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ABSTRACT: Linear 7-gelators self-assemble into en-
tangled fibers in which the molecules are arranged
perpendicular to the fiber long axis. However, orientation
of gelator molecules in a direction parallel to the long axes
of the one-dimensional (1-D) structures remains challeng-
ing. Herein we demonstrate that, at the air—water
interface, an oligo(p-phenylenevinylene)-derived 7-gelator
forms aligned nanorods of 340 + 120 nm length and 34 +
S nm width, in which the gelator molecules are reoriented
parallel to the long axis of the rods. The orientation change
of the molecules results in distinct excited-state properties
upon local photoexcitation, as evidenced by near-field
scanning optical microscopy. A detailed understanding of
the mechanism by which excitation energy migrates
through these 1-D molecular assemblies might help in
the design of supramolecular structures with improved
charge-transport properties.

In supramolecular assemblies of chromophoric systems, the
mode of packing of molecules at the nanoscale is a critical
factor that controls the excited-state photophysical and energy-
transport processes.””> Therefore, control of long-range
molecular order that determines the excitation delocalization
and relaxation pathways is central to the design of artificial
light-harvesting systems with synthetic molecular assemblies.'%*
Generally, in the case of 7-systems, design of one-dimensional
(1-D) fibers with chromophores oriented perpendicular to the
long axis” is relatively easy due to the spontaneous 7-stacking of
the molecules. However, changing the orientation of the same
chromophores from a perpendicular to a parallel configuration
relative to the fiber long axis remains extremely challenging.*
This is particularly true for 7-gelators, which form entangled
networks of 1-D fibers with chromophores packed perpendic-
ular to the long fiber axis.” While kinetic and thermodynamic
aspects of the supramolecular polymerization of 7-systems are
well understood,'®®” molecular orientational control of the
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excited-state properties of such supramolecular polymers
remains relatively unexplored. A deeper understanding of
both the mechanistic aspects and the excited-state properties of
m-system-based self-assemblies is of great importance for
optimizing the performance of electronic and photonic devices.

Herein we report the fabrication of aligned 1-D nanorods of
a m-gelator in which the molecules are organized parallel to the
long axis, in contrast to the usual perpendicular orientation in
entangled fiber assemblies. The oligo(p-phenylenevinylene)-
derived 7-gelator OPV-1 (Figure 1A), a well-known organo-
gelator,8 is known to form an entangled network of
supramolecular fibers (Figure 1B) in which the OPV-1
molecules are arranged perpendicular to the fiber long axis
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Figure 1. (A) Chemical structure of OPV-1. (B) AFM image of the
self-assembled chaotic fibers of OPV-1 upon drop-casting from
toluene solution. (C,D) AFM images of OPV-1 aligned rods on
freshly cleaved mica surface formed at 7 = 0 mN m™" (arrow a—b in
image C indicates the dipping direction of LB films). (E) 3-D height
profile of the rods at 7 = S mN m™". (F) Height profile along the white
line in panel E. (G) Schematic of an individual rod showing its
dimensions, ~340 X 34 X 2.8 nm?>.
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upon drop-casting from a toluene solution. Interestingly,
spreading a homogeneous solution of OPV-1 in chloroform
onto the air—water interface of a Langmuir trough resulted in
the formation of aligned supramolecular rods, as evident from
the atomic force microscopy (AFM) imaging (Figure 1C—E
and Supporting Information, Figure S4). For example, at
surface pressure (7) = 0 mN m™', non-collapsed and non-
entangled short rods were observed (Figures 1C,D and S1—
S3). These rods gradually aligned parallel to the barrier upon
increasing the surface pressure to 7 = S mN m™' (Figures 1E
and $4C), became more densely packed at 7 = 30 mN m™’, and
were agglomerated at 7 = 55 mN m™' (Figure S4D-G).
Evidently, increases in surface pressure effectively fill voids in
the monolayer film and align the rods in one direction. Cross-
sectional analysis (Figure 1E,F) indicates rods with uniform
height (2.8 + 0.5 nm), width (34 = S nm), and length (340 +
120 nm) (Figure 1G). The temperature of the water subphase
does not affect the characteristics of the rod formation (Figure
SS). Formation of aligned rods of OPV-1 gelators is surprising,
since chaotic 1-D fibers of OPV gelators are commonly found
due to their spontaneous self-assembly in solution.

We studied the molecular orientation within the aligned rods
formed at the air—water interface using far-field polarized
optical spectroscopy. The polarized UV—visible spectra showed
an absorption peak at 407 nm with enhanced intensity for the
parallel polarization (ODj) compared to the perpendicular
polarization (OD ), with significant anisotropy (OD,/OD, ) of
2.0 (Figure S6). The angular dependence of transition dipole
moment is recorded using the dichroic relation, which reveals a
tilt angle of 51° for the transition dipoles with respect to the
substrate normal (Figure S7). The 2.8 nm thicknesses of
individual rods obtained by AFM and molecular tilt of S1°
together indicate a slanted molecular orientation within the
rods (Figure S8). Polarized fluorescence spectra of the aligned
rods exhibit significant anisotropy, with polarization intensity
ratio (I}/I,) of 2.4 (Figure 2A), where I and I, are the spectral
intensities parallel and perpendicular to the long axis of the
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Figure 2. (A) Polarized fluorescence spectra and (B) polarization ratio
(r) versus detection angle for the LB-aligned rods. (C) Polarized
fluorescence spectra of entangled fibers aligned in a narrow cuvette
(0.1 mm thickness). Spectra were recorded with parallel (red) and
perpendicular (black) polarized light against the alignment direction.
(D,E) Schematic illustrations of molecular assembly of OPV-1 in
aligned rods and entangled fibers, respectively.
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rods, respectively. This observation is in contrast to the
previous fluorescence polarization measurements on entangled
fibers of OPV-1 gel upon alignment, which showed stronger
fluorescence intensity in the perpendicular direction (Figure
2C).** Additionally, we carried out polarization-angle-resolved
fluorescence spectroscopy to confirm the molecular orientation
within the rods (Figures 2B, S9, and S10). The emission band
at 530 nm is strongly polarized in a direction parallel to the
aligned fibers and exhibits a modulation of emission intensity
with polarization angle. The polarization ratio (r) was
calculated as 0.66 from the intensity ratio, r = (I; — I,)/(J;
+ 1)), versus detection angle, while the plot was fitted with a
sine square function.

The polarization ratio reflects a high degree of alignment of
the OPV-1 molecules with orientation parallel to the long axis
of the aligned rods (Figure 2D), which is different from that of
the entangled gel fiber network, where OPV-1 molecules stack
in lamellae with their molecular long axes perpendicular to the
long axis of the fibers (Figure 2C,E).**° Thus, the air—water
interface enables reorientation of OPV-1 molecules from the
conventional perpendicular (90°) to an unconventional parallel
(0°) arrangement, with the molecular axis lying parallel to the
long axis of the rods. This situation may arise from the
possibility that the initially formed OPV-1 tapes at the air—
water interface roll up in the direction opposite to the direction
of molecular orientation on application of pressure, resulting in
rods that will minimize the contact of the alkyl chains with
water. In this rolling process, the width of the tapes becomes
the length of the rods, and the molecular orientation becomes
parallel to the long axis of the latter. Thus, the direction of the
molecular arrangements changes without disturbing the
molecular packing, which is clear from the identical film X-
ray diffraction patterns of the entangled fibers and the aligned
rods.

Excitation energy transfer in the entangled fibers and
aligned rods was visualized using near-field photoluminescence
(PL) and topographic imaging (Figure S11) using near-field
scanning optical microscopy (NSOM)."" Correlation of the
local NSOM topography with the fluorescence reveals that
orthogonal phasing of OPV-1 orientation contributes signifi-
cantly to the excitation migration behavior in the rods (Figure
3). Excitation of a fiber in the entangled network resulted in
fluorescence along the fibers (Figure 3A), which is in
agreement with our previous observation of fast excitation
energy migration and energy transfer in OPV gel fibers."’ In
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Figure 3. Surface topography (top images) and fluorescence NSOM
(bottom images) of (A) OPV-1 assemblies prepared by drop-casting
from toluene solution and (B) LB film formed at 7 = 5 mN m™.
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contrast, the aligned rods exhibit a modulation of fluorescence
along the individual rods as well as between the closely packed
rods (Figure 3B). When the aligned rods were excited, localized
regions of fluorescence were observed. LB films prepared at
different surface pressures exhibit similar behavior, revealing an
identical excitation migration mechanism within the aligned
rods (Figures $12 and S13). Repetitive measurements revealed
comparable fluorescence intensities from strongly fluorescent
regions within the aligned rods, while entangled fibers exhibited
variable intensities among different fibers (Figure S14).
Polarized fluorescence mapping of individual aligned rods
revealed a correlation between the topographic angle and its
corresponding fluorescence (Figure 4A,B). Rods aligned
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Figure 4. (A) NSOM topography and (B) fluorescence images of the
aligned rods prepared at 7 = S mN m™". Sixty-eight individual rods
were monitored for angle-resolved polarization (yellow marks). The
arrow in panel A indicates the direction of polarization. Corresponding
30° deviation can be seen in panel E. (C) Plot of fiber height profile
and fluorescence intensity versus distance on either side of excitation.
Each point for the height profile of the fibers was defined from the
topographic height profile in panel A, and the fluorescence intensity at
each point was collected from panel B. (D) Plot of the fluorescence
intensity as a function of the distance between individual fibers. The
solid red line represents nonlinear least-squares fits of the exponential
decay. (E) Angle dependence of the NSOM excitation source and the
fluorescence from individual fibers. Power intensity of a He-Cd laser
(325.0 nm) is shown as a function of the angle (blue dots and solid
line shows fit of Malus’ law). Fluorescence intensity of individual fibers
is shown as a function of the angle between the major axis of the fiber
and the vertical y-axis within the detection plane (red squares and solid
line shows fit of Malus’ law).

parallel to the y-axis of the image frame tend to exhibit
stronger fluorescence than those inclined at an angle to the y-
axis, resulting in modulation of the fluorescence intensity at the
macroscopic scale (Figure 4B). While intra-chain energy
migration is efficient in the entangled gel fibers, aligned rods
with parallel arrangement of OPV-1 reveal inter- versus intra-
rod excitation migration processes. Confirmation for the inter-
rod excitation energy transfer was obtained by measuring the
fluorescence intensities from a discrete set of neighboring
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parallel rods (Figure 4C). Excitation of the n™ rod in the
aligned assembly results in fluorescence distribution among the
n + i rods, where i represents the number of neighboring rods
on either side of the n™ rod. The intensity of the fluorescence
depends on the strength of the rod-coupling, which in turn
depends on the packing within the aligned assembly. The
fluorescence intensity apparently increases when the inter-rod
distance is less than ca. 70 nm, indicating occurrence of
excitation migration processes among the adjacent rods (Figure
4D).

The angular dependence of excitation energy migration is
further supported by correlating the intensity of the polarized
excitation source with the fluorescence intensities of individual
rods within the assembly (Figure 4E). Both the excitation
source and the fluorescence intensity from individual rods show
intensity variation following Malus’ law'> (Figure 4E),
suggesting that the excitation energy transfer from one OPV-
1 to another takes place on a time scale faster than a new
equilibrium position of neighboring OPV-1 molecules can be
established.

In summary, at the air—water interface, OPV-1 self-assembles
to form nanorods with molecules arranged parallel to the length
of the rods, in contrast to the usual perpendicular arrangement
in the entangled gel network fibers. Long-range excitation
energy transfer occurs in the entangled fibers with significant
fluorescence quenching, while large fluorescence enhancement
occurs in the aligned nanorods. Thus, entangled gel fibers
having perpendicular arrangement of molecules are more
suitable for excitation energy transfer, while the nanorods
possessing parallel arrangement of molecules may be better
suited for charge transport. These findings emphasize the
importance of understanding the molecular organization and
nanoscopic morphology of self-assembled architectures to
control the excited-state properties, which may be useful for
their efficient sensing and imaging applications.
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material is available free of charge via the Internet at http://
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