertical orientation. Interestingly, CD and AFM suggest chiral films are
formed when the LB films were deposited after the shoulder. Although compound 1c shows different surface behavior
because the PEO chains dissolved into water upon compression, macroscopic chirality was also detected. In contrast,
compound 2, based on a reduced conformational rigidity of the aromatic rod segment, does not form chiral assemblies.
Combining the data collected, the cooperative interaction of the hydrogen bond between the molecules and π-π
stacking as well as the steric constraint between the aromatic rod segments are responsible for the macroscopic chirality.
Such kind of stacking can be realized through a molecular design and a lateral compression. A deep insight into the
relationship between the molecular structure and the chirality was gained.

Introduction

Chirality is a basic character of nature and appears at various
hierarchical levels from molecular to supramolecular levels.1

While the origin of homochirality in nature is still unresolved,
great efforts have been devoted to the design and application
chiral molecules and supramolecular systems in recent years.
This includes enantioselective catalysts, chiral separation/resolu-
tion, immobilization of biosoft materials through chiral molecu-
lar recognition, chiral sensors, and chiroptical switches.2,3 Most
of the previously reported chiralities are based on chiral
building blocks or chiral template.2-5 However, optically active

supramolecular assemblies can also be realized on the exclusive
basis of achiral molecules.6-10 For instance, some achiral dyes
and achiral inorganic salts have been reported to form optically
active supramolecular assemblies and crystals, respectively, under
circularly polarized light irradiation or a directional stirring.8,9

Aida and co-workers have demonstrated that spin-coating of
hydrogen-bonded achiral dendritic zinc porphyrin J-aggregates
gives optically active films.10 The chiral supramolecular assem-
blies achieved by achiral molecules are attracting great interest as
useful models for the spontaneous mirror-symmetry breaking in
nature and for the formation of polymers of homochiral
sequences from mixtures of racemic monomers.

Interfacial assembly through the Langmuir as well as the
Langmuir-Blodgett (LB) technique offers excellent arenas for
constructing supramolecular assemblies or ultrathin organized
molecular films of the functionalmaterials.11By taking advantage
of this technique, not only the molecular orientation but also the
molecular arrangement as well as the aggregation can be modu-
lated to some extent in a two-dimensional manner.11,12 Organic
π-conjugated systems are attractive materials to be used as active
components in optoelectronic device ranging in size from mole-
cular tomacroscopic dimensions.Rod-coilmolecules as a typical
π-conjugated system consisting of conformationally rigid rod and
flexible coil blocks in a molecular structure have been widely
investigated in solution and in solid states,13,14 while the investi-
gations concerning thin-film structures of rod-coil molecules by
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the LB technique on a solid support are rarely found.15,16 More-
over, there is no report on the fabrication of optically active
molecular assemblies from achiral rod-coil molecules without
introduction of external chiral factors. Herein, we have demon-
strated that supramolecular chirality could be achieved by a series
of rationally designed achiral rod-coil molecules. The coopera-
tive interactions of the intermolecular hydrogen bond and π-π
stacking are responsible for the macroscopic chirality. Addition-
ally, the streric constraint between the aromatic rod segments is
crucial for the chiral assemblies formation.

Experimental Section

Materials. The amphiphilic rod-coil molecules described
here consist of an oligo(p-phenylene) conjugated rod with a poly
(ethylene oxide) (PEO) or poly(propylene oxide) (PPO) coil
laterally attached through an imidazole linkage. The synthetic
procedures and characterization are described in the Supporting
Information. The resulting rod-coil amphiphiles were charac-
terized by 1H and 13C NMR spectroscopy, elemental analysis,
and matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectroscopy and were shown to be in full
agreement with the structures presented (Figure 1).
Monolayer Fabrication. Langmuir isotherms at the air-

water interface andLangmuir-Blodgett (LB) depositions onto a
solid substrate were conducted at room temperature using a
KSV 2000 LB minitrough. A 40-120 μL volume of dilute
molecule solution (concentration less than 0.5 mg/mL) in
chloroform (HPLC grade) was deposited in 5-10 drops uni-
formly distributed onto the water surface (Nanopure, 18.2 MΩ
cm) and left to evaporate and spread evenly over a period of 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 measurement, the monolayer
LB films of the molecules were transferred at a rate of 2 mm/min
onto silicon wafers at various surface pressures by the upstroke
mode of the vertical dippingmethod. ForUV-vis, CD, and FT-
IR spectral measurements, the floating 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 Proces-
sing Co.) were cut into rectangular pieces (2 � 2 cm2) and
sonicated in Nanopure water for 10 min to remove silicon dust.
Thewafers were then chemically treatedwith “piranha solution”
(30% concentrated hydrogen peroxide, 70% concentrated sul-
furic acid, hazardous solution!) for 1 h and then washed with
abundant Nanopure water.
Monolayer Characterization. The LB monolayers on the

silicon substrates were studied with a Nanoscope IIIa Multi-
mode AFM. Scans were performed in the “light” tapping mode
in accordance with the usual procedure adapted in our labora-
tory.17 An amplitude ratio of 0.95 and higher was employed to
avoid monolayer damage.18 The domain topography and the
surface area coverage were calculated from height histograms
using the bearing analysis.19 AFM characterization of the
deposited LB films was done after drying in a desiccator for

24 h. TheAFM scanswere conducted at 0.5-2Hz 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 N/m.
UV-vis and circular dichroism (CD) measurements of the films
were performed at room temperature using a UV-1650PC and
JASCO J-810CD spectrophotometer, respectively. In the mea-
surement of the CD spectra, the multilayer films were placed
perpendicular to the light path and rotated within the film plane
in order to avoid the polarization-dependent reflections and
eliminate the possible angle dependence of the CD signal.20 FT-
IR measurements were recorded on Equinox 55 FT-IR spectro-
photometer with an average of several hundred scans.

Results and Discussion

Interfacial Behavior of 1a. The surface pressure-area
(π-A) isotherm of 1a reveals stable Langmuir monolayer
at the air-water interface as shown in Figure 2a. A steadily
rising surface pressure is recorded up to the surface pressure of
12 mN/m, and a shoulder appears. Constant compression leads
to a sharp increase in the surface pressure and finally the
monolayer collapses at 35 mN/m. Before and after the shoulder,
the limiting cross-sectional molecular areas calculated by the
extrapolation the steep rise in the surface pressure to a zero level
are 4.55 and 3.04 nm2, respectively. The values, which are just
before the shoulder on the large molecular area side and just
before the film collapse, are consistent with the area occupied by
a molecule in the flat-on and vertical orientation, which are
about 4.47 and 3.11 nm2, respectively.21 Therefore, the shoulder
in the isotherm likely indicates a transformation of the aromatic
rod segment of the molecule from flat-on to vertical orientation
upon compression.

Reversibility of the monolayer behavior at the air-water
interface was tested by repeating compression-expansion
cycles several times for the monolayer at a surface pressure
of 10 mN/m (Figure S1). A very modest hysteresis was observed
for each cycle indicating modest creep and a short recovery
time for the PPO chains to expand to the original random coil
conformation. The stability of the spreading films on the water
surface was also evaluated by measuring the π-t or A-t
isotherms (Figure 2b). The monolayer was compressed to a

Figure 1. Molecular structures of 1a, 1b, 1c, and 2.
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surface pressure of 10 mN/m and held constant at this value for a
period of 120 min. The area per molecule decreased about 25 Å2

over the 120 min period. This value corresponds to <8% of
the limiting molecular area of the monolayer. This slight
decrease in the surface area is due to the rearrangement of the
molecules to reduce the empty spaces in the monolayer or a
partial aggregation of the molecules. Therefore, the film kinetic
data suggest that a relative stable monolayer was formed at the
air-water interface.
Chiral Film of 1a. The monolayer was transferred onto

the solid substrate, and a typical transfer ratio was in the range
of 0.8-0.9, which suggests a good film quality. The UV-vis
spectra of a 25-layer LB film deposited after the shoulder (at 18
mN/m) exhibit a strong absorption at 333 nm and a shoulder at
300 nm. The two bands could be ascribed toπ-π* transition and
charge-transfer bands, respectively. The UV-vis spectra of 1a
dissolved in chloroform exhibit an inhomogeneously broadened
π-π* absorption band centered at 318 nm. This absorption
band shows no resolved vibrational fine structure and is asso-
ciated with a conformationally disordered molecular chain
(Figure 3a). The absorption peak of the π-π* transition of
the LB films is red-shifted by 15 nm with respect to that of
chloroform solution, indicating that a sort of head-to-tail
arrangement of the molecules in the J-aggregates is formed in
the LB films.22

It is interesting to note that when the films were subjected
to circular dichroism (CD) measurements, a bisignate CD
signal associated with a π-π* absorption band exhibiting
a positive Cotton effect at high wavelength and a negative
Cotton effect at low wavelength with a crossover at
358 nm was detected (Figure 3b). This CD couplet is character-

istic of exciton coupling between neighboring polymer chains
in a helical orientation.23 The peak at 298 nm in the CD
spectra could be regarded as a charge-transfer band,
which appeared in the shoulder at 300 nm of the UV-vis
absorbance.

To solidly confirm that the supramolecular chirality in the
LB film is really from the packing of 1a molecule, not
from parasitic artifacts which originate from the interaction
between the macroscopic anisotropies such as birefringence
and linear dichroism, we have measured the angle dependence
of the CD spectra.20 The sample was placed perpendicular to
the light path to avoid birefringence contribution and rotated
in a step of 10� around the optical axis. The angle dependence
of the CD amplitude is determined by the difference between
maximum value at 370 nm and minimum value at 290 nm,
and the corresponding the angle dependence of the back-
ground is determined by the difference between the values
at upper wavelength edge at 450 nm and lower edge at
250 nm as shown in Figure 4. Both amplitudes can be approxi-
mated by a cos(2β) function. The cosine function of the
background situate around 0 mdeg, while that of the sample
is positively shifted about 75 mdeg compared with that of

Figure 2. (a) Surface pressure-area isotherms of the rod-coilmolecules at the air-water interface. (b) Changes of 1a in the surface area as a
function of time and at a constant surface pressure of 10 mN/m.

Figure 3. (a) UV-vis spectra of 1a in CHCl3 solution and in LB films. (b) CD spectra of the LB films for different molecules.

Figure 4. Angle dependence of the CD amplitude (triangles) and
the background (dots) of the CD spectra when the LB film of 1a
was rotated in a step of 10� within the sample plane.
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the background. This is a clear indication that intrinsic chirality
really exists in the LB film of 1a.

Atomic force microscopy (AFM) experiments were per-
formed on one-layer LB films to further confirm the structures.
Transferred monolayer of 1a onto a silicon substrate before the
shoulder by vertical dipping method reveals smooth and uni-
form film (Figure 5a). Remarkably, AFM images of the LB films
deposited after the shoulder (at 15 mN/m) show fibrillar
structures (Figure 5b,c). The individual fibrils have an average
height of 1.4 nm and average width of 13 nm (dimensions after
correction for tip-broading effect24). The structural dimensions
of ∼1:10 ratio of height and width indicate that these structures
are likely the wide ribbons. The height of the ribbons is close to
the height of the rod segments adopting stand-up conformation
to be about 1.3 nm calculated by CPK mode. The width of the
ribbons is compatible with two molecular length of 11-15 nm
with PPO chains surrounded along the backbone in an extended
conformation. This is consistent with the result of the π-A
isotherm that after the shoulder the aromatic rod segments of the
molecules are suggested to have a vertical arrangement and the
flexible chains are surrounded along the rod segments. Further
compression leads to the ribbons becomingmore densely packed
and orienting in the dipping direction, indicating that the
microscopic ordering is controlled by the capillary forces in
the course of the LB deposition (Figure 5d).

We tried to find some kinds of pitch of these ribbons byAFM;
unfortunately, it could not be clearly visualized. This may be due
to that the PPO chains are surrounded along the rod-stacking
backbone and space-filling of the flexible coil chains. We also
performed AFMmeasurement of multilayers and CD spectra of
the corresponding layers. In all cases, AFM images show the full
area coverage of the Langmuir-Blodgett film and a high film-
transfer ratio (0.8-0.9) of every layer. This indicates that the
morphology of the formed films at the air-water interface is
preserved upon transfer.25 Similar ill-defined ribbons were
observed for different multilayers (Figure S2). This is reasonable
for AFMmeasurements because only themost outer layer of the
LB films were scanned. The increase in the number of the layer
will only lead to the increase in the thickness of the film. The CD
spectra also revealed the consistent results (Figure S3). As the
number of the layer increased, the intensity of the CD signal
increased.
Coil Effect on the Interfacial Behavior and Supramole-

cular Chirality. To investigate the coil effect on the interface
behavior and supramolecular chirality, rod-coil homologues
with a longer PPO chain (1b, Figure 1) and a PEO chain (1c,
Figure 1) instead of PPO chain were investigated. For 1b, a
similar shape of the π-A isotherm compared with that of 1awas
obtained (Figure 2a). Because of the longer PPO chain, 1b

occupies more molecular area at low surface pressure, and
therefore the transition surface pressure appears at relatively
higher surface pressure of 15 mN/m. Whereas for 1c, a very
different isotherm was obtained (Figure 2a). The shape of the
isotherm is similar to our previously reported PEO-containing
rod-coil molecule.16c The steep increase in the surface pressure
at the molecular area below 1 nm2 is due to the crowding of the
aromatic rods upon compression after the PEO chains became
completely submerged into the water subphase. Although there
is no shoulder appeared in the isotherm, the limiting

cross-sectional area calculated by the extrapolation of the steep
rise in the surface pressure to a zero level is 0.98 nm2, demon-
strating that the rod segments adopt a vertical orientation in a
compressed state,21 similar to the results of 1a and 1b. The UV-
vis spectra of 20-layer LB films deposited at the surface pressure
of 20 mN/m for 1b and 1c are almost the same as that of 1a
(Figure S4). The red-shifted spectra of the LB film with respect
to that of the chloroform solution indicate that themolecules are
formed J-aggregates in the LB films. Notably, the CD spectra
reveal the similar bisignate Cotton effect with a positive signal at
high wavelength and a negative signal at low wavelength
(Figure 3b, Figure S5). This indicates that the coil chain causes
a different interface behavior, but supramolecular chirality still
exists in the LB films. The crossover of the CD signal for the
three molecules appears at different positions. This could be
regarded as due to the inhomogenous packing of the rod
segments in the LB films.

AFM images of one-layer LB film of 1b deposited at low
surface pressure reveal featureless and uniform films (Figure 6a),
while after the shoulder, at the surface pressure of 20 mN/m,
similar ill-defined ribbons were obtained compared with that of
1a (Figure 6b). Whereas for 1c, the films deposited at different
surface pressure reveal nanorod structures with an average
height of 1.5 nm (Figure 6c-e). This value is also compatible
with the height of aromatic rod segments in stand-up conforma-
tion atop on the PEO layers. When deposited onto a substrate,
PEO chains adsorb onto the hydrophilic surface underneath the
hydrophobic backbone, which translates into increased
height of the nanorods. Although no distinct helical structure
could be observed from AFM images, their CD spectra strongly
suggest that the molecules are aligned in a helical sense con-
formation.

All the data made us draw the conclusion that the CD
signal obtained in the LB films is due to the hydrogen
bond formation between the imidazole units of the molecules.
We suggest that the nitrogen in the imidazole of the rod-coil
molecule could form H-bonds with the hydrogen in the N-H

Figure 5. AFM images of one-layer LB films of 1a deposited at
different surfacepressure: (a) at 5mN/m; (b, c) at 15mN/m. Inset is
the height profile along the line. (d) At 18 mN/m. Arrow indicates
the dipping direction.
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of the neighboring molecule. In our LB films, for example, the
H-bond formation of 1a was confirmed by the FT-IR spectra of
the film. In comparison with the free N-Hbond of the rod-coil
molecule in the chloroform solution, which is observed at 3030,
3019 cm-1, the vibration band shifts obviously in the film to
3032, 3013, 3003 cm-1 (or 3005 cm-1 for 1c), indicating the

H-bonding action between the rod-coil molecules (Figure 7a,
Figure S6).

The chirality of LB films is stable over time. The films of 1a
prepared as described previously did not show any decrease of
the CD intensity after several months, even when immersed in
pure water. However, the circular anisotropy can be erased by
immersing the film into hydrochloric acid (HCl) solution
(Figure 7b). In HCl solution, the nitrogen in the imidazole
would be protonated and the H-bonds between the molecules
are destroyed. Thus, the intensity of the CD signal become
weak, and finally the chirality of the film disappears as the
immersing time increases. The one-layer LB film of 1a

(at 15 mN/m) on a silicon substrate was immersed in HCl
solution after 3 h for protonation; AFM images show the chiral
ribbons changed into irregular structures, indicating protona-
tion disrupts the chiral assemblies (Figure S7). This further
confirms that supramolecular chirality of the LB films
arises from the hydrogen-bond formation between the rod-coil
molecules.

An air-water interface provides a confined two-dimensional
environment, which may lead to supramolecular chirality from

Figure 6. AFMimagesof one-layerLB films of 1b and 1cdeposited at different surface pressure: (a) at 7mN/mand (b) at 20mN/mfor 1b; (c)
at 5 mN/m, (d) and (e) at 10 mN/m for 1c.

Figure 7. (a) FT-IR spectra of 1a in chloroform solution and in LB films. (b) CD spectra of a 25-layer 1a LB film deposited in pure water
subphase when immersed in hydrochloric acid solution at different time intervals: (a) 0, (b) 10, (c) 30, (d) 60, (e) 100, and (f) 180 min.

Figure 8. Possible model of the T-shaped rod-coil molecules for
the formation of chiral LB films: (a) top view and (b) exploded
front view omitted coil chains for clarity.
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achiral molecules.26 In our case, supramolecular chirality arises
most probably due to the cooperative interactions of hydrogen
bond between the rod-coil molecules and π-π stacking be-
tween the aromatic rod segments. The steric constraint, which
arises from the large aromatic rings, weakens the intermolecular
π-π stacking to some extent. To relieve the steric crowdings, the
neighboring aromatic segments would deviate from a certain
plane. To maintain the directionality nature of the H-bond,27

consequently, the adjacent rod-coil molecules tilt in the same
direction as their neighbors, and then the rod-coil molecules
could assemble into a helical-sense nanostructure, as shown in
Figure 8. Whereas at low surface pressure, the rod segments of
the molecules are flatten on the water surface and the molecules
are relatively free. As a result, no CD signal was detected, and no

helix structures were observed by AFM when the films were
deposited in that region.

In principle, the opportunity of molecular stacking forming
the right- or left-handed helical structure is equal. However, the
experimental results reveal that a chiral LB film is indeed
formed. For the films fabricated in one batch, the same CD
signals were observed in the different positions of the same plate.
This suggests that one predominant enantiomeric assembly is
formed in the whole film. If one-handedness of the aggregates is
formed at the beginning, the subsequent assembly will follow
that handedness due to a cooperative interaction.28 However,
the handedness of the starting aggregate is determined by
chance.8,26,28 Therefore, the opposite CD signals for the films
could be fabricated in different batches (Figure 9a). Sometimes,
unsplittedCD signals were also observed (Figure 9b), whichmay
suggest an irregular structure in their chiral assemblies. We have
fabricated 40 batches of the LB films of 1a and found that 19
films showed positive (47.5%) CD signals and 16 films showed
negative signals (40%) around 376 nm and 5 films showed
unsplitted CD signals (12.5%). Such indetermination of the
chirality of the films is essentially the same as those reported on
the chirality of the films obtained from achiral molecules, which
could be due to a spontaneous symmetry breaking.5,26,28 Sub-
sequently, due to the directionality of the H-bond, these chiral
assemblies would further tilt to form supramolecular helical
structures (Figure 8), thus causing macroscopic chirality.
Comparison with 2. To further support our conclusion,

we reduced conformational rigidity of the aromatic rod
segments by replacing a phenanthrene unit into a phenyl unit
(2, Figure 1). The isotherm of the molecule also reveals a very
similar behavior compared with 1a. A shoulder appears at the
surface pressure of 17 mN/m, indicating the molecular reorien-
tation. TheUV-vis spectra of the 15-layer LB films deposited at
20 mN/m show the red shift from 329 to 347 nm compared with
that of the chloroform solution, indicating J-aggregate forma-
tion in the LB films (Figure 10a). But when the film was
measured by CD spectra, no CD signal was detected. The
AFM images reveal cylindrical structures at low surface pres-
sure, and island morphologies coexisted with long cylinders at
high surface pressure (Figure 10b,c). Thismay be due to theπ-π
interaction and the hydrogen bond formation between the rod
segments. However, the aromatic rod segments could not
provide enough conformational rigidity to make the molecules
deviate from a certain plane in a helical sense when the hydrogen
bond is formed between the neighboring molecules. Therefore,

Figure 9. CDspectra ofLB film for1a indifferent batches: (a) splittedCDsignalwithapositive signal at lowwavelength andanegative signal
at high wavelength; (b) unsplitted CD signal in different batches.

Figure 10. (a) UV-vis spectra of 2 in CHCl3 solution and in LB
films. (b, c) AFM images of LB films of 2 deposited at surface
pressure of 5 and 20 mN/m, respectively.
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no helical-sense structures are obtained, and no supramolecular
chirality is detected by CD measurement.

Conclusions

A series of achiral rod-coil molecules were synthesized, and
their interfacial behaviors were investigated. For 1a and 1b, a
shoulder appeared in the isotherms, indicating that a transforma-
tion of the aromatic rod segment of the molecule from flat-on to
vertical orientation occurred upon compression. Interestingly,
when the films were transferred onto solid substrates, CD spectra
revealed amacroscopic chirality existed in the film deposited after
the shoulder. AFM images showed ill-defined ribbons in the LB
films. For 1c, although different isotherm was obtained because
the PEO chains dissolved into water upon compression, a chiral
film was also achieved by deposition. In contrast, compound 2,
based on a reduced conformational rigidity of the aromatic rod
segment, does not form chiral assemblies. FTIR and protonation
experiments confirmed that the hydrogen bond existed in the LB
films. Combining the data collected, the macroscopic chirality
should be due to a cooperative interaction of hydrogen
bond between the molecules and π-π stacking between the

aromatic rod segments. Additionally, the steric constraints be-
tween the aromatic rod segments are crucial for chiral assembly.
This research affords a better understanding of chirality at the
supramolecular or macroscopic level as well as functionalization
of chiral materials. Also, this work provides further insight into
designing amphiphilic molecular architecture to get optical active
property from optically inactive molecules at the air-water
interface.
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