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ABSTRACT: Two-dimensional (2D) semiconductors are attrac-
tive candidates for a variety of optoelectronic applications owing to
the unique electronic properties that arise from quantum
confinement along a single dimension. Incorporating nonradiative
mechanisms that enable directed migration of bound charge
carriers, such as Forster resonance energy transfer (FRET), could
boost device efficiencies provided that FRET rates outpace
undesired relaxation pathways. However, predictive models for
FRET between distinct 2D states are lacking, particularly with
respect to the distance d between a donor and acceptor. We
approach FRET in systems with binary mixtures of donor and acceptor 2D perovskite quantum wells (PQWs), and we synthetically
tune distances between donor and acceptor by varying alkylammonium spacer cation lengths. FRET rates are monitored using
transient absorption spectroscopy and ultrafast photoluminescence, revealing rapid picosecond lifetimes that scale with spacer cation
length. We theoretically model these binary mixtures of PQWs, describing the emitters as classical oscillating dipoles. We find
agreement with our empirical lifetimes and then determine the effects of lateral extent and layer thickness, establishing fundamental
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principles for FRET in 2D materials.

Bl INTRODUCTION

Two-dimensional (2D) semiconductors offer prospective
benefits for optoelectronics devices spanning photovoltaics,
lasers, and light-emitting diodes' ™" due to tunable quantum
and dielectric confinement effects that facilitate control of
electronic band gap and often give rise to strong band-edge
absorption in addition to spectrally narrow photolumines-
cence.”” However, 2D materials also typically exhibit large
exciton binding energies, anisotropic conductivity, and low
carrier mobilities, which can impede energy and carrier
migration compared to bulk phases. Forster resonance energy
transfer (FRET) offers the prospect of rapid exciton migration
in 2D materials that can potentially outpace other undesirable
excited-state relaxation channels such as carrier trapping,
recombination, and even Auger recombination.'”'" Fast FRET
presents an opportunity to bolster the utility of 2D materials,
offering routes to defect-tolerant devices and enabling novel
energy-funneling architectures.'” ™"

The probability of FRET occurring between an excited
donor and ground-state acceptor depends on the spectral
overlap integral and electronic coupling, affected by donor—
acceptor distance d, between states.'® However, Forster theory
models donor and acceptor states as point dipoles, and while
appropriate for molecular and quantum dot (QD) systems, it
cannot describe energy transfer between states with a 2D
spatial extent (see Figure la). The generalization of Forster
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theory to higher dimension structures requires an empirical 47
investigation to guide and test models.'”'® Experimental 4s
studies of FRET in 2D systems, such as colloidal nanoplatelets, 49
graphene, and transition metal dichalcogenides, have indicated so
rapid lifetimes on hundreds to few picosecond time scales.'”™*® s1

To this end, 2D perovskite quantum wells (PQWs) with s2
mixtures of different n thicknesses and, therefore, different s3
energy gaps present promising experimental systems for studies s4
of Forster theory in 2D systems. PQWs form upon the ss
incorporation of large, organic cations into the bulk hybrid se
perovskite framework, which introduces low-dielectric organic s7
barriers between layers of PQWs.”” The resulting materials are ss
composed of precisely n octahedra in each PQW along the so
stacking axis and exhibit the general formula AjA, M, Xs,., 60
where A’ is the larger “spacer” cation constituting the organic 61
barrier, A is the small organic cation occupying the perovskite 62
cage, M is the divalent metal, and X is the halide. 63

At present, reports focused on 2D PQWs offer disparities 64
regarding FRET rates, though examined sample structures and ss
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Figure 1. Static characterization of 2D PQWs. (a) Forster theory describes energy transfer between point dipoles with FRET rates (kop.op) scaling
with the distance (d) between the donor and acceptor. The 2D spatial extent of 2D PQWSs with requisite spectral overlap is hypothesized to
increase FRET rates (k,p_,p) owing to the increased effective density of the acceptor, but quantitative theoretical and empirical models have not
been developed. (b) Absorption and photoluminescence spectra of donor (n = 1) and acceptor (n = 2) phases of (BA),MA,_,Pb,L;,.;. (c)
Structural visualization of a donor and acceptor interface in a binary mixture showing layers of [Pbl]*~ octahedra where n = 1 (blue) and n = 2
(red) are separated by the A’ site cation. Molecular structures of the A’ cations used in this study to change the distance of separation between

layers are shown on the left.

66 mixture identities vary among these studies.>*™>* One report,
67 which examined a broad distribution of n thickness PQWs that
68 inclusively spanned n = 2 to n = 6, reported femtosecond
69 FRET time scales between different n layers.” Other recent
70 studies of 2D PQWs containing different A" cations and ranges
71 of n thickness observed remarkably longer hundred-picosecond
72 time scales.””*® The results in each of these reports encounter
73 complications arising from multiple undefined pairings of
74 donor and acceptor species, overlapping spectral signatures
75 that inhibit distinctly correlated dynamics of donor energy
76 outflow with acceptor inflow, and the absence of isolated n
77 samples. To advance the understanding of spatial dimension-
78 ality effects on rates of FRET in 2D PQWs and in materials of
79 varying dimensionality generally, studies of energy transfer
8o rates with individually resolved donor and acceptor dynamics
81 in binary donor—acceptor mixtures are crucial >+*° Despite
82 rapid progress in device fabrication and performance, synthetic
83 methods for 2D PQW films containing a single # domain and
84 controlled mixtures of n phases are underdeveloped, in
8s particular for materials over a range of A’ cations that would
86 enable one to study energy transfer as a function of distance
87 between layers of 2D PQWs. %%

88 In this study, we develop synthetic procedures to achieve
89 both neat and binary mixed films comprising n = 1 and n = 2
90 alkylammonium lead halide 2D PQWSs and probe energy
o1 transfer rates with ultrafast spectroscopy. Femtosecond
92 transient absorption reveals correlated donor and acceptor
93 dynamics that indicate FRET. Time-resolved photolumines-
94 cence studies are also performed, suggesting an absence of

measurable charge transfer and further supporting energy os
transfer. We then probe FRET as a function of distance 96
between donor and acceptor PQWs through systematic 97
increases in carbon chain length of A’ site alkylammonium 98
cations. The interlayer spacing between PQWs is directly 99
affected by the steric properties of the organic cation in the A" 100
site (see Figure 1c); in our approach, we exploit this inherent 101
structural feature to precisely tune the distance between layers, 102
in particular employing butylammonium (BA), hexylammo- 103
nium (HA), and octylammonium (OA) with A site 104
methylammonium (MA) cation for n = 2 phases. Next, we 105
construct a theoretical model of these systems and obtain 106
results consistent with our experimental findings, observing 107
rapid picosecond lifetimes that outpace earlier reports of Auger 108
recombination in these materials.”®*" We model other 109
synthetically adjustable parameters of 2D materials, gathering 110
results that suggest FRET lifetimes show little dependence on 111
the isolated tuning of the lateral extent and thickness of the 112
quantum wells. Thus, our work herein begins to build the 113
necessary foundation for predictive models of FRET in 2D 114
PQWs and further guides design principles for employing 115

FRET in devices fabricated from 2D materials. 116
B RESULTS AND DISCUSSION 117
Crystalline samples of phase-pure n = 1 and n = 2 118

(BA),MA,_,Pb,13,,,, (HA),MA,_,Pb,I;,,;, and 19
(OA),MA,_,Pb,L,,,, were synthesized according to previously 120
published methods.*”*" Briefly, lead oxide was dissolved into 121
hydroiodic acid and heated to boiling while stirring to afford a 122
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Figure 2. Dynamic optical measurements of BA n = 1 and n = 2 phase-pure and mixed composition films by transient absorption. (a) Time-
resolved absorption spectral map as a function of probe wavelength showing strong negative AA signals upon excitation at 512 and 565 nm, which
are the main absorption lines of the donor and acceptor components, respectively. Spectra shown are the average of three scans. (b) Transient
absorption spectra of the mixed film at 10, 50, 100, and 250 ps with the ground-state bleach signal of the donor decaying much more rapidly
compared to the acceptor. (c) Normalized decay dynamics at 496 nm from neat n = 1 and the mixture for the donor. (d) Normalized decay
dynamics at S65 nm from neat n = 2 and the mixture for the acceptor. (e) Upon 400 nm excitation, both donor (blue) and acceptor (red)
components in the mixture generate excitons, resulting in “bleaching” or a negative AA signal, of ground-state transitions. In the mixture, the donor
exciton population rapidly decreases as excitons isoenergetically transfer into the acceptor, resulting in a faster decay of the donor in the mixture
than the neat donor (c). The energy transfer also increases exciton population in the acceptor after excitation, resulting in a slower decay of the

acceptor in the mixture than the neat acceptor (d).

123
124

bright yellow solution. Hypophosphorous acid and the
appropriate ratio of alkylamine and methylammonium chloride
125 necessary to produce the desired n phases (n = 1, 2) were then
126 added to the reaction mixture. Large flake-like crystals,
127 precipitated upon cooling, were vacuum filtered, washed with
128 diethyl ether, and stored in an evacuated desiccator. Powder X-
120 ray diffraction (Figure S1) of the crystalline materials
130 compared with calculated patterns indicated phase-pure
131 products, showing characteristic peaks in both n = 1 and n = 2.
132 These phase-pure crystals were then used as precursors for
133 the preparation of both neat and binary films to obtain control
134 over donor and acceptor density in film mixtures as well as to
135 preclude formation of n = 3 or thicker PQWs. Binary films
136 were produced by dissolving both n = 1 and n = 2 crystals into
137 dimethylformamide (DMF) in a nitrogen atmosphere and
138 spin-coating at 4000 rpm for 30 s onto clean, preheated (110
130 °C) glass substrates. Figure 1b shows absorption and
140 photoluminescence spectra of the neat BA n = 1 donor and
141 n = 2 acceptor films with notable spectral overlap of donor
142 emission and acceptor absorption.

143 Several routes to binary films were examined, and our
144 preferred method of film preparation was adapted from
145 previously reported hot-casting methods in which substrates
146 are preheated before spin-coating to produce well- orlented
147 homogeneous materials on the substrate surface.” The
148 utilization of higher concentrations of n = 1, in which
149 methylammonium is not present, was expected to inhibit the
150 growth of higher n domains by limiting the amount of
151 methylammonium available for thicker PQW growth. The

higher relative ratio of n = 1 to n = 2 yields a donor-saturated 152
system and a lower limit of FRET rates for the system wherein 153
donors tend to experience a single adjacent acceptor. 154
Importantly, mixtures of n = 1 and n = 2 PQWs retained 155
distinct spectral features of the donor and acceptor (Figure 1b, 156
inset). Furthermore, binary film absorption spectra conveyed 1s7
the absence of secondary phases such as higher n PQWs, which 158
would appear at redder wavelengths. Powder X-ray diffraction 159
patterns of the binary BA films correspondingly indicated only 160
the presence of n = 1 and n = 2 phases (Figure S2). Structural 161
and optical characterization of HA and OA films are included 162
in the Supporting Information. 163

Next, we performed femtosecond transient absorption (TA) 164
spectroscopy using 35 fs laser pulses for both single- 165
component films of donor or acceptor as well as binary 166
films. TA facilitates the observation of any especially rapid 167
processes that relate donor population outflow to acceptor 168
inflow. In these studies, we implemented low-fluence (2.13 uJ/ 169
cm?®) excitation to avoid multiexcitonic processes that can 170
complicate analysis as they potentially could occur on similar 171
time scales as FRET. Figure 2a shows time-resolved changes in
absorption (AA) signals as a function of probe wavelength for 173
a binary BA film (neat BA films are shown in Figure SS). 174
Above-band gap excitation at 400 nm results in “bleaching” of 175
ground-state populations in both n = 1 and n = 2, seen as 176
negative AA signals in Figure 2ab at 513 and 565 nm, 177
respectively. In addition, induced absorption signals appear at a 178
higher energy of each bleach. Owing to the concern that broad 179
n = 2 induced absorption signals overlap with the n = 1 bleach, 180
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here, we analyze n = 1 at the induced absorption feature at 496
nm. Kinetics data in Figure 2¢,d monitored at 496 and 565 nm
are shown normalized at 1 ps following intraband relaxation of
carriers and other convoluting processes such as optical Stark
shifts.*”

Donor transient optical signals clearly decay more rapidly in
the binary mixture relative to the neat film (Figure 2c). In
addition, acceptor kinetics monitored at the 565 nm ground-
state bleach feature show notably slower decay signals
consistent with FRET for the acceptor PQWs in the mixture
relative to the neat n = 2 film (Figure 2d). These observations
of shorter donor lifetime and correlated extended acceptor
lifetime in the binary mixed film, as compared to the neat
materials, convey exciton population transfer from donor to
acceptor states via FRET. Importantly, rates of excited-state
decay for n = 2 acceptors were also obtained using 545 nm
excitation, as opposed to 400 nm, to selectively excite
acceptors in the binary films as a means to control for
potentially consequential environmental or material-processing
influences relative to the neat n = 2 acceptor films. 545 nm is
below the energy gap for n = 1 and was verified to not excite n
= 1 in the neat donor films, thus allowing us to examine n = 2
dynamics.

Rates of FRET were obtained by differencing the normalized
neat donor and acceptor decay dynamics from the correspond-
ing measurements performed for binary mixed films. By
differencing the neat film dynamics from mixed film dynamics
for each n phase, we account for intrinsic electronic processes
of the individual n phase in the absence of other phases and
isolate the emergent energy transfer dynamics. Figure 3a shows
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Figure 3. Energy transfer in mixed films. (a) Isolated decay in n = 1
donor and rise in n = 2 acceptor lifetimes shown for the BA binary
film. (b) Fitted lifetime values for isolated FRET dynamics as a
function of approximate distance from the center to center of n = 1
and n = 2 layers within the mixed film.

the isolated rise in the acceptor and decay in the donor for the
BA spacer with a time constant of 14 + 2 ps. Such correlated
dynamics are consistent with the conclusion that rapid FRET
occurs in these films and is competitive with other nonradiative
pathways that could otherwise quench donor states. However,
correlated transient absorption dynamics can also occur for
other charge carrier migration pathways, such as electron
transfer. To determine whether a contribution from charge
transfer is operative, we performed time-resolved photo-
luminescence measurements. Unlike charge transfer, FRET
results in the migration of the entire exciton from the donor
into the acceptor state (see Figure 2e) and can induce
sensitized acceptor emission to which time-resolved photo-
luminescence is sensitive, whereas charge transfer at low
excitation fluence quenches emission. Figure S6 shows
representative time-resolved photoluminescence and a dynam-
ic response from both mixed and neat OA films. This data
again exhibits correlated donor decay and acceptor rise
dynamics, supporting FRET and not charge transfer, on
similar time scales as noted in transient absorption.

Transient absorption measurements were repeated for the
full range of A’ spacer cations, including neat donor, neat
acceptor, and binary mixed films, in order to gain experimental
understanding of FRET scaling in 2D PQW materials. The
donor—acceptor distance, here defined as the center of a donor
layer to the center of an acceptor layer, was determined from
single-crystal diffraction as functions of each A’ site cation, and
additional details regarding the determination of these
distances can be found in the Supporting Information. For
progressively longer spacer lengths of 16.4, 19.4, and 21.9 A,
respectively, FRET lifetimes of 14 & 2, 29 + 3, and 48 + 3 ps
were obtained from fitting donor-derived decays and are
shown in Figure 3b. As such, FRET rates decrease with
increasing distance for 2D PQWs in a nonlinear fashion as the
electromagnetic coupling between the donor and acceptor
decreases.

211
212
213

246

The observed trend in FRET lifetimes as a function of 247

distance was compared to a computational model we
developed to describe FRET in 2D materials. The model
considers the PQWs as discrete three-dimensional slabs, where
the radiative emission of the donor PQW is described by a
classical oscillating dipole operating at its emission wavelength,
App = 525 nm (see Figure 1b). The resulting electric fields in
the materials are determined numerically using Comsol
Multiphysics software. The geometrical configuration of this
model, shown in Figure 4a, stacks three PQWs along the z
direction with a n = 1 donor between two n = 2 acceptors.
Importantly, they are separated by the distance d that accounts
for the molecular spacers used in the experimental samples.
The strength of the donor diPole is taken as u = 2.5 eA, a value
guided by a previous report.*’ We calculated the FRET rate by
considering the electromagnetic absorption at the acceptor

248

slabs in a system excited by a dipole situated at the center of 263

the donor slab (see Figure 4a) using the expression' '

2
kenr = oIl fA EPdV 0

where g, and €, are the permittivity of free space and the
relative permittivity of the acceptor PQW, respectively. The
volume integral of the electric field generated by the dipole
inside the donor PQW is evaluated over the volume of the
acceptor PQW, denoted as A, and surrounded by a dashed
black line in Figure 4a. From this magnitude, we obtain
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Figure 4. (a) Schematic diagram of the computational model for the system, along with the representation of its geometrical parameters. The
system is composed of three stacked slabs with the #n = 1 donor slab in the middle. The dashed lines surrounding the top n = 2 acceptor slab
indicate the volume used for the integral in eq 1. (b) Comparison of the experimentally measured lifetimes with the values obtained from the
simulated model. (c) Theoretical average lifetimes with respect to changes in the PQW length. The dashed line marks the value at which the length
of the PQWs is the same as the acceptors’ thickness; i.e., it becomes a cube. Above this value, the system rapidly reaches a stable value. (d)
Theoretical average lifetimes with respect to changes in the acceptor PQW thickness.

272 theoretical lifetimes of the excited state in the donor PQW as 7
273 = 1/kgggr. Lastly, we use a single-oscillator Lorentz model to
274 define the permittivity of the slabs with parameters chosen to
275 maintain consistency with previously reported dielectric
276 constant values for similar materials."**> In defining the
277 dielectric constant this way, i.e., with shifted absorption lines
278 between the n = 1 and n = 2 layers, we introduce information
279 about the different strengths of quantum confinement in each
280 subsystem. The permittivity of the simulated slabs is then given
281 by

2
wP

282 a)02 - - 2iwy (2)
283 In Figure 4b, we present theoretical results for the FRET
284 lifetimes as we change the spacing d between the PQWs. The
285 x-axis is presented in terms of center-to-center distance, d,
286 between the PQWs in order to offer a consistent description
287 with the experimental data in Figure 3b, which is also included
283 in this plot. We note that the experimental and theoretical data
289 are in good agreement, indicating that the alkylammonium
200 cations used in the experiment effectively behave as spacers
291 and thus affect FRET rates. Furthermore, the data and model
292 show FRET rates that rapidly decrease with increasing distance
203 between the donor and acceptor. Fitting of these rates
204 indicates that they scale with the center-to-center distance
295 between the PQWs as approximately d.. "% a trend observed in
296 some reports involving 2D donor or acceptor states' > but
297 not observed for others.”®*” Other factors, such as dielectric
208 screening at the donor’® and extended acceptor morphol-

ogy,lg’27 can impact FRET rates and result in deviation from 299
the expected trend for distance dependence in 2D systems. 300

The resulting FRET lifetimes we obtained through both the 301
empirical and theoretical approaches are rapid, outpacing 302
previously reported Auger recombination lifetimes of ~80 ps 303
in similar materials.”**” However, these FRET rates appear 304
slower than in other binary and multiple mixed layer systems, 30s
such as those reported by Proppe et al.,>" perhaps owing to the 306
smaller donor—acceptor spectral overlap of the binary system 307
studied herein. Given the same materials, sizes, and spacing, we 308
would expect the FRET rates between n = 2 donors and n = 3 309
acceptors as well as consecutive sequences of larger layer n 310
thicknesses to be higher as the result of the reduced difference 311
between their electronic state shifts due to quantum confine- 312
ment. 313

Our model goes beyond describing FRET between point- 314
like dipoles in infinite 2D slabs. It also allows us to explore 315
FRET for particular finite slab geometries that are subject to 316
synthetic manipulation, such as lateral area control.*® We 317
calculated the impact of finite lateral area on the transfer time 318
for a single FRET event. The numerical results of FRET 319
lifetime versus PQW side length, L, are presented in Figure 4c 320
for a donor—acceptor separation of d = 0.5 nm. We observe 321
prompt convergence spanning from 7 & 70 ps at L = 0.5 nm to 322
values approximately an order of magnitude lower, such as 323
those observed in Figure 4b, when we consider values of L > 2 324
nm. At values of L < d = 1.25 nm, the system effectively 325
approaches QD-like behavior rather than 2D quantum well 326
characteristics. In this calculation, we neglect effects that the 327
small Jateral extent would suggest about lateral quantum 328
confinement the particles may experience. From this data, we 329
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conclude that, from the perspective of the geometrical
coverage of donor PQWs by the acceptor ones, we should
not expect changes in the typical time scale of a single FRET
event with further increases in PQW area.

Given the rapid decay of the electric field of the classical
oscillating dipole, the extension of the thickness of a PQW
beyond the immediate proximity of the original excitation has a
negligible effect on FRET rates given otherwise fixed acceptor
properties, as seen in Figure 4d. However, although these data
capture the dependency of the FRET rates on the spatial
distribution of matter, they again do not specifically account
for the effect of quantum confinement as a function of
changing morphology. Nonetheless, from the combined
evidence of Figure 4c,d, one could argue that the slab
thicknesses depicted in Figure 4a and used to compute Figure
4b virtually maximize the FRET rate for a given spectral
overlap as modeled by eq 1. In other words, from the
perspective of this theoretical model, the PQW geometry
observed in the experimental samples provides almost maximal
FRET transfer rates for a given material pairing and interlayer
distance, and neither extending the layer length nor stacking
additional n = 2 acceptor layers should substantially alter
FRET rates. Additional results of the theoretical model with
respect to other parameters, such as dipole strengths and
relative orientations, are included in the Supporting
Information.

B CONCLUSION

The controlled variation of the A’ site cationsinn =1 and n =
2 phases of 2D PQWSs was successfully implemented as a
nanoscopic tool for modifying electronic energy migration with
respect to distance between donor and acceptor states with
two-dimensional spatial extent. Having prepared binary,
controlled mixtures for the examination of the scaling of
FRET with distance, we obtained donor-derived lifetimes of
14, 29, and 48 ps for distances of 16.4, 19.4, and 21.9 A,
respectively. Computationally derived lifetimes for FRET are
in agreement with empirical data for 2D PQWs, indicating
FRET lifetimes that scale with distance as d_.* for PQWs
presenting a large lateral extent and moderate spectral overlap
between donor and acceptor states. Importantly, overcoming
the synthetic challenges posed in the pursuit of the controlled
donor and acceptor mixtures of higher n layers for FRET
studies will prove beneficial for ongoing and future studies of
applications in which films are implemented. In that way, the
extension of the empirical model for scaling FRET with
distance could include consecutively longer alkylammonium
cations that would increase the distance between layers.
Overall, the synthetic and spectroscopic methods employed in
this work for obtaining phase-pure and mixed-phase 2D PQW
film and resultant ultrafast dynamics of FRET afford extensive
control for factors that affect electronic processes, thus
showing improved understanding of charge carrier behavior.
Such understanding and vetted modeling opens possibilities for
fast, even multiexcitonic FRET manipulations on ultrafast time
scales through the implementation of 2D materials.

B EXPERIMENTAL METHODS

Chemicals. Butylamine (99.5%), hexylamine (99%), octylamine
(99%), hydroiodic acid (57 wt %, 99.95%), hypophosphorous acid
(50 wt %), dimethylformamide (anhydrous), lead(I) oxide powder
(>99% trace metals basis), and methylamine hydrochloride (>98%)
were all purchased from Sigma-Aldrich. Ethyl ether (anhydrous) was

purchased from Fisher Scientific. Methylamine hydrochloride was
dried in an oven at 70 °C overnight before use. All other chemicals
were used as received without further purification.

Crystal Syntheses..*>*' General Procedure for n = 1. PbO
powder (2232 mg, 10 mmol) was added to hydroiodic acid in a SO
mL Erlenmeyer flask and heated to boiling while stirring to afford a
bright yellow solution. In a separate vial, the alkylamine was
neutralized with 2 mL of hypophosophorous acid in an ice bath.
The alkylammonium solution was then added to the reaction mixture.
Orange precipitate initially crashed out but redissolved after
additional heating. The reaction mixture was removed from heat
and allowed to cool to room temperature to facilitate the precipitation
of the crystalline product from the solution. The precipitate was
separated from the reaction by vacuum filtration and washed with
diethyl ether over a medium porosity fritted glass filter to afford
orange, flake-like crystals. Crystals were stored in an evacuated
desiccator until further use.

(C4HyNH;),Pbl,. The general procedure for n = 1 was followed
using butylamine (925 uL, 9.34 mmol) in 15 mL of hydroiodic acid.

(CeH;3NH3),Pbl,. The general procedure for n = 1 was followed
using hexylamine (800 yL, 6.08 mmol) in 18 mL of hydroiodic acid.

(CgH;,NH3),Pbl,. The general procedure for n = 1 was followed
using octylamine (700 yL, 4.24 mmol) in 20 mL of hydroiodic acid.

General Procedure for n = 2. PbO powder (2232 mg, 10 mmol)
and methylamine hydrochloride were added to hydroiodic acid in a
50 mL Erlenmeyer flask and heated to boiling while stirring to afford a
bright yellow solution. In a separate vial, the alkylamine was
neutralized with 2 mL of hypophosophorous acid in an ice bath.
The alkylammonium solution was then added to the reaction mixture
and dissolved completely. The reaction mixture was removed from
heat and allowed to slowly cool to room temperature to facilitate the
precipitation of the crystalline product from the solution. The
precipitate was separated from the reaction by vacuum filtration and
washed with diethyl ether over a medium porosity fritted glass filter to
afford red, flake-like crystals. Crystals were stored in an evacuated
desiccator until further use.

(C4HgNH;3),(CH;NH3)Pb,l,. The general procedure for n = 2 was
followed using butylamine (694 uL, 7 mmol), methylamine
hydrochloride (338 mg, S mmol), and 15 mL of hydroiodic acid.

(CsH13NH3)5,(CH3NH3)Pb,l,. The general procedure for n = 2 was
followed using hexylamine (580 xL, 4.39 mmol), methylamine
hydrochloride (338 mg, S mmol), and 18 mL of hydroiodic acid.

(CgH1,NH3)5(CH3NH3)Pb,l,. The general procedure for n = 2 was
followed using octylamine (165 uL, 1.02 mmol), methylamine
hydrochloride (338 mg, S mmol), and 20 mL of hydroiodic acid.

Thin-Film Syntheses.” General Procedure. Amorphous glass
substrates (2.5 cm X 2.5 cm X 1 mm) were cleaned 3X using
deionized water followed by acetone and finally ethanol in a sonicated
bath for 10 min. The substrates were then preteated for 10 min using
an ultraviolet ozone (UVO) treatment method. Phase-pure n = 1 and
n = 2 crystals were dissolved into 300 uL of dimethylformamide
(DMF) in a nitrogen atmosphere. The glass substrate that was
preheated to 110 °C was quickly transferred (1.5 s) to the spin-
coating stage. Thirty uL of the solution was then immediately spin-
coated onto the substrate and spun at 4000 rpm for 30 s. The
resulting films were stored in a nitrogen atmosphere until further use.
In the following, the films are denoted by the alkylammonium carbon
chain length and the layer thickness; e.g, C4nl refers to a film
synthesized with butylammonium (four carbons) and of n = 1 phase
and so forth.

C4n1. The general procedure for film synthesis was followed using
40 mg of (C,H,NH;),Pbl, dissolved into DMF.

C4n1 and C4n2 Mixture. The general procedure for film synthesis
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was followed using 20 mg of (C,H,NH;),Pbl, and 20 mg of 454

(C4HyNH,),(CH;NH,)Pb,I, dissolved into DMF.

C4n2. The general procedure for film synthesis was followed using
40 mg of (C,H,NHj;),(CH;NH;)Pb,I, dissolved into DMF.

C6n1. The general procedure for film synthesis was followed using
40 mg of (C¢H,3NH;),Pbl, dissolved into DMF.
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C6én1 and C6n2 Mixture. The general procedure for film synthesis
was followed using 20 mg of (C¢H;;NH;),Pbl, and 20 mg of
(C¢H3;NH;),(CH,3NH,)Pb,I, dissolved into DMF.

C6n2. The general procedure for film synthesis was followed using
40 mg of (C¢H,3NH;),(CH;NH,)Pb,I, dissolved into DMF.

C8n1. The general procedure for film synthesis was followed using
40 mg of (CgH,,NH;),Pbl, dissolved in DMF.

C8n1 and C8n2 Mixture. The general procedure for film synthesis
was followed using 20 mg of (CgH;;NH;),Pbl, and 20 mg of
(CgH,,NH;),(CH;NH,)Pb,l, dissolved in DMF.

C8n2. The general procedure for film synthesis was followed using
40 mg of (CgH;,NHj;),(CH;NH;)Pb,I, dissolved into DMF.

X-ray Diffraction Measurements. Powder X-ray diffraction
(PXRD) patterns were collected on a Rigaku Miniflex600 powder X-
ray diffractometer (Cu Ka, 4 = 1.5406 A) operating at 40 kV/15 mA
with a graphite monochromator and K foil filter. Single-crystal X-ray
diffraction was performed using a STOE IPDS II diffractometer (Mo
Ka, 1 = 0.71073 A) operating at SO kV/40 mA with a graphite
monochromatizer.

Static Optical Measurements. Absorption spectra were
measured using a Shimadzu 3600 UV—vis—NIR spectrophotometer.
PL spectra were collected under 405 nm front-facing photoexcitation
with a 35 fs pulse width laser diode.

Scanning Electron Microscopy. Scanning electron microscope
images were acquired using a Hitachi SU4800-II ¢cFEG SEM at an
accelerating voltage of 2.0 kV. Materials were precoated with osmium
using an SPI Osmium coater.

Transient Spectroscopy. Ultrafast experiments were performed
using a Ti:sapphire amplifier with 2 kHz repetition rate and 35 fs
pulse width. 400 nm pump pulses were generated using the frequency-
doubled output of the laser with a BBO crystal. Time-resolved
photoluminescence measurements were collected using a streak-
camera with front-facing excitation. Photon counts were accumulated
for 15 ms over 30000 integrations. In transient absorption
experiments, a small portion of the 800 nm Ti:sapphire output was
focused into a sapphire crystal to produce white light probe pulses.
545 nm pump pulses were generated from the 800 nm laser output
using an optical parametric amplifier (OPA). Probe pulses were
mechanically time delayed using a translation stage and retroflector.
Transient absorption spectra for each time point were averaged for 2
s, and then, three reproducible, separate scans were averaged together.
Background subtraction and probe chirp correction were conducted
for all raw spectra before data analysis. All spectroscopic studies were
performed at room temperature and in ambient conditions.
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