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ABSTRACT

Photon upconversion within the solid state has the potential to improve existing solar and imaging
technologies due to its achievable efficiency at low power thresholds. However, despite
considerable advancements in solution-phase upconversion, expanding the library of potential
solid-state annihilators and developing a fundamental understanding of their solid-state behaviors
remains challenging due to intermolecular couplings affecting the energy landscape. Naphtho[2,3-
alpyrene has shown promise as a suitable solid-state annihilator; however, the origin of the
underlying emissive features remains unknown. To this point, here, we investigate
NaPy/polymethylmethacrylate thin films at varying concentrations to tune the intermolecular
coupling strength to determine its photophysical properties. The results suggest that the multiple
emissive features present at room temperature arise from an l-aggregate (520 nm), an excimer (550

nm), and a strongly coupled J-dimer (620 nm).
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INTRODUCTION

Solid-state infrared-to-visible upconversion (UC) bears promise in applications including solar
energy, anti-counterfeiting and infrared sensing and imaging."® Triplet-triplet annihilation
upconversion (TTA-UC) is particularly promising for low-light applications since it can become
efficient at low light intensities. Due to the low direct absorption cross sections of spin-triplet states
upconversion systems consist of two parts: a triplet sensitizer and the annihilator.®™* In case of
perovskite-sensitized upconversion, the perovskite sensitizes the triplet state of the annihilator by
charge transfer, akin to an in-situ upconversion light emitting diode.">"® While absorbance up to 60%
of the incident light a has been achieved, the annihilator library must be expanded. Currently,
rubrene, the ‘drosophila of upconversion’ is the most utilized annihilator in solid-state devices.'®?*
However, the inherent ~0.4 eV energy loss during triplet sensitization limits the achievable apparent
anti-Stokes shift.?® Hence, recent efforts have been focusing on finding new annihilators to increase
the energy of the emitted light.?52®

We have recently introduced naphtho[2,3-a]pyrene (NaPy) as a viable annihilator for perovskite-
sensitized TTA-UC? To date, the photophysical properties of NaPy have not been well explored. With
both the tetracene and pyrene backbone moieties, it a molecule with possibly rich photophysical
properties, particularly with respect to solid-state applications.

Interesting results have been observed via scanning tunneling microscopy, where NaPy is shown to
self-assemble on gold surfaces in chiral domains.?**® In addition, one study has suggested NaPy
forms an unusual non-emissive J-aggregate.®” As our previous results indicate an emissive nature of
the excited state of NaPy in all forms - from isolated molecules in solution to ordered single crystals
- adeeper dive into the underlying photophysical properties of NaPy is required to unravel the nature
of the emissive state. In addition, our previous study indicates the presence of multiple emissive
states which we had referred to as S;” and S, in the initial study due to their unknown underlying
nature.?® The ratio of these two emissive states differed based on the degree of underlying
crystallinity: ‘amorphous’, crystallite, and single crystal. However, to date, the nature of these
emissive states has not yet been investigated in detail.

Polyacenes have rich photophysical properties, particularly upon condensation into the solid state,
where the intimate interactions can cause shifts in the absorption/emission properties, induce
singlet fission or aggregation-related effects.?>* In polyacene thin films, the originally planar acene
backbones can be present in twisted or planar confirmations depending upon the underlying

molecular arrangement, resulting in variations of the triplet T, and singlet S, energy manifolds, which
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in turn can influence recombination rates, rates of singlet fission and triplet-triplet annihilation.
Furthermore, disorder can result in symmetry breaking, facilitating effects like singlet fission or TTA-
UC.%2% Electronic coupling between adjacent molecules is also known to impact the optical
transitions. Weak coupling results in a simple lowering of the transition energy manifesting as a
redshift of the absorption spectrum. Furthermore, crystallization can result in stronger coupling
between adjacent molecules. H-type aggregation causes a hypsochromic shift, while J-type
aggregation results in a bathochromic shift of the absorption spectrum.?** In addition, H-type
aggregation generally suppresses emission, while J-aggregates generally feature superradiant
emission with a low Stokes shift, high quantum yields, and fast radiative recombination rates.***’
However, while conventional H- and J-aggregates sufficiently describe one dimensional aggregate
structures, the strict distinction can fail in multidimensional aggregates, as both H- and J-type
coupling can be present simultaneously. The herringbone nature of the crystal structure most solid
polyacenes requires additional factors to be considered.*” Caram and coworkers have therefore
introduced an |-aggregate to describe a two-dimensional aggregate where J-type coupling is present
along one direction of the aggregate, while H-type coupling is present along the orthogonal direction,
with the magnitude dependent on the degree of slip stacking.®* Here, the short-range coupling is H-
type (positive), while the long-range coupling is J-type (negative). However, the magnitude of the
positive coupling is smaller than that of the negative coupling, leading to a net bathochromic shift of
the absorption of the aggregate. In addition to extended aggregates, strongly coupled localized
excited state H- or J-type dimers can be present.*>*3

Beyond H-, |- ,and J-type coupling between monomers, excimer formation is also possible. In
contrast to aggregation-based effects which influence both the electronic ground state and excited
state, the excited state dimer, or excimer, only exists within the excited state.*** The ground state is
dissociative; hence, the steady-state absorption spectrum is not influenced by excimer formation.
However, the emission is shifted to lower energies than the monomer and is commonly broad and
featureless.*®*” The exact molecular structure of an excimer state is not commonly known but is
often depicted as a pair of aligned molecules.

To understand the role of aggregation, dimer formation, and monomer emission in NaPy and unravel
the underlying photophysics of the molecule in different local environments, we investigated how the
properties of NaPy change when going from the isolated molecule in solution to the ordered
molecular structure in the single crystal. To minimize the possible effects going from solvent to solid

state, we mimic the isolated nature of the solution by combining the NaPy solution with a

https://doi.org/10.26434/chemrxiv-2024-rqzh9 ORCID: https://orcid.org/0000-0003-1412-412X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rqzh9
https://orcid.org/0000-0003-1412-412X
https://creativecommons.org/licenses/by-nc-nd/4.0/

polymethylmethacrylate (PMMA) matrix to ensure spacing between individual molecules. By
increasing the NaPy loading in the PMMA matrix, we can investigate the impact of NaPy
concentration on the photophysical properties.

Our results indicate that the multiple emissive states present in previously investigated NaPy thin
films stem from the aggregate at 520 nm, the excimer at 550 nm and a strongly coupled redshifted J-

dimer (J-coupled excimer) at 620 nm.

RESULTS AND DISCUSSION

Figure 1a shows the absorption spectrum of NaPy thin films spin coated from a 1.7 — 24.8 mM
solution of NaPy in a PMMA matrix and a spin coated thin film of the stock NaPy solution (33.0 mM).
As expected, the spectra show a slight redshift of the 0-0 vibronic feature at ~460 nm, caused by
increasing intermolecular coupling due to a smaller average intermolecular distance due to the
increased concentration. More interestingly, an additional redshifted absorption feature with strong
oscillator strength appears for the three highest concentrations 18.2 — 33.0 mM, indicating J-type or
I-type aggregation.®****® The corresponding emission spectra are depicted in Figure 1b. A clear
change in the emissive states is found as the concentration is increased. NaPy in solution shows the
expected vibronic progression with v =0.17 eV, resulting in features at 463, 494, 528, and 570 nm. In
addition, a small blue-shifted feature appears at 441 nm, assigned to H-band emission. Interestingly,
despite negligible changes in the absorption spectrum, the emission spectrum changes greatly when
increasing the NaPy concentration to 8.3 mM NaPy/PMMA. The vibronic progression becomes much
less distinct, and the spectrum significantly broadens (vide supra). Further increase of the
concentration to 16.5 mM NaPy/PMMA results in a broad featureless emission spectrum. In
agreement with the unaltered absorption spectrum at this concentration corresponding to the
ground state, this broad emission can be attributed to the NaPy excimer, which exists only within the
excited state. A minor increase of the concentration from 16.5 to 18.2 mM NaPy/PMMA causes
another drastic change to the emission spectrum. The emission narrows and blueshifts, resulting in
a small Stokes shift of 0.07 eV, as predicted for J-type aggregation. In addition, a small shoulder is
present at 560 nm, the previously determined excimer emission wavelength. Upon further increasing
the NaPy concentration to 24.8 and 33.0 mM, growth of an additional redshifted feature at 620 nm
with an apparent vibronic progression at ~670 nm (v = 0.15 eV) is observed. This is in agreement with
our previous result, where we observed an increase in the red-shifted emission at 620 when going

from a spin-coated thin film to a microcrystalline film and a single crystal: with increasing
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crystallinity and increasing aggregate absorption feature, the feature at 620 nm increases in
intensity.?® To highlight changes in the photoluminescence (PL) intensity, the emission intensity
normalized to the absorbance at the excitation wavelength of 405 nm is shown in the Supporting

Information Figure S1.
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Figure 1: a) Normalized absorption and b) direct photoluminescence (PL) for the different NaPy/PMMA thin films collected
under 405 nm excitation (30 W cm2). The grey dotted lines are included as guides to the eye. c) PL decays for the
NaPy/PMMA films collected under 405 nm pulsed excitation (1 MHz, 64.9 mW cm).

The corresponding fluorescence decay dynamics are shown in Figure 1c. To capture the rich
dynamics of the disordered system and facilitate direct comparison, in the following, the decay

dynamics are fit to triexponential decays unless otherwise noted.
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The extracted amplitude-weighted average lifetimes 7,4, = %% for these samples are tabulated in

i

Table 1 (Table S1). An interesting trend is found: the decay for the lowest NaPy concentration, which
is ‘monomer-like’ appears nearly monoexponential. As the concentration is increased, the early time
decay rate increases, possibly due to intermolecular energy transfer between the emissive states. As
the fraction of excimer emissionis increased, the PL decay dynamics become more multiexponential

and the lifetime elongates, with the longest lifetime correlated to the pure excimer emission. Further
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increase in NaPy concentration results in a concurrent shortening of the lifetime, as expected due to
the fast recombination rates expected in aggregates, with the fastest lifetime correlated to the 33.0
mM spin-coated NaPy film (compare Figure 1c).

Table 1: Amplitude-weighted average lifetimes for the NaPy/PMMA thin films depicted in Figure 1 based on a triexponential
fit. *Four exponentials were needed to fully capture the decay.

Concentration / mM Tave/ NS
1.7 6.3
8.3 4.8*%
16.5 14.8
18.2 4.1
24.8 1.3
33.0 0.9

To highlight the morphology of the NaPy aggregates, a photograph of NaPy single crystals are shown
in Figure 2a. Scanning electron microscopy (SEM) secondary electron (SE) images of a NaPy thin film
drop cast (left) and spin coated (right) from the 33.0 mM stock solution are shown in Figure 2b. For
the spin-coated film, initial nucleation is followed by two-dimensional ribbon-type growth feathering
out from the nucleation site. Increasing the growth time by slow evaporation of the solvent by drop
casting results in square platelet-like growth, highlighting that crystal growth occurs in a preferential
direction. To verify that the square platelets are not unique to the drop casting method, Figure S2
shows a different region of the spin-coated NaPy film showing both square platelets as well as the
ribbons feathered out from the nucleation sites. Single crystal X-ray diffraction of the crystals shown
in Figure 2a reveals a P21/c space group, and the unit cell is shown in Figure 2¢ (the full unit cell
parameters are listed in Table S2). The powder X-ray diffraction (Figure 2d) of the thin films yields
reflections that are not consistent with expected positions based on single crystal structure (Sl Figure
S2), which is either due to residual solvent inclusion or a different polymorph. Furthermore, the thin
film is highly textured, with a d-spacing perpendicular to the film of d(001) = 13.807(3) A (at room

temperature of 295 K). The precise crystal structure resulting in the powder pattern could not be

solved due to the low number of observed reflections due to preferred orientations.
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Figure 2: a) Photograph of NaPy single crystals. b) SEM-SE micrographs of a drop cast and spin coated NaPy thin film. c)
NaPy single crystal structure obtained by single crystal X-ray diffraction highlighting the herringbone pattering in the P21/c
space group. d) Room temperature NaPy thin film powder X-ray diffraction pattern.

To understand the underlying properties of the different emissive states present in NaPy based on
the molecular concentration, in the following, we study the temperature-dependent emission
properties of the NaPy/PMMA thin films.

Figure 3 depicts the change in the emission properties between 300 K and 50 K for 1.7 mM
NaPy/PMMA thin film. After an initial minor drop in quantum yield up to 240 K, the quantum yield
increases by 17% over the initial value when the lowest temperature of 50 K is reached. No changes
or shifts in the spectral features are observed other than a slight narrowing of the vibronic features.
The fluorescence lifetimes are fit to a triexponential function, and the calculated amplitude-averaged
weighted lifetimes concurrently slightly increase from 5.7 to 5.9 ns (Table 2, Table S3). This minor
increase in quantumyield and lifetime is easily explained by the high inherent quantum yield of NaPy.
We measure a quantum yield of 80% in solution. The relative quantum yield of the 1.7 mM
NaPy/PMMA thin film is calculated at only 25%, however, slight H-type aggregation, solid-state
outcoupling losses and scattering losses in the PMMA matrix are not considered in this calculation.
Hence, to first approximation, we expect the isolated NaPy molecules in the PMMA matrix to behave
similar to NaPy in solution and possess a high quantum yield. Therefore, the 17% increase in relative

emission intensity would result in a near-unity quantum yield.
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Figure 3: a) Temperature-dependent PL spectra for the 1.7 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm2). The spectra are normalized to the 300 K spectrum, and spectra were in 10 K increments. b) PL decays for the 1.7
mM NaPy/PMMA film collected at selected temperatures collected under 405 nm pulsed excitation (1 MHz, 67 mW cm2).
Table 2 : Amplitude-weighted average lifetimes for the 1.7 mM NaPy/PMMA thin film based on a triexponential fit.

Temp /K Tave / NS
300 5.7
250 5.4
200 5.8
150 5.9
100 5.8
50 5.9

Next, the temperature-dependent optical properties of the 8.3 mM NaPy/PMMA thin film are
investigated (Figure 4). The temperature-dependent emission spectra are highlight in Figure 3a. Here,
the emission spectrum can be reconstructed by linear combination of two basis spectra
corresponding to a monomer-like emission spectrum which is slightly redshifted due to increased
intermolecular coupling and a broad excimeric emission line shape (Figure 4b). Strong changes in
the spectral shape with decreasing temperature are only expected if the excimer is formed through a
thermally activated process over an activation barrier, as lowering the temperature reduces the
available ambient thermal energy. However, as shown in Figure 4a, the spectral shape does not
greatly change with temperature, only a sharpening of the vibronic feature is observed. Hence, we
conclude there is no significant thermal activation barrier for excimer formation.

However, the overall photobrightening is much higher than previously observed for the monomer-Llike
sample: 46%. The lower quantum yield of the excimer states allows for a much stronger suppression
of detrimental non-radiative pathways and hence, photobrightening occurs to a greater extent
(compare Figure S1). To separate the dynamics two emissive states, we show the recombination
dynamics for wavelengths <500 nm (monomer dominate) and > 550 nm (excimer dominated) in

Figure 4 c,d. In contrast to the emission lifetime for the monomer-like emission shown in Figure 3,
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here, there is an addition early time component for the dynamics < 500 nm which can be attributed
to intermolecular energy transfer. As observed previously for the 1.7 mM NaPy/PMMA sample, no
distinct changes are observed for the monomer emission lifetime with temperature (the slightly
longer lifetime of 250-300 K can be attributed to a higher fraction of overlapping excimer emission).

However, the excimeric emission lifetime increases monotonically from 12.9 ns to 24.9 ns (Table 3,

Table S4).
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Figure 4: a) Temperature-dependent PL spectra for the 8.3 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm2), normalized to the 300 K spectrum collected in 10 K increments. b) Spectral deconvolution (top) for the 300 K 8.3
mM NaPy/PMMA film into the underlying monomer-like (blue) and excimer-like (green) basis spectra. (bottom) Comparison
for the collected 300 K spectra (black) and the sum of the first two basis spectra (red dashed). PL decays for the 8.3 mM
NaPy/PMMA split into the monomer-like region (< 500 nm, c) and excimer-like region (> 550 nm, d) collected at selected
temperatures. All decays were collected under 405 nm pulsed excitation ( 1MHz, 67 mW cm).

Table 3: Amplitude-weighted average lifetimes for the excimer-like feature (> 550 nm) for the 8.3 mM NaPy/PMMA thin film
based on a triexponential fit.

Temp /K Tave / NS
300 12.9
250 14.3
200 18.3
150 21.0
100 23.5
50 24.9
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Similar behavior is observed in the 16.5 mM NaPy/PMMA sample, which shows only excimer-type
emission at all temperatures between 300K and 50K. As the temperature decreases, a simultaneous
increase inthe amplitude-weighted average emission lifetime from 10.6 to 18.3 ns (Figure 5 a,b, Table
4, Table S5) is observed. No noticeable shiftin the emission wavelength with decreasing temperature
is observed in agreement with the expected behavior of a localized excimeric state across two
molecules. The highly multiexponential (or stretched exponential) nature of the decay is unsurprising

due to the vast parameter space of local molecular arrangements possible in these inhomogeneous

thin films.
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Figure 5: a) Temperature-dependent PL spectra for the 16.5 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm2), normalized to the 300 K spectra collected in 10 Kincrements. b) PL decays for 16.5 mM NaPy/PMMA film collected
at selected temperatures under 405 nm pulsed excitation (1 MHz, 67 mW cm).

Table 4: Amplitude-weighted average lifetimes for the 16.5 mM NaPy/PMMA thin film based on a quadruple exponential fit
and the fitting parameters for a stretched exponential fit I(t) = A exp(—(t/7)°).

Temp /K quadruple exponential stretched exponential
Tave / NS t/ns c
300 10.6 4.0 0.47
250 12.3 4.8 0.47
200 14.9 6.4 0.49
150 16.7 7.2 0.50
100 17.7 7.4 0.50
50 18.3 7.5 0.49

The temperature dependence of the fluorescence of the 18.2 mM NaPy/PMMA film is shown in Figure
6a. In contrast to the 16.5 mM NaPy/PMMA sample (Figure 5) which showed emission only from the
excimer state, different spectral features are observed despite the minor increase in concentration:
a slight amount of monomer emission below 520 nm and emission from the aggregate structure at
~520 nm. A continuous bathochromic shift of the aggregate emission is observed with decreasing
temperature, as well as a strong enhancement of the fluorescence intensity. Below 100 K, a clear

change in emission wavelength is observed with a corresponding linewidth broadening, indicating
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that the underlying emissive state may be changing. An observation reminiscent of the dull state
reported by Schmidt and co-workers for tetracene.*® Interestingly, J-aggregates generally redshift
with increasing temperatures due to increased exciton delocalization, not blueshift as observed
here.®**" In agreement with the increased quantum vyield upon cooling (~4-fold relative intensity
increase), the amplitude-weighted average fluorescence lifetime increases from 1.3 ns at 300 K to
4.9 ns at 50K (Figure 6b, Table 5, Table S6). Noteworthy is that the overall shape of the decay dynamics

is different at 50 K, which is agreement with the previously observed possible change in emissive

state.
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Figure 6: a) Temperature-dependent PL spectra for the 18.2 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm?), normalized to the 300 K spectra collected in 10 K increments. b) PL decays for the 18.2 mM NaPy/PMMA film
collected at selected temperatures under 405 nm pulsed excitation (1 MHz, 67 mW cm). Asterisk denotes instrumental
artifact.

Table 5: Amplitude-weighted average lifetimes for the 18.2 mM NaPy/PMMA thin film based on a triexponential fit.

Temp /K Tave / NS
300 1.3
250 1.7
200 2.3
150 3.0
100 4.0

50 4.9

Further increasing the NaPy concentration to 24.8 mM results in the expected aggregate emission at
520 nm and the emergence of an additional emissive feature at 620 nm (Figure 7a) — the feature we
have previously observed to be highly TTA-UC active contrary to the higher energy state.? Due to the
fact that this feature has not been present in any of the other thin films which are all made from the
same stock solution (vide infra), we can rule out contamination of NaPy to be the underlying cause
of this redshifted emission.

With decreasing temperature, the high-energy aggregate state (520 nm) increases strongly in

quantum yield and shifts to lower energies. In contrast to the 18.2 mM NaPy/PMMA thin film, the
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redshift does not occur continuously with an apparent sudden concurrent broadening. Rather, the
emission shoulder at 560 nm clearly increases in intensity with reducing temperature, while shifting
toward higher energies (compare Figure S3).

The redshifted feature at 620 nm appears to disappear with decreasing temperature, possibly
indicating a thermally activated population pathway, or it is simply dwarfed by the overwhelming
intensity of the overlapping emission. The fluorescence decay dynamics for the two states are
different, indicating that the emission stems from two distinct recombination pathways (Figure 7b,c)
and not from the same state. The fluorescence lifetime of the high energy feature (isolated using a
550/40 center/width nm bandpass (BP) filter) strongly changes from an amplitude-weighted average
lifetime of 1.1 ns at 300 K to 4.8 ns at 50 K. In contrast, the lifetime of the redshifted feature (taken
with a 635/10 nm BP filter) only changes from 5.7 ns at 300 K to 10.1 ns at 50 K (Table 6, Table S7).
This minor change should be taken with a grain of salt, some contribution of the underlying, blue-

shifted emissive feature is not unexpected.
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Figure 7: Temperature-dependent PL spectra for the 24.8 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm?), normalized to the 300 K spectrum collected in 10 K increments. PL decays for the 24.8 mM NaPy/PMMA film
collected under 405 nm pulsed excitation (1 MHz, 67 mW cm2) with a 550/40 nm BP filter (b) and 635/10 nm BP filter (c) at
selected temperatures.

Table 6: Amplitude-weighted average lifetimes for the 24.8 mM NaPy/PMMA thin film based on triexponential fits.

Temp /K Tave/ NS Tave/ NS
550 nm BP 635 nm BP
300 1.1 5.7
250 1.3 6.7
200 1.8 8.3
150 2.3 9.3
100 2.8 10.5
50 4.8 10.1

Lastly, we show the temperature dependence of the 33.0 mM NaPy sample (Figure 8), which is spin-

coated from the stock solution. Very similar to the previous 24.8 mM NaPy/PMMA film, the peak
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emission redshifts and increases in intensity with decreasing temperature (Figure 8a), with a
corresponding strong enhancement of the 560 nm emission. A close look at the rise time of the time-
resolved emission supports a change in the emissive state: the peak emission is delayed by ~0.5 ns,
indicating addition processes occurring prior to emission (Figure S5).

No shift in the emission wavelength for the feature at 620 nm is found, indicating no temperature
dependence of the exciton localization — attributed to a localized state. The normalized temperature-
dependent absorption is shown in Figure 8b, where only a sharpening of the absorption features is
found. No absorption feature relating to the emission at 620 nm can be observed, indicating that this
feature is present only in the excited state. The fluorescence lifetime increases for the high energy
emission (0.5 ns at 300 Kto 3.0 ns at 50 K), while the lifetime of the lower energy feature stays nearly
constant with an initial monoexponential decay of ~8.3 ns (Figure 8c,d, Table 7, Table S8). To ensure
that the shift in the emission is not caused by a change in the crystal structure of the NaPy, i.e., a
phase transition, the temperature-dependent powder X-ray diffraction of NaPy is shown in Figure 8e.
No additional reflections are observed as the temperature changes, only a shift of the reflections to
higher angles 20 as the temperature is decreased, corresponding to a lattice contraction. Based on
the change in d-spacing with temperature, we extract a thermal expansion coefficient of
approximately 4.24x107* A/K and a relative expansion coefficient of approximately 30.69x107° K"

between 110 and 300K (compare Figure S6 and Table S9).

Table 7: Extracted lifetimes for the 33.0 mM NaPy/PMMA temperature dependent PL decays based a triexponential fit
(550/40 nm BP) and a monoexponential fit (635/10 nm BP).

Temp/K 550/40 nm BP 635/10 nm BP
Tave/ NS t/ns
300 K 0.5 8.2
250 K 1.0 8.1
200 K 1.1 8.3
150 K 2.1 8.5
100 K 3.6 8.4
50 K 3.0 8.2

This gives rise to two unanswered questions in the emission pathways of NaPy: i) what is causing the
additional redshifted feature at 620 nm and ii) what is the type of aggregate present in NaPy? While
previous reports have attributed the aggregate type of NaPy to a J-aggregate based on the redshifted
absorption spectrum with respect to the monomeric spectrum, our results are at odds with the
properties of a true J-aggregate. The redistribution of the oscillator strength resulting in a redshift of

the absorption spectrum rules out the formation of an H-type aggregate; however, the redshift of the
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emission upon cooling is unusual for a J-aggregate.** Hence, we conclude that this is better
represented by an |-aggregate as described by Caram and co-workers:** both J- and H-type coupling
are present, however, the J-type coupling is more dominant. The final indication that NaPy forms
multidimensional |-aggregates is given in Figure 8b. The temperature-dependent absorption spectra
show no shift in position with decreasing temperature, only a narrowing of the spectral features is
found. In contrast, due to the curvature of the density of states, the J-aggregate absorption must

redshift with decreasing temperature.®
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Figure 8: a) Temperature-dependent PL spectra for the 33.0 mM NaPy/PMMA thin film collected under 405 nm excitation (3
W cm?), normalized to the 300 K spectrum collected in 10 K increments. b) Normalized temperature-dependent
absorbance spectra for the 33.0 mM NaPy/PMMA thin film collected every 10 K. Corresponding PL decays collected under
405 nm pulsed excitation (1 MHz, 67 mW cm™) with a 550/40 nm BP filter (c) and 635/10 nm BP filter (d) at selected
temperatures. e) Normalized NaPy temperature dependent thin film diffraction patterns collected at selected
temperatures. The dashed grey line is included as a guide to the eye.
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This leads us to the discussion of the final mystery of NaPy - what is the additional redshifted
emissive feature? We rule out the role of a coupled triplet pair state '(TT),***" as the emission is
present in air and it is significantly lowered with respect to the singlet state (~0.4 eV), making
endothermic TTA-UC to the singlet state unlikely.?® However, we do observe upconversion to this
state, and subsequent emission, albeit weakly. Furthermore, such a low '(TT) state energy with
respect to S is at odds with previous reports of singlet fission in NaPy.*’

Clearly, it is a strongly coupled state, resulting in a strong bathochromic shift of the emission.
However, the corresponding absorption spectrum does not indicate an additional optical transition
present for the ground state. Hence, we can conclude that similar to the excimer observed for the
16.5 mM NaPy/PMMA thin film, this is a purely excited state phenomenon. Excimeric-type emission
is also in agreement with the relatively long-lived fluorescence lifetime. However, excimer emission
is generally broad and featureless, hence, not in complete agreement with the observed emission
spectrum. However, considering an ordered, strongly coupled J-dimer, where the emission is
delocalized over exactly two molecules, vibronic structure has been observed.***® Another indication
that this emission does not stem from a delocalized state is found in the temperature-dependent
properties of its emission. In contrast to the main aggregate emission at 520 nm, this redshifted
feature at 620 nm does not shift with decreasing temperature, indicating that the wavefunction
delocalization is not dependent on temperature. Hence, we conclude that this additional feature is
caused by a strongly coupled localized J-dimer or a J-type excimer, which can be thought of as a local

structural defect which results in strong interactions between the molecules.

SUMMARY AND OUTLOOK

In summary, our results indicate that NaPy has several different emissive states dependent on the
local environment of the NaPy molecules. At low concentrations, we observe monomer-like
emission. With increasing NaPy concentration, i.e., increasing intermolecular interactions,
excimeric emission appears. Upon further increase in concentration, ordered l-aggregates are
formed, and an additional increase in concentration results in emission from J-dimers.

The temperature-dependent optical properties are summarized in Figure 8a. In addition, Figure 8b
shows the spectral composition of the solid-state NaPy spectrum based on the individual emissive
states present: |-aggregate, excimer and J-dimer.

Lastly, we discuss these results in context of our previous results on perovskite-sensitized

upconversion in NaPy.?>?® Our results indicated that there was a change in the dominant emissive
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feature, depending upon whether NaPy was directly excited or emission was the result of charge
injection from a lead halide perovskite to the triplet state of the NaPy molecule.? Two underlying
reasons are possible. We had previously hypothesized that the lowered energy of this emissive state
results in energetically favored upconversion, with no detrimental effects of possible singlet fission,
while the higher energy l-aggregate state may only be accessible through thermal excitation or
through entropic effects. However, considering the strongly coupled nature of the J-dimer and the
unfavorable singlet fission from this feature, the J-dimers may act as hotspots for preferential triplet-
triplet annihilation — strong coupling should result in a favorable annihilation process. Lastly, the J-
dimer may also be able to act as a triplet trap, facilitating the upconversion process.

In conclusion, we have investigated the optical properties of NaPy as a function of temperature and
local environment. We find that intermolecular interactions tune the emission of NaPy from its
molecular emission spectrum through an excimer emission to an l-aggregate emission. J-dimer
emission is observed in the bulk, and we hypothesize that the strongly coupled nature of this

localized state facilitates photon upconversion in this molecule.

MATERIALS AND METHODS

Device Synthesis

Glass substrates were cleaned via sonication for 15 min in each of the respective solutions: 2 %
Hellmanex, deionized water, and acetone. Following sonication, the substrates were cleaned via UV-
ozone (Ossila) treatment.

Naphtho(2,3-a)pyrene (NaPy >98%, TCI) and polymethylmethacrylate (PMMA, Sigma Aldrich) were
used without further purification. Stock solutions of 10 mg/mL of NaPy in anhydrous toluene (Sigma-
Aldrich) and a 3% w/w PMMA solution in anhydrous toluene (Sigma-Aldrich) were prepared. The
different concentrations of NaPy/PMMA thin films were prepared through appropriate dilutions, then
spin coated at 6000 rpm. Films were encapsulated with a cover slip using a two-part epoxy (Devcon)
under an inert nitrogen atmosphere (<0.5 ppm Oy) prior to removal from the glovebox.

Films for the temperature dependent X-ray diffraction measurements were prepared as described
and drop cast onto sapphire in order to minimize background scattering.

Temperature Control

Temperature control for all steady-state and time-resolved emission experiments were collected
using a He-filled cryocooler (Air Products). The encapsulated films were mounted onto a cold-finger

optical sample mount prior to sheath evacuation (~10° mBar). A PID Digital Temperature Controller
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Model 9650 (Scientific Instruments) was used to maintain the desired temperature. The cold-finger
was left to equilibrate for approximately 1 min prior to collecting absorbance and PL spectra for each
temperature point.

Steady-State Absorption Spectroscopy

A Thermo Scientific Evolution 220 Spectrophotometer was used for all absorption spectra.
Steady-State Emission Spectroscopy

Direct excitation emission spectra were collected with a 405 nm continuous wave laser (LDH-D-C-
405, PicoQuant) at a power density of 30 W/cm? for the room temperature NaPy/PMMA
measurements and 3 W cm™ for the temperature dependent measurements. A 425 nm long-pass
filter (Chroma Tech) to remove excess laser scattering. An Ocean Insight emission spectrometer
(HR2000+ES) was used to collect all spectra.

Time-Resolved Emission Spectroscopy

NaPy photoluminescence (PL) decays were measured through time-correlated single photon
counting (TCSPC) with a 405 nm picosecond pulsed laser (LDH-D-C-405, PicoQuant) with a 1 MHz
repetition frequency at a power density of 64.9 mW cm™ for the room temperature spectra and 67
mW cm™ for the temperature dependent measurements. A 425 nm long-pass filter (Chroma Tech)
was used to remove laser scatter. To isolate the underlying spectral features, a 500 nm short pass
(ThorLabs), 550 nm long pass (ThorLabs), 550 nm bandpass (FWHM =40 nm, ThorLabs), and 635 nm
bandpass (FWHM = 10 nm, ThorLabs) filters were used. A HydraHarp 400 event timer (PicoQuant)
connected to a single-photon avalanche photodiode (Micro Photon Devices) was used to collect
photon arrival times for all measurements. Laser powers were measured with a silicon power meter
(PM100-D, ThorLabs), and spot sizes were calculated using the razor blade method (90:10).

Single Crystal Diffraction

Single crystal diffraction was carried out using a STOE Stadivari 4-circle diffractometer equipped with
a Dectris Eiger detector and an Oxford Cryostream 1000. The measurement temperature was 150 K.
The data collection used the X-Area program suite [reference X-Area Single Crystals Diffraction
Software, Version 2.1, STOE & Cie GmbH, Darmstadt (2022)], and the refinements used the program
suite CRYSTALS.**

Powder X-ray Diffraction

X-ray powder patterns were acquired using an Anton Paar XRDynamic 500 powder diffractometer
equipped with the CHC Plus+ Cryo & Humidity Chamber and a Bragg-Brentano monochromator. The

diffractometer was configured with liquid nitrogen cooling and operated under vacuum conditions.
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The cooling rate was maintained at 20 K per minute. Powder pattern measurements were taken at
ambient temperature (298 K), 273 K, 223 K, 173 K, 1123 K and 110 K and once again at ambient
temperature following the lowest temperature scan. The measurements were performed with Cu Ka
radiation, using a step size of 0.01 ° from 5 to 40 ° 26 at 200.691 seconds per step.

Scanning Electron Microscopy

Samples were platinum-coated (3 nm) prior to analysis. High-resolution imaging was conducted
using a Tescan MIRA 4 field emission scanning electron microscope (FE SEM). Imaging was
performed with secondary electrons (SE) and in-beam SE detectors at an accelerating voltage of 5

kV.
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Supporting Information.
Supporting figures containing additional optical spectroscopy, XRD pattern comparisons, SEM-SE
micrographs and thermal expansion coefficient fits. Supporting tables listing the fit parameters for
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