Downloaded viaNATL RENEWABLE ENERGY LABORATORY on January 31, 2023 at 22:52:12 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERAPPLIED
OPTICAL MATERIALS

Ho®

Tunable Broadband Molecular Emission in Mixed-Organic-Cation
Two-Dimensional Hybrid Perovskites

YunHui L. Lin and Justin C. Johnson™
I: I Read Online

Article Recommendations |

Cite This: ACS Appl. Opt. Mater. 2023, 1, 3-9

ACCESS | [l Metrics & More | @ Supporting Information

0.6
Multi-colored
. . 0.
emission o
o

Energy
transfer

The ability to controllably enhance or suppress the
luminescence contributions from different species in layered two-
dimensional (2D) hybrid perovskites is beneficial for developing
color-tunable broadband emitters. In particular, for 2D perovskites
exhibiting interlayer sensitized triplet emission from their organic
cations, the final molecular emission profiles are often influenced
by intermolecular interactions between neighboring chromophores.
Embedding these chromophores within an inert host cation is an
emerging strategy for controlling the degree of intermolecular
coupling and thereby influencing the formation of isolated
monomer versus multimolecular states. In this work, we
demonstrate tunable broadband emission from 2D perovskites
containing varying amounts of a naphthalene chromophore mixed with hexylammonium cations. Across the series of perovskites,
emission from free or self-trapped excitons and naphthalene triplet monomers or excimers contributes to wide color tunability from
green to yellow to orange. These results suggest that organic-cation mixing may be a generalizable approach for modifying
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photophysical outcomes in 2D hybrid perovskites.
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The emission properties of layered two-dimensional (2D)
metal halide perovskites can be widely tuned through
compositional or structural control.' In particular, their
luminescence profiles can vary from narrow to broadband
due to a diversity of emission sources, including free or self-
trapped excitons in the inorganic layer,”™* defect states,”~” and
certain  molecular species in the organic layer."”'' This
remarkable spectral tunability has made 2D perovskites
valuable as single-phase bulk emitters with applications in
solid-state lighting or commercial displays.

One of the ways to achieve broadband luminescence in 2D
perovskites is by inducing emission from the triplet states of
optically active ammonium-linked organic cations that are
embedded in the 2D perovskite structure. This organic
phosphorescence is activated through an interlayer triplet
sensitization process across the inorganic metal halide—organic
cation interface.'”"® Ruddlesden—Popper 2D hybrid perov-
skites with an A,BX, chemical formula are self-assembled,
natural quantum well structures comprised of anionic single
layers of metal halide octahedra [BX;]*~ separated by cationic
double layers of organic spacer molecules [A]*. Stable excitons
are formed within the inorganic framework at room temper-
ature,"* and the presence of heavy metal (e.g., Pb*" or Sn**)
and halide (e.g,, C17, Br, or I") atoms allows effective mixing
of their spin states. > Under certain conditions, these inorganic
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excitons can act as photosensitizers for molecular triplets in the
adjacent organic spacer layer.

Typically, to obtain the necessary energy level alignment to
drive triplet energy transfer between the inorganic metal halide
exciton and the organic-cation states, conjugated organic
chromophores with low-lying triplet levels are needed.'®'”
However, a side effect of employing conjugated molecules in
the 2D perovskite structure is that the final luminescence
profiles of the perovskite are often dominated by multi-
molecular species such as excimers.'”'®' These multi-
molecular species can be difficult to avoid due to the extended
m-networks that arise when conjugated molecules are packed
closely in the solid state. While broadband emission from
multimolecular or aggregation-induced states may be desirable
in its own right,w’20 in other situations, it is useful to gain
control of the overall luminescence profile by tuning the
relative emission contributions from isolated monomer states,
multimolecular states, or other emissive species. Such control
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Figure 1. (A) Schematic of the single-layer 2D hybrid perovskite and molecular structure of the organic ammonium cations used in this study. (B)
Absorption spectra of the 1-(2-naphthylmethyl) ammonium (NMA), hexylammonium (HA), and mixed HA/NMA lead bromide perovskite thin
films. Spectra are normalized at the exciton transition near 390 nm and offset. (C) X-ray diffractograms of the perovskite thin films. Panels B and C

share the same legend.

would enable systematic color tunability from the perovskite
that is valuable for many light-emitting applications.

Organic guest/host mixing is a well-known strategy for
suppressing chromophore/chromophore interactions. When
the “guest” chromophore is embedded within a “host” matrix
of inert wide-bandgap molecules, excited states of the guest are
protected against quenching interactions with their environ-
ment.”’ In the 2D perovskite community, organic-cation
mixing has been employed to extend the phosphorescence
lifetime or to improve the room-temperature luminescence
yield of the emissive chromophores.””~** Maintaining phase-
pure and crystalline environments requires matching of the
guest and host molecular geometric profiles (e.g, pentacene
and p-terphenyl),”> which adds constraints on the types of
hosts that can be used.

We synthesized a series of Ruddlesden—Popper 2D hybrid
perovskite thin films containing mixed aromatic and alkyl-
ammonium cations and studied their photophysical properties.
While the emission of the purely aromatic-containing perov-
skite is dominated by molecular triplet excimers and the
emission of the purely alkyl-containing perovskite is dominated
by inorganic free and self-trapped excitons, the mixed-cation
systems exhibit unique luminescence behavior stemming from
guest—host interactions between the aromatic and alkyl
molecules. Consequently, multicolored emission is achieved
across this series of films due to different relative contributions
from inorganic free or self-trapped excitons and molecular
triplet monomers or excimers. The assignment of the spectral

features is corroborated by time-resolved photoluminescence
measurements that, at early time scales, reveal a rapid decay of
the inorganic exciton emission coupled with a rise time in the
molecular emissions that is consistent with interlayer energy
transfer. Subsequently, the molecular species exhibit long-lived
decays that are typical of triplet-based emissions. Ultimately,
these findings suggest that organic-cation mixing between
conjugated guest chromophores within an alkyl-ammonium
host may be a generalized approach for controlling
intermolecular interactions and thereby tuning the spectral
properties of 2D hybrid metal halide perovskites.

Using conventional solution processing techniques, we
prepared a series of 2D hybrid perovskite thin films containing
systematically mixed aromatic and alkyl-ammonium cations
with a (HA),_,(NMA),PbBr, chemical formula. Within the
organic layers, the alkyl-ammonium cation, hexylammonium
(HA), serves as the insulating “host” while the aromatic cation,
1-(2-naphthylmethyl) ammonium (NMA), serves as the triplet
acceptor “guest” and phosphorescent emitter (Figure 1A). HA,
a linear alkyl-ammonium cation with a length comparable to
that of NMA, was selected as the host molecule because
combining two organic cations of similar length and cross-
sectional shape promotes formation of a single mixed-cation
phase and reduces the chance of perovskite segregation into
pure-cation phases. Absorption and X-ray diffraction (XRD)
measurements on the mixed films suggest that at low
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Figure 2. Key exciton transitions present in the (A) hexylammonium (HA), (B) 1-(2-naphthylmethyl) ammonium (NMA), and (C) mixed HA/
NMA lead bromide perovskite thin films following photoexcitation of the lead bromide exciton band. Right panels show photoluminescence spectra
of the samples measured at 77 K with different regions of the spectra shaded in the same color as the corresponding emissive species in the left

Jablonski diagrams.

concentrations of NMA of <5 mol %, the organic layers are
homogeneously mixed without obvious phase segregation of
HA- and NMA-only perovskites. At higher molar concen-
trations of NMA, we observe two distinct reflections in the
XRD data corresponding to pure HA and NMA perovskite
phases, a clear indication of phase segregation (Figure S1).
The absorption spectra of the films are shown in Figure 1B,
with both (NMA),PbBr, and (HA),PbBr, possessing similar
exciton transitions that peak at 388 and 390 nm, respectively.
Thin-film x-ray diffractograms of the compounds are shown in
Figure 1C and exhibit equally spaced reflections typical of
(100)-oriented 2D perovskites.26 The interlayer separation,
evaluated from the diffraction peak positions, is 20.2 A for the
(NMA),PbBr, perovskite and 17.8 A for the (HA),PbBr,
perovskite (Table S1). Moreover, the diffraction peaks of the
mixed HA/NMA compounds are systematically shifted
between the lattice spacings of pure NMA and pure HA
perovskite with no detectable peak separation, suggesting that

the (HA),PbBr, perovskite lattice spacing is expanded slightly
by the small quantities of NMA without disrupting the
underlying layered structure.

The photoluminescence (PL) spectra of this series of
perovskite compounds were measured at 77 K under 365 nm
continuous-wave excitation, with results shown in Figure 2.
The 365 nm excitation falls beyond the absorbance of both
naphthalene and hexane molecules, ensuring that photo-
excitations are initially localized within the lead bromide
framework. In the (HA),PbBr, perovskite (Figure 2A), the PL
spectrum is comprised of two emissive species, both
originating from the inorganic lattice. First, direct recombina-
tion of the inorganic lead bromide excitons produces a sharp
free exciton emission peak centered at 409 nm (hv,, shaded
blue region), representing a 148 meV Stokes shift relative to
the exciton absorption peak centered at 390 nm. We note that
while this Stokes shift is somewhat large in the context of
inorganic semiconductors, shifts on the order of 100 meV are
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Figure 3. (A) Representative time-resolved PL streak camera image over a 200 ns time window, shown for the (HA), o(NMA),;PbBr, sample. (B)
Early PL kinetics of the HA, 1% NMA/99% HA, and NMA perovskite thin films. The long-lived components have been subtracted from the 580
nm traces. The data were fitted using iterative reconvolution to the instrument response, with the fits colored blue. (C) Average time constant of
the inorganic free exciton PL decays (center wavelength of 420 nm) as a function of the organic-cation composition.

not unusual for low-dimensional hybrid perovskites.”” In
addition to this free exciton emission, there is a less intense,
broad, featureless, and highly red-shifted emission band
between 500 and 750 nm (hv,, shaded green region) due to
recombination of self-trapped excitons. Self-trapped excitons
are widely observed in hybrid metal halide perovskites due to
their soft, deformable crystal lattices and strong electron—
phonon coupling.””

In contrast to the (HA),PbBr, perovskite, the NMA-
containing perovskites exhibit markedly different PL character-
istics due to energy transfer between the inorganic and organic
components. This interlayer energy transfer is made possible
by a roughly 400 meV energetic driving force between the
inorganic exciton and naphthalene triplet states,'”” and the
mechanism for this interlayer triplet energy transfer has been
described as either a Dexter-like process” or a sequential
charge transfer process'' in previous studies on naphthalene-
containing lead bromide 2D perovskites. Like that of
(HA),PbBr,, the PL spectrum of (NMA),PbBr, (Figure 2B)
contains a free exciton band centered at 405 nm. However, the
intensity of this free exciton emission is strongly quenched
compared to that of (HA),PbBr,. The relatively weak free
exciton emission is consistent with efficient energy transfer
between the inorganic lead bromide exciton and naphthalene
triplets. In addition to the weak free exciton emission, a more
intense molecular emission is observed between 500 and 750
nm (hvs, shaded red region) that is associated with
naphthalene triplet excimers (i.e., a naphthalene triplet excited
state coupled with a naphthalene ground-state molecule).”
Due to the strong m-orbital interaction between naphthalene
chromophores in (NMA),PbBr,, triplet excimers are formed
readily and represent the primary emissive species.

Finally, for the compounds containing both NMA and HA
(Figure 2C), we observe relatively stronger inorganic free
exciton emission centered at 410 nm that is consistent with less
efficient interlayer energy transfer due to the reduced
interfacial area between the lead bromide layers and
naphthalene molecules. In addition to the free exciton
emission, we observe intense naphthalene triplet monomer
phosphorescence peaks around 470 nm (hv,, shaded yellow
region).”’ These naphthalene monomer emissions are absent
in the (NMA),PbBr, compound and arise only as a

consequence of the guest/host configuration in the mixed-
cation systems. Because on average, in the mixed-cation
compositions, a majority of naphthalene molecules are
surrounded by insulating hexane species, the likelihood of
triplet excimer formation is reduced. However, as shown in
Figure 2C, triplet excimer emission is still present in the PL
spectra of the mixed-cation compounds, albeit with lower
intensity. It is likely that although guest/host mixing has
significantly reduced the degree of naphthalene-to-naphthalene
electronic coupling, there may still be small aggregates of
naphthalene present in the perovskite structure (undetectable
through absorption spectroscopy or XRD) that contribute to
these excimeric emissions. Finally, given that interlayer energy
transfer in the mixed-cation compounds is nonquantitative, it is
possible that self-trapped excitons contribute to the broad
emissions, as well. However, the strong luminescence signals
from the naphthalene triplet species make this difficult to
ascertain.

To understand the dynamics of interlayer energy transfer
across the series, we captured the time-dependent lumines-
cence of each sample at 77 K using a streak camera. A typical
streak camera image over a 200 ns window is shown for a
mixed-cation compound in Figure 3A. The free exciton
emission centered around 410 nm exhibits a rapid, subnano-
second decay. On the contrary, the red-shifted emissions
(ascribed to naphthalene triplet species and/or lead bromide
self-trapped excitons, depending on the sample) exhibit
multicomponent decays with fast and slow time constants.
The long-lived components do not decay substantially within
the largest time window (200 ps) available on our streak
camera setup, so to visualize the fast decay processes, the long-
lived components were subtracted as constant baselines fitted
to the data at pre-excitation time points. Even though the
inverse of the repetition rate of the laser was faster than these
slow decays, such that some re-excitation may occur, because
of the extreme differences in the time scales under
investigation (<10 ns vs hundreds of microseconds), we do
not expect these events to impact the interpretation of decays
at short time scales.

When the free exciton PL decays were fitted to a
biexponential model, each decay contained a major component
with a time constant of several hundreds of picoseconds and a
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minor component with a time constant of several nanoseconds
(Table S2). The average time constant for the series of
perovskites is plotted in Figure 3C as a function of the organic-
cation composition. Within the series, the inorganic free
exciton in (HA),PbBr, decays the slowest, with an average
time constant of 0.62 ns, and in (NMA),PbBr, decays the
fastest, with an average time constant of 0.14 ns. For the mixed
HA/NMA perovskites, the average rate of the decay trends
with NMA content; the higher the percentage of NMA, the
faster the inorganic exciton decay. Assuming similar radiative
and nonradiative relaxation rates across the series of NMA-
containing perovskites, the inorganic free exciton decay
constant can be taken as a proxy for the rate of transfer of
energy to naphthalene, making these trends consistent with the
amount of lead bromide-to-naphthalene interfacial area that is
available for the energy transfer process. Based on a kinetic
analysis in which the radiative, nonradiative, and self-trapping
rate constants are assumed to be equal for the (HA),PbBr, and
NMA-containing samples, we estimate that the interlayer
energy transfer efliciency ranges from 37% for
(HA), 9s(NMA),,0,PbBr, to 78% for (NMA),PbBr, (section
4 of the Supporting Information).

Turning to the early dynamics of the red-shifted emissions in
the range of S00—650 nm (red curves in Figure 3B), all decays
exhibit a subtle rise time when compared to the instrument
response and inorganic free exciton decays. For (HA),PbBr,,
this rise time reflects the exciton self-trapping process, whereas
for NMA-containing samples, this rise time reflects energy
transfer between the inorganic and organic components. While
we were unable to capture accurate rise time constants for this
component using a multiexponential reconvolution fit, their
presence and trend with composition are evident from visual
inspection of the decay traces. In particular, this rise time is
most subtle for the (NMA),PbBr, perovskite, in which
interlayer energy transfer is fastest. Finally, as shown in the
full streak image in Figure 3A, the red-shifted molecular
emissions in the NMA-containing compounds all possess a
long-lived decay of >0.1 ms. These observations are
corroborated by literature reports on related naphthalene
lead bromide perovskites, in which triplet-based lifetimes on
the order of several milliseconds have been measured.'"*’

Having examined the photophysical properties of this series
of 2D hybrid perovskites with mixed alkyl and aromatic organic
cations, we now consider some practical applications of these
materials and discuss opportunities for future study. By
enabling control over emission contributions from different
excited-state species, mixed-organic-cation 2D perovskites can
function as color-tunable emitters. The wide color tunability of
this particular series of HA- and NMA-containing 2D
perovskites is exemplified by their CIE 1931 color coordinates,
plotted in Figure 4. Within the series, broadband, multicolored
emission from green to yellow to orange was achieved. The
yellow emission of (NMA),PbBr, was easily visualized at room
temperature, while the emissions of the other compounds were
weakly visible at room temperature but became significantly
brighter upon cooling to 77 K (Figure S4). The relative
magnitudes of the inorganic free exciton PL versus molecular
PL vary across the series of mixed HA/NMA perovskites
(Figure S3), but as shown in Figure 4, the perceived color
coordinates do not shift significantly within the green family. In
future work, it may be possible to increase the spectral
separation of the inorganic free exciton and molecular emission
bands (for example, through a different choice of halides or
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Figure 4. Chromaticity coordinates (CIE 1931) of the hexylammo-
nium (HA), 1-(2-naphthylmethyl) ammonium (NMA), and mixed
HA/NMA lead bromide perovskite emitters in this study.

molecular chromophores) to achieve greater color tunability,
to target specific perceived colors, or to generate broadband
white light emission. In this respect, the vast compositional
space that is available to 2D hybrid perovskites offers a near
continuum of potential targets for additional investigation.

Other useful applications of mixed-cation 2D hybrid
perovskites stem from the ability to isolate the properties of
individual phosphorescent chromophores from intermolecular
effects. For example, several computational works have
identified pairings of a metal halide with organic chromophores
that are conducive to interlayer triplet energy flow,'*"” but
while such studies are valuable for the rapid screening of
phosphorescent chromophores, they typically consider only
the properties of the individual molecules. However, as this
work and other experimental studies have shown, the excited-
state behavior of 2D hybrid perovskites is highly susceptible to
intermolecular interactions and depends sensitively on the
organic layer morphology, which is not often considered
computationally and may cause deviations from predictions
based on isolated chromophore properties. Therefore, for a full
understanding of photophysical outcomes in these materials,
such computational studies must be coupled with perovskite
crystal structure prediction and experimental verification.
Whereas predicting and leveraging intermolecular interactions
can provide a powerful set of tools for the design of emitters
with targeted luminescence profiles, some of the complexities
inherent to single-organic-cation systems can be simplified in
mixed-organic-cation systems, where individual chromophores
are insulated from intermolecular effects. In this way, the
mixed-organic-cation architecture can serve as a valuable
platform for fundamental studies of energy transfer at hybrid
inorganic—organic interfaces.

In summary, we have demonstrated tunable broadband
emission in a 2D hybrid perovskite by invoking a guest/host
concept involving a phosphorescent conjugated organic
chromophore embedded in a wide-bandgap alkylammonium
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host. Introducing <5 mol % phosphor within the alkyl host
induces dramatic changes in the emission spectrum of the
perovskite while maintaining a homogeneous mixed-cation
phase. The dynamics of energy transfer among various species
leads to an interesting interplay of excited-state behavior that
we intend to characterize more incisively in future work
involving pump—probe experiments. If well-understood, these
principles can be extended to multiple phosphors to facilitate
predictable energy flow and achieve even broader emission
across the visible spectrum.

To synthesize 1-(2-naphthylmethyl) ammonium bromide, 3 mmol
(472 mg) of 1-(2-naphthyl) methylamine (Ark Pharm) was dissolved
in 50 mL of ethanol and reacted with 3.6 mmol of HBr (48 wt % in
water) by stirring for 1 h. The solvent was removed by evaporation,
and the resulting white precipitate was rinsed several times in diethyl
ether before drying overnight in a vacuum oven at 60 °C.
Hexylammonium bromide was purchased from Great Cell Solar and
used as is.

Stock precursor solutions of (NMA),PbBr, and (HA),PbBr, were
prepared by dissolving the organic ammonium bromide salts and
PbBr, (Alfa Aesar) at a 2:1 molar ratio in dimethylformamide at 0.25
M with respect to lead. The mixed-organic-cation perovskite solutions
were prepared by combining the (NMA),PbBr, and (HA),PbBr,
stock solutions together in their nominal ratios. Thin films of the
perovskites were spin coated at 4000 rpm for 40 s on precleaned glass
or quartz substrates (for X-ray diffraction or optical measurements,
respectively) and annealed at 100 °C for 10 min. All sample
preparation was completed in a N, glovebox.

Thin-film X-ray diffraction was performed using a Rigaku Ultima IV
diffractometer using Cu Ko radiation. Absorption spectra were
recorded using an Agilent Cary 6000i ultraviolet—visible—near
infrared spectrophotometer with a diffuse reflectance attachment.
Photoluminescence measurements were conducted on a Princeton
Instruments spectrometer with PyLON CCD detectors. Samples were
mounted in an Oxford Instruments sample-in-vapor liquid N, cryostat
and excited with a 365 nm light-emitting diode filtered with a 10 nm
bandpass filter. The detection arm was filtered with a 400 nm long
pass filter. For accurate comparison of luminescence intensities across
the broad detection range, intensity calibration was performed
between 400 and 750 nm using a Princeton Instruments IntelliCal
reference lamp. Time-resolved photoluminescence was measured
using a Hamamatsu streak camera setup (model C10910-04).
Samples were mounted in a Janis sample-in-vacuum liquid N,
cryostat and excited with a PicoQuant 375 nm pulsed laser diode
source. The full width at half-maximum of the instrument response
was approximately 450 ps. Early dynamics (<10 ns) were measured
with a repetition rate of 6.72 MHz, while late dynamics (<200 ns)
were measured with a repetition rate of 1.9 MHz. The decay curves
were fitted to the biexponential model I(t) = A,e™™ + Ae™® + Yo
using an iterative reconvolution procedure with the instrument
response. The amplitude average lifetimes were calculated with the
equation 7, = (A7) + Ay7,)/ (4, + 4,).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.2c00106.

Additional X-ray diffraction data, PL spectra of the
(HA),(NMA),_,PbBr, compounds, streak camera im-

ages, time-resolved PL decay curves, fitting parameters,
and kinetic analysis (PDF)
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