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ABSTRACT: Strong exciton—photon coupling exhibits the possi- 10 ?
bility to modify the photophysical properties of organic molecules. S %8 : |
This is due to the introduction of hybrid light—matter states, called gz‘i >
polaritons, which have unique physical and optical properties. Those %,
strongly coupled systems provide altered excited-state dynamics in (o0
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interplay between polaritonic and molecular trap states, such as
excimers. The molecules used in this study show either prompt or
delayed emission from trap states. For both cases, a clear dependency on the exciton—photon energy tuning was observed.
Polaritonic emission gradually increased with a concurrent removal of aggregation-induced emission when the systems were tuned
toward lower energies. For prompt emission, it is not clear whether the experimental results are best explained by a predominant
relaxation toward the lower polariton after excitation or by a direct excimer to polariton transition. However, for the delayed
emission case, trap states are formed on the initially formed triplet manifold, making it evident that an excimer-to-polariton transition
has occurred. These results unveil the possibility to control the trap state population by creating a strongly coupled system, which
may form a mitigation strategy to counteract detrimental trap states in photonic applications.

B INTRODUCTION matter is to an extent that their states cannot be treated as
linearly independent entities anymore. This leads to the
formation of hybrid light—matter energy states, called
polaritons, which are separated in energy by the Rabi
splitting.””*" Being partially light and matter, these new hybrid
states inherit properties of both parts and show unique optical
properties. Polariton emission is both angle-dependent and
shows an extremely sharp envelope,22 beneficial in a number of
photonic applications like organic light-emitting diodes with
high color purity. Under resonance conditions between the
molecular transition and an optical cavity mode, the polaritons
have equal photonic and excitonic contributions. The ratio
between the photonic and excitonic contributions can be
adjusted by shifting the energy of the cavity resonance. For a
cavity resonance below the excitonic energy, the photonic
contribution to the lower polariton is increased. This is
generally referred to as red-detuning. Blue-detuning is the
opposite process, where the cavity energy is higher than the
exciton energy, resulting in a lower photonic component to the
lower polariton. The energy of the polaritons is also affected
following the energy of the cavity mode. The energetics and
composition of polaritons can thus be simply tuned by
experimentally controlling the cavity energy.

Organic chromophores with extensive conjugation generally
exhibit a large, rigid 7-core. Because of their planarity and high
polarizability, they have a tendency to stack together through
strong m—n interactions. Depending on subtleties in inter-
molecular distances and angles, altered photophysics of formed
aggregates can be classified into H- and J-aggregates,'
excimers,” " charge transfer states,” and aggregated trap
states.® The dimerization of molecules in the excited state,
called excimers, generally leads to a quenching of the
photoluminescence accompanied by a spectral red-shift and
broadening.”” Therefore, their applicability in, for instance,
triplet—triplet annihilation upconversion® and light-emitting
diodes’ is limited. A common synthetic approach to suppress
the aggregation and circumvent the changes in optical
properties is the introduction of bulky side chains into the
molecular structure.'””'* Another method is entropic mixing,
where chromophores with different alkyl side chains are
blended together, resulting in a stronger glass-forming
capability.">~"® This attempt of reducing the 7—z-interactions
and therefore the aggregation is favorable for applications
where the molecular size and weight play a major role.
However, it is sometimes difficult to completely remove the
formation of detrimental aggregation, and in such cases, a
higher degree of control of excited-state relaxation pathways is
crucial to prevent photon emission losses.

Strong exciton—photon coupling enables the modification of
photochemical and photophysical properties of molecules
without any synthetic modification.®™"° A strong coupling
regime is achieved when the interaction between light and
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The dynamics of the relaxation to the lower polariton have
been extensively investigated.”” ' The relaxation rate is
limited by the so-called dark states, which form a reservoir
of states with no or very small photonic contribution at the
energy of the molecular transition. The existence of the dark
states is indicated by their angle-independent emission lifetime
being on the timescale of the bare molecule.””*” A Stokes shift
dependence of the relaxation pathway has been shown; a
molecule exhibiting a large Stokes shift relaxes by radiative
pumping to the lower polariton, whereas a J-aggregate with a
negligible Stokes shift relaxes via vibrationally assisted
scattering.”” Furthermore, the impact of polaritons on delabyed
emission,”* emission quantum yield,* and energy transfer’*~>”
and the direct interaction between molecule’s triplet state**~**
and triplet—triplet annihilation®***** to polaritons have been
studied. The exchange of energy between polaritons and
molecular states shows a cavity tuning dependency.*"** For
photochemical reactions, the suppression of photobleaching™
and the reduction of photoisomerization efficiency’® when
exciting the lower polariton have been demonstrated. These
processes also exhibit a cavity tuning dependency. The more
red-detuned the systems are, the higher is the suppression of
the photobleaching and photoisomerization processes. How-
ever, it is unclear if this effect comes from the cavity tuning that
changes the energetics or the value of the excitonic
contribution of the lower polariton.

Here, we demonstrate that the relaxation pathways toward
trap states can be modified within the strong exciton—photon
coupling regime. By different tuning, emission from aggregated
states can be suppressed in favor of polaritonic emission. This
observation is shown for both prompt and delayed emission.
Furthermore, emission from aggregated states is even more
decreased when exciting the lower polaritonic state. This effect
is enhanced in strongly red-detuned cavities, having both a
lower energy of the polariton and a higher photonic
contribution to it. This work spreads light to the subtle
interactions between polaritonic and trap-states, which will aid
in the understanding of exciton—polariton dynamics.

B METHODS

Sample Preparation. Cavities and the bare films were all
prepared on clean glass substrates. For the samples containing
1-ethyl-perylene and isopropyl-BODIPY, a solution of the dye
and polystyrene with a mass ratio of 1:1 was prepared in
toluene. The final concentration for both dyes in the solution
was 22 mg/mL. The bare films were made by spincoating
(Laurell Technologies WS-650) the solutions on glass
substrates. For the cavities, an Ag mirror (100 nm) was
deposited by vacuum sputtering deposition (HEX, Korvus
Technologies) on the glass substrate. This was followed by
spincoating the dye/polystyrene solution on top of the mirror,
and finally the optical cavity was sealed by sputtering a second
Ag mirror on top (25 nm). The thickness of the optical cavity
was changed by varying the rotational speed during the
spincoating process (900—1700 rpm). The DABNA-2 samples
were prepared using the same steps with the difference that the
top Ag mirror had a thickness of 40 nm and the DABNA-2
layer was spincoated from a 20 mg/mL solution without any
polymer (~2500 rpm).

The cavities containing perylenetetracarboxylic dianhydride
(PTCDA) were produced in a different way. Both Ag mirrors
were prepared as described before, but the PTCDA (60 nm)
was evaporated using a molecular evaporator (HEX, Korvus
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Technologies). To avoid contact between the pristine PTCDA
film and the Ag mirrors, a PVA containing water solution (2
mg/mL) was spincoated on the bottom mirror and on the
PTCDA film after the evaporation process.

Optical Characterization. All optical measurements were
carried out at room temperature. A spectrophotometer
(LAMBDA 950, PerkinElmer) was used to measure the
absorption spectra of the bare films and the reflectance of the
cavities. The dispersive reflectance of the cavities was measured
through the thinner top mirror using a universal reflectance
accessory (PerkinElmer). The steady-state emission and
fluorescence lifetimes were measured using a spectrofluor-
ometer (FLS1000, Edinburgh Instruments). For the emission
measurement, two liquid light guides were connected to the
spectrofluorometer. The excitation light from the first light
guide was collimated on the sample, and the emission was
captured by the second light guide at an adjustable angle.
Delayed emission spectra were recorded on an Edinburgh
Instrument LP 980 spectrometer equipped with an ICCD
(Andor). A Spectra-Physics Nd:YAG laser (pulse width ~7 ns)
coupled to a Spectra-Physics primoscan optical parametric
oscillator was used as the pump source.

B RESULTS AND DISCUSSION

Introduction of the Molecules Used. To study the
dynamics of aggregated states in the strong coupling regime,
the molecules, incorporated into the system, need to fulfill a
few requirements. A quite obvious demand is that the
molecules exhibit an aggregated emissive state. In addition to
that, the S, « S, transition dipole moment must be large
enough to enable entrance into the strong coupling regime.
Furthermore, the molecule must be processable into films of an
appropriate thickness as to generate a resonant cavity mode.
Many molecules fulfill these requirements, and the influence of
the lower polariton on the photophysics of two different classes
of emissive molecules will be discussed here. The first class
represents the traditional organic dye, and here we chose 1-
ethyl-perylene because of its tendency to aggregate at higher
concentrations in a polystyrene matrix. The absorption
spectrum at room temperature shows two sharp and narrow
peaks at 439 and 413 nm, which represent different vibronic
transitions (Figure 1a). However, the emission spectrum only
consists of a broad band with a maximum at 520 nm, which is
due to excimer emission.">*” In addition to 1-ethyl-perylene,
3,5-isopropyl-BODIPY and PTCDA were used to further
support the observations and to generalize that the results are
applicable for other molecules having the tendency to form
aggregated states. Their results are displayed in the Supporting
Information.

The second class of molecules can undergo the process of
thermally activated delayed fluorescence (TADF), represented
here by DABNA-2 (Figure 1b). This class of compounds can
in its triplet excited-state thermally populate the higher in
energy singlet excited state via reverse intersystem crossing
(RISC). This process is on a microsecond-millisecond
timescale, being much longer than the fluorescence lifetimes
of organic dyes, which are on a timescale of a few nanosecond.
The absorption and prompt emission spectra of DABNA-2 in a
neat film at room temperature show sharp and narrow
transitions at 448 and 490 nm, respectively. However, the
delayed emission is broad and structureless with a maximum
around 600 nm. The discrepancy between prompt and delayed
emission can be explained by the lifetime of the triplet state
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Figure 1. (a) Absorption and emission spectra of 1-ethyl-perylene in a
polystyrene matrix and (b) absorption (dark blue), prompt emission
(light blue), and delayed emission spectra (blue) of a neat DABNA-2
film at room temperature.

being long enough for the excited state energy to diffuse
around until being caught at a trap site. Such a trap then
functions as an energy sink at both the singlet and triplet
manifold, and RISC then occurs between aggregation-induced
trap sites. The fact that excimers on the triplet surface can be
converted to excimers on the singlet surface has previously
been observed when perylene undergoes triplet—triplet
annihilation.”® Thus, both molecular classes exhibit emission
from aggregated states in different ways; therefore they are
suitable to study the behavior of aggregated states in the strong
coupling regime.

Introducing the Strongly Coupled Systems. The
previously mentioned molecules were embedded into Fabry—
Pérot cavities to enhance the light—matter interaction. The
resonance of the electromagnetic field is determined by the
thickness of the optical cavity, and the cavity thickness was
thus used as a tuning parameter. To reach the strong exciton—
photon coupling regime, the optical resonance of the cavity
needs to match the exciton transition energy, and their
interaction needs to be strong enough that they cannot be
treated as separate entities anymore. Because of the strong
interaction, the former energy states split up into new energy
branches, called polaritons, separated in energy by the Rabi
splitting 71Q2;,. These hybrid light—matter quasiparticles inherit
a dispersive behavior from the photonic component. Angle-
resolved reflectivity was measured on four cavities containing
1-ethyl-perylene and two cavities containing DABNA-2
(Figure 2a—f). The difference between individual cavities was
their thickness, resulting in small energetic mismatches
between the photonic transition and the transition maximum
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Figure 2. Dispersion plots for the 1-ethyl-perylene cavities (a—d) and the DABNA-2 cavities (e, f) having different tuning. The dots represent the
measured minima in the reflectivity, the teal line is the fit obtained by the coupled harmonic oscillator model, the white dashed line is the cavity
resonance energy, and the white dotted lines are the molecular transition energies. (g) Energy sketch of the differently detuned cavities.
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Figure 3. (a) Emission spectra of the different cavities containing 1-ethyl-perylene at an emission angle of 50 degree. (b) Excitation spectra for all
cavities when recording the emission at 520 nm. (c) Absorption spectra for all cavities compared to the absorption of the bare film (dark blue).

of the molecule (Figure 2g). Under resonance conditions, the vibronic transition, the system splits into two polaritonic
excitonic and photonic contributions to the lower polariton are branches, the upper and lower polaritons. The fitting model
equal. For cavity resonances below the transition maximum of was therefore reduced to only contain one excitonic transition.
the molecule, the photonic contribution to the lower polariton The Rabi splitting for both cavities was around 400—420 meV,
increases, but the excitonic contribution decreases (and vice which is considerably larger than the FWHM of the molecular
versa). In addition to the exciton—photon contribution, tuning transition (~190 meV). This indicated that the coupling
affects the energy of the polaritons in a way that the spectral strength is greater than the dissipation energy, and therefore,
overlap between the excitonic and polaritonic states alters, the system is in the strong coupling regime. The photonic
which in turn affects excitonic—polaritonic exchange rates." contribution to the lower polariton was 0.63 and 0.43 for the
Dispersion plots for the cavities containing 1-ethyl-perylene two cavities.
show a splitting into three different polaritonic states, namely, To summarize, two classes of dyes were placed into optical
the lower, middle, and upper polaritons because of the two microcavities, and the strong exciton photon coupling regime
vibronic transitions of the molecule. All cavities dlsplay a was reached (two other molecules are only discussed in the
characteristic anticrossing behavior, meaning that the polari- Supporting Information but corroborate the results). Both
tonic states approach the excitonic energies with increasing molecules show emission from aggregated states in bare films.
angle but never cross them. The results can be fitted to a three However, 1-ethyl-perylene displays it in the prompt emission
coupled harmonic oscillator model, containing one cavity and spectrum, whereas DABNA-2 shows it in the delayed emission
two excitonic transitions " spectrum. For both molecules, cavities with varying thicknesses
A were produced, allowing the study of tuning dependency.
Ec, () hQg, €, Prompt Emission Characteristics. The impact of strong
2 2 coupling on the photophysics of prompt emission was
hQy | ¢ “ determined with the 1-ethyl-perylene cavities. By exciting the
——  EBg, 0 P|=ElP upper polariton, the emission spectra show a clear tuning
2 ¥ ¥ dependency (Figure 3a). In general, the excimer emission is
hQy , low in the cavities, but the polariton emission exceeds the bare
T 0 Egye2 (1) film emission at its maximum using the same measurement
setup. This is also evident in PTCDA cavities (Figure S2). The
where Ec,,(6) is the angle-dependent photon energy, Eg,.; and molecular-like emission coincides with the polaritonic
Ep., are the energies for the first and second vibronic emission. Therefore, the emission lifetimes were determined
transitions, and 7Qg, and AQy, are the corresponding Rabi at the molecular/polaritonic and aggregated emission wave-
splittings. The Hopfield coeflicients lal?, 181%, and Iyl* represent length to see if the dynamics are perturbed by the strong
the photonic and excitonic contribution to the corresponding coupling regime. The decay lifetimes are at the same level for
polaritons. The Rabi splittings for the 1-ethyl-perylene cavities both the molecular/polaritonic and the aggregated emission
are all in the range of 332—348 meV for the first transition and wavelengths (Figure S3). The red-detuned cavity shows the
370—384 meV for the second transition. These results indicate most intense polaritonic emission, which gradually decreases
that the system is in the strong coupling regime because in all when blue-detuning the system. For the excimer emission, the
cases the Rabi splitting is greater than the estimated full width behavior was vice versa, and the most blue-detuned cavity
at half maximum (FWHM) of the first (140 meV) and second showed the most intense excimer emission. Because the mirror
(196 meV) vibronic transition. The photonic contribution to thicknesses are the same throughout all the cavities, it cannot
the lower polariton spans from 0.6S for the most red-detuned be argued that changes in the excimer emission are due to
cavity over 0.50 and 0.37 to 0.22 for the most blue-detuned differences in mirror quality. Furthermore, the observed trend
cavity at an angle of 0 degree (Figure 2a—d). Tables S1—S4 of the excimer emission cannot be reproduced by the bare film
summarize all fitting parameters for each cavity. emission filtered by the reflectance spectra of the cavities
The dispersion plots for the cavities containing DABNA-2 (Figure S4). Therefore, the higher excimer emission must be
also show a clear anticrossing behavior (Figure 2fg). However, related to the different tuning of the cavities. Furthermore,
because DABNA-2 only contains one spectrally resolved from an outcoupling perspective from the optical cavity, an
7968 https://doi.org/10.1021/acs.jpcc.2c01239
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enhancement of excimer emission with increasing blue-
detuning is an unexpected observation. This is because
outcoupling is expected to decrease with increasing excimer-
photonic mode energy separation. The observed emission can
therefore not be readily explained from an optical perspective;
a change in the excited state relaxation pathways is needed.

To get a deeper insight into how the excimer state is
populated, excitation spectra were measured for the excimer
emission at 520 nm (Figure 3b). Almost no population of the
excimer states takes place when exciting the lower polariton of
the most red-detuned cavity. The population mainly comes
from the upper or middle polariton, both having quite high
excitonic contributions. Here, prompt polariton emission when
exciting the lower polariton can probably be viewed as close to
elastic scattering, then preserving the photon momentum from
the excited light and occurring too fast for any competing
relaxation routes. It is therefore not visible in our measurement
geometry. Comparing the normalized absorption and
excitation spectra of the red-detuned cavity shows that the
absorption of the lower polariton is quite high, whereas the
excitation intensity is extremely low. In essence, the absorption
and excitation spectra do not match. The difference between
the excitation spectra and the absorption becomes smaller with
decreased red-detuning and is almost the same for the most
blue-detuned cavity. The same behavior is seen in 3,5-
isopropyl-BODIPY cavities (Figure SS), so the phenomenon
is not related to 1-ethyl-perylene specifically. The discrepancy
between absorption and excitation spectra of strongly coupled
systems has previously been observed.” It therefore seems to
be a general feature for molecular strong exciton—photon
coupling.

To explain these observations, we need to consider different
pathways. The transition from the lower polariton to the
excimer can either be direct or via the exciton reservoir. The
same is true for the transition from the excimer to the lower
polariton. The reduced intensity of the lower polariton in the
excitation spectra for the red-detuned cavity indicates that the
transition efficiency to the excimer lowers with red-detuning.
Three aspects could explain this. First, the driving force for a
direct transition to the excimer is reduced with red-detuning.
Second, the polariton-bare molecule energy overlap is reduced,
lowering the rate of the pathway via the exciton reservoir.
Third, only in the cavities with negligible polariton-bare
molecule energy overlap is the polariton ideal, which is of
importance for exciton—polariton dynamics. It is difficult to
decipher which aspect that is of most importance. It is further
difficult to draw any conclusions regarding any eventual
transition from the excimeric state to the lower polariton.
However, it is clear that excimer emission can be controlled by
tuning the energetics of the polaritonic system.

Delayed Emission Characteristics. After finding that the
relaxation toward aggregation-induced trap states can be
controlled in molecules having prompt emission by tuning
the cavity energy, we will now turn our attention toward
molecules exhibiting TADF. In the process of TADF, the
excited singlet state is populated by RISC from the triplet state.
Delayed emission is therefore seen for this kind of molecule.
Having such a system in the strong coupling regime, the
delayed emission (Figure 4) shows a similar tuning depend-
ency to when using prompt emissive dyes. The blue-detuned
cavity shows a higher degree of excimer emission, whereas the
red-detuned cavity shows a much higher degree of polaritonic
emission. Furthermore, the red-detuned cavity shows no
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Figure 4. (a) Delayed emission spectra of the red-detuned (pink) and
blue-detuned (green) cavities containing DABNA-2 after S0 ns and
(b) normalized absorption spectra of the cavities in comparison with a
pristine DABNA-2 film (blue).

dependency of the relative polaritonic emission with time
after excitation (Figure S6a). However, for the blue-detuned
cavity, the relative polaritonic emission lowers with time and at
the same time is the excimeric emission slightly red-shifted
(Figure S6b). This supports the previously discussed concept
of trap states already formed on the triplet surface.
Furthermore, with time deeper trap states are formed (seen
from the red-shifted excimer emission), which have a lower
tendency to relax through the lower polaritonic branch in the
blue-detuned cavity.

It is tempting to use the same argumentation as to
phenomenologically explain the delayed emission photophysics
as for the prompt emission examples. However, the formation
of excimers is different, which needs to be taken into account.
Here, we know that we start with an excimeric state, the
reduced excimeric emission in the strong coupling regime can
therefore not be due to an avoided excimer formation. Instead,
an excimer-to-polaritonic route must be present. The red-
detuned cavity has a considerable lower energy compared to
the blue-detuned one; it is further spectrally well separated
from the bare molecule transition, reducing possible transitions
from the polariton to the exciton reservoir. The energies of the
lower polariton and the exciton reservoir are very similar. Small
differences in polariton energy can therefore significantly
change the energetic driving force for excimer to polariton
transitions. Furthermore, if the lower polaritonic state is
reached, radiative decay toward the ground state is rapid.

For the prompt emission discussed above, it could not be
concluded if the reduced excimer emission in the strong
coupling regime was a consequence of the rate of relaxation
toward the polaritonic branch being faster as compared to the
excimeric branch, or due to a direct excimer-to-polariton
transition. Here, we start with an excimer; thus the absence of
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excimer emission in the strong coupling regime strongly
indicates a direct excimer to polariton transition.

B CONCLUSIONS

From the experimental evidence presented here, it is clear that
the strong coupling regime can mitigate the effect of
aggregation-induced trap states formed in organic materials.
When low-energy polaritonic states are present, aggregation-
induced emission is reduced in favor of high-intensity and
energetic polariton emission. However, the picture is not
entirely clear on the mechanism of the dynamics between
polaritonic and aggregational trap states. There are several
mechanistic possibilities why the transition probability from
polaritonic to trap states is reduced when the energy of the
polariton lowers. Furthermore, our prompt emission data
cannot distinguish between kinetic and thermodynamic effects.
Thus, the removal of aggregation-induced prompt emission
either can be due to the excited state energy relaxing slower to
the trap state compared to the polariton, from where emission
occurs faster than other deactivation pathways, or, a direct
transition between the close to isoenergetic trap and polariton
states. The comparative results obtained in three different
molecules do however indicate that the effect observed here is
general. The picture becomes clearer when observing delayed
emission. Here, a trap state is first formed on the triplet
manifold, from where it can reach a trap state on the singlet
manifold. The energy now originates from an aggregational
state; thus the removal of aggregation-induced emission
indicates a direct transition from the aggregational state
(either from the triplet or singlet manifold) to the polaritonic
state. Close to isoenergetic energies between these surfaces
probably facilitate such transitions. These findings shed light
on the dynamics between polaritonic and aggregation-induced
states, and the ideas presented here can mitigate issues with
aggregation-induced emission in organic molecule-based
photonic applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01239.

Absorption and emission spectra of PTCDA and 3,5-
isopropyl-BODIPY; fitting result-coupled oscillator
model; Hopfield coefficients; emission spectra of 1-
ethyl-perylene cavities and the PTCDA cavity; emission
lifetime decays of the I-ethyl-perylene cavity and
PTCDA cavity compared with the bare film; fitting
results of lifetime decays; emission spectra using the
cavity filter effect; emission and excitation spectra of the
3,5-isopropyl-BODIPY cavity and bare film; and time-
resolved delayed emission spectra for DABNA-2 cavities
(PDF)

B AUTHOR INFORMATION

Corresponding Author

Karl Borjesson — Department of Chemistry and Molecular
Biology, University of Gothenburg, Gothenburg 41296,
Sweden; Email: karl.borjesson@gu.se

7970

Authors

Jurgen Mony — Department of Chemistry and Molecular
Biology, University of Gothenburg, Gothenburg 41296,
Sweden

Yi Yu — Department of Chemistry and Molecular Biology,
University of Gothenburg, Gothenburg 41296, Sweden

Clara Schifer — Department of Chemistry and Molecular
Biology, University of Gothenburg, Gothenburg 41296,
Sweden

Suman Mallick — Department of Chemistry and Molecular
Biology, University of Gothenburg, Gothenburg 41296,
Sweden

Khushbu Kushwaha — Department of Chemistry and
Molecular Biology, University of Gothenburg, Gothenburg
41296, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.2c01239

Author Contributions

K.B., J.M,, and Y.Y. conceived the project. C.S., S.M., and K.K.
synthesized the molecules. J.M. and Y.Y. performed the
photophysical measurements in the weak and strong coupling
regimes under the supervision of K.B. The manuscript was
written through contributions of all authors. All authors have
given approval to the final version of the manuscript. J.M. and
Y.Y. contributed equally to this work.

Funding

This research was supported through grants from the
European Research council and the Knut and Alice Wallenberg
Foundation.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the Euro-
pean Research council (ERC-2017-StG-757733) and the Knut
and Alice Wallenberg Foundation (KAW 2017.0192).

B REFERENCES

(1) Wiirthner, F.; Kaiser, T. E.; Saha-Méller, C. R. J-Aggregates:
From Serendipitous Discovery to Supramolecular Engineering of
Functional Dye Materials. Angew. Chem., Int. Ed. 2011, 50, 3376—
3410.

(2) Musser, A. J.; Rajendran, S. K; Georgiou, K.; Gai, L.; Grant, R.
T.; Shen, Z.; Cavazzini, M.; Ruseckas, A.; Turnbull, G. A.; Samuel, L.
D. W,; Clark, J.; Lidzey, D. G. Intermolecular States in Organic Dye
Dispersions: Excimers Vs Aggregates. J. Mater. Chem. C 2017, §,
8380—8389.

(3) Birks, J. B. Excimers. Rep. Prog. Phys. 1975, 38, 903—974.

(4) Ye, C; Gray, V.; Martensson, J.; Borjesson, K. Annihilation
Versus Excimer Formation by the Triplet Pair in Triplet—Triplet
Annihilation Photon Upconversion. J. Am. Chem. Soc. 2019, 141,
9578—-9584.

(5) Kellogg, M.; Akil, A.; Muthiah Ravinson, D. S.; Estergreen, L.;
Bradforth, S. E.; Thompson, M. E. Symmetry Breaking Charge
Transfer as a Means to Study Electron Transfer with No Driving
Force. Faraday Discuss. 2019, 216, 379—394.

(6) Haneef, H. F.; Zeidell, A. M.; Jurchescu, O. D. Charge Carrier
Traps in Organic Semiconductors: A Review on the Underlying
Physics and Impact on Electronic Devices. J. Mater. Chem. C 2020, 8,
759—787.

(7) Okada, D.; Nakamura, T.; Braam, D.; Dao, T. D.; Ishii, S.;
Nagao, T.; Lorke, A.; Nabeshima, T.; Yamamoto, Y. Color-Tunable

https://doi.org/10.1021/acs.jpcc.2c01239
J. Phys. Chem. C 2022, 126, 7965—-7972


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01239?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c01239/suppl_file/jp2c01239_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl+Bo%CC%88rjesson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:karl.borjesson@gu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ju%CC%88rgen+Mony"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clara+Scha%CC%88fer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+Mallick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khushbu+Kushwaha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c01239?ref=pdf
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1039/C7TC02655B
https://doi.org/10.1039/C7TC02655B
https://doi.org/10.1088/0034-4885/38/8/001
https://doi.org/10.1021/jacs.9b02302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8FD00201K
https://doi.org/10.1039/C8FD00201K
https://doi.org/10.1039/C8FD00201K
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1021/acsnano.6b03188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Resonant Photoluminescence and Cavity-Mediated Multistep Energy
Transfer Cascade. ACS Nano 2016, 10, 7058—7063.

(8) Ye, C; Gray, V.; Kushwaha, K; Kumar Singh, S.; Erhart, P.;
Borjesson, K. Optimizing Photon Upconversion by Decoupling
Excimer Formation and Triplet Triplet Annihilation. Phys. Chem.
Chem. Phys. 2020, 22, 1715—1720.

(9) Frath, D.; Massue, J.; Ulrich, G.; Ziessel, R. Luminescent
Materials: Locking II-Conjugated and Heterocyclic Ligands with
Boron(lii). Angew. Chem., Int. Ed. 2014, 53, 2290—2310.

(10) Ghosh, A.; Nakanishi, T. Frontiers of Solvent-Free Functional
Molecular Liquids. Chem. Commun. 2017, 53, 10344—10357.

(11) Lu, F,; Nakanishi, T. Alkyl-IT Engineering in State Control
toward Versatile Optoelectronic Soft Materials. Sci. Technol. Adv.
Mater. 2015, 16, No. 014805.

(12) Lu, H; Wang, Q; Gai, L,; Li, Z.; Deng, Y.,; Xiao, X;; Lai, G,;
Shen, Z. Tuning the Solid-State Luminescence of Bodipy Derivatives
with Bulky Arylsilyl Groups: Synthesis and Spectroscopic Properties.
Chem. — Eur. ]. 2012, 18, 7852—7861.

(13) Kushwaha, K; Yu, L.; Stranius, K; Singh, S. K; Hultmark, S.;
Igbal, M. N.; Eriksson, L.; Johnston, E.; Erhart, P.; Miiller, C,;
Borjesson, K. A Record Chromophore Density in High-Entropy
Liquids of Two Low-Melting Perylenes: A New Strategy for Liquid
Chromophores. Adv. Sci. 2019, 6, No. 1801650.

(14) Miiller, C. On the Glass Transition of Polymer Semiconductors
and Its Impact on Polymer Solar Cell Stability. Chem. Mater. 2018, 27,
2740—-2754.

(15) Schifer, C.; Mony, J.; Olsson, T.; Borjesson, K. Entropic
Mixing Allows Monomeric-Like Absorption in Neat Bodipy Films.
Chem. — Eur. J. 2020, 26, 14295—14299.

(16) Hertzog, M.; Wang, M.; Mony, J.; Bérjesson, K. Strong Light—
Matter Interactions: A New Direction within Chemistry. Chem. Soc.
Rev. 2019, 48, 937—-961.

(17) Ebbesen, T. W. Hybrid Light—Matter States in a Molecular and
Material Science Perspective. Acc. Chem. Res. 2016, 49, 2403—2412.

(18) Peist, J.; Galego, J.; Garcia-Vidal, F. J. Polaritonic Chemistry
with Organic Molecules. ACS Photonics 2018, 5, 205—216.

(19) Ribeiro, R. F.; Martinez-Martinez, L. A; Du, M, Campos-
Gonzalez-Angulo, J.; Yuen-Zhou, J. Polariton Chemistry: Controlling
Molecular Dynamics with Optical Cavities. Chem. Sci. 2018, 9, 6325—
6339.

(20) Térmi, P.; Barnes, W. L. Strong Coupling between Surface
Plasmon Polaritons and Emitters: A Review. Rep. Prog. Phys. 2014, 78,
No. 013901.

(21) Lidzey, D. G; Bradley, D. D. C.; Skolnick, M. S.; Virgili, T.;
Walker, S.; Whittaker, D. M. Strong Exciton—Photon Coupling in an
Organic Semiconductor Microcavity. Nature 1998, 395, 53—S5.

(22) Whittaker, D. M.; Kinsler, P.; Fisher, T. A.; Skolnick, M. S.;
Armitage, A.; Afshar, A. M.; Sturge, M. D.; Roberts, J. S. Motional
Narrowing in Semiconductor Microcavities. Phys. Rev. Lett. 1996, 77,
4792—4795S.

(23) Agranovich, V. M; La Rocca, G. C. Electronic Excitations in
Organic Microcavities with Strong Light—Matter Coupling. Solid State
Commun. 2008, 135, 544—553.

(24) Agranovich, V. M,; Litinskaia, M.; Lidzey, D. G. Cavity
Polaritons in Microcavities Containing Disordered Organic Semi-
conductors. Phys. Rev. B 2003, 67, No. 085311.

(25) Baieva, S.; Hakamaa, O.; Groenhof, G.; Heikkili, T. T.;
Toppari, J. J. Dynamics of Strongly Coupled Modes between Surface
Plasmon Polaritons and Photoactive Molecules: The Effect of the
Stokes Shift. ACS Photonics 2017, 4, 28—37.

(26) Grant, R. T.; Michetti, P.; Musser, A. J.; Gregoire, P.; Virgili, T.;
Vella, E.; Cavazzini, M.; Georgiou, K; Galeotti, F.; Clark, C.; et al.
Efficient Radiative Pumping of Polaritons in a Strongly Coupled
Microcavity by a Fluorescent Molecular Dye. Adv. Opt. Mater. 2016,
4, 1615—1623.

(27) Hulkko, E.; Pikker, S.; Tiainen, V.; Tichauer, R. H.; Groenhof,
G.; Toppari, J. J. Effect of Molecular Stokes Shift on Polariton
Dynamics. J. Chem. Phys. 2021, 154, 154303.

7971

(28) Litinskaya, M. Propagation and Localization of Polaritons in
Disordered Organic Microcavities. Phys. Lett. A 2008, 372, 3898—
3903.

(29) Litinskaya, M.; Reineker, P.; Agranovich, V. M. Fast Polariton
Relaxation in Strongly Coupled Organic Microcavities. J. Lumin.
2004, 110, 364—372.

(30) Somaschi, N.; Mouchliadis, L.; Coles, D.; Perakis, 1. E.; Lidzey,
D. G.; Lagoudakis, P. G.; Savvidis, P. G. Ultrafast Polariton
Population Build-up Mediated by Molecular Phonons in Organic
Microcavities. Appl. Phys. Lett. 2011, 99, 143303.

(31) Groenhof, G; Climent, C.; Feist, J.; Morozov, D.; Toppari, J. J.
Tracking Polariton Relaxation with Multiscale Molecular Dynamics
Simulations. J. Phys. Chem. Lett. 2019, 10, 5476—5483.

(32) Lidzey, D. G; Fox, A. M; Rahn, M. D.; Skolnick, M. S.;
Agranovich, V. M.; Walker, S. Experimental Study of Light Emission
from Strongly Coupled Organic Semiconductor Microcavities
Following Nonresonant Laser Excitation. Phys. Rev. B 2002, 65,
No. 195312.

(33) Mony, J; Hertzog, M.; Kushwaha, K.; Borjesson, K. Angle-
Independent Polariton Emission Lifetime Shown by Perylene
Hybridized to the Vacuum Field inside a Fabry—Pérot Cavity. J.
Phys. Chem. C 2018, 122, 24917—-24923.

(34) Berghuis, A. M.; Halpin, A.; Le-Van, Q.; Ramezani, M.; Wang,
S.; Murai, S.; Gémez Rivas, J. Enhanced Delayed Fluorescence in
Tetracene Crystals by Strong Light-Matter Coupling. Adv. Funct.
Mater. 2019, 29, No. 1901317.

(35) Wang, S.; Chervy, T.; George, J.; Hutchison, J. A,; Genet, C.;
Ebbesen, T. W. Quantum Yield of Polariton Emission from Hybrid
Light-Matter States. J. Phys. Chem. Lett. 2014, S, 1433—1439.

(36) Coles, D. M.; Somaschi, N.; Michetti, P.; Clark, C.; Lagoudakis,
P. G; Savvidis, P. G,; Lidzey, D. G. Polariton-Mediated Energy
Transfer between Organic Dyes in a Strongly Coupled Optical
Microcavity. Nat. Mater. 2014, 13, 712—719.

(37) Georgiou, K.; Michetti, P.; Gai, L.; Cavazzini, M.; Shen, Z,;
Lidzey, D. G. Control over Energy Transfer between Fluorescent
Bodipy Dyes in a Strongly Coupled Microcavity. ACS Photonics 2018,
S, 258—-266.

(38) Zhong, X.; Chervy, T.; Zhang, L.; Thomas, A.; George, J;
Genet, C.; Hutchison, J. A.; Ebbesen, T. W. Energy Transfer between
Spatially Separated Entangled Molecules. Angew. Chem., Int. Ed. 2017,
56, 9034—9038.

(39) Wang, M.; Hertzog, M.; Bérjesson, K. Polariton-Assisted
Excitation Energy Channeling in Organic Heterojunctions. Nat.
Commun. 2021, 12, 1874.

(40) Stranius, K; Hertzog, M.; Borjesson, K. Selective Manipulation
of Electronically Excited States through Strong Light—Matter
Interactions. Nat. Commun. 2018, 9, 2273.

(41) Yu, Y; Mallick, S; Wang, M.; Bérjesson, K. Barrier-Free
Reverse-Intersystem Crossing in Organic Molecules by Strong Light-
Matter Coupling. Nat. Commun. 2021, 12, 32585.

(42) Eizner, E.; Martinez-Martinez, L. A.; Yuen-Zhou, J.; Kéna-
Cohen, S. Inverting Singlet and Triplet Excited States Using Strong
Light-Matter Coupling. Sci. Adv. 2019, 5, No. eaax4482.

/(43) Polak, D.; Jayaprakash, R.; Lyons, T. P.; Martinez-Martinez, L.
A.; Leventis, A; Fallon, K. J; Coulthard, H,; Bossanyi, D. G;
Georgiou, K;; Petty Ii, A. J.; Anthony, J.; Bronstein, H.; Yuen-Zhou, J.;
Tartakovskii, A. I; Clark, J.,; Musser, A. J. Manipulating Molecules
with Strong Coupling: Harvesting Triplet Excitons in Organic Exciton
Microcavities. Chem. Sci. 2020, 11, 343—354.

(44) Ye, C,; Mallick, S.; Hertzog, M.; Kowalewski, M.; Borjesson, K.
Direct Transition from Triplet Excitons to Hybrid Light—Matter
States Via Triplet—Triplet Annihilation. J. Am. Chem. Soc. 2021, 143,
7501—-7508.

(45) Munkhbat, B.; Wersill, M.; Baranov, D. G.; Antosiewicz, T. J.;
Shegai, T. Suppression of Photo-Oxidation of Organic Chromophores
by Strong Coupling to Plasmonic Nanoantennas. Sci. Adv. 2018, 4,
No. eaas9552.

(46) Mony, J.; Climent, C.; Petersen, A. U.; Moth-Poulsen, K.; Feist,
J.; Borjesson, K. Photoisomerization Efficiency of a Solar Thermal

https://doi.org/10.1021/acs.jpcc.2c01239
J. Phys. Chem. C 2022, 126, 7965—-7972


https://doi.org/10.1021/acsnano.6b03188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP06561J
https://doi.org/10.1039/C9CP06561J
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1002/anie.201305554
https://doi.org/10.1039/C7CC05883G
https://doi.org/10.1039/C7CC05883G
https://doi.org/10.1088/1468-6996/16/1/014805
https://doi.org/10.1088/1468-6996/16/1/014805
https://doi.org/10.1002/chem.201200169
https://doi.org/10.1002/chem.201200169
https://doi.org/10.1002/advs.201801650
https://doi.org/10.1002/advs.201801650
https://doi.org/10.1002/advs.201801650
https://doi.org/10.1021/acs.chemmater.5b00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202002463
https://doi.org/10.1002/chem.202002463
https://doi.org/10.1039/C8CS00193F
https://doi.org/10.1039/C8CS00193F
https://doi.org/10.1021/acs.accounts.6b00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1088/0034-4885/78/1/013901
https://doi.org/10.1088/0034-4885/78/1/013901
https://doi.org/10.1038/25692
https://doi.org/10.1038/25692
https://doi.org/10.1103/PhysRevLett.77.4792
https://doi.org/10.1103/PhysRevLett.77.4792
https://doi.org/10.1016/j.ssc.2005.04.034
https://doi.org/10.1016/j.ssc.2005.04.034
https://doi.org/10.1103/PhysRevB.67.085311
https://doi.org/10.1103/PhysRevB.67.085311
https://doi.org/10.1103/PhysRevB.67.085311
https://doi.org/10.1021/acsphotonics.6b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.6b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.6b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.201600337
https://doi.org/10.1002/adom.201600337
https://doi.org/10.1063/5.0037896
https://doi.org/10.1063/5.0037896
https://doi.org/10.1016/j.physleta.2008.02.062
https://doi.org/10.1016/j.physleta.2008.02.062
https://doi.org/10.1016/j.jlumin.2004.08.033
https://doi.org/10.1016/j.jlumin.2004.08.033
https://doi.org/10.1063/1.3645633
https://doi.org/10.1063/1.3645633
https://doi.org/10.1063/1.3645633
https://doi.org/10.1021/acs.jpclett.9b02192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.65.195312
https://doi.org/10.1103/PhysRevB.65.195312
https://doi.org/10.1103/PhysRevB.65.195312
https://doi.org/10.1021/acs.jpcc.8b07283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b07283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b07283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201901317
https://doi.org/10.1002/adfm.201901317
https://doi.org/10.1021/jz5004439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5004439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3950
https://doi.org/10.1038/nmat3950
https://doi.org/10.1038/nmat3950
https://doi.org/10.1021/acsphotonics.7b01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b01002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201703539
https://doi.org/10.1002/anie.201703539
https://doi.org/10.1038/s41467-021-22183-3
https://doi.org/10.1038/s41467-021-22183-3
https://doi.org/10.1038/s41467-018-04736-1
https://doi.org/10.1038/s41467-018-04736-1
https://doi.org/10.1038/s41467-018-04736-1
https://doi.org/10.1038/s41467-021-23481-6
https://doi.org/10.1038/s41467-021-23481-6
https://doi.org/10.1038/s41467-021-23481-6
https://doi.org/10.1126/sciadv.aax4482
https://doi.org/10.1126/sciadv.aax4482
https://doi.org/10.1039/C9SC04950A
https://doi.org/10.1039/C9SC04950A
https://doi.org/10.1039/C9SC04950A
https://doi.org/10.1021/jacs.1c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aas9552
https://doi.org/10.1126/sciadv.aas9552
https://doi.org/10.1002/adfm.202010737
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Fuel in the Strong Coupling Regime. Adv. Funct. Mater. 2021, 31,
No. 2010737.

(47) Ferreira, J. A,; Porter, G. Concentration Quenching and
Excimer Formation by Perylene in Rigid Solutions. J. Chem. Soc,
Faraday Trans. 2 1977, 73, 340—348.

(48) Holmes, R. J; Forrest, S. R. Strong Exciton-Photon Coupling
and Exciton Hybridization in a Thermally Evaporated Polycrystalline
Film of an Organic Small Molecule. Phys. Rev. Lett. 2004, 93,
No. 186404.

(49) George, J.; Wang, S,; Chervy, T.; Canaguier-Durand, A;
Schaeffer, G.; Lehn, J.-M.; Hutchison, J. A.; Genet, C.; Ebbesen, T. W.
Ultra-Strong Coupling of Molecular Materials: Spectroscopy and
Dynamics. Faraday Discuss. 2015, 178, 281—294.

7972

https://doi.org/10.1021/acs.jpcc.2c01239
J. Phys. Chem. C 2022, 126, 7965—-7972


https://doi.org/10.1002/adfm.202010737
https://doi.org/10.1039/f29777300340
https://doi.org/10.1039/f29777300340
https://doi.org/10.1103/PhysRevLett.93.186404
https://doi.org/10.1103/PhysRevLett.93.186404
https://doi.org/10.1103/PhysRevLett.93.186404
https://doi.org/10.1039/C4FD00197D
https://doi.org/10.1039/C4FD00197D
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

