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Abstract

The photonic responses of densely-packed dye molecule assemblies are strongly dependent on their
organization and environment. The precise control of molecular orientations and distances relative to
the substrate and to each other, is thus a key-point in the design of photonic molecular materials.
Herein, we report the preparation of a homogeneous and well-organized single monolayer of
perylenediimide derivative by means of the Langmuir-Blodgett technique. Its optical properties
disclose an intense charge-transfer excitonic absorption band related to an important intermolecular
coupling. Furthermore, an important immunity to photobleaching is observed for such a molecular
assembly. The dipolar orientations of the molecules along the substrate have been unambiguously
determined by angle of incidence resolved polarized absorption and by back focal plane fluorescence
mapping. In addition, time-resolved spectroscopy reveals a fast two-dimensional diffusion of excitons
consistent with a strong m-stacking of adjacent PDI molecules.
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Introduction




The photonic properties of close-packed assemblies of dye molecules undergo significant differences
as compared to isolated and diluted species."> McRae and Kasha were the first to report that these
changes arise from near-field optical interactions.® Illustrative instances are the phenomena of
aggregation-induced emission or enhanced emission, or the spectral shifts caused by self-association
of dyes in solution.*® Depending on the aggregation pattern of the dyes, either bathochromically-
shifted J-bands or hypsochromically-shifted H-bands are generated, representing collective excitations
and energy bands of delocalized excitons.”® The substantial transition dipole moments associated with
such excitations lead to enhanced optical interactions, enabling, for instance, a strong-coupling regime
to be achieved with plasmon resonators.'®*! Interactions between a dye and its surrounding
environment at the molecular level can also trigger changes in its photonic properties. Conformation
locking of the dye, or immersion in a polarizable medium, can induce shifts in the absorption or
emission spectra.'*® Lastly, new intermolecular charge-transfer absorption peaks can be related to
electron tunneling between m-conjugated systems which are close enough from each other. Thus,
accurate control at the molecular scale of condensed dye assemblies is crucial for manipulating the
optical response of matter and exploring novel photonic processes.*

Among dyes, perylenediimide (PDI) and its derivatives are widely used in several technological fields
such as pigments,™ photovoltaic cells,'® optical switches,' lasers™ and light-emitting diodes™.?° From
a scientific point of view, they offer a paradigm platform both in the context of self-organization,
through 3D mesophases®? or 2D surface self-assembly?®*?, and of solid-state electronic®®% and
photonic?? processes. The optical responses of PDIs are the result of a complex and subtle interplay
between molecule-substrate and molecule-molecule interactions, of electronic or electromagnetic —
especially near-field — nature. For example, it was recently reported that PDI derivatives with long
alkyl chains are able to stack perpendicular to a gold substrate to form H-aggregates.” An intense
absorption band related to this aggregation and assigned to charge-transfer exciton, was observed and
a strong coupling regime between this transition and gold surface plasmon was demonstrated for
thicknesses of 10 monolayers and above.? However, many photonic processes take place at monolayer
coverages, thus offering valuable opportunities to study in more detail the interplay between molecular
organization and specific optical processes. For example, the self-assembly of PDI stirred by the
graphene atomic lattice has been shown to exhibit a characteristic signature in its absorption spectra.®
Also, the inherent emission quenching by graphene through short-range electronic (Dexter) or longer-
range electromagnetic (Forster) transfer can be tuned through a molecular pedestal concept controlling
the distance and orientation of a PDI-derivative monolayer relative to graphene.®* Hence, studies of the
optical response of well-organized PDI monolayers are likely to provide deep insights into the role
played by the various molecular couplings. It could provide a deep understanding of molecular
structure and interactions, enabling the exploration of binding mechanisms and emergent properties at
the nanoscale. In addition, such research has the potential to advance nanotechnology by facilitating
precise control over molecular organization, leading to the development of innovative materials and
nanoscale devices with tailored properties and applications.

Several techniques can be used for the deposition of PDI monolayers on a substrate. Although PDI
seem far from the ideal amphiphilic structure typically involved in Langmuir-Blodgett (LB)
deposition, this technique has been successfully applied to alkylated PDI derivatives.***® The LB
technique makes it possible to obtain new out-of-equilibrium structures unreachable through drop
casting or sublimation, and thus appears complementary to such more conventional methods.*

Herein, we focused on N,N’-ditridecyl-3,4,9,10-perylenedicarboximide (PDI-C,; see Figure 1.a)
deposited through the LB technique on a neutral glass substrate to focus on intermolecular couplings .
We determined unambiguously and with accuracy how the molecules are organized on the glass
surface and how this organization affects their photonic properties.



Materials and methods

Chemicals. N,N’-ditridecyl-3,4,9,10-perylenedicarboximide (PDI-C,5), chloroform and trifluoroacetic
acid were obtained commercially from Sigma-Aldrich (Ref. 383783).

Langmuir-Blodgett. Monolayers were prepared using a Langmuir-Blodgett trough (KN2001 LB
small, Biolin Scientific). The subphase was ultrapure water (18 MQ cm) maintained at 20°C. A PDI-
Cys solution (6x10 mol L™ in a chloroform/trifluoroacetic acid mixture (9:1)) was spread onto the
surface using a microsyringe (25 pL), and leaving 30 min for the solvent to evaporate.

For compression isotherms, the air-water interface was compressed with symmetric barriers at
constant rate (25 mm min™). Surface pressure was continuously monitored using the Wilhelmy
method.

For LB transfers, the monolayers were compressed to 25 mN m™ and kept constant with the feedback
of barriers going back and forth. Depositions of monolayers were done using Z-type, and a dipper
speed of 2mmmin™. The substrates for monolayers were 175-um thick glass cover plates
(20x20 mm).

For micro-spectroscopy, one side of the glass cover plate is cleaned with Red First Contact Polymer
(First Contact Polymer, Photonic Cleaning Technologies) to remove PDI deposits.

Steady-state micro-spectroscopy. Steady-state micro-spectroscopy was performed using an inverted
optical microscope (1X71, Olympus) equipped with an objective lens (Nikon, 60x, 0.8 N.A.). The
detection chain was made of an imaging spectrometer (Kymera 193i, Andor) equipped with a blazed
grating (SR2-GRT-0150-0500, Andor) and a CMOS camera (Zyla 5.5, Andor). An automatized slit
was positioned at the entrance of the spectrometer and tuned to a width of 10 um. Hyperspectral 1D-
images were obtained with a spectrum acquired every 0.1 um along a 230-um-long segment on the
sample.

For micro-absorption, a white thermal lamp (12V 100W HAL-L, Olympus) was used to probe the
sample. The reference was acquired on a clean glass cover plate. The transmitted signal was collected
through the objective lens and sent to the detection chain to construct a 1D hyperspectral image.

For micro-emission, a 532 nm light (60 pW cm™) from a laser (Cobolt 532 08-01 series, Hubner
photonics) was used to excite the sample. This excitation light was filtered (LL01-532, Semrock) and
focused on the sample through the objective lens (Nikon, 60x, 0.8 N.A.. The retroemitted
fluorescence was collected through the microscope objective, filtered with appropriate filters (LPD02-
532-RU + LP03-532-RU, Semrock) and sent to the detection path to construct a hyperspectral 1D
image.

Fluorescence quantum yield. Fluorescence quantum yield was measured on a Fluorolog-3-221
(Horiba Jobin Yvon) equipped with an integrating sphere (Quanta-¢, Horiba Jobin Yvon). The method
developed by de Mello and coworkers was employed.*

Incidence-angle resolved absorption. Absorption spectra at various incidence angle were recorded
on a QE-Pro Ocean Optics spectrophotometer. White light (MWWHL4, ThorLabs) was expanded and
collimated using an achromatic doublet (AC254-100-A-ML, ThorLabs). Then, a diaphragm was used
to obtain a beam size of 1 mm diameter on the sample. The polarization was controlled using a linear
polarizer (LPVISC100, ThorLabs) to obtain p (i.e. Transverse-Magnetic) polarization. The incidence
angle was tuned by rotating the sample holder from 0 to 70° (5° increments) and the spectrum was
recorded at each angle.

Back focal plane imaging. The radiation patterns were acquired through back focal plane
fluorescence imaging performed on a separate detection arm of the IX71 microscope using a



f=100 mm Bertrand lens. A diaphragm placed at the image plane permits to select a region of interest.
The excitation source was a 532 nm (1.8 mW cm?) laser (CPS532, ThorLabs). The sample was
directly illuminated by the 532 nm laser light. The fluorescence signal was collected through a
microscope oil immersion objective lens (Nikon, 60%, 1.50 N.A.), filtered with appropriate filters
(LPD02-532-RU + LP03-532-RU, Semrock and FB700-10, Thorlabs) and were detected by means of
an EMCCD camera (Ixon Ultra, Andor) positioned at the focus of the Bertrand lens.

Correlated Atomic Force Microscopy (AFM) and fluorescence mapping. Simultaneous
microfluorescence and AFM microscopy analyses were performed using a homemade set-up involving
an inverted microscope (Olympus 1X71, objective lens 40%, 0.95 N.A.) coupled to a cantilever type
AFM platform (NanoWizard 111, JPK) and associated to a picosecond supercontinuum laser excitation
(NKT Photonics, SuperK EVO incorporating a SuperK Varia, NKT Photonics filtering module to
select specific wavelength for irradiation A=532 nm, AA~5 nm. Here it was also associated to a band-
pass filter Thorlabs FLH532-4, for better filtering). Laser polarization together with average power can
be controlled. AFM images were recorded in the intermittent-contact (tapping) mode under ambient
conditions. Silicon cantilevers (ACTA, AppNano) were used with a nominal spring constant of
37 Nm™, resonance frequency of 300kHz. In order to correlate topographic and optical
measurements, the preliminary alignment of the AFM tip with the laser spot at the focus is needed.
The sample is then raster scanned enabling simultaneous topography (tapping mode) and
photoluminescence recording. Important to note is that the two correlated images are obtained through
two probes of different sizes (topography/AFM tip ~10 nm and luminescence/laser spot ~300 nm).

Time-resolved micro-spectroscopy. Fluorescence decay curves were obtained by time-correlated
single-photon counting (TCSPC) using an inverted optical microscope (IX71, Olympus) equipped
with an oil immersion objective lens (Nikon, 100%, 1.45 N.A). The setup was composed of a
Supercontinuum laser (SuperK Evo, NKT Photonics) emitting pulses of 30-50 ps at 20 MHz repetition
rate associated to a filter module (SuperK Varia, NKT Photonics) to select specific wavelength for
irradiation (here, A=532 nm, AA~5 nm). Excitation light is further filtered (LL01-532-12.5, Semrock),
reflected by a semi-transparent plate and focused on the sample through the objective. The
retroemitted fluorescence was collected by the same microscope objective and detected beyond a long-
pass dichroic filter (BLP01-532R-25, Semrock), by means of a microchannel plate photomultiplier
(MCP-PMT R3809 U-50, Hamamatsu), connected to a TCSPC module (PicoHarp 300, PicoQuant).
The instrumental response was recorded with a FWHM (full width at half-maximum) of ~80 ps.
Fluorescence decay data were finally processed with the help of IgorPro (Wavemetrics).

Estimation of the number of absorbed photons and excited molecules per laser pulse. The
number of photons in the pump pulse per unit of surface was calculated from the measured pump
energy (8.5x10**J) divided by the energy of a photon at the excitation wavelength (532 nm)
providing a number of 2.3x10° photons per unit of surface. Next, we assume that the incident beam is
a 300 nm-diameter cylinder (i.e. close to the diffraction limit). The number of absorbed photons per
surface unit in the excited volume is obtained by multiplying the number of photons in the pump pulse
by the absorptance at 532 nm (3%, see microspectroscopy measurement), providing a number of
6.8x10* photons absorbed. As the area per molecule is estimated to 55 A? (see the compression
isotherm), the number of molecules in illuminated volume is estimated to 5.1x10° The ratio of
molecules excited per pulse in the pump area was found from the number of absorbed photons divided
by the number of molecules and it is estimated to 12%.

Results and discussion

Langmuir-Blodgett. The compression isotherm of PDI-Cy3 is reported in Figure 1.b. Three regions
are noticeable on this curve, one above 70 A? molecule™, the second from 45 to 70 A? molecule™ and



the last one beyond 45 A? molecule™. As previously reported in the literature, the first low-pressure
range corresponds to free molecules lying on the surface, while the range from 45 to 70 A? molecule™
is related to the condensed phase.*® The Langmuir film is transferred to glass substrate at a surface
pressure of 25 mN cm™ corresponding to a surface of 55 A? molecule™ and resulting in a constant
transfer ratio of 1. Three orientations of molecules on the surface can be considered, lying either flat
on the surface, or edge-on or head-on, as schematized on Figure 1.c. For PDI self-assembled onto
graphene, the area per molecule is reported to be 222 A? molecule™ in a flat orientation as shown by
STM.® In our case, the area per molecule is four times smaller, so this possibility of a flat geometry
can be reasonably dismissed. As for the last two orientations, accounting for experimental
uncertainties, their projected areas are both consistent with the area used for the transfer. To
unambiguously determine the orientation of the molecules on the surface, we performed optical
characterizations.
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Figure 1. a) Molecular structure of PDI-C;3 b) Isotherm for the first compression of PDI-C;3 using a compression rate of
25 mm min™ and 20 °C as subphase temperature. c) Possible orientations for PDI-C,3 on glass substrate after transfer.



Micro-spectroscopy

The hyperspectral image in absorption is shown in Figure 2.a and the average absorption spectrum is
presented in Figure 2.b. First, we can observe that the absorption is homogeneous all along the
segment, reflecting a uniform deposition, free from aggregation down to optical resolution scale (~0.5
pum). We can notice three absorption bands continuously present along the 230-um-long segment: one
extending from 555 to 670 nm with a maximum at 576 nm, the second one ranging from 515 to
555 nm, and the last one extending below 515 nm. It was previously reported for a similar PDI system
that the lowest-energy band can be assigned to a charge transfer (CT) exciton.®® This excitonic peak
is a typical signature for the formation of a charge transfer Frenkel exciton with large oscillator
strength, providing a strong indication for strongly n-r stacked conjugated moieties. The band with a
maximum at 530 nm can be assigned to the Sp—S; electronic transition. At this wavelength, the
absorptance is estimated to 3% as reported in Figure 2.b. Since the molar absorption coefficient is
about ~6.5x10" mol™ L cm™, the cross section can be estimated to ~1.2x10™® cm? molecule™.?***%
Combining the sample absorbance and the molecule absorption cross section lead to an area of
40 A> molecule™. This value is in agreement, within experimental errors, with the area of
55 AZ molecule™ chosen for the Langmuir-Blodgett deposition with a unity transfer ratio. The CT
excitonic peak is only related to an intermolecular 7-7 interaction and does not form through
molecules-substrate interaction.® The presence of such peak coupled to the monolayer absorbance and
density allows us to definitively reject the hypothesis of PDI-C;; conjugated core lying flat on the
surface. At this point, the molecules are strongly n-stacked, which can only occur in either “edge-on”
or “head-on” geometry.
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Figure 2. a) Hyperspectral image in absorption of PDI-C;3 monolayer on a 230-um-long segment, and variations of
absorptance at 600 nm (green line). b) Average absorptance (blue solid line, 230-um-long segment) and emission (red
dotted line, A.,.=532 nm, area probed indicated by red rectangle on hyperspectral image 5 um line) spectra. c) Evolution of
the fluorescence maximum at 675 nm under CW irradiation at 532 nm (P=30 uW) for 20 minutes

As concerns photoluminescence, (=532 nm), the excitation spot delimits a small excitation area (5
pum), indicated by a rectangle on the hyperspectral image (Figure 2.a). The emission spectrum is
plotted in Figure 2.b. A broad emission band, ranging from 600 to 850 nm with a maximum at 670 nm



is observed. The fluorescence quantum yield for PDI-C3 monolayer was estimated in an absolute way
to 5.5+0.5 %. This value is consistent with previous observations that PDI derivatives have their
emission weakened by strong n-n stacking."” Photobleaching of such monolayer was studied under
excitation at 532 nm with a power of 30 uW. The evolution of fluorescence intensity at 675 nm is
presented in Figure 2.c. After 20 min of irradiation, a 50 % loss of the initial fluorescence was noticed.
The number of absorption/relaxation cycles was then estimated to ~10™. This value indicates a quite
remarkable photostability for a single monolayer, as compared to molecules in solution.**** To explain
this unexpected photostability, we suggest that long hydrophobic alkyl chains lie above the less
hydrophobic PDI cores and help to prevent photobleaching of the PDI core by acting as a barrier to
surrounding dioxygen. Moreover, the proximity imposed by the strong m-m stacking interaction of
PDI-C; can also prevent the contact with dioxygen.
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Figure 3. a) Simplified scheme of the correlated AFM and fluorescence microscopy set-up. The excitation laser beam (532
nm, ~0.3 uW average power) is linearly polarized in the plane of the sample. After reflexion onto a dichroic mirror (SemRock
Di02-R532-25x36), it is focused onto the sample using a 40x, ON 0.95 microscope objective. The emitted luminescence is
collected through the same microscope objective and reflected by a dichroic mirror (SemRock FF735-Di670-25x36), passing
through a long pass filter (SemRock BLO2-561R-25) before detection by a channel plate multiplier working in the photon
counting mode (Perkin Elmer MP-993-CL). b) Topography and c) photoluminescence map of the same area. The dotted
circles correspond to a purposely photobleached area, serving as a landmark to check the correlation between optical and
topography images

AFM measurement



Micro-spectroscopy provides us with information regarding the homogeneity of absorption.
Correlative morphology and confocal fluorescence measurements were also performed to check the
sample structural and emission homogeneity as shown in Figure 3.b and ¢ respectively. For this
purpose, we employed a correlative AFM and fluorescence microscopy set-up as depicted in Figure
3.a. In topography, it can be noticed that no defects such as aggregates are observed on the probed
area. The RMS roughness is quite low (<3 nm) and the peak-to-valley roughness is estimated to
30 nm. This corresponds to the roughness that was measured on the glass cover slide itself. In the
absence of any defects and in order to ensure that the same area is probed in topography and emission,
a small area was purposely photobleached in order to check the alignment of the two probes (see white
dotted circle in Figure 3b-c). As seen in figure 3d, a quite homogeneous photoluminescence is
observable, with micronic domains of slightly varying photoluminescence intensity most probably
corresponding to molecular domains of slightly varying molecular alignment. These two images,
topography and fluorescence mapping, further confirm the micro-spectroscopy observations. From
these observations, we can assume that the sample prepared via Langmuir-Blodgett technique is
homogenous in density and organization on a large-scale range.

Photoluminescence radiation pattern.

Collecting the radiation pattern of the photoluminescence in the back focal plane allows getting
insights into the orientation of the transition dipole moment of the molecules.* In the case of the
perylene derivative, both Sy-S; absorption and S;-Sy emission transition moments are collinear with
the N-N axis.*® The theoretical simulations of the radiation patterns for a single dipolar molecule
oriented either in the plane or perpendicular to the plane of the substrate are shown in Figure 4.a and b
respectively.” For a transition moment contained in the plane of the substrate, two lobes of maximum
intensity are observed, while at 90° there are two minima. For dipoles that are strictly perpendicular to
the plane, there is a toric zone of maximum intensity and in the center no light is detected. In our case,
the sample was irradiated at an angle of 40° and the full objective field-of-view was probed. The
polarization of the laser light is either s (TE) or p (TM). The experimental radiation patterns of the
collection of molecules obtained for each of the two polarizations are depicted in Figure 4.c and d
respectively. For s polarization, the collected pattern is very similar to that corresponding to a dipole
oriented in the plane of the substrate. For this polarization, the excitation electric field is in-plane and
excites most efficiently molecules with a transition moment in the plane. Then a pattern very close to
the theoretical one for an in-plane single molecule indicates that the collections of molecules are all
oriented in the in-plane direction. More meaningfully, for p polarization, molecules with perpendicular
moments of transition are excited with nearly equal probability than in-plane molecules (~45 %-55%
resp.). The pattern obtained is still very similar to that of a purely in-plane dipole. This indicates that
the molecules are all oriented highly parallel to the substrate.

In addition, the line profiles of the maximum and minimum directions are plotted and compared with
the theoretical one for a single molecule as shown in Figure 4.e.f.g. For s and p polarizations the results
of these line profiles are very similar. The values of the local maxima are reached for similar angles.
Moreover, the line profiles are similar to the theoretical ones. For the profiles along the maxima of
interest, the value of the minimum is closer to zero for the theoretical than for the experimental results.
It is for the profiles along the minimum intensity lobes that the differences are most marked. These
differences can be explained by the collection of molecules with different azimuthal directions within
the substrate plane in the experimental case. Extinction is normally expected for both lobes, but in the
case of the monolayer it is simply a local minimum that is reached. Hence, the radiation patterns
indicate that the molecules are mainly organized with their transition moment collinear to the glass
substrate, that is "edge-on™ since the planar geometry has been ruled out based on the area per
molecule and the existence of CT excitons.
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Incidence angle resolved absorption spectroscopy
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To further determine and confirm the orientation of molecules on the surface, we have carried out
incidence-angle resolved absorption spectroscopy.” The probe white light beam is polarized
horizontally, that is p (TM), the sample being vertical, and absorption spectra are recorded for several
incidence angle 6; of the probe light. Figure 5Erreur ! Source du renvoi introuvable..a presents the
absorption spectra obtained for several angle of incidence for a glass substrate covered on both sides



with a LB-deposited PDI-C;3 monolayer. As expected, the absorption line profile of the different
spectra is similar to the one obtained in micro-spectroscopy, the CT excitonic band is well resolved as
the other two bands related to vibronic-electronic transitions. As the angle of incidence increases, the
intensity of all the bands in the spectrum decreases uniformly. Initially, at normal incidence 6,=0, the
polarization is in the plane, and only those molecules that have a transition moment in the plane absorb
light. When the incidence angle increases, the molecules in the plane absorb less light, whereas
molecules with transition moments perpendicular to the plane should start to absorb light. In our case,
only a decrease is observed, which confirms that there are mainly molecules that are arranged in the
plane. From these spectra it is possible to obtain the absorption contribution, i.e. the imaginary part of
the surface polarizability tensor elements in the plane a| and out of the plane .. For o) only the
absorption spectra at incidence angle 6,=0° is required and it is determined as follows:

Ag
Im(a) = 2—1$Abs(/1, 0, = 0)(n, +ny) (Eq.1)

Introducing A; the wavelength, &; the vacuum permittivity, and Abs(.,6,=0) the absorption spectra
recorded at normal incidence. The shape of Im(a") is displayed in Figure 5Erreur! Source du

renvoi introuvable..b. As for the absorption spectrum, three bands are observed meaning that
transition moments in the plane account for these three absorption bands.

Regarding Im(«a ), it can then be estimated from Im(«a ") and the absorption spectra at high angle of
incidence (e.g. ;=50 °) using the following formula:

Imay) cos 04 4 cos 0,
Ago m ny n,
I =[E2a =0) -

m(@.) 21 bs(%,61 = 0) = "2 n, sinf; n, sin 6,

cosf, ' cosb,

(Eq.2)

With 6,; the refracted angle (related to incident angle 6, by the Snell law), ny; the index of air, and ny;
the index of the substrate on which the monolayers are deposited. Im(a ) is represented in Figure
S5Erreur ! Source du renvoi introuvable..b for 40, 50 and 60° incidence angles. Whatever the angle
used, it is uniformly close to zero, meaning that there is no contribution to the absorption
perpendicular to the plane. The absorption spectrum is only due to the in-plane tensor component
Im(a) implying that the transition moments of the molecules are mainly parallel to the glass substrate.

As an illustration, the normalized variations of the absorption at 580, 530 and 480 nm as a function of
the angle of incidence are plotted in Figure 5Erreur ! Source du renvoi introuvable..c. For each
wavelength, the absorption decreases as the angle increases. This in agreement with the determination
of Im(a") and Im(a ). Quantitatively, from the dispersion of the displayed wide-angle values of

Im(a ), we can estimate that it is less than 3% of Im(a") corresponding to an angle larger than 80°

from the normal to the substrate plane. In the case of a monolayer with a polarizability in the plane
Im(oc” ), the variation of the absorption as a function of angle of incidence 8, can be expressed as:

1
AAbs = — n, (Eq.3)
cosf, cosH,
The expression in (Eg.3) was used to perform a curve fit on the evolution of absorption as shown in

Figure 5Erreur! Source du renvoi introuvable..c and provide satisfactory results. These results
reinforce our conclusion that the transition moment of PDI-Cy; is in-plane and the molecule in the
“edge-on” geometry.

Fluorescence decay.



To explore the dynamics of excited states of such PDI-Cy3 assembly, fluorescence decay
measurements were conducted by means of the time-correlated single photon counting (TCSPC)
technique. Fluorescence decays of the same area are plotted in Figure 6.a for various pump powers. A
strongly pump-dependent multi-exponential decay is observed. Concerning the times below 1 ns, as
the pump intensity is increased, a faster decay appears. The pump-power dependence of the decay
points to an exciton-exciton annihilation process which, besides bulk media, can occur in 2D
materials.”*® Excitons diffuse along the surface and when two excitons are close enough to interact,
they fuse to form a single higher energy exciton. After 1 ns, a mono-exponential fluorescence decay is
observed with a time constant independent of the pump power. This part of the decay, which
corresponds to low residual densities of excitons is not affected by the exciton-exciton recombination
and thus provides the intrinsic fluorescence lifetime z.
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Figure 6. a) Fluorescence decays for PDI-C;; monolayer at various pump power (dots) measured at A,,.=532 nm and curve
fitting (black lines and instrumental response (IRF, black dots)). b) Inverse of exciton density N(t) as function of exp(t/z) at
several pump power (dots) and curve fitting (black lines).

To account for shorter time phenomenon, the fluorescence decay rate of the exciton population N is
modeled in the literature and is described by the equation:*’

dN(t)  N(©)
TR —yN(t)? (Eq.4)

Introducing ythe exciton-exciton annihilation constant. The solution of (Eq.4) can be expressed as:




N, exp (— %)

N(t) = ; (Eq.5)
1+ yTNy[1l —exp (— ?)]
With No; the initial exciton density right after the excitation pulse determined as:
42 exe P(104P52exc
Ny = exc ( ) (Eq_6)

~ md%hc f
With Ze; the wavelength of irradiation, d. the diameter of the excitation spot, h; the Planck constant,
c; the velocity of light, P; the average power of irradiation, Abs, _; the absorption at irradiation
wavelength, f; the repetition rate of the excitation laser pulses.

Curve fitting was performed using Eq.5 and provided satisfactory results for the three lowest powers.
Values obtained for z at different pump power are gathered into Table 1. For a pump power of
17 uW, the curve fitting is not so well satisfying at the beginning of the decay; a strong decrease is
observed during the irradiation pulse, but the mono-exponential one provides a time that is in the same
range as the other decays. Furthermore, almost the same fluorescence lifetime is obtained for the four
decays, that can be estimated to z=~1.5 ns. Other decays measured at various locations on the sample
were recorded with a pump probe of 170 nW and fitted using Eq.5 and they result in similar values for
the fluorescence lifetime. Concerning the annihilation constant rate y, it is possible to determine it
using (Eq.7):

1 1 t
m = [N—O + yr] exp (;) — VT (Eq.7)
The inverse of exciton density is expected to vary linearly as function of exp(t/t) with an intercept and
slope related to . The black lines in Figure 6.b were calculated using (Eq.7) and provides values of y.
It is ranging from 3.8x10™ to 8.0x10* cm? s™ and appears dependent of the pump power employed.
At high pump power, observed decay constants become inconsistent due to a dynamics faster than
instrumental pulse response (Figure 6.a). Further studies of the excited states will be carried out using
other pump power and sorting photons per wavelength to provide more complete information about
this original exciton diffusion process in a 2D system.

Table 1. Corresponding values of pump power, number of molecules excited per pulse, initial exciton density N, and values of
fluorescence lifetime 7z and annihilation constant ratey determined.

Number of

Pump power /nW | molecules excited No /em™ 7 /Ins ylem?s*
per pulse /%

17 1.3x10% 3.3x10" 1.840.05 3.8x10™"

170 1.3x10" 3.3x10" 1.5+0.02 7.5x10™

530 45x10" 1.0x10% 1.39+0.03 3.9x10™

17 000 13 3.3x10% 1.32+0.06 8.0x10™*

Conclusion. In conclusion, we have prepared a PDI-C;3 monolayer using the Langmuir-Blodgett
technique. This monolayer exhibits a bright red-shifted emission and an intense charge-transfer
excitonic absorption band related to a strong m-m interaction between PDI cores. The resistance to
photobleaching appears very strong for such a monolayer assembly and the sample is very
homogeneous. We also conducted a comprehensive study of the orientation of the molecules on the
surface of the glass. Photoluminescence radiation patterns and angle of incidence resolved absorption
spectroscopy converge toward an in-plane “edge-on” orientation of the molecules. Then, area-per-
molecule arguments, reinforced by various signatures of r-r intermolecular interactions allowed us to



conclude for an "edge-on" arrangement on the glass substrate. Finally, we have shown that such an
arrangement exhibits an efficient exciton-exciton annihilation following a 2D diffusion process.
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