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Abstract

The study of supramolecular interactions and aggregation behaviour of functional materials is of great
importance to tune and extend their spectral sensitivity and, hence, improve the optoelectronic response of
related devices. In this study, we resolve spatially and spectrally the absorption and emission features of a
squaraine aggregate by means of confocal microscopy and absorption/photoluminescence spectroscopy. We
observe that the aggregate affords both a broad absorption spectrum (centred at 1.85 eV and extending to

1.55 eV), likely originated by a dyes configuration with allowed J- and H- arrangements, and a strong and
relatively narrow emission in the near-infrared (NIR) part of the spectrum (centred at 1.59 eV), with a
remarkable Stokes shift of 0.26 eV that is among the largest exhibited by squaraine dyes. These peculiarities
would be beneficial for extending the spectral sensitivity of photovoltaic/light-emitting diodes and
electrochemical cells, and extremely appealing for possible applications of these aggregates as NIR

fluorescent probes in biomedical applications.



Introduction

The optical properties and aggregation behaviour of squaraine dyes (SQ) have attracted a wide
research interest in recent years, owing to their effective application in dye-sensitised,"” organic* ° and
perovskite solar cells,’ as well as in organic light-emitting diodes (OLEDs) ’ and biomedical applications.*’
In particular, given their relatively strong light absorption (E > 300000 mol"' cm™) and emission features in
the near-infrared (NIR) part of the spectrum, SQs represent a class of the materials well suited for

harvesting/emitting photons in the NIR region.

In this context, supramolecular interaction' is another important factor that plays a prominent role in
tuning the spectral response of organic functional materials and, hence, widening up their possible range of
applications. For these reasons, the study of self-organisation, crystallisation and aggregation behaviour of a
variety of functional materials and chromophores have become an important topic in recent years.'” More
specifically, SQ dyes show a strong tendency to form both J-type and H-type aggregates in solution'®, with
the former featuring a significant bathochromic shift and enhancement of absorption and the latter a
hypsochromic shift and decrease of absorption with the respect of the monomeric band. On the other hand, in

solid state'™®*!

the presence of polymorphic species results in the observation of a complex aggregation
pattern that includes the coexistence of J-, H- and also "oblique aggregates" that lead to a splitting of the
absorption band into two components around the monomer absorption, the so-called Davydov splitting.”
Therefore, it is somehow difficult to investigate the various aggregation contributions at the micro/nanoscale
and map out the molecular arrangement in solid state. The study of the intrinsic optical properties of
aggregates in solid films and polycrystalline materials would be, in fact, of great practical interest for the
effective utilisation of such dyes in OPVs, OLEDs, organic light-emitting electrochemical cells (OLECs)™ **
and biosensing/imaging. This can be more relevant, for instance, in OPVs for which blending with electron
acceptor materials increases the degree of morphological complexity of the active layer, and usually leads to

a more convoluted aggregation pattern of SQs'® .

Herein, we report a study of a single micron-sized polycrystalline aggregate of a squaraine derivative,
namely VGI -C8, exhibiting large Stokes shift (0.26 eV) and a considerable spectral distance between

excitation (2.18 eV) and emission (1.59 eV) energies that are among the highest reported for SQs*. By



probing the different domains of the aggregate and of the surrounding film by means of confocal microscopy
we observed that the aggregate shows a spectrally extended absorption both on the lower and higher energy
sides of the monomer peak, possibly due to the coexistence of both J- and H- aggregates or Davydov
splitting. Interestingly, we found that the photoluminescence from the aggregate core is substantially shifted
towards the NIR region (1.59 eV), suggesting that an appreciable fraction of the aggregate affords a highly
emissive J- configuration. The broad absorption spectrum extending to 1.55 eV and the strong luminescence
in the NIR would be highly desirable features for OPVs> > and OLED/LEC*”' respectively, and would be

also ideal for possible applications in biosensing and bioimaging.*

Experimental

Synthesis
5-carboxy-2,3,3-trimethyl-1-octyl-3H-indol-1-ium iodide (VG1-C8) was synthesised as previously reported

in the literature"*.

Aggregates formation

The aggregates, with sizes ranging from 20 pm to 80 pm, formed spontaneously upon increase of the
concentration (10 mg/mL, 1.4 mM) in ethanol. To investigate the properties of those aggregates, we drop-
cast the obtained dispersion, which contained both the aggregates and the saturated solution. This allowed us

to study both the aggregate and the surrounding film.

Atomic force microscopy and X-rays diffraction

The surface topography of the aggregates and films were measured with an Agilent 5500 Atomic Force
Microscope operated in the acoustic mode. X-ray diffraction measurements were carried out with a Bruker
D8 advance in a thin film 28 scan model geometry, by using a Ka wavelength emitted by a Cu anode

(0.15418 nm, 40 kV).

Confocal absorption and photoluminescence

The set-up consisted of a homemade microscope in transmission configuration, equipped with an 100x

objective with NA of 0.7. The probe and excitation light came from a NKT Photonics SuperK Select laser,
3



continuously tunable from 475 to 1050 nm. The transmitted light was detected with an optical fibre
connected to a silicon-based photodiode. Transmittance was calculated as T = I/l by recording I,in a
featureless region, and in the region of interest. Light transmission and photoluminescence were spatially
resolved by raster-scanning the sample with respect to the laser beam through a piezo stage (P-517 Physik
Instrumente) in x-y plane, with the z excursion used to optimise the focus on the sample. Transmission maps
were taken at 500 nm, 690 nm and 880 nm, while localised transmission spectra were collected by scanning
the laser emission wavelength. Photoluminescence (PL) measurements were performed by exciting the
sample at 570 nm (2.18 eV). The collected PL wavelength was selected by inserting low-pass (LP) or band
pass (BP) filters between the sample and the optical fibre coupler, enabling the collection of PL maps that
spatially resolve different aggregate emissions. Localised PL spectra were recorded by coupling the
collection fibre to an Ocean Optics Maya2000 Pro spectrometer, using a 600 nm (2.07 eV) LP filter to

remove the residual excitation light.

Time-resolved photoluminescence

Ti:sapphire tunable laser source (Coherent Chameleon Ultra II) emits a train of light pulses operating at a
repetition rate of 80 MHz with a temporal bandwidth of about 150 fs. Samples were excited at 520 nm by
tuning the central wavelength of the laser at 1040 nm and frequency doubling it with a 1-barium borate
crystal. In order to acquire the fluorescence signal on the aggregates a home-built micro-fluorimetry set up
has been adopted. In particular an epi-fluorescence geometry was used, together with a 20x objective (Zeiss,
Germany) obtaining a spot-size of about 3 pum (FWHM). By means of a spectrometer (Princeton
Instruments, USA) the fluorescence emitted from the samples and collected by the microscope was dispersed
and then coupled to a Streak Camera detection system (C5680 Hamamatsu, Japan) for the acquisition of

spectrally- and time-resolved curves.



Results and discussion

Figure 1 summarises the main molecular and optical properties of VG1-C8, alongside with a visual
description of the aggregates formation. The absorption spectrum of VG1-C8 in dilute solution (0.1 mg/mL,
0.14 mM) shows a strong and narrow band at 645 nm that can be attributed to the n @& n* transition, and its
vibronic shoulder at 600 nm.’ The small Stokes shift of VGI-C8 (0.02 eV) is typical for symmetric
squaraine derivatives, and it is indicative of comparable molecular configuration between the ground and
excited electronic states of the molecule.’* ** Interestingly, we noticed the spontaneous formation of shiny
golden aggregates upon increase of the concentration to 10 mg/mL (14.03 mM) in ethanol (fig. 1c). We
therefore drop-cast the VG1-C8 aggregates dispersed in the ethanol solution on a glass substrate, in order to
proceed to the morphological/structural and spectroscopic investigation of the squaraine aggregate and the
surrounding film. The sizes of such aggregates range from 20 pm to 80 pum as measured by optical

microscopy (fig. 1d) and thickness from ;: 200 nm to ;: 450 nm (by profilometry, see figure S1).
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Figure 1. (a) Molecular structure of VG1-C8; (b) Normalised UV-Vis absorption and photoluminescence spectra of VGI-C8 in
ethanol solution (0.1 mg/mL); (c) spontaneous formation of shiny and aggregates in a 10 mg/mL ethanol solution of the dye; (c)
optical microscope images of the aggregates drop-cast on a glass substrate.

Hence, we combined atomic force microscopy (AFM) and x-ray diffraction (XRD) to obtain further
details about the intrinsic structural/morphological features of such objects, with the view to understand
better their optical characteristics. The AFM images taken on the surface of the aggregate (figure 2a height,
2b phase) reveal a rough and uneven surface that can be compatible with a polycrystalline arrangement of the
aggregate. For comparison, we also performed AFM measurements on the surrounding film (see figure S2)
that highlights the different nature of the two domains, with the film displaying a homogeneous and
relatively smooth surface (mean square roughness 1.4 nm). The deep difference between the aggregate and

the film morphologies stems from the different mechanism and time of solidification: whereas the slow
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formation of aggregates in solution leads to bulky and polycrystalline objects, the relatively quick
evaporation of the solvent (ethanol, T, = 78.4 °C) leads to a more homogeneous and thin film-like
morphology. Interestingly, the aggregate surface featured recurrent height values multiples of either 2.5 nm
and 3 nm as calculated by AFM height-profile (figure 3c). Such height values might be compatible with one
of the unit-cell parameters found in similar symmetric SQs derivatives (20-30 nm),””*® although further
structural experiments would be necessary to validate fully these findings. To finalise the
structural/morphological characterisation of SQs aggregates and film, we carried out x-ray diffraction on the
drop-cast aggregates and films along the out-of-plane direction. The XRD pattern (figure 2d) shows a
marked difference between the aggregates and film signals, with the aggregates featuring a reflection at d-
space of 8.6 A and the film showing a peak at a sensibly longer d-space (28.5 A). The former peak can be
associated with the reflection from the (003) plane observed in powder diffraction analysis of VG1-C8,”
whereas the rather expanded d-space found in film can be linked to the edge-on stacking of the molecule in
the out-of-plane direction. We anticipate that the higher degree of intermolecular arrangement in the
aggregate would also explain the peculiar optical features exhibited by those polycrystalline objects in

comparison with the surrounding film.
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Figure 2: (a) AFM height and (b) phase images taken on top of a VG1-C8 aggregate; (c¢) AFM height-analysis of the aggregate
surface; (d) out-of-plane XRD pattern of the VG1-C8 aggregate (red curve) and film (cyan curve).
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In figure 3a-f we show the confocal transmission and PL maps of the aggregate. To acquire
preliminary information about the transmission and PL spectral shape of the aggregate, we sampled the
transmission at 500 nm (2.48 eV), 690 nm (1.8 eV) and 800 nm (1.55 ¢V), and the PL at 650 nm (1.91 eV),
750 nm (1.65 eV) and 800 nm (1.55 eV) by using band-pass filters centred in those wavelengths (FWHM 10
nm). Starting from the transmission maps, we can observe that the position of the absorption peak is roughly
centred at the same wavelengths of the solution absorption, even though the aggregate shows an extended
transmission spectrum both at the lower (fig. 3a) and higher (fig. 3c) sides of the peak. We also note a
decrease of the transmission in the area all-surrounding the aggregate that we attribute to the VG1-C8 film.
Interestingly, the PL maps taken at 650 nm, 750 nm and 800 nm permit us to distinguish spatially three
regions with strongly different spectral emission properties. In particular, by probing the PL at 650 nm (1.91
eV) we collect the fluorescence in the low-Stoke shift regime, which in our case comes mostly from the
surrounding film. On the other hand, at 750 nm (1.65 eV) and 800 nm (1.55 eV) we sample mainly the

emission from the border and the centre of the aggregate, respectively.

To summarise this section, the confocal transmission maps show an extended and broad absorption
spectrum of the polycrystalline aggregate, which might be attributed to both intermolecular charge-transfer

interactions in the solid state® **

and/or to the presence of different domains with mixed J- and H- character.
The PL maps, interestingly, show that emission from the aggregate is markedly red-shifted with the respect

of the surrounding film, corroborating the higher order of intermolecular interactions than in film as revealed

by AFM and XRD analysis.
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Figure 3: Normalised transmission (a-c) and PL (d-f) maps of the VGl - aggregate (thickness :: 160 pm as measured by
profilometry) and surrounding film (thickness :: 45 nm) . We employed BP filters to resolve spatially and highlight the different
spectral contributions.

Figure 4a-b shows the local normalised absorption (4a) and PL (4b) spectra taken in the three
different regions (film, border and centre, see the arrows in figure 3d-f), as well as the absorption/PL spectra
of the solution for comparison. We can note that the absorption of the film is broader and blue-shifted with
respect of the solution spectrum, although still overlapping with the solution monomeric absorption (39 % of
the total integrated area). We attribute this to a distribution of species namely: monomers, H-aggregates and
possibly a low fraction of J- aggregates that could be below the sensitivity of our absorption measurements.
If we pass to the border of the aggregate, we still see a blue-shift of the spectrum and an enhanced absorption
at higher energy, which can be connected to the presence of a mixed region with a higher molecular disorder
at the edge of the aggregate (i.e. a higher fraction of grain boundaries and molecular misalignment)* and to

the generation of H-type species. However, we also observe that the overlap between the edge and



monomeric absorption is considerably less than the previous case (27 %) and, in addition, there is the
appearance of a new red-shifted band at 1.86 eV that can be a signature of an increased population of J-
aggregates. Such findings may indicate that the fraction of monomeric VG1-C8 is substantially decreased at
the expense of new generated H- and, to lower extent, J-aggregates. The scenario proposed above for the
aggregate-edge lies somewhere in between the film and the aggregate core, as if we record the absorption
spectrum at the centre we note that the monomeric peak lies almost in between the broad peak of the
aggregate, which is concomitant with a decrease of the overlap with the monomeric band (24%). This can be
linked to the coexistence of both J-type and H-type aggregates domains, or a dye arrangement that allows
both J and H transitions (Davidov splitting).'" ** This feature, in particular, can be highly desirable for OPVs

as it permits to extend the absorption cross section to the NIR region.

The PL spectra (fig. 4b), interestingly, seem to corroborate the aforementioned absorption results. In
particular, the PL of the film is considerably overlapping with the solution emission (57 %), indicating the
presence of a large fraction of monomeric species. However, we can note a slight red-shift of the emission
(30 meV) and the appearance of a broad spectral feature lying at 1.69 ¢V (FWHM 300 meV, for the
Gaussian fittings see figure S3) that can be attributed to a higher intermolecular order in the film and to the
presence of J-aggregates, respectively. With regards to the aggregate-border, we observe the dramatic
decrease of the monomeric peak together with the relative increase and narrowing of the component at 1.65
eV (FWHM 100 meV), which is consistent with the formation of emissive J-aggregates at the expenses of
the monomeric form (24 % overlap). Remarkably, the aggregate core exhibits a mono-component, narrower
and further red-shifted peak (1.59 eV, FWHM 90 meV) with a negligible overlap with the solution emission
(5 %), indicating that the vast majority of the species is aggregated and, in particular, a significant fraction of
these present a highly emissive J- configuration. The PL time-decay profiles of the aggregate and film (figure
S3) show both a short and longer time-decay component (;: 39 ps and 1.5 ns, see figure S3), with the former

being compatible with an increased radiative constant typical of J-aggregates,” *'

, and the latter approaching
the longer lifetimes of monomeric VG1-C8 in solution (1 - 2 ns).* Interestingly, however, we note that the

amplitude of the long time-constant is considerably higher in the film (38%) than in the aggregate core (5%),

confirming the higher amount of J-aggregates in our polycrystalline system than in the surrounding film.
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It is worth saying that the absolute amount of absorbed/emitted light within the aggregate will be
dependent on the absorption cross sections and PL relative quantum yields of the different domains, as well
as to thickness fluctuations within the aggregate (see for example the AFM analysis in figure 2) and self-
absorption phenomena. Those effects in-fact hinder a quantitative characterisation of the absorption/emission
properties of the aggregate, even though we consider that the profound spectral changes observed in the
different domains, such as spectral shifts and variation of the relative magnitude of the various spectral
components, are real and related to the different population of species (monomeric, H- and J- aggregates) in

the investigated sample.
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Figure 4: Absorption (a) and PL (b) spectra taken at the three different regions namely, film, aggregated-border and centre. The
absorption and PL spectra of a diluted solution in ethanol of VG1 -C8 (0.14 mM ) is also reported for comparison.
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Conclusions

In summary, we have investigated the absorption/emission properties of a single squaraine aggregate by
means of confocal microscopy, UV-Vis and PL spectroscopy. By resolving spatially and spectrally the
transmission and emission of the aggregate and taking the local absorption/emission spectra, we observe that
the aggregate core shows a broad absorption band centred at 1.85 eV likely originating from the presence of
Davidov aggregates with allowed J- and H- configuration. Interestingly, such a region exhibits a relatively
narrow emission in the NIR part of the spectrum with little overlap with the broadband absorption spectrum
(Stokes shift 0.26 eV). The broad absorption spectrum, the strong and relatively narrow NIR emission
alongside the small spectral overlap between absorption and PL could make these aggregates, if conveniently
processed and manipulated, greatly appealing for the fabrication of efficient photovoltaic/light-emitting

diodes and electrochemical cells , as well as NIR probes in biomedical applications respectively.
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(a) AFM height and (b) phase images taken on top of a VG1-C8 aggregate; (c) AFM height-analysis of the
aggregate surface; (d) out-of-plane XRD pattern of the VG1-C8 aggregate (red curve) and film (cyan curve).
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Normalised transmission (a-c) and PL (d-f) maps of the VG1 - aggregate (thickness ¢ 160 pm as measured
by profilometry) and surrounding film (thickness @ 45 nm) . We employed BP filters to resolve spatially and
highlight the different spectral contributions.
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Absorption (a) and PL (b) spectra taken at the three different regions namely, film, aggregated-border and
centre. The absorption and PL spectra of a diluted solution in ethanol of VG1 -es (0.14 mM ) is also
reported for comparison.
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