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ABSTRACT. The self-assembly of a bichromophoric naphthalenediimide (NDI) into nanofibers
showed efficient energy transfer (light-harvesting) to perylenediimide (PDI) molecules through
host-guest interaction, which can be visualized by microscopy using samples deposited on glass

surfaces. In combination with atomic force microscopy (AFM), spectral and polarization analyses,
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fluorescence imaging unveiled the inhomogeneity, packing defects, and relative spatial
arrangement of PDI and NDI molecular units, which were found to affect the exciton mobility
along the NDI nanofibers and the energy transfer efficiency from NDI to PDI guests. Fluorescence
micro-spectroscopy shows that efficient energy transfer occurs from NDI nanofibers to isolated
PDI molecules and their partial self-aggregates. The NDI nanofibers emit strong blue polarized
emission, while the emission corresponding to PDI guest molecules is weakly polarized, indicating

the local disruption of NDI chromophores-ordering upon PDI guest binding.
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MAIN TEXT

1. Introduction

Directed excitation energy transport at the nanoscale in supramolecular assemblies is of great
importance for the development of new organic optoelectronic devices and next-generation solar
cells."* It is well known that the highly symmetric arrangement of the chlorophyll pigments in the
natural light-harvesting systems promotes efficient directional excitation energy flow to the
reaction center.”® This highly directed energy transport in such natural light-harvesting systems
has been a great inspiration for their artificial counterparts, nano-antenna systems. For instance,
organic dyes, polymer conjugates, organic crystalline films, and various types of inorganic
nanoparticles are among the best candidates due to their high exciton mobility at the nanoscale
level.” 2> However, the precise control of chromophore spacing and organization, taking into
account the inhomogeneity and defects of such nanomaterials during self-assembly preparation,
remains a challenge for these artificial light-harvesting systems.”®?” A comprehensive
understanding and characterization of the structural insight and energy transfer dynamics of such
molecular assemblies is required to control/alter their functionality for the development of new
optoelectronic devices.!? For their practical application, it is also necessary to immobilize these
nanostructures on solid substrates without destroying their supramolecular structures, optical and
photophysical properties. Recently, precise fluorescence microscopy imaging has been
implemented as a novel technique in various nanostructured materials for in sifu and real time

29-32

visualization of their dynamic behavior, visual characterization of defects in metallic organic

33-35

3D frameworks and liquid crystals, inhomogeneity in inorganic hybrid crystalline

36,37 38,39

nanostructures,’™’ conformational analysis and molecular weight determination of polymers

and characterization of polymerization progress*® and micro-dispersion in organic-inorganic
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composites.*!**> Therefore, microscopy imaging can be used as a simple tool to understand and
visualize the light-harvesting phenomena of supramolecular nanostructures probed by energy
transfer.*® Polarization experiments,?® localizing both position and orientation of the chromophore
units that are present in such assemblies, can well characterize the influence of the anisotropic

shape/structure**+

of the supramolecular assembly on its light-harvesting property. We have
reported the supramolecular assembly of a chiral bichromophoric naphthalenediimide (molecule
(R)-INDI in Scheme 1, left) into nanofibers, which showed absolute enantioselective recognition
of a chiral perylenediimide bichromophoric derivative (molecule (S)-2PDI in Scheme 1, right)
with opposite handedness by host-guest interaction in methylcyclohexane (MCH) rich solution.*¢
This chiral recognition of nanofibers towards the (S5)-2PDI guest molecule was evaluated by
Forster resonance energy transfer (FRET),where the fast and efficient exciton migration among
the (R)-1NDI chromophore units along the nanofibers efficiently transport the excitation energy
to the bound (S)-2PDI guest molecules.*’ The chiral arrangement of the right-handed (R)-1NDI
molecular units is driven by the chiral cyclohexane-1,2-diamine moiety via hydrogen bonding, and
the bulky ethoxy substituents at (R)-1NDI core disfavor strong intermolecular n— 1 interaction in
the (R)-1NDI assembly, resulting in semi-open n—space chiral binding motifs that enable highly
selective recognition of (S)-2PDI guests via n—surface interaction.***® In this work, we further
investigate possible excitonic delocalization along (R)-1NDI nanofibers on a glass substrate and
demonstrate efficient light-harvesting properties towards (§)-2PDI guest molecules. Extensive
analysis of their spectral properties, along with significant energy transfer efficiency on individual
nanofibers and their anisotropic local environments, is demonstrated using precise wide-field
fluorescence microscopy imaging with polarization analysis in combination with atomic force

microscopy (AFM).
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Scheme 1. Molecular structure of R-isomer of 1 (full name: (R)-1NDI) and S-isomer of 2 (full

name: (S)-2PDI) respectively.

2. Materials and Methods

Sample Preparation

(R)-INDI and (S)-2PDI were prepared according to synthetic procedures as described in our
previous literature.***® Coassemblies of (R)-INDI (1.0 x 10 M) and (S)-2PDI (1.5 x 10”7 M)
were prepared in a mixture of chloroform/MCH (1:19) with annealing at 95°C followed by cooling
to room temperature and then drop cast onto alkyl-treated and untreated glass slides.*>* We
modified the glass slides with alkylsilanes to make the glass surface hydrophobic and compatible
with the supramolecular complex. Prior to silanization, the substrates were thoroughly cleaned as
follows: the glass slides were rinsed 2-3 times with acetone, then sonicated in an ultrasonic bath
for 20 minutes in 50% methanol/water, followed by an additional 20 minutes in chloroform, and
further allowed to air dry. The dried glass slides were treated with plasma cleaner for 60 seconds
as a surface activation method. After plasma cleaning, the glass slides were kept in an oven for 1

hour at 110 °C to produce a dehydrated surface. They were then immersed in 2 vol% alkylsilane
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solutions (n-octyltriethoxysilane and n-dodecyltriethoxysilane) in toluene and dried in an oven at
110 °C under N> atmosphere for 1 hour to remove toluene completely before microscopy imaging.
The blank slides were subjected to AFM imaging to examine the homogeneity of the surface. AFM
images (10 x 10 um) of both alkylsilane-substituted glass slides (n-octyltriethoxysilane and n-
dodecyltriethoxysilane) showed uniform surface roughness with low values (Figure S1, supporting

information).

Experimental Methods

Wide-field fluorescence microscopy imaging coupled with AFM (JPK Instruments, Nanowizard3)
was performed on an inverted optical microscope (Nikon, Eclipse Ti-U). The AFM head was
mounted on top of the optical microscope. Fluorescence from the sample was collected through an
objective lens (Nikon, 60x%, 0.95 NA) excited by a 445 nm LED light source (Lumencor, Spectra
X) through a dichroic excitation filter (Semrock, Di02-R442). Signals were recorded through an
emission filter (Semrock, BLP01-458R) with an EMCCD camera (Andor, iXon 897). The
exposure time for each image was adjusted to collect appropriate signals. Color images were
obtained by combining three images recorded with appropriate emission filters: blue (Semrock,
451/106, FF01-451/106-25), green (Semrock, 550/88, FF01-550/88-25), and red channel
(Semrock, 650/100, FF02-650/100-25), which selectively collect the fluorescence from (R)-1NDI
donors, FRET pairs ((R)-1NDI - (5)-2PDI), and (S)-2PDI aggregates, respectively (Figure 1, top),
and were then merged in Image J software. Localized fluorescence spectra were recorded using
the optical microscope equipped with a piezo-scanner (PI Instruments, P-545.3C8S) and a custom
Labview software that allows user-defined spectra to be recorded in synchronization with a CCD
spectrograph (Acton SP2356 with Spec-10 400Br/LN-eXcelon CCD detector cooled with liquid

nitrogen, from Princeton Instrument). AFM images were recorded in the intermittent contact mode
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(tapping) under ambient conditions using silicon cantilevers (Nanosensors, PPP-NCHR-20) with
a nominal spring constant of 40 N m™' and a resonance frequency of 330 kHz. Fluorescence
polarization images were obtained on the same optical microscope using a fixed polarizer in the
excitation light path, which selects the horizontal polarization excitation to the CCD field of view,
and a rotating emission polarizer placed in the emission path. Polarized emission images and
spectra were collected with the EMCCD camera or the CCD spectrograph, respectively. After
correcting the geometric distortions of each image for vertical and horizontal emission

polarization, and estimating the G-factor for the blue, green and red channels, the polarization

I||—G><I4

parameter (P) was calculated at each image pixel using the following equation: P =
I I +GXI

where /) is the intensity of the linearly polarized emission parallel to the excitation polarization
and /L is the intensity of the linearly polarized emission perpendicular to the excitation

polarization.
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Figure 1. (a) Normalized emission spectra of (R)-1NDI (blue curve, [(R)-1] = 1.0 x 10°M), (R)-
INDI in presence of 1.5 mol % of (S)-2PDI (green curve, [(R)-1] =1.0 x 10° M, [(S)-2] = 1.5 x
10”7 M) and (S)-2PDI (red curve, [(S)-2] = 1.0 x 10® M) in MCH rich solution. The color-bars
designates wavelength regions for emission filters and detection channels in the microscopy
imaging, i.e. blue (Aem < 500 nm), green (500 nm < Aem <600 nm) and red (Aem > 600 nm). (b)
Fluorescence spectra of (R)-1NDI in presence of 1.5 mol % of (S)-2PDI ([(R)-1] = 1.0 x 107 M,
[(S)-2] = 1.5 x 1077 M), deposited from MCH rich solution onto different glass substrates.

3. Results and Discussion

The supramolecular nanofibers were prepared by mixing (R)-1NDI in the presence of 1.5 mol%

(S)-2PDI in MCH rich solution at very low concentration ([(R)-1] = 1.0 x 10> M, [(S)-2] = 1.5 x
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107 M), followed by drop casting onto an untreated glass slide. Upon selective excitation of (R)-
INDI at 445 nm, the emission spectrum showed a low-intensity emission band at 480 nm
corresponding to the diethoxy-NDI unit and a major emission band peaking at 540 nm of the (S)-
2PDI unit (Figure 1b). This indicates efficient light-harvesting from (R)-1NDI nanofibers to the
(8)-2PDI molecule. This light-harvesting behavior was evaluated by monitoring the relative
emission intensities of (§)-2PDI at 540 nm and (R)-INDI at 480 nm (/s40/l480), which was
approximately 6-fold when deposited on the untreated glass surface. This value is significantly
lower than in the bulk solution phase (~20 fold). This efficient light-harvesting phenomenon is
specific for the combination [(R)-1NDI nanofibers+(S)-2PDI] and [(S)-1NDI nanofibers+(R)-2
PDI], but not those of same chirality.*® The sample deposited on a plasma-treated glass slide
showed a significantly lower /s40/l430 value (ca. 4 fold) along with a broad band above 580 nm.
This red band corresponds to the aggregated emission of (S)-2PDI molecules (Figure 1a, red line).
This suggests that a significant fraction of (S)-2PDI is not associated with (R)-1NDI nanofibers on
the plasma-treated glass slide.’'>> We then examined glass slides treated with alkylsilanes, n-
octyltriethoxysilane and n-dodecyltriethoxysilane (Figure 1), as more hydrophobic substrates. A
7- and 8-fold enhancement of the relative emission intensity (/s40/ls30) was observed for the
substrate surface treatment with n-octyltriethoxysilane and n-dodecyltriethoxysilane, respectively
(Table S1, supporting information). Although the chemical origin of this significant effect of
surface hydrophobicity on the energy harvesting efficiency of the supramolecular nanowires is not
fully understood, we focused on the fluorescence properties of the nanofibers formed on
alkylsilane-coated glass slides, which showed good reproducibility. Our host-guest light-

harvesting system successfully demonstrated efficient energy transfer both in solution and when
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deposited on treated glass substrates, although the relative fluorescence efficiency (/s40/ 1430) in the

solvent-dispersed phase was not fully reproduced.

Figure 2. Fluorescence microscope images (50 x 50 um) of (a) (R)-1NDI and (b) (S)-2PDI on
alkyl-treated glass slides after drop casting in methylcyclohexane rich solution. [(R)-1] = 1.0 x 10
M, [(5)-2]1=1.0 x 107 M.

Fluorescence and topography images were then investigated using an optical microscope coupled
with atomic force microscope (AFM) to visualize and characterize the emission properties and
energy transfer processes on individual nanofibers. First, fluorescence microscopy images were
recorded of individual samples of (R)-1NDI and (S)-2PDI, deposited on alkyl-treated glass
substrates. (R)-1NDI (1.0 x 10 M; Figure 2a) showed blue-emitting long nanofibers, while (S)-
2PDI (1.0 x 107" M; Figure 2b) formed bright red spherical fluorescent particles. These bright red
spherical objects correspond to partially self-aggregated (S)-2PDI molecules, where the seltf-
52,53

assembly likely proceeds during the solvent drying process driven by strong n—n interactions.

Although the compound 2 was previously reported to form nanofibers in MCH-rich solution, they

10
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were not observed here under fluorescence microscopy due to the low concentration of 2
molecules, insufficient to afford the self-assembly of (S)-2PDI into nanofibers.>'? In addition, a
well-defined network of blue-green emitting fluorescent nanofibers, accompanied by several red
spots was observed in the fluorescence images of the sample (R)-1NDI in the presence of 1.5 mol
% of (S)-2PDI ([(R)-1] = 1.0 x 10> M, [(S)-2] = 1.0 x 10"M) drop cast on n-octyltriethoxysilane
glass slides (Figure 3a). These uniform long nanofiber supramolecular structures are very similar
to those observed in MCH-rich solution as previously characterized by transmission electron
microscopy (Figure S2, Supporting Information).*® Noteworthy, the bright red spherical spots were
found mostly at the intersection of the (R)-1NDI nanofibers, e.g. some at region marked as I, II
and III in Figure 3a. Fluorescence images of the (R)-1NDI + ($)-2PDI mixture deposited on n-
dodecyltriethoxysilane-coated glass slides revealed blue-green emitting fibers along with bright
red spots (Figure S3a, Supporting Information), similar to that of n-octyltriethoxysilane-coated
glass slides. However, when deposited on uncoated glass slides, a random distribution of blue-
emitting fibers was observed along with a large number of bright red spots in the background
(Figure S3b, Supporting Information), confirming the disrupted supramolecular association of (.S)-
2PDI into (R)-INDI nanofibers on the untreated glass slide. The higher compatibility of

alkylsilane-coated glass slides was confirmed by fluorescence imaging studies.

11
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Figure 3. (a) Fluorescence microscope images (50 x 50 um) of (R)-1NDI in presence of 1.5 mol
% of (5)-2PDI drop casted on n-octyltriethoxysilane coated glass slides with AFM phase contrast
images for regions [-IV of dashed squares, (b)-(d) the emission spectra at different regions 1-8 of
the fibers. The color channels of fluorescence image are shown Figure la. [(R)-1]=1.0 x 107 M,

[(5)-2]= 1.0 x 107 M.

The blue-green fluorescent fibers and red-emitting spots were fully characterized by spectral
analysis of the (R)-1NDI + ($)-2PDI mixture on n-octyltriethoxysilane-coated glass slides under
excitation at 445 nm. For each position as marked with white circles 1-8 in Figure 3a along the
single nanofibers, the spectra showed weak emission at 480 nm from the (R)-1NDI units with a
concomitant larger contribution of emission around 540 nm corresponding to the (S)-2PDI

fluorophores. In some cases, broad emission at 640 nm from aggregated (S)-2PDI was also

12
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observed, especially at 3, 4, 6 and 8 (Figure 3b-d). The strong blue-green fluorescent regions
(circles 1, 2, 5, and 7) showed emission essentially from the (R)-1NDI nanofibers and (S)-2PDI
molecules, with the large values of the /540//450 ratio indicating efficient excitation energy transfer
from the (R)-1NDI nanofibers to the (S)-2PDI molecules, due to uniformly distributed isolated (.5)-
2PDI molecules in close proximity to the nanofibers, acting as efficient acceptor sites. In contrast,
the spectra of the bright red spots (circles 3, 4, 6, and 8) revealed broad emission spectra with
significant suppressed (R)-1NDI emission and an intense dual emission band around 540 nm and
640 nm, respectively of (5)-2PDI units, suggesting energy transfer from (R)-1NDI nanofibers to
(5)-2PDI aggregates ((S)-2PDl.ge) due to excess (S)-2PDI guests forming self-assembled structure.
The distinct emission spectrum at different positions of the nanofibers (Figure 3a) indicates a large
diversity of the major emitting species present in the sample. The inhomogeneity of the host-guest
system likely arises from the random distribution of (S§)-2PDI guests on the (R)-1NDI nanofibers
during the solvent drying process, when the samples were drop-cast onto alkyl-coated glass slides,
since such a broad emission band around 640 nm was negligible in the solution state.*® The
dispersion of (S5)-2PDI guests on the nanofibers resulted in energy transfer from (R)-1NDI
nanofibers to individual (S)-2PDI units ((S)-2PDImono) due to the PDI molecules in their
molecularly dispersed form similar to that in the MCH-rich solution.*® Furthermore, energy
transfer pathways from (R)-1NDI nanofibers to the self-aggregated (S)-2PDI ((5)-2PDl.gs) were
confirmed by the red emission band specific to the deposited state. The static local environment in
dry samples, contrary to the solution samples, led to the accumulation of (S)-2PDI molecules into
large spherical aggregates driven by strong m—m interaction and chiral binaphthalene moiety.
Moreover, the localization positioning of these spherical aggregates ((S)-2PDlagg), which

frequently occurred in close vicinity to the nanofibers, probably favors efficient excitation energy
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transfer from (R)-1NDI fibers to individual (S)-2PDI molecular units, followed by a second energy
transfer step to (S)-2PDl.g. Spectral analysis on n-dodecyltriethoxysilane-coated glass slides
(Figure S4, supporting information) was found to be very similar to that of n-octyltriethoxysilane-
coated glass slides, suggesting that different alkylsilane modifications have comparable effects on
their energy transfer efficiency. The inhomogeneous distribution of (S)-2PDI guests on the (R)-
INDI nanofibers was further confirmed by atomic force microscopy (AFM) performed on specific
regions of the fluorescence microscopy image (Figure 3a), shown as dashed squares (I-IV and
Figure S5, Supporting Information). Indeed, AFM characterization provided more detailed insight
into the nanofiber structure in the region of interest where spectral analysis was performed. A
random distribution of individual fibers and bundles was observed in the AFM images. The fibers
showed a wide variety of sizes and branching topology. Notably, many nanofibers with low
brightness, below the resolution and detection limit of fluorescence microscopy imaging, were
visible in the AFM images. Highly emissive regions were found to be composed of several thin
fibers (~8 nm wide) clustered into bundles of 20-100 nm width (Figure 3 I-IV), supporting our
previous TEM studies in the solution phase.*® Additionally, the occurrence of bright red spots at
the branching points of the thin nanofibers is quite apparent in these AFM images (Figure 3 II-IV).
These red-emitting objects were found to consist of the diffusion of relatively largely disordered
materials connecting the network of thin fibers, corresponding to highly concentrated (S)-2PDI
guest molecules wrapped within the intertwined thin (R)-1NDI nanofibers (Figure 3 II-III-1V;
Figure S5, Supporting Information). Although the resolution of the AFM measurements was not
sufficient to fully characterize the local distribution of (S)-2PDI molecules on the (R)-1NDI
nanofibers, each red-emitting spot was interestingly associated with multiple branching junctions

in the nanofiber networks. This nanofiber network contained small spherical nano-objects or larger
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nanolayers, likely composed of (S)-2PDI aggregates (Figure S5, Supporting Information). The
AFM images suggest that the presence of repeated branching and coiling of the thin nanofibers
may act as packing defects, suppressing both the long-range exciton hopping along the (R)-1NDI
nanofibers and energy transfer efficiency compared to the solution phase.*’” Moreover, the (R)-
INDI and (5)-2PDI host-guest system deposited on glass is expected to be more rigid than in the
solution phase. The random but less uniform distribution of (S)-2PDI guest on (R)-1NDI
nanofibers during the solvent drying process upon drop-casting onto glass slides might result in a
variety of fixed localized positions and orientations of some (S)-2PDI molecules on (R)-1NDI
fibers. Some of these geometries may be less compatible for energy transfer from (R)-1NDI
nanofibers to (S)-2PDI molecules, thus reducing the energy transfer efficiency, compared to the
solution phase. Finally, the presence of partially self-aggregated (S)-2PDI molecules in the vicinity
of (R)-1NDI nanofibers, which interact effectively with the (R)-1NDI donors, favors excitation

energy transfer from nanofibers to (5)-2PDI aggregates ((S)-2PDl.gg) acting as acceptors.
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Figure 4. Fluorescence microscopy (50 x 50 um) of (R)-1NDI in the presence of 1.5 mol % of
(8)-2PDI drop casted on octyltriethoxysilane coated glass slides upon excitation with horizontally
polarized light (Aex = 445nm), (a) perpendicular /1, and (b) parallel /| collected emission with
respect to the excitation laser beam polarization respectively, (c, d) emission spectra of specified
regions of the fibers (1-8) upon horizontal emission polarization (/j), and (I - III) AFM images of

the marked regions on (a) with white dashed squares.

Fluorescence polarization is a powerful technique for characterizing energy transfer (ET), internal

11,26,46,47,53,54

packing, and chromophore orientation in supramolecular assemblies in solution, as

well as in the solid phase.’> When combined with fluorescence microscopy imaging (referred to

as fluorescence polarization imaging),’®>’

it can be used to visualize and characterize energy
transfer dynamics in such anisotropic assemblies.***> The anisotropy in our light-harvesting

supramolecular assembly was confirmed by fluorescence polarization (P) imaging of individual
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nanofibers under excitation with linearly polarized light (Figure 4). Molecules selectively absorb
linearly polarized light when the absorption dipole moments of (R)-1NDI or (S5)-2PDI, oriented
along their long molecular axis, are parallel to the polarization axis of the excitation beam (photo-
selection). The (R)-INDI + (5)-2PDI mixture sample in the deposited state on n-
octyltriethoxysilane-coated glass slides was excited with a horizontally linear polarized light (Aex
= 445 nm, Figure S6, Supporting Information). In our microscopy setup, a rotatable polarizer was
placed in the emission path and oriented either perpendicular (Figure 4a, /1) or parallel (Figure 4b,
1)) to the direction of the horizontally polarized excitation laser beam. Interestingly, a clear
fluorescence contrast was observed in Figures 4a and 4b. The more pronounced blue emission was
observed for the nanofibers oriented along the vertical (north/south) direction in Figure 4a, which
became green emitting fibers in Figure 4b. The color contrast was partially reversed between the
north/south (vertical) and east/west (horizontal) oriented nanofibers (Figure 4b), with more
greenish emission in in Figure 4b (/) and more blueish emission in Figure 4a (/L), suggesting a
strong dependence of the polarized emission on the orientation of the nanofibers growth axis. As
discussed earlier, red spots appear at some nanofiber junctions, and no significant change in
emission color was observed when the emission polarization direction was changed from
perpendicular to parallel to the excitation beam, indicating a rather random orientation of (S)-2PDI
aggregates in the vicinity of the nanofibers, resulting in unpolarized emission. The AFM images
on displayed regions (I-II) in Figure 4a ensured the reliability of the polarization studies by optical
microscopy without any noticeable artifacts. Indeed, the AFM images showed well-defined
straight long fibers oriented at specific angles to each other, without any break in the nanofiber
networks upon coiling or branching. On the one hand, the spectra at the green-emitting regions 3,

4, and 7 (Figure 4b, white circles), corresponding to the vertically oriented fibers (north/south) to
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that of the excitation polarization beam, showed an intense emission maximum centered at 540 nm
with the enhanced relative fluorescence intensity (/s40/ls30), indicating the preferential green
emission of the (5)-2PDI guest units by efficient energy transfer from the vertically oriented fibers.
On the other hand, the spectra of horizontally (east/west) oriented fibers on regions 1 and 5 (Figure
4b, white circles) displayed higher intensity at 480 nm in the blue spectral region, suggesting the
most prominent blue-polarized emission from (R)-1NDI fibers. The slightly tilted fibers at sites 2,
5, 6, and 8 (Figure 4b, white circles) showed an intermediate ratio of /s40/l4g0 compared to the
east/west oriented fibers. Hence, the different orientations of the fibers with respect to the
excitation beam have a direct influence on their polarized emission properties. Practically, the
deposited samples of (R)-INDI + (5)-2PDI mixture on glass substrate show supramolecular
nanofibers with a large diversity of orientations (0) and result in many directions of transition
moments of (R)-1NDI and (S)-2PDI chromophores with respect to the sample reference axes,
hence a wide variety of polarization values (P). In well-ordered regions, the (S)-2PDI fluorophores
are expected to be incorporated on the (R)-1NDI nanofibers and can be excited either directly or
by energy transfer from the (R)-1NDI molecules. However, in regions where disorder is dominant,
the (S)-2PDI molecules have limited interactions and proximity with the fibers, and energy transfer

from (R)-1NDI nanofibers to (S)-2PDI molecules is not favored.
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Figure 5. (a) The schematic representation of the angle of the fiber growth axis (0) to the
polarization of the excitation beam, (b) orientation color image (50 x 50 um) of (R)-1NDI in the
presence of 1.5 mol% of (S)-2PDI from ImageJ software with orientation] as a plugin, the
fluorescence polarization color image corresponding to the emission filters for (¢) Aem < 500 nm,
(d) 500 nm < Aem < 600 nm and (e) Aem > 600 nm respectively and their linear plot of polarization
(P) as a function of orientation (0) at (f) Aem < 500 nm (blue dots, (R)-1NDI), (g) 500 nm < Aem <
600 nm (green dots, (S)-2PDlnono), and (h) Aem > 600 nm (red dots, (S)-2PDl.g), respectively,
when excited with horizontally polarized light (Aex = 445nm). (Solid lines are obtained by fitting

P with a sinusoidal function).
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Polarization, P

Figure 6. Polar plots of the polarization (P) as a function of the angle of the nanofiber growth axis
(6) to the direction of the excitation laser polarization at Aem < 500 nm (blue dots, (R)-1NDI), 500
nm < Aem < 600 nm (green dots, (S)-2PDImono), Aem > 600 nm (red dots, (S)-2PDlagg), respectively,
when excited with horizontally polarized light (Lex = 445nm). (Solid lines are obtained by fitting

P with a sinusoidal function).

Aexc = 445nmM
—

E (b) Aexc = 445nm ; (C)

Homo ET 1
Blue Polarized i

Emission
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1
Green Non-polarized | polarized Emission
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Scheme 2. Schematic representation of the proposed spatial organization of (R)-1NDI (in blue, a),
(8)-2PDImono (green, b), and (S)-2PDlag (red, c) on east/west oriented fibers (6 = 0°, horizontal to

the excitation laser polarization beam) and their photophysical process.
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In general, the polarization value P can vary from -1 to +1, corresponding to perpendicular to
parallel emission polarization with respect to the excitation polarization. When P = 0, the emission
is not polarized towards a specific direction. The polarization images displayed in Figure 5 (a-¢)
reveal a clear correlation between the P value of the nanofiber emission and the angle of the
nanofiber growth axis (0) to the orientation of the excitation polarization. For the (R)-1NDI and
(5)-2PDI mixture deposited on coated glass substrates, the emission polarization images (Figure
5¢) demonstrates qualitatively the strong orientation dependence of the blue emission polarization:
north-south vertically-oriented fibers (resp. east-west horizontally-oriented fibers) show positive
(resp. negative) P values. This corresponds to a positively polarized emission (P =+ 0.38 £ 10)
for north/south oriented fibers, i.e. 6 = 90° (vertical) to the excitation polarization (Figure 5f), and
negatively polarized emission (P = - 0.38 = 10) for east/west oriented fibers (6 = 0°, horizontal).
Also, P varies in a sinusoidal manner between these two extremes (P = % 0.38) for the fibers
oriented with an intermediate angle 6 (Figures 5f and 6, blue lines). The strongly polarized blue
emission (Aem < 500 nm) from the nanofibers varies strongly with the angle of fiber orientation (0),
indicating a high degree of intermolecular ordering and a preferential average orientation of the
(R)-1NDI molecular units along the nanofiber. In addition, a negative polarization for horizontally
(north/south) oriented fibers and, conversely, a positive polarization for vertically (east/west)
oriented fibers indicates that the (R)-1NDI units emit strong blue polarized light perpendicular to
the long axis of the fibers when excited with linear polarization. Therefore, (R)-1NDI molecular
units are self-assembled in a perpendicular manner to the long axis of the fiber, with some degree
of angle variations as highlighted by the maximum polarization amplitude (£ 0.38) lower than 1.0
for ideally perpendicular (R)-1NDI chromophores. The efficient exciton hopping within the (R)-

INDI chromophores ((R)-1NDI—(R)-1NDI homo-transfer), leading to partial depolarization of
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the emission on ultrafast timescales (<20 ps) but residual anisotropy levels on longer timescales
(few ns), has already been demonstrated in our previous work*’ (Scheme 2a). In contrast, the plot
of P vs 0 (Figure 5g and 6, green lines) remains close to P = 0 for the green emission region (Aem
= 500-600nm) which corresponds to (S)-2PDInono emission. This result indicates that a complete
depolarization of the (S)-2PDlnono is observed upon sensitization by the (R)-1NDI chromophores
(efficient (R)-1NDI — (S)-2PDI hetero-transfer), without any preferred orientation of the (§)-2PDI
guest with respect to the nanofiber orientation. Given the highly enantioselective binding of the
(S)-2PDI guest molecules to the nanofibers*’ and their bulkiness, the loss of emission polarization
of (S)-2PDImono can be attributed to a local disruption of the overall helicoidal molecular
arrangement upon guest binding (Scheme 2b). Surprisingly, a moderately polarized red emission
(P=-0.10 = 10, 6 = 0°) of (S)-2PDlagg (Aem > 600 nm) was observed when sensitized with (R)-
INDI (Aex = 445nm) (Figure 5h, red lines). This weak dependence of the red emission polarization
(Figure 6, red lines) on the angle of fiber orientation (0) suggests a partial molecular ordering of
the (S)-2PDI units in their aggregates, driven by the strong m—m interaction and the chiral
binaphthalene moiety that occur in close proximity to the nanofibers. The efficient energy transfer
from horizontally oriented (R)-1NDI nanofibers (6 = 0°) to a PDI molecular unit of spherical (S)-
2PDlagg ((R)-INDI —(S5)-2PDI hetero-transfer), followed by possible exciton hopping ((S)-
2PDI—(S)-2PDI homo-transfer) within (S)-2PDl.g, could effectively lead to a weak red emission
polarization, slightly preferentially perpendicular to the nanofiber long axis (parallel to the (R)-

INDI orientation) (Scheme 2c).
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4. Conclusion

In conclusion, this work demonstrates the efficient light-harvesting property of supramolecular
nanofiber assemblies of (R)-INDI towards (S)-2PDl.g; guest molecules, as visualized by
fluorescence microscopy. The lower relative fluorescence efficiency of energy transfer in the
deposited samples compared to that in the bulk solution is attributed to inhomogeneities and
packing defects present in the (R)-1NDI nanofibers, as evidenced by AFM and spectroscopy
analyses. Uneven distribution of (S§)-2PDI molecules on the (R)-1NDI nanofibers resulted in
energy transfer from (R)-1NDI fibers to isolated PDI molecules ((S)-2PDlImono) as well as their
partially self-aggregates ((S)-2PDl.g). Fluorescence polarization imaging revealed a strong
dependence of polarized emission on nanofiber orientation. The nanofibers emit strongly polarized
blue emission, indicating that the (R)-1NDI molecular units are stacked perpendicular to the long
axis of the fibers. Weakly polarized emission at emission wavelength region higher than 500 nm
indicates that the binding of (S)-2PDImono to the nanofibers has no preferred orientation, while its
spherical self-aggregates (S)-2PDl.g interact more efficiently with the periphery of the fibers,
which exhibit partial alignment, explaining the heterogeneity and differential energy transfer
efficiency of our light-harvesting system. This finding highlights the importance of microscopy
with spectral and polarization analysis for the comprehensive characterization of multicomponent
light-harvesting systems and the identification of key features such as disorder, heterogeneity, and
anisotropy in their interfaces, which can be manipulated/controlled to enhance the performance of

future optoelectronic materials.
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The self-assembly of a bichromophoric naphthalenediimide (NDI) into nanofibers enables
efficient energy transfer to perylenediimide (PDI) molecules through host-guest interactions, as
visualized using fluorescence microscopy and AFM. Fluorescence imaging and
microspectroscopy revealed packing defects, inhomogeneities, and exciton mobility along the NDI
nanofibers, showing strong blue polarized emission from NDI, while PDI guest molecules exhibit

minimal polarization.
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