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Interfacial Organization of Y-Shaped Rod-Coil Molecules
Packed into Cylindrical Nanoarchitectures

Libin Liu, Jung-Keun Kim, and Myongsoo Lee*®

The behavior at the air/water interface and the structures of
Langmuir-Blodgett monolayers at different surface pressures of
rod—coil molecules, which consist of a Y-shaped rigid aromatic
segment containing peripheral tetradecyloxy groups and a flexi-
ble poly(ethylene oxide) (PEQ) chain with 17, 21, 34, or 45 repeat-
ing ethylene oxide units (Y17, Y21, Y34, and Y45), were investigat-
ed. For the Y21 and Y34 molecules, AFM images revealed two
kinds of cylindrical nanoarchitectures formed upon compression.
The nanostructured films were further investigated by UV/Vis and
FTIR spectroscopy. The formation of the cylindrical nanoarchitec-
tures was due to different tilting angles offered by the mismatch
of the cross-sectional areas of the PEO chain and the benzene

1. Introduction

The interfacial behavior of amphiphilic molecules is an intrigu-
ing topic in the field of organized molecular films."! The con-
trol and understanding of the self-assembly behavior of amphi-
philic molecules at surfaces have received considerable interest
in recent years due to the ability of these molecules to sponta-
neously organize into ordered surface patterns."? Much effort
has been devoted to monolayer or ultrathin films of amphiphil-
ic copolymers containing the poly(ethylene oxide) (PEO)
block,”™® due to its surface-active nature at the air/water inter-
face. The nanosized structures can be easily controlled by vary-
ing different parameters, such as the relative chain length of
the hydrophilic and hydrophobic blocks,””® the surface pres-
sure,” and the concentration of the spreading solution.®'%

Asymmetric diblock copolymers, such as rod-coil molecules
consisting of a rigid rodlike segment and a flexible coil seg-
ment, give rise to novel ordered structures.">'3! However, there
are only a few reports on the interfacial assembly of rod-coil
molecules at the air/water interface.'*' Specially designed
molecules with particular architectures related to sterically
asymmetric fragments were shown to be capable of packing
into organized nanostructures."'® The orientational order of
the rod block induced by two-dimensional (2D) geometrical re-
strictions and substrate chemistry also has an important effect
on the self-assembled nanostructures.

Herein, we focus on the investigation of the interfacial be-
havior of amphiphilic Y-shaped rigid-rod-coil molecules at the
air/water interface and the structures of the films transferred
onto solid substrates. These molecules have been observed to
self-assemble into a variety of liquid-crystalline structures in
the solid state,l'” but their ability to organize into nanostruc-
tures at the air/water interface was not studied.
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ring with attached alkyl chains, and the different PEO contents of
the molecules. The multiple m-m stacking and hydrophobic inter-
actions provide exceptional stability of the nanostructures and
allow them to be preserved in the course of flipping. For the
shortest PEO chain of the Y17 molecule, spontaneous aggrega-
tion occurred. The Y45 molecule revealed the formation of 2D cir-
cular domains caused by entanglement of the longest PEO
chains and coiling at the air/water interface. In addition, an in-
teresting vortical morphology was obtained for the Y21 molecule
upon deposition of the film onto a mica substrate, which indi-
cates that the substrate chemistry also has an effect on the mor-
phologies during the film-transfer process.

Experimental Section

Materials: The rod-coil molecules, which consist of a Y-shaped
rigid aromatic segment containing peripheral tetradecyloxy groups
and a flexible PEO chain with different molecular weights, are de-
picted in Figure 1 and were prepared as previously reported.'”!
The Y-shaped molecules are abbreviated as Y17, Y21, Y34, and Y45
(the numbers representing the number of ethylene oxide units).

Langmuir-Blodgett (LB) Film Fabrication: The molecular films were
fabricated by a LB technique on a KSV minitrough system (KSV In-
struments Ltd.) equipped with two moving barriers and a Wilhelmy
plate for measuring surface pressure. Between runs, the trough
was cleaned with acetone and rinsed several times with Nanopure
water (182 MQcm). Dilute molecule solution (40-120-pL,
0.2-1mgmL™") in chloroform (HPLC grade) was deposited in
5-10 drops uniformly distributed on the Nanopure water surface
and left to evaporate and spread evenly for 30 min. The spreading
solvent concentrations showed no effect on the surface behavior
of the molecules. The compression rate was kept at 5 mmmin™'
until the desired surface pressure was reached. Highly polished
[100] silicon wafers 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% concentrated hydrogen peroxide, 70% concentrated sulfuric
acid; hazardous solution!) for 1 h to strip off any organic contami-
nants clinging to the silicon oxide surface and at the same time ox-
idize/hydroxylate the surface." Finally, the wafers were abundantly
rinsed with Nanopure water and dried at room temperature. For
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Figure 1. Chemical structure of the Y17, Y21, Y34, and Y45 molecules and the corresponding molecular model of

Y17.

AFM measurements, the monolayer LB films of the Y-shaped mole-
cules were transferred at a rate of 3 mmmin~' onto silicon wafers
and freshly cleaved mica substrates at various surface pressures by
the upstroke mode of the vertical dipping method. The typical
transfer ratio was in the range of 0.8 to 1.0, which suggests a good
film quality. For UV/Vis and FTIR spectral measurements, the float-
ing films were transferred onto quartz and CaF, solid supports at
selected surface pressures by the horizontal Langmuir-Schaefer
method and with a certain number of depositions.

Characterization: The transferred films were air-dried in a desicca-
tor for 24 h and subsequently scanned in tapping mode under am-
bient conditions with a Veeco NanoScope llla atomic force micro-
scope (Digital Instruments, Inc., Santa Barbara, CA) using Nanosen-
sors silicon probes (dimensions: H=3.5-4.5, W=30-40,
L=115-135 um). An amplitude ratio of 0.95 and higher was em-
ployed to avoid monolayer damage.” The AFM scans were con-
ducted at a scanning rate of 0.5-2 Hz for surface areas ranging
from

10x 10 pm? to 200 x 200 nm? and for several randomly selected lo-
cations with at least 40 different images collected for each speci-
men. All images were processed with a second-order flattening
routine. The domain topography and the surface-area coverage
were calculated from height histograms using the bearing analy-
sis.?% UV/Vis measurements of the films were performed at room
temperature with a UV-1650PC spectrophotometer. FTIR measure-
ments were recorded on an Equinox 55 FTIR spectrophotometer
with an average of several hundreds scans.

2. Results and Discussion
2.1. Interfacial Behavior at the Air/Water Interface

All the Y-shaped molecules displayed amphiphilic behavior at
the air/water interface. Typical surface-pressure-area isotherms
of the molecules are presented in Figure 2. All the isotherms
showed a steadily increasing surface pressure upon compres-
sion and were reversible up to modest surface pressures. The
reversibility of the Langmuir monolayers was examined by re-
peating cycles of compression and expansion within the low-
surface-pressure  (<2mNm™") region. A minor hysteresis
(5-10% surface area) observed in several particular cases for
Y45 indicated partially irreversible behavior due to entangle-
ment of the long PEO chains (not shown). This finding is con-
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sistent with the AFM images for
Y45 deposition onto the sub-
strate (see below).

For the Y17 molecule, there is
a distinct gaseous region with
zero surface pressure prior to
the solid condensed region,
whereas slightly increased sur-
face pressures are observed for
the Y21, Y34, and Y45 mole-
cules. As compression contin-
ues, the curves present a pseu-
doplateau at a surface pressure
of 8-10 mMNm™" and the follow-
ing surface pressures increase sharply.

For the Y21, Y34, and Y45 molecules, at large molecular
areas, the surface film is expanded. This region is typically
known as the “pancake” region in which the PEO is believed to
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Figure 2. Pressure-area (p-A) curves of rod-coil molecules Y17, Y21, Y34,
and Y45. A,=limiting cross-sectional surface area per molecule, A, =area of
the onset of surface pressure.

adopt a pancake-like shape absorbed at the air/water inter-
face.”” Considering the affinity of PEO for the air/water inter-
face and the similarity of our isotherms to those for linear co-
polymers in the literature,”>*” we propose that the expanded
region of the three isotherms represents a film of PEO at the
surface. Due to its hydrophobicity, the aromatic segment in
turn exists as small globules atop the PEO film. The volume
fractions of the PEO chains, which were calculated from the
known molar values for the bulk state"” and the observed
area of onset of the surface pressure (A,), are shown in Table 1.
The surface area per PEO unit (A,/PEO wunit) is within
0.22-0.25 nm?, which is close to the surface area estimated for
the PEO monomeric units oriented at the water surface and
hydrogen-bonded with one to three molecules of water
(0.28 nm? for the PEO monomeric unit with two water mole-
cules).?*! Thus, we suggest that the onset of the formation
of the monolayer at the air/water interface is determined by
the initial interaction of the hydrated PEO chains. The observed
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Table 1. Observed area of onset of the surface pressure and the limiting
cross-sectional surface area of the Y-shaped molecules.

Molecules M, foo®  Calculated molecular A, [nm? A, [nm?]
length®™ [nm]
Y17 272398 0.28 9.0 2.94 1.81
Y21 2900.19 0.32 10.2 4.52 1.13
Y34 347288 043 13.8 8.57 1.33
Y45 395746 0.50 171 10.42 1.36

[a] fogo is the volume fraction of PEO. [b] Molecular length was measured
by the Corey-Pauling—Koltun (CPK) model.

pseudoplateau means that the transition of the PEO chains
from the pancake conformation flattening on the water surface
to a mushroom conformation dissolving into water occurred
upon compression.”?

In addition, careful observation shows that as the length of
the PEO chain increases, the pseudoplateau pressures increase
as well. The limiting cross-sectional surface area per molecule
(Ay), calculated by the extrapolation of the steep rise in the sur-
face pressure to a zero level, is shown in Table 1. On the basis
of the molecular model, the surface area occupied by aromatic
segments adopting a flat-on orientation was calculated to be
about 2.56 nm?. This value is higher than the limiting cross-sec-
tional area of all the Y-shaped molecules, which indicates that
the molecules contradict a flat-on orientation of the aromatic
segments in favor of a tilted orientation. Except for Y17, the
limiting cross-sectional areas of the other three molecules are
slightly shifted to higher surface areas with increasing PEO
length (Table 1). This result indicates that a portion of the ben-
zene ring contacts the water surface and occupies more area
as the PEO chains increase in length. Longer PEO chains serve
as stronger anchors, probably by increasing the number of hy-
drogen bonds with the water molecules, thus creating a great-
er occupied area and more stable monolayers. Also, the Y21
molecule shows a significantly more extensive plateau than
the Y34 and Y45 molecules. Based on the A, critical area
values, the aromatic rings occupy a higher surface area upon
compression as the PEO chain length increases (due to orienta-
tion toward the water surface). As the hydrophobic anchors
occupy larger areas on the surface, their overlap upon com-
pression will increasingly hinder the pancake-to-brush transi-
tion of the PEO chains, and the plateau region will become
less distinct. Similar effects were observed for linear polystyr-
ene (PS)-b-PEO chains as a function of spreading solution con-
centration due to differences in PS packing."”

Following the pseudoplateau, the surface pressure sharply
increases at low molecular areas (above 40-60 mNm™"), which
indicates that the film is more rigid toward compression. At
this point, a pure PEO monolayer of such chains would dis-
solve in water. The presence of the aromatic segments, howev-
er, anchors the PEO chains, thus leading to higher surface pres-
sures. Therefore, the sharply increased isotherms of the three
molecules seem to primarily reflect strong repulsive interac-
tions of hydrophobic components within the highly com-
pressed monolayer. Instead, the same aromatic segment of
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each molecule leads to similar behavior in a highly compressed
state (after the pseudoplateau region).

2.2. Transferred Films on a Solid Support

Monolayers of the Y-shaped molecules transferred onto silicon
substrates at a low surface pressure of 0.5 mNm™' show
smooth and featureless films on macroscopic scans, except for
that of the Y17 molecule which reveals the formation of irregu-
lar aggregates (Figure S1 in the Supporting Information). For
the Y21, Y34, and Y45 molecules, higher magnifications reveal
globular domains that become larger as the PEO length in-
creases (Figure S1). The shape of the globules results from de-
sorption of the PEO chains. For the Y45 molecule, besides the
individual globules, some larger clumps were also observed.
This is most probably due to entanglement of the longest PEO
chains at the air/water interface upon compression.

On deposition of LB films at high surface pressure, for the
Y17 molecule the shape of the aggregates has no noticeable
changes except that it becomes more dense. This is in agree-
ment with the p-A isotherm data, which show that the ob-
served surface pressure monotonously increases mainly as a
result of crowding of the aggregates upon compression
(Figure 2, Figure S2 in the Supporting Information). The Y45
molecule revealed the formation of 2D circular domains (Fig-
ure S3 in the Supporting Information). These may be caused
by entanglement of the longest PEO chains at the air/water in-
terface.” For the Y21 and Y34 molecules, films deposited
before the monolayer collapse show a distinct morphology for-
mation, as will be discussed below.

Y21 monolayers deposited onto mica substrates at different
surface pressures revealed a variety of surface morphologies
(Figure 3). Isolated, straight cylinders were formed at the low
surface pressure of 2mNm™' with a uniform width of
40-50 nm and a length in the range from 300 to 400 nm. The
individual cylinders are not stable and are prone to combine
into bundles, indicative of a local orientational ordering. Also,
the cylinders connected to the bundles seem to have special
directions (Figure 3a). At slightly high surface pressure, there
appeared a loosely interwoven morphology consisting of long
cylinders and junctions formed by interconnection of three or
four cylinders (Figure 3b). Further compression leads to inter-
woven morphologies with more densely packed and larger
planar domains formed locally. Eventually, a vortical morpholo-
gy covering a large surface area was observed (Figure 3d). In
this state, the cylinders cannot preserve their identity and
merge into large domains at a high density of molecular pack-
ing. Cross-sectional analysis shows that the heights of all the
morphologies are almost unchanged from 2.8 to 3.2 nm, which
demonstrates that the morphological evolution only occurred
in a 2D manner.

Notably, the LB films of Y21 deposited on silicon substrates
also show the formation of cylinders but do not align them
along a certain orientation, while deposition onto mica sub-
strates exhibits an interesting vortical morphology at high sur-
face pressures. This indicates that the substrate may play a crit-
ical role during the film transformation. Oriented structures of
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Figure 3. AFM topographical images of Y21 deposited onto freshly cleaved
mica substrates at a surface pressure of a) 2 mNm™, scan size 2x2 um,
zrange 6 nm; b) 3mNm™' !

, scan size 2x2 um, zrange 5nm; ¢) 5mNm™,
scan size 4x4 pm, zrange 5 nm; d) 8 MNm™', scan size 10x 10 um, z range

6 nm. a’) Height profiles along the corresponding black line in (a).

m-conjugated polymers on mica substrates have also been re-
ported.”=% Akutagawa et al. indicated that nanowires are ori-
ented along the direction of the metal-ion array on a mica sur-
face with sixfold symmetry during transformation of the film.”
Li et al. reported a rod-coil molecule containing a PEO block
with seven repeating units similar to 18-crown-6, which is ca-
pable of recognizing a K* cation array on the mica surface
with sixfold symmetry.”® In our case, the number of ethylene
oxide repeating units of the Y21 molecule is three times that
of the rod-coil molecule reported by Li etal., and the PEO
block with 21 repeating units could also interact with K* cat-
ions according to the sixfold symmetry axes of the mica sub-
strate. Indeed, the individual cylinders arranged along specific
directions form angles of 60 and 120° with cylindrical bundles
at slightly low surface pressure (Figure 3a and b). However, the
force between the PEO and mica substrate is too weak to align
the cylindrical bundles along preferred directions during trans-
formation of the monolayer. The formation of the vortical mor-
phology would start from cylinders along specific directions
and then follow the subsequent assembly due to a cooperative
interaction, in addition to the influence of water evaporation
during the transfer process. These interactions consist of m-m
stacking of the intermolecules, hydrophobic interactions be-
tween the alkyl chains, and interactions between the PEO
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block and the crystalline mica surface which has sixfold sym-
metry. The collective effect of these interactions and a subtle
balance among them leads to the alignment of the domains
and formation of the vortical morphology.

The Y34 molecule with a longer PEO chain than Y21 shows
the formation of close-packed cylinders (Figure 4). At low sur-
face pressures, short cylinders appeared that were irregularly
arranged on the silicon wafer. Upon compression, the cylinders
became longer (Figure 4b). High-resolution AFM images re-
vealed that the cylinders are composed of several ridges paral-
lel to the long axis of the cylinder. A detailed analysis of these
cylindrical nanostructures revealed that the average distance
between the ridges is about 14.4 nm and the height is about
1.7 nm, which accounts for the tip dilation®" (Figure 4c, Fig-
ure S4 in the Supporting Information). As the surface pressure
increased, the length of the cylinders increased to 1 um; how-
ever, the height of the cylinders stayed approximately un-
changed. In this state, the close-packed cylinders can still pre-
serve their identity in the vicinity of the monolayer collapse.

To interpret these data and suggest an appropriate model of
molecular packing within the two kinds of cylinders formed by
the Y21 and Y34 molecules, UV/Vis and FTIR spectroscopy ex-
periments were performed. Figure 5 shows the UV/Vis spectra
of LB films of Y21 and Y34 transferred from the air/water inter-
face at low and high surface pressures. It can be seen that
there is a blue shift (from 298 to 284 nm for Y21 and from 292
to 283 nm for Y34) in LB films deposited at high surface pres-
sure compared with the films deposited at low surface pres-
sure. Both theoretical® and experimental® reports in the lit-
erature suggest that small aggregates of from two to six
mt-conjugated molecules can alter the absorption and fluores-
cence spectra of the isolated chromophore, thus leading to
blue-shifted absorption and red-shifted emission. In our case,
the blue-shifted spectra for the film deposited at high surface
pressure compared with the film deposited at low surface
pressure are attributed to the formation of H aggregates, in
which the long axes of the molecules are aligned in a general
face-to-face arrangement.?” This finding is in agreement with
the p-A isotherm measurements, where the aromatic rings are
suggested to have a vertical arrangement.””

To further confirm the average orientation of the alkyl chains
in the cylindrical structures, FTIR spectroscopic experiments
were performed (Figure 6). A weak feature near 2953 cm™' is
assigned to the CH; asymmetric stretching mode of the hydro-
carbon tail for all transferred films. In the LB films transferred
at a low surface pressure of 0.5 mNm™', strong asymmetric
and symmetric CH, stretching vibrations are observed at 2920
and 2851 cm™' for the Y21 and 2920 and 2850 cm™' for the
Y34 molecules, respectively, whereas they are observed at
2918 and 2850 cm™' in the LB films transferred at a surface
pressure of 8 mMNm™' for the Y21 and 10 mNm ~'for the Y34
molecules. It is well known that the appearance of the CH,
asymmetric and symmetric stretching bands at higher wave-
numbers is indicative of conformational disorder in the hydro-
carbon chains, whereas their appearance at lower wavenum-
bers (ca. 2918 and 2850 cm™', respectively) indicates an in-
creased order and well-organized arrangement of the hydro-
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Figure 4. AFM images of Y34 deposited onto silicon substrates at a surface
pressure of a) 5, b) 8, and d) 10 MNm™'; ¢) High-resolution images of part of
the area shown as a square in (b) and the corresponding cross-sections of
the close-packed cylindrical structure (no scale bar, there are some question
marks in the cross-sectional graph); the z range for the topography (left) is
6 nm, whereas that for the phase (right) is 0.2 v.

carbon chains.®®*9 In the present case, the vibrational position
of the films transferred at high surface pressure suggests that
the alkyl chains are basically in an ordered packing. Also, the
relative intensity of the asymmetric CH, to symmetric vibration
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increases in LB films of the Y34 molecule compared with that
of the Y21 molecule, which indicates that the alkyl chains are
more inclined to the substrate surface in the LB films of Y34
than in that of Y21 transferred at high surface pressure.?”:*®

2.3. Molecular Modeling

The combined analysis of the p-A isotherm data for the molec-
ular areas, the AFM images of the cylinder dimensions, the UV/
Vis data on the benzene ring packing, the FTIR data on the
alkyl chain orientation, and the molecular dimensions from
minimized molecular models allowed us to suggest a model of
the molecular packing for a cylinder (see Figure 7). In this
model, the Y21 molecule is aligned with face-to-face packing
of the aromatic rings standing on the surface with a certain
tilting angle. For the Y34 molecule, the architecture of the
close-packed cylinders is described by the molecules being
packed parallel to each other with the molecular axis of the ar-
omatic backbone perpendicular to the long axis of the cylinder
(Figure 7). The cylindrical height of the model proposed for the
Y21 molecule is evaluated to be 2.7 nm, which fits well to the
AFM data. The effective width of the neighboring ridge sug-
gested in the model for the Y34 molecule is about 14.2 nm
and the height is about 1.6 nm, which is very close to the ex-
perimental results as well.

It is well known that the surface behavior of amphiphilic
molecules should depend strongly upon the amphiphilic bal-
ance of the hydrophobic and hydrophilic fragments and the
freedom of their reorganization to adopt the proper orienta-
tion at the air/water interface, which is constrained by the
chemical architecture. The mismatch of the cross-sectional
areas of the PEO chain and the benzene ring with attached
alkyl chains, and the higher PEO content of Y34 could lead to
Y34 with a higher degree of tilting from the surface normal
than Y21,/ although we could not deduce the exact tilting
angle from our experimental data.

We suggest that deposited films in a “gas state” (isolated
molecules at low surface pressure) could not preserve single-
molecular freestanding conformations on the substrates due
to no force supporting them. Upon compression, the strong in-
termolecular interaction of the Y21 molecule through m-m
stacking could easily drive the molecule to form cylinders at
the air/water interface, whereas for the Y34 molecule, the alkyl
chains will contact first due to the higher tilting angle from
the surface normal compared with that of Y21. In this state,
the hydrophobic interactions between the alkyl chains will
play a role. As a result, the molecules will move sideways and
parallel to their neighbors due to m-m interaction, eventually
leading to the formation of close-packed cylinders (Figure 7).
This aggregation is so strong that it is preserved in the course
of the flipping and formation of the cylindrical backbones.

2.4. General Discussion

The Y-shaped molecules with different PEO lengths exhibited
different surface morphologies. Our experimental results sug-
gested that the mismatch between the PEO and benzene ring
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with alkyl chains, and the different PEO contents are crucial for
the molecule arrangement at the air/water interface.*? The
molecular tilted orientation provides the appropriate balance
between the cross-sectional area of the PEO block and the aro-
matic segment with alkyl chains.

For the Y17 molecule, since no micellar aggregates were
present in the spreading solution (spreading solvent is chloro-
form), as confirmed by dynamic light scattering measurements,
we conclude that initial aggregation takes place spontaneously
at the air/water interface.” This can be explained by the fact
that the aromatic segments cannot be tethered by PEO chains
at the air/water interface due to the smaller volume fraction
compared with the aromatic segments (Table 1).

For the other three molecules, note that we have not ob-
served any indications of a phase transition from flat-on to
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stand-off arrangements of the aromatic segments at different
surface pressures. The fact that the aromatic benzene rings
have hydrophobic tails attached to the PEO polar head at a
single point provides the driving force for the stand-off orien-
tation of the aromatic segments. Upon compression, due to
the longest PEO entanglement and coiling, the Y45 molecule
revealed the formation of 2D circular domains,”® whereas for
Y21 and Y34, two kinds of cylindrical nanostructures were
formed. Such associations are clearly caused by m-m interac-
tions of the aromatic segments, hydrophobic interactions of
the alkyl chains, and steric limitations on their packing under
confined-space conditions. The cylinders were extremely stable
during transfer, were not disrupted by scanning with high
forces, and extended uninterrupted over several micrometers.
In addition, the very particular internal organization of the
close-packed cylinders with a hydrophobic ridge and a hydro-
philic concave area makes them an intriguing candidate for
the templating of inorganic wired nanostructures, similar to
that already demonstrated for rigid molecules.*” This work
provides a clue to the design of amphiphilic molecular archi-
tectures to control nanostructures at the air/water interface.

3. Conclusions

We have studied the interfacial behavior of Y-shaped rod-coil
molecules with different PEO lengths at various compression
stages by an LB balance and morphology study. For the Y17
molecule, initial aggregation occurred spontaneously at the
air/water interface, whereas for the other three molecules, the
isotherms presented a pseudoplateau at a surface pressure of
8-10 mNm™". Transferred monolayers revealed two kinds of cy-
lindrical nanostructures formed for the Y21 and Y34 molecules
before monolayer collapse. The mismatch between the PEO
and benzene ring with alkyl chains, and the different PEO con-
tents provide the force for molecular arrangement at the air/
water interface. Such associations are caused by m-rm interac-
tions of the aromatic segments, hydrophobic interactions of
the alkyl chains, and steric limitations on their packing under
confined-space conditions. Due to the longest PEO chain en-
tanglement and coiling, Y45 revealed the formation of 2D cir-
cular domains. Additionally, a vortical morphology was ob-
tained for Y21 on a mica substrate, which indicates that the
substrate chemistry affects the morphologies during the film-
transfer process.
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