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ABSTRACT: Hybrid perovskites combine the optical and
electronic versatility of ionic inorganic solids with the synthetic
diversity and tunability of covalent organic molecules. Their
multicomponent, crystalline architectures, incorporating a wide
array of metals, ligands, and organic molecules, can be
synthetically fine-tuned to accommodate diverse target
technologies. In this Perspective, we highlight how the utility
of hybrid perovskites can be further extended through chemical
and physical postsynthetic transformations, with an emphasis
on the design of functional solids. We describe strategies that
we and other researchers have developed for using the parent
perovskite to direct the structure or morphology of the
product. We further show how the perovskite structure
provides a unique reaction vessel for performing chemical
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transformations that cannot be accessed through conventional methods. We hope this Perspective motivates both organic and
inorganic chemists to further expand the versatility of these technologically important hybrids, whose physical and electronic

properties are highly amenable to synthetic design.

1. INTRODUCTION

Postsynthetic transformations of solids allow for the parent
structure to fully or partially template the product, affording
new structures and morphologies not accessible through
traditional means. For example, postsynthetic ion-exchange
reactions in zeolitic frameworks," postsynthetic metalation,”
transmetalation,”* anion-exchange,” and polymerization®
actions in metal—organic frameworks,” and postsynthetic metal-
ion-exchange in metal-chalcogenide nanoparticles® have sub-
stantially expanded the structural and functional diversity of
these materials. Similarly, the organic and inorganic compo-
nents of hybrid perovskites provide an ideal platform for
developing postsynthetic strategies that expand their phase
space. In contrast to primarily covalent framework materials,
the distinctly ionic and covalent bonding found in these
materials provide additional flexibility for synthetic tuning of
their electronic structures. Hybrid perovskites therefore offer a
unique and underutilized space to exploit postsynthetic
transformations that target new physical, electronic, and optical
properties for both applied and fundamental studies.

This Perspective provides an overview of research on the
postsynthetic chemistry of these versatile solids and outlines
our explorations in the field, with an emphasis on achieving
targeted properties for functional materials such as solar-cell
absorbers, phosphors, battery electrodes, and sorbents for
atmospheric pollutants. Although the facile solution-state self-
assembly of hybrid perovskites under ambient conditions is an
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advantage with respect to inexpensive and scalable manufacture,
it also limits the number of accessible structures and
compositions. Because these materials typically crystallize
from their precursor salt solutions, the favored structure is
often dictated by the kinetics of crystallization, although
changing reaction parameters such as temperature, pressure,
and pH can provide some thermodynamic control. To further
exploit the structural versatility of hybrid perovskites, herein we
describe postsynthetic small-molecule intercalation, small-
molecule chemisorption, polymerization, ion exchange, electro-
chemical ion insertion, and material compression.

1.1. Structure. This work focuses on halide perovskites,
which are structurally analogous to the more common oxide
perovskites.” Three-dimensional (3D) halide perovskites adopt
the CaTiO; structure, where the inorganic sublattice consists of
corner-sharing metal-halide octahedra. The inorganic sublattice
of two-dimensional (2D) halide perovskites can be derived
from this 3D structure by conceptually slicing along different
crystallographic planes. Importantly, unlike the high-temper-
ature (>500 °C) routes often required for oxide perovskites,
halide perovskites typically form under ambient conditions in
organic or aqueous solution. These milder conditions allow for
the incorporation of organic molecules into halide perovskites,
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Figure 1. Crystal structures representing a subset of architectures and compositions that can be achieved with hybrid perovskites. (A) 3D
(MA)[PbL,];'*° (B) n = 1 (EDBE) [PbBr4] with (110) inorganic sheets and an organic monolayer;'® (C) n = 1 (0-BrPEA),[SnI,] with (001)
inorganic sheets and an organic bilayer;'' (D) n = 3 (PEA),(MA),[Pb,],,];"* (E) n =1 (C10),[MnCL];"* (F) n = 1 (AEQT)[PbBr,];** (G) n=1
(GABA),[CuCl,);"® (H) pseudohalide-containing # = 1 (MA),[PbL,(SCN),]."® Dark green, dark red, light green, pink, purple, brown, orange,
yellow, red, blue, and gray spheres represent Pb, Sn, Cu, Mn, I, Br, C, S, O, N, and C atoms, respectively. Disordered atoms and hydrogens omitted
for clarity. MA = methylammonium; EDBE = 2,2’-(ethylenedioxy)bis(ethylammonium); o-BrPEA = 2-bromophenethylammonium; PEA =
phenethylammonium; C10 = decylammonium; AEQT = 5,5”-bis(ethylammonium)-2,2":5',2”:5",2" -quaterthiophene; GABA = y-ammoniobutyric
acid.

affording single-phase organic—inorganic hybrids. Smaller small and large organic cations. Here, the small cations
organic cations reside in the cavities of 3D hybrid perovskites template thick 2D slabs of the inorganic layers, whereas the
(Figure 1A), whereas larger organic cations partition the larger cations partition the inorganic lattice. The thickness of
inorganic sheets in 2D perovskites.'"™' Layered perovskites the inorganic sheets can therefore be controlled by the ratio of
can feature an organic monolayer (Figure 1B)F) with the small to large cations (Figure 1D). These 2D perovskites have
formula R[BX,] (R = divalent organic cation, B = metal cation, the general formula RyA,_;[M,Xy,.,] (R = organic cation that

X = halide) or an organic bilayer (Figure 1C,D,E,G,H) with the
formula R’,[BX,] (R’ = monovalent organic cation). Unlike in
the 3D structure, which can only accommodate small organic or
inorganic cations, the 2D perovskite exhibits a far greater
tolerance for a wide range of organic functionalities. This has
allowed for the synthesis of perovskites containing alkenyl,'”

partitions the inorganic sheets, A = cation that is incorporated
into the inorganic sheets, M = metal, X = halide) where n
denotes the number of metal-halide sheets in each inorganic
layer.”>*

1.2. Optical and Electronic Properties. Recent work on

alkyn 17 aryl,'® " carboxyl,”® cycloalkyl,® halo,"”*' hetero- halide perovskites has primarily focused on the 3D perovskite
cycle,” hydroxyl,21 nitrilo,>* and silyl>* groups. These materials R[PbL;] (R = monovalent cation), which has shown exceptional
provide the basis for expanding the diversity of hybrid performance for photovoltaic”’ " and other optoelectronic
perovskites by developing reactions that leverage the inherent applications.”*~** Their 2D analogs exhibit contrasting photo-
reactivity of these functional groups. The inorganic framework physical properties that have been studied for decades®™*” and
of 2D perovskites can be further tuned by using a mixture of developed for applications in organic—inorganic electronics.*®
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The 3D lead-halide perovskites exhibit direct bandgaps, small
exciton binding energies (E,, ie., attraction between photo-
generated electrons and holes), and long carrier recombination
lifetimes, which are ideal for photovoltaic applications.”” In
contrast, the 2D lead-halide perovskites are wide-bandgap
excitonic semiconductors with high E, values (of ca. 300 meV
for Pb—1I perovskites).””*’ The high oscillator strength of
excitons in 2D lead-halide perovskites affords strong, room-
temperature photoluminescence (PL). This has led to their
study as candidates for green phosphor' and light-emitting**
diode applications. Our lab has examined the phenomenon of
exciton self-trapping*’ in layered Pb—Br and Pb—Cl perovskites
that emit white light, where we hypothesized that the
broadband emission stems from excitons that are stabilized
by excited-state lattice distortions.'”***

Substantial electronic diversity exists even within 2D
perovskites. For example, the 2D Cu—Cl perovskites are
Mott/charge-transfer insulators.**™*® Even within 2D lead-
halide perovskites, the optical bandgap (E,) and E, can be
systematically tuned by changing the thickness of the inorganic
layer in R,A,_;[M,Xs,,,1]. Importantly, as n increases and the
inorganic sheets in 2D perovskites become thicker, they
approach the properties of the 3D perovskite, while the organic
layers provide additional functionality. For example, we
demonstrated that the inorganic layers in n = 3 Pb-I
perovskites (Figure 1D) could absorb sunlight to generate
photocurrent, while hydro?})hobic molecules in the organic
layers (C4sHs(CH,),NH,","* 4-FC,H,(CH,),NH,"*") substan-
tially improved moisture resistance compared to the 3D
perovskite absorber (MA)[Pbl,] (MA = CH;NH;*).

2. SMALL-MOLECULE INTERCALATION

Layered hybrid perovskites are typically nonporous solids.'”

recently reported exception contains oligomeric propylammo-
nium silsesquioxane cations in the organic layer, affording BET
surface areas of up to 205 m*g~.>* Despite this lack of
porosity, weakly interacting organic bilayers allow for the entry
of small molecules as the structure expands along the direction
perpendicular to the sheets (Figure 2). Indeed, early studies
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Figure 2. X-ray crystal structures of (A) (C¢Hs(CH,),NH;),[Snl,]>*
and (B) its CgFgintercalated product (C4Hs(CH,),NH;),Snl,]-
(CgFg)."® Red, purple, lime, blue, and gray spheres represent Sn, I,
F, N, and C, respectively. Disordered atoms and hydrogens omitted for
clarity.

have attributed a paraffinic quality to long alkyl chains in the
organic layers of 2D hybrid perovskites (Figure 1E), suggestmg
the potent1a1 for “solubilizing” small molecules.””>" Work by
our group>” and others'®" has used this trait to intercalate a
range of molecules within the organic layers of 2D perovskites.
Weak electrostatic’’ or stronger fluoroaryl—aryl'® interactions
have been used to stabilize small aliphatic or aromatic
intercalants, where the guest molecules primarily induce
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structural changes. Our recent results extend this work and
demonstrate that intercalants in the organic layers can
significantly alter the photophysical properties of the inorganic
layers.>*

2.1. Intercalation: Structural Effects. The densely packed
organic cations in 2D perovskites dictate that the unit cell must
expand in the direction perpendicular to the inorganic sheets to
accommodate the guests. This type of intercalation requires
perovskites with an organic bilayer. This effect was first shown
by Dolzhenko and co-workers in (C,oH,;NH,),[CdCL,], where
the interlayer spacing increased by 3.65 or 3.75 A upon
exposure of the perovskite to 1,2-dichlorobenzene or 1-
chloronaphthalene, respectively.”' Mitzi and co-workers sub-
sequently determined the crystal structures of two Sn—I
perovskites intercalated with hexafluorobenzene and benzene to
afford the perovskites (C¢Hs(CH,),NH,),[Snl,]-(C¢Fq) (F1$
ure 2B) and (C4F5(CH,),NH,),[Snl,]-(C¢Hg), respectively.'®
The single-crystal structures of these guest-containing perov-
skites enabled a more detailed analysis of the structural effects
of intercalation. In addition to an expansion of the interlayer
spacing by 4.3 A in (C¢H(CH,),NHj;),[Snl,]-(C¢Fs) and 3.25
A in (C4Fs(CH,),NH,),[SnL,]-(C¢Hg), the inorganic layers
also distort in response to intercalation. In
(C¢H(CH,),NH,),[SnI,],> the average Sn—I bond length
increases slightly from 3.144 to 3.152 A upon C4F,
intercalation, while the Sn—(u-I)—Sn bond angle shows a
substantial deviation from linearity. The optical response to
these structural changes is described in Section 2.2.

Motivated by these studies, we decided to expand the scope
of intercalants to more polarizable small molecules. The
electronic and optical consequences of increasing the polar-
izability of the organic layers are discussed in Section 2.2.
Under an I, atmosphere, thin films of (C4H;;NH,),[PbL,]**
(hereafter (Cg),[PbL,]) change color from orange to red.
Powder X-ray diffraction (PXRD) measurements on oriented
thin films revealed an increase in the interlayer spacing of ca. 4
A. However, these films rapidly reverted to the parent
perovskite when removed from an I, atmosphere. To further
stabilize the 1ntercalated I, we then examined the perovskite
(IC4H,NH,),[PbL,]*" (hereafter (IC),[Pbl,]). Here, we
hoped to use the terminal iodoalkyl groups in the organic
layers (Figure 3A) to potentially stabilize the intercalated I,
through attractive noncovalent interactions.

Intercalation of I, into (IC,),[Pbl,] resulted in a 5.5 A (33%)
increase in the interlayer spacing. We determined the structure
of this metastable compound using density functional theory,
starting from a hypothetical guess structure with two iodine
atoms added per iodoalkyl group. Geometry optimization
revealed the structure of the new perovskite
(ICgH,NH,),[PbL,]-2L, (hereafter (IC,),[PbL,]-2L,) contain-
ing I, molecules that interact with both the apical iodides of the
inorganic layer as well as the terminal iodoalkyl groups in the
organic layer (Figure 3B). The interlayer spacing derived from
the calculated structure agrees well with the experimental value
obtained from PXRD. Interestingly, here we postsynthetically
access a perovskite that is structurally related to perovskites
containing more complex terminal anions in the inorganic
layers, such as the triiodides and thiocyanates in (H;N-
(CHz)sNH3)2[(Au112) (AUIHI4) (I3),] °% and
(CH3NH,),[PbI,(SCN),],"° respectively.

A common feature of intercalation in perovskites appears to
be their reversibility (on the time scale of minutes to hours)
upon removal from an environment of the guest. However,
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(IC,),IPbl,] (IC,),IPbl,]-21,
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Figure 3. (A) Room-temperature X-ray crystal structure of
(IC¢),[PbL,]. (B) Geometry-optimized structure of the I,-intercalated
phase (ICg),[PbL,]-2L,. Dark green, purple, blue, and gray spheres
represent Pb, I, N, and C atoms, respectively. Disordered atoms and
hydrogens omitted for clarity. Adapted from ref 52 with permission.
Copyright 2016 Royal Society of Chemistry.

stronger interactions between the host and guests can be
designed to stabilize the intercalated material. For example, I,
retention time increases 4-fold in the perovskite (IC;),[Pbl,]-
21, compared to (Cg),[Pbl,]-«L,, likely owing to the presence
of I'--I interactions between inorganic terminal iodides,
organoiodines, and the I, guest molecules. Solid-state packing
interactions between the intercalants can also extend the
lifetime of the intercalated product as well as stabilize molecules
that are unstable in solution. For example, vicinal diiodoalkane
groups, which are unstable in solution, are stabilized in the
organic layers of perovskites (described in Section 3.1.3)."
This is likely due to packing interactions between the
organoiodines within the perovskite.

The stabilizing environments discussed here can be extended
for new perovskite intercalation compounds. Other bonding
types, such as hydrogen bonding, Lewis donor—acceptor
interactions, m—n interactions between extended aromatic
systems, and electrostatic interactions between polarizable
groups (e.g,, S—S interactions) are important targets to explore
for these postsynthetic strategies.

2.2. Intercalation: Electronic Effects. Intercalant mole-
cules can influence the electronic structure of layered
perovskites primarily through two means: (1) distorting the
inorganic framework and (2) interacting electronically with the
inorganic layers. The first case is exemplified by the
intercalation of hexafluorobenzene in
(C¢Hs(CH,),NH,),[Snl,]. Optical absorption spectroscopy
of thin films reveals that the energy of the excitonic absorbance
peak in (C4H (CH,),NH,),[Snl,]-(C¢Fq) is blueshifted by 45
meV compared to (C4gHg(CH,),NH;),[Snl,]. This blueshift
has been correlated with increased deviation of the Sn—(u-I)—
Sn bond angles from linearity.*® The second case occurs when
intercalant molecules do not significantly distort the inorganic
layers, yet directly affect their electronic properties. Because of
the alternating stacks of organic and inorganic layers,
perovskites can be considered as quantum-well-like structures,
where the excitons reside in the inorganic “well” layers and the
organic cations comprise the “barrier” layers.””” These
alternating layers affect two cooperative phenomena that
promote the exceptionally large Ey in 2D perovskites: quantum
confinement and dielectric confinement.””*® The inorganic
layers confine the exciton’s wave function to two dimensions,*”
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increasing E, by a factor of 4 relative to a 3D perovskite
through quantum confinement.”’ Dielectric confinement®"**
arises from the mismatch between high-frequency dielectric
constants (&4,) of the inorganic and organic layers, and is
greatly influenced by the composition of the organic layer. The
less polarizable (low &) organic layer’” poorly screens the
Coulombic attraction between photogenerated electrons and
holes in the inorganic layer, further increasing E,. We therefore
sought to determine if modifying the dielectric response of
these materials by intercalating polarizable small molecules into
the organic layers could substantially change the perovskites’
electronic confinement.”

Upon exposure to I,, the excitonic absorption band of the
perovskite (IC4),[Pbl,] redshifts, accompanied by the growth
of new above-gap absorption bands at 3—S5 eV (Figure 4A) that
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Figure 4. (A) In situ optical absorbance spectra of (IC4),[PbL,] as it
absorbs I, and forms (ICg),[PbL]-2L,. Calculated high-frequency
dielectric constant perpendicular to the inorganic sheets (¢ ,,) in (B)
(IC¢),[PbL,] and (C) (IC¢),[Pbl,]-2L,. Adapted from ref 52 with
permission. Copyright 2016 Royal Society of Chemistry.

we assigned to Iy-based transitions, based on calculated
absorbance spectra.’® Low-temperature optical absorbance
spectra revealed that E, decreases from 2.56 to 2.49 eV with
I, intercalation. Typical n = 1 Pb—I perovskites have E; values
of ca. 300 meV.>”* The atypically low E, of the perovskite
(PEA),[PbL,] (PEA = C,H,(CH,),NH,") of 220 meV has
been attributed to the greater polarizability of the aromatic
groups in the organic layers, compared to alkyl groups.”’> The
perovskite (IC4),[Pbl,] has a similarly low E, of 230 meV,
likely due to the polarizability of the iodoalkyl groups in the
organic layers. Intercalation of I, further decreases E, in
(IC¢),[PbL,]-2L, to 180 meV, the lowest E, for an n = 1
perovskite of which we are aware.

The I, guests induce small distortions in the Pb-—I
framework, but these distortions increase octahedral torsion
and deviation of the Pb—(u-I)—Pb bond angle from linearity,
which typically increases the bandgap instead of decreasing
it. %% We turned to electronic structure calculations to
determine whether quantum or dielectric confinement is
primarily mitigated by I, intercalation. Although intercalation
causes several new sets of molecular-I,-derived bands to appear,
the I, molecules do not appear to mix electronically with the
inorganic layers to a significant extent. The I,-intercalated
perovskite (IC4),[Pbl,]-21, instead can be considered a weakly
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coupled composite system. Additionally, the bands close to the
conduction and valence band edges exhibit negligible
dispersion perpendicular to the inorganic layers, so quantum
confinement is not significantly reduced compared to
(IC¢),[Pbl,]. We then calculated the spatially resolved high-
frequency dielectric constant for slabs of (IC),[Pbl,] and
(IC4),[PbI,]-21, (e, Figure 4B,C) along the direction
perpendicular to the inorganic sheets. The &, ., profiles change
significantly upon I, intercalation. In (ICq4),[PbL,], the average
€] o of the organic layers is low, whereas the &, ., of the
inorganic components is much higher. Iodine intercalation
completely inverts this dielectric profile such that the regions of
highest £, ., now reside inside the organic layers. This improves
the ability of the organic layer to screen the excitons in the
inorganic layer, substantially decreasing the effects of dielectric
confinement and thereby reducing E;. Therefore, increasing the
dielectric constant of the organic layers, through intercalation
or covalent attachment of polarizable groups, can significantly
decrease the electronic confinement of 2D perovskites.

Careful engineering of the dielectric landscape in perovskites
should be a major goal for expanding the range of optical and
electronic properties these materials can display. Increasing the
dielectric constant of the organic layers in 2D perovskites
provides a powerful method for accessing photophysical
properties more similar to their 3D analogs, while preserving
the greater stability and tunability of the layered organic—
inorganic architecture. We postulate that this strategy for
reducing the dielectric confinement of 2D perovskites will have
even greater effect on their optical and electronic properties
when combined with other synthetic strategies, such as
reducing quantum confinement by increasing the thickness of
the inorganic sheets'” (described in Section 1.2). Methods for
more permanently attaching the polarizable groups to the
organic layers should also be developed to impart greater
stability to these low-E, materials.

2.3. Electrochemical lon Intercalation. The success with
neutral-molecule intercalation suggests that electrochemical
methods could be used to intercalate charged ions into the
organic layers, while electrons are injected into or out of the
inorganic sheets to provide charge compensation. These
electrochemical methods require that the perovskite contains
redox-active centers and a route for ion (de)insertion to
balance charge. Such redox-active centers can be envisioned in
either the inorganic or organic components, or both.

Reversible ion insertion invokes applications in electro-
chemical energy storage. Indeed, the lamellar architectures of
2D perovskites are reminiscent of Li or Li-ion battery
electrodes such as graphite and LiCoO,.°® However, we are
not aware of explorations of electrochemical ion insertion into
hybrid perovskites prior to our investigation using (EDBE)-
[CuCl,] (EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium),
Figure 5A).”” We achieved stable Li* cycling in this redox-active
Cu"—Cl perovskite containing organic layers composed of
diether functionalities. The flexible ether chains were included
to mimic the Li* binding sites found in typical ethereal battery
electrolytes. This yields an organic—inorganic hybrid consisting
of a repeating electrode—electrolyte structure. Lithium insertion
was deduced by comparing cyclic voltammograms (CVs) of
(EDBE)[CuCl,] in both Li* and Bu,N* electrolytes (Figure
SB). The bulky Bu,N* should not insert into the material and
thus the CV only shows capacitive charging. We therefore
attribute the significant current enhancement observed in the
Li" electrolyte to Faradaic processes accompanied by Li'

1872

0.04 —
—_| =
— -
<< 0.024 X
£ 4 ]
€ o 2 204
5 | 8 191
3 -0.024 S 104 —— (EDBE)CUCI]
E 0.5 —— (EDBE)CI, + CuCl,
-0.04 T T T T T T 0 T T T T T T
22 24 26 28 3.0 3.2 0 5 10 15 20 25

Potential (V vs. Li"®) Capacity (mAh-g™")

Figure S. (A) X-ray crystal structure of (EDBE)[CuCl,]. (Inset)
EDBE cation. Light green, orange, red, blue, and gray spheres
represent Cu, Cl, O, N, and C atoms, respectively. Hydrogen atoms
omitted for clarity. (B) Cyclic voltammograms (CVs) of (EDBE)-
[CuCl,] on a carbon electrode in Li* (red) and Bu,N* (gray)
electrolytes. (C) Discharge (solid line) and charge (dashed line)
profiles in a Li battery for (EDBE)[CuCl,] (red), displaying good
voltage and Coulombic efficiency. The irreversible discharge profile for
a mixture of the perovskite’s constituents is shown for comparison
(blue). Adapted from ref 67. Copyright 2014 American Chemical
Society.

insertion. Our results are consistent with two possible
mechanisms: (1) a conversion reaction (where the perovskite
lattice is not preserved) stabilized by atomic-scale integration of
organic and inorganic components or (2) an intercalation
reaction (where the perovskite structure is preserved). Ex situ
PXRD data suggest that the original structure is at least partially
recovered upon oxidation and Li* removal. Importantly, control
studies show that CuCl, alone or even a mixture of the organic
and inorganic components ((EDBE)Cl, and CuCl,) do not
cycle as a competent Li electrode (Figure SC). This highlights
the advantages of the atomic-level integration of organic and
inorganic components afforded by the layered perovskite
structure.

We demonstrated that this hybrid material can be cycled as a
positive electrode (cathode during discharge) in a Li battery
(Figure SC) over 200 times without significant loss in capacity,
providing an open-circuit voltage of 3.2 V and a stable discharge
voltage of 2.5 V. We obtained an average gravimetric capacity of
26(4) mA-h-g™" at 22 °C, which should be further improved for
applications, possibly through metal substitution. This type of
inexpensive electrode is suited for grid-scale energy storage,
where cost, safety, and lifetime take precedence over
gravimetric capacity.

A recent report claims electrochemical ion insertion in the
3D hybrid perovskites (MA)[PbX;] (X = Br~ or I") when
operating at voltages relevant for use as a n%%ative electrode
(anode during discharge) in a Li-ion battery.”” However, the
lithiated products are not sufficiently structurally or electro-
chemically characterized to indicate lithium cycling and their
reported experimental capacities exceed the theoretical capacity
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for a 2 e~ reduction of each lead site, which requires further
explanation. Ion insertion appears unlikely in 3D perovskites
without dramatic structural rearrangements and conversion
reactions are more likely.

Layered hybrid perovskites afford organic and inorganic
layers with distinctly different structures, which can be
independently optimized for electrochemical energy storage.
Here, flexible organic groups with binding sites and/or
structures that induce slight porosity can be chosen to facilitate
the rapid ion diftusion required for fast charge/discharge rates.
Meanwhile, the metal jons in the dense inorganic layers can be
chosen to produce high voltages and/or to store multiple
electrons per metal site. Similar electrochemical methods could
also be used to lightly oxidize or reduce the inorganic layers,
thereby doping these semiconductors. We also note that the
significant halide mobility in 3D hybrid perovskites” may be
exploited for ion insertion even in the inorganic framework.

3. SMALL-MOLECULE REACTIVITY

3.1. Organic Layers. The organic layers of 2D hybrid
perovskites present many opportunities to impart new chemical
reactivity. The confined, close-packed space within the
perovskite layers provides an environment that is unique
from the solvated environment found in solution-state organic
reactions. Therefore, factors that dictate reaction intermediates
and regio- and stereoselectivity may vary enough to yield novel
products. The inorganic framework can also be used to arrange
organic molecules such that intermolecular coupling reactions
are favored. In the following sections, we discuss how these
features can be exploited to perform chemical reactions within
the organic layers of these crystalline solids.

3.1.1. Solid-State Templates: Alkene Polymerization.
Postsynthetic polymerization within the organic layers of
hybrid perovskites provides a strategy for obtaining both new
perovskites and new organic materials. Tieke and co-workers
provided the earliest reports of attempts at polymerization
within perovskites.'”’>”" They explored a range of chloride-
based perovskites containing Cd**, Mn**, and Cu*". Their best-
studied model compound was a Cd—Cl perovskite containing
(2E,4E)-6-aminohexa-2,4-dienoic acid (hereafter denoted as
dieneA). Reaction of (dieneA),CdCl, with ultraviolet (UV)
light or gamma () radiation yields an extended chain of 1,4-
polybutadiene (hereafter (polydieneA);,,, m = polymer chain
length) in the organic layer of the perovskite (polydie-
neA),,,[CdCl,] (Figure 6). The polymer propagates along

A

Figure 6. Reaction scheme for photopolymerization of the organic
layer of the perovskite (A) (dieneA),[CdCL,]. (B) Single crystal X-ray
structure of the reaction product: (polydieneA),,,[CdCl,].”° White,
orange, red, blue, and gray spheres represent Cd, Cl, O, N, and C
atoms, respectively.
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one of the directions defined by the Cd—(u-Cl)—Cd bonds.”
The inorganic lattice displays an 8% contraction along this
direction upon polymerization, whereas the other in-plane
direction in the perovskite shows no change. This contraction
of the inorganic sheet stabilizes a compact polymer within the
perovskite. The authors attribute the stereoregularity of the
polymer to templating effects of the rigid inorganic framework
as well as the hydrogen bonding between the carboxylic acid
groups.”' Importantly, UV-light mediated photoreaction of
similar butadiene molecules in the solid state (but not within a
perovskite) yields only cyclodimers,”” dimers,”> or small
oligomers.”> To evaluate the importance of the intermonomer
spacing for polymerization, as dictated by the Cd—Cl sheets,
the authors also explored the same reaction in a Cu—Cl
perovskite.”' Here, the first-order Jahn—Teller distortion of the
d’ Cu®* centers templates a different packing geometry of the
organic cations that disfavors solid-state polymerization, and
hence no reactivity was observed.”’

Premade polymers have also been incorporated into
perovskites. A series of layered Pb—I perovskites containing
polyethylenimine (PEI, M,, ~ 800 g-mol™') was recently
reported, where the polymer interacts with the inorganic layer
at multiple sites through terminal alkylammonium groups.”*
Although the authors were unable to confirm the structure
through single-crystal X-ray diffraction, PXRD and optical data
were used to assign the layered perovskite structure.

Postsynthetic polymerization within perovskites allows for
the stereo- and regioselectivity of the polymerization to be
controlled by the inorganic template, which can result in unique
polymers. One specific target could be the creation of 2D
polymer sheets, reminiscent of covalent organic frameworks
(COFs). Incorporating self-healing polymers could impart
increased mechanical stability to perovskites employed in
applications requiring high durability and long device lifetime.
Uniting the field of polymer chemistry with that of crystalline
inorganic solids can afford hybrids with new physical properties
such as solar-cell absorbers or phosphors with improved tensile
strength and flexibility.

3.1.2. Nonporous Sorbents: Radioactive |, Capture. Most
sorbents designed for small-molecule capture are porous
materials such as zeolites and metal—organic frameworks.
Here, small molecules typically interact with the pore walls of
the sorbent through weak physisorption forces, although
placement of coordinatively unsaturated metals” and pendant
binding groups’® have allowed for stronger interactions
between the guest molecules and the host. In contrast, hybrid
perovskites exhibit no appreciable porosity.” Despite this lack
of space for small-molecule entry, prior studies on small-
molecule intercalation into 2D perovskites'®>" prompted us to
expose hybrid perovskites with reactive groups to small-
molecule substrates. This afforded the first examples of covalent
bond formation (chemisorption) between small molecules and
hybrid perovskites.

We synthesized a series of perovskites containing terminal
alkene and alkyne groups to exploit the well-known reactivity of
halogens with unsaturated hydrocarbons.”” When exposed to I,
gas, the perovskite (HC=C(CH,),NH;),[PbBr,] (hereafter
(BYA),[PbBr,]) undergoes a 36% increase in unit-cell volume
to form the perovskite (HIC=CI(CH,),NH,),[PbBr,] (here-
after (BYA-L,),[PbBr,], Figure 7)."” This vapor—solid reaction
proceeds topotactically and preserves the crystalline layered
perovskite structure, despite the significant rearrangements in
the organic layer. The formation of covalent bonds between the
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A\ 4 A\
(BYA),[PbBr,] (BYA-L,),[PbBr ] (BEA),[PbBr] (BEA-1,),[PbBr,]
Figure 7. X-ray crystal structures of (A) (BYA),[PbBr,] and (B) its BI’2
reaction product with I,: (BYA-L),[PbBr,]. Dark green, purple, C|2 Brz

brown, blue, and gray spheres represent Pb, I, Br, N, and C atoms,
respectively. Hydrogen atoms omitted for clarity. Adapted from ref 17
with permission. Copyright 2014 John Wiley and Sons.

perovskite and iodine led us to examine the material’s utility in
radioactive I, capture and containment.

Nuclear power plant waste streams emit gaseous radioactive
I, isotopes such as '*I, which emits both /3 and y radiation with
a half-life of 10 million years.”*”” Solid sorbents such as silver-
impregnated zeolites and metal—organic frameworks are being
considered to contain these gases from the atmosphere.
However, current sorbents are either difficult to produce in
large scale or are deactivated by other components in the waste
stream such as water vapor and NO, gases.””"" Solid (BYA-
L,),[PbBr,] shows a gravimetric capacity for I, of 43 wt %,

which compares well with those of thso égighest—p erforming and related perovskites."”** Dark green, purple, brown, orange, blue,
porous sorbents evaluated for I, capture.” " Importantly, the and gray spheres represent Pb, I, Br, Cl, N, and C atoms, respectively.
nonporous perovskite’s volumetric capacity for I, capture (1.48 Disordered atoms and hydrogens omitted for clarity.

g-em ™) exceeds that of the porous sorbents that have unused

internal space. Volumetric capacity is more important than
gravimetric capacity for these applications because burying the
sorbent is currently the most viable long-term disposal strategy. affects the diiodoalkane stability. The shorter chain length of
Evaluating (BYA),[PbBr,] for radioactive I, capture highlights the organic cation in (H,JIC—CIHCH,NHj,),[PbBr,] affords a
the power of the organic—inorganic hybrid. Although the half-life for I, release of 3.2 h at 25 °C. The greater

(BEA-Br,),[PbCl,] (BEA-Br

[PbBr,]

2)2

Figure 8. Schematic of postsynthetic reactivity of (BEA),[PbBr,]"”

organic component alone is hygroscopic and quickly conformational flexibility of the longer alkyl chains may afford
decomposes in solutions containing NO,, it is stabilized in better packing that maximizes I---I interactions. Importantly, we
the perovskite. The perovskite (BYA),[PbBr,] is moisture- can tune the half-life for I, release by varying the organic cation,
stable, and exposure to a gas stream containing 390 ppm I, and allowing for timed-release of I, and inexpensive regeneration of
1% NO, resulted in only a moderate (ca. 10%) loss in capacity the sorbent.
over a 24 h period. Notably, the high electron density of the 3.1.4. Nonporous Sorbents: Halogen Separation. Although
Pb—Br sheets provides an additional benefit: the dense vicinal diiodoalkanes are unstable to I, release under ambient
inorganic layers attenuate the radiation emitted from captured conditions, vicinal dibromoalkanes are stable in solution and
I to provide increased radiation protection over other the solid state. Exposing (H,C=CH(CH,),NH,),[PbBr,]
sorbents. (hereafter (BEA),[PbBr,], Figure 8A) to Br, vapor affords
3.1.3. Nonporous Sorbents: Timed Halogen Release. the new perovskite (H,BrC—CBrH(CH,),NH;),[PbBr,]
Similar to the reactivity of terminal alkynes, terminal alkenes (hereafter (BEA-Br,),[PbBr,], Figure 8D). The reversibility
in the organic layers also react with I, to yield vicinal of I, capture and the irreversibility of Br, capture allow us to
diiodoalkanes. Vicinal diiodoalkanes are unstable in solution.*® use alkene perovskites to scrub Br, from L,/Br,/IBr mixtures.**
They coexist in solution with I, and the corresponding alkene, As the gas mixture is passed through the perovskite, the
with the equilibrium favoring the alkene. However, we find that irreversible adsorption of Br, and IBr shifts the composition of
vicinal diiodoalkane functionalities are stabilized in the organic the mixture to favor I, purifying the gas stream. Current
layers of perovskites.'” For example, compared to their methods of iodine gas purification involve precipitation of
solution-state lifetimes, vicinal diiodoalkanes are ca. 100 times iodine as iodide salts, followed by washing and reoxidation.®®
more stable in the perovskite (H,IC—CIH- Although iodide is an essential nutrient found in many food

(CH,),NH;),[PbBr,] (hereafter (BEA-I,),[PbBr,]; Figure products, bromide can be toxic to human health as it
8B) with a halflife for I, release of 72 h at 25 °C."” We competitively inhibits iodide uptake.*® Selective reversible and

attributed the increased stability of the vicinal diiodoalkane in irreversible halogen chemisorption in perovskites afford solid
the perovskite to I---I interactions between neighboring sorbents that scrub trace amounts of Br,, which can
diiodoalkane molecules. The length of the alkyl group also contaminate I, streams.
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These selective sorbents allow us to tune both the
thermodynamics and kinetics of small-molecule capture and
release through both organic substitution and crystal-packing
effects. The organic layers of perovskites can incorporate a large
range of functional groups (e.g., amides, nitriles, alcohols) that
can expand the postsynthetic reactivity of these materials, while
the close-packed environment within the solid may engender
new reactivity not accessible in solution. New synthetic
strategies should be developed that allow for still more reactive
organic groups to be incorporated into these structures. One
intriguing example would be the inclusion of a protecting group
that can be removed postsynthetically, which could allow for
the inclusion of functional groups that are otherwise
incompatible with the perovskite synthetic conditions. These
dense, nonporous sorbents, which expand with substrate
incorporation, are suitable for stationary applications where
volumetric capacity is more important than gravimetric
capacity.

3.2. Inorganic Layers: Halide Exchange. Because the
valence-band maxima of both 2D and 3D perovskites have
strong halide p-orbital character, varying and mixing the halide
provides fine control over the materials’ bandgap and carrier
mobility. Therefore, the chloride, bromide, and iodide analogs
of a given perovskite can span a range of optical and electronic
properties required for various technologies. For many of these
applications, film quality is as important as film composition.
Although substituting the halide in the precursor solution is a
convenient method for depositing films with different halides,
the resulting film morphology differs greatly with the halide.
Importantly, we find that postsynthetic halide conversion allows
for the morphology of the parent film to be retained in the
product. We also show cases where postsynthetic halide
exchange affords new perovskites that cannot be formed
through traditional solution-state routes.

3.2.1. Redox-Mediated Halide Exchange: 2D Perovskites.
Continuing our studies of I, and Br, addition in alkene
perovskites (Sections 3.1.3 and 3.1.4), we explored the effects
of Cl, addition to the alkene perovskite (BEA),[PbBr,].** In
contrast to the reactions with I, and Br,, however, reaction of
solid (BEA),[PbBr,] with Cl, gas does not produce the
dichloroalkane perovskite (BEA-Cl,),[PbBr,]. Instead, mass
spectrometry analysis revealed that the organic product
contained dibromoalkanes and PXRD analysis suggested a
smaller Pb—Cl lattice. Indeed, the Cl, is incorporated into the
inorganic sheets as chloride anions, and the bromide from the
inorganic sheets moves to the organic layers to afford the
perovskite (BEA-Br,),[PbCl,] (Figure 8C). Surprisingly, the
product perovskite remains crystalline despite this massive
atomic rearrangement that involves atoms moving across the
organic—inorganic interfaces.

To understand this unusual result, we first independently
synthesized (BEA-C,),[PbBr,] through reaction of (BEA-Cl,)
Br and PbBr,, confirming it is a stable, isolable material. Despite
this stability, postsynthetic exposure to Cl, oxidizes the Pb—Br
inorganic sheets instead of oxidizing the alkenes. Additionally,
unsaturated organic groups are not required for this reaction;
Cl, reacts with the bromide perovskite (BEA-Br,),[PbBr,] to
yield the chloride perovskite (BEA-Br,),[PbCl,]. We therefore
attribute this reactivity to the redox activity of the halogens.
Molecular L, Br,, and Cl, have standard reduction potentials of
0.54, 1.07, and 1.36 V vs SHE, respectively.87 Therefore, Cl,
can oxidize the Br™ ions in the inorganic lattice to form Br,.
The resulting CI™ ions replace the displaced bromides in the
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inorganic lattice of the perovskite and the resulting Br, adds
across the double bonds in the organic layers to form vicinal
dibromoalkanes. Here, formation of the organochlorine
product is likely suppressed due to the kinetics of competing
reactions. Alkene chlorination occurs more slowly than
bromination in solution®*~"° and the chloronium intermediate
is less stable than the bromonium intermediate, according to
computational studies.”’~”* The perovskite (BEA),[PbBr,]
provides a model compound for postsynthetic reactivity with
halogen gas. A summary of the transformations we have
explored with this material and halogens is provided in Figure
8.

To increase our understanding of halogen-mediated
reactivity, we also explored how Br, reacts with (IC),[PbL,],
which contains both organic and inorganic iodides. Excess Br,
oxidizes both the inorganic layers and the alkyl iodide groups to
form alkyl bromides in the new perovskite
(BrC¢H,,NH,),[PbBr,] (Figure 9C).>* A few examples of

(IC,),[PbBr,]

(IC),Pbl]  (BrC,),[PbBr,]
Figure 9. Schematic of perovskite reaction products obtained by
exposing (B) (ICq4),[PbL,] to (A) stoichiometric and (C) excess Br,.
Dark green, purple, brown, blue, and gray spheres represent Pb, I, Br,
N, and C atoms, respectively. Disordered atoms and hydrogens
omitted for clarity. Adapted from ref 52 with permission. Copyright
2016 Royal Society of Chemistry.

solution-state halogen reactivity with alkyl halides can be
found.”*” To further parse the kinetics of this reaction, we
then considered the stoichiometric reaction between
(IC¢),[Pbl,] and Br, in a 1:2 molar ratio. Here, we form the
new perovskite (IC4),[PbBr,] in 95% yield (Figure 9A). This
reactivity suggests that inorganic halide exchange precedes
organohalogen exchange in the organic layers and expands our
toolbox of postsynthetic reactions to produce new perovskites
that cannot be formed in solution. This perovskite is
inaccessible by traditional solution-state techniques because
bromide displaces the labile organoiodines in solution to form
organobromines.

3.2.2. Redox-Mediated Halide Exchange: 3D Perovskites.
The 3D perovskites (MA)[PbL;], (MA)[PbBr;], and (MA)-
[PbCl,] have E, values of 1.6, 2.3, and 2.9 eV, respectively.%
The Pb—I perovskites exhibit the narrow bandgaps required for
single-junction solar-cell absorbers.”” The higher-bandgap Pb—
Br perovskites are candidates as top absorbers in tandem solar
cells’® and both Pb—Br and Pb—Cl perovskites have been used
as emitters in optoelectronic devices such as light-emitting
diodes’>”” and lasers.”””’

These target technologies require high-quality thin films with
uniform coverage. Although many methods have been
developed and optimized for depositing high-quality films of
the Pb—I perovskites, similar processing does not afford high-

DOI: 10.1021/acs.chemmater.6b05395
Chem. Mater. 2017, 29, 1868—1884


http://dx.doi.org/10.1021/acs.chemmater.6b05395

Chemistry of Materials

coverage films of Pb—Br or Pb—CI perovskites. The Pbl,
precursor to the Pb—I perovskite is a 2D material, which may
template a more uniform coverage of the substrate. In contrast,
PbBr, and PbCl, are not layered structures, which may be the
cause for greater difficulty in achieving high-coverage films of
the Pb—Br and Pb—Cl perovskites. Thin films of (MA)[PbBr;]
formed through simple spin-coating techniques are discontin-
uous, inhibiting short-circuit current and overall device
performance.” Using (MA)Cl as a precursor' ™’ or adding
HBr to the spinning solution'’" has been shown to help reduce
pinhole formation significantly. However, a method to simply
convert Pb—I perovskite films to films of the other halide
perovskites would allow us to build on the considerable efforts
that have led to the formation of uniform Pb—I perovskite films
on various different substrates.

As discussed in Section 3.2.1, the reduction potentials of the
halogens predispose bromide to oxidation by Cl, and iodide to
oxidation by either Br, or Cl,. We reasoned that the reactivity
we first observed in 2D perovskites could easily be extended to
3D perovskites. Upon reaction with Br, or Cl, vapor, dark red-
brown (MA)[Pbl;] films convert to orange or colorless films,
respectively (Figure 10).%* Similarly, orange (MA)[PbBr;] films

Figure 10. (A) Schematic of the reaction of (MA)[PbX;] (X =1 and
Br™) with Br, or Cl, gas. Dark green, purple, brown, orange, blue, and
gray spheres represent Pb, I, Br, Cl, N, and C atoms, respectively.
Hydrogen atoms omitted for clarity. Photographs of (B) a (MA)[Pbl,]
film, (C) a (MA)[PbBr;] film prepared by exposing a (MA)[PbL,] film
to Br,, (D) a (MA)[PbCl;] film prepared by sequentially exposing a
(MA)[PbL,] film to Br, and Cl,, and (E) a (MA)[PbCl,] film prepared
by exposing a (MA)[PbL;] film to Cl,. (F) Film of all three perovskites
formed by exposing parts of a (MA)[Pbl,] film to Br, and then to Cl,
using a mask. Adapted from ref 84 with permission. Copyright 2015
Royal Society of Chemistry.

become colorless upon exposure to Cl,. When concentrated
vapor is used, the conversion occurs in seconds. However,
when the halogen vapor is diluted, the reaction slows down
significantly affording higher-quality films. PXRD analysis of the
products confirms that (MA)[PbBr;] and (MA)[PbCly] are
formed through reaction with Br, and Cl,, respectively.
Scanning electron microscopy micrographs of typical films
before and after the reaction were collected to assess the
conversion’s effect on film quality (Figure 11). The parent
(MA)[PbL,] films completely cover the substrate. Importantly,
this high coverage is retained in the product films of
(MA)[PbBr;] and (MA)[PbCl;]. In contrast, when the
bromide or chloride precursors are used to form the
corresponding (MA)[PbBr;] or (MA)[PbCl,] films (PbX, +
(MA)X where X = CI” or Br') by spin coating, large gaps
between the grains of the films can be seen (Figure 11B and C
insets). Therefore, the parent (MA)[Pbl;] film templates the
formation of high-quality bromide or chloride perovskite films.
Importantly, this conversion produces only gaseous byproducts
and no purification or annealing steps are required.

After assessing the advantages of postsynthetic halide
conversion in halide perovskites through reaction with halogen
gas, we further proposed that partial halide conversion provides
a halide compositional gradient in the film extending from the
surface to the interior. Such a gradient will lead to a sloping
valence-band maximum that may be used for shuttling charge
carriers toward their respective current collectors.** One report
has since demonstrated such a compositional halide gradient in
fabricated devices through postsynthetic conversion of the
surface of (MA)[Pbl,] films.'”* Here, enhanced hole extraction
and an increase in the open-circuit voltage resulted in an
increase in overall device efficiency. However, the bromide/
iodide halide gradient was unstable to device operating
conditions.'** Light-mediated halide segregation, an effect we
observed in mixed-halide perovskite films,'”* likely facilitates
the homogenization of the halide gradient. Other reports have
shown that interconversion between (MA)[PbCl,], (MA)-
[PbBr;], and (MA)[Pbl;] can be achieved by exposing them to
the desired (MA)X salt (X = CI7, Br™, or I") in the vapor'®* or
solution'®® phase. This form of ion exchange mimics cation
exchange in ionic nanocrystals.” Similar to the reaction with
(MA)X salts, a recent report has shown halide exchange in 3D
perovskites through exposure to gaseous hydrohalic acids.'*
The authors were able to obtain single-crystal X-ray diffraction
structures from the converted crystals, indicating that the

Figure 11. Scanning electron micrographs of (A) a (MA)[Pbl,] film, (B) a (MA)[PbBr;] film formed by exposing a (MA)[Pbl,] film to Br, gas, and
(C) a (MA)[PbCl,] film formed by exposing a (MA)[Pbl,] film to Cl, gas. Insets depict films independently fabricated using PbX, and (MA)X (X =
CI” or Br") in isopropyl alcohol. All scale bars denote 1 ym. Adapted from ref 84 with permission. Copyright 2015 Royal Society of Chemistry.
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Figure 12. High-pressure properties of (MA)[PbL;]. (A) Single-crystal X-ray structures at ambient pressure (@ phase) and 0.7 GPa (f phase). Dark
green and purple spheres represent Pb and I atoms, respectively. Disordered atoms and organic groups are omitted. (B) Conductivity with increasing
pressure. (Inset) Arrhenius fit of the temperature dependence of conductivity at 51 GPa, yielding an activation energy (E,) of 13.2(3) meV. (C)
Steady-state PL energy during or immediately after light-soaking (MA)[Pb(Brg4l;4);] as a function of pressure within its & phase. Adapted from ref

120. Copyright 2016 American Chemical Society.

reactions proceeded as single-crystal-to-single-crystal trans-
formations.

Our work on I, intercalation® suggests that intercalation
precedes halogen-mediated reactivity in 2D perovskites.
However, 3D perovskites and 2D perovskites with organic
monolayers”” are not conducive to small-molecule intercalation.
Therefore, the reaction propagation mechanism in these
nonporous structures remains to be fully understood. Two
likely candidates are (1) surface reaction propagated by the
inherent halide mobility of halide perovskites or (2) halogen
incorporation (with substantial structural rearrangement)
followed by reaction. Although we can perform these reactions
under rigorously anhydrous conditions, we cannot eliminate the
possibility of very slight dissolution and reprecipitation aided by
trace moisture. Even in this case, the different products we
isolate in the solid-state reactions versus those obtained from
solution-state reactions indicate that the parent solid still
templates the product in some manner.

Others have recently shown that small molecules can
incorporate into perovskites and disrupt their structure. For
example, NH;'"” and CH;NH, ' were reported to incorporate
into (MA)[PbL;] causing the dark brown/black perovskite to
become light yellow in color. Interestingly, this process is
reversible in both cases; when the material is removed from the
guest-molecule atmosphere, the original perovskite phase
reforms. Methylamine intercalation into Pbl, has also been
recently used to form a precursor for (MA)[PbL;] films.'"
Further exploration into small-molecule-mediated intercalation
or conversion reactions in hybrid perovskites should allow us
still better control over expanding their accessible composi-
tions, structures, and morphologies.

The redox-mediated halide substitution reactions in both the
organic and inorganic layers that we developed should be
extended to other redox-active small molecules. For example,
pseudohalides could partially substitute for halides in the lattice
to induce steric strain or chemical pressure, and thereby tune
the perovskite’s optoelectronic properties (see Section 4 for
more details). Such postsynthetic reactions, which use the
parent lattice as a template, could yield strained architectures
that are typically disfavored during standard solution-state self-
assembly reactions.

4. PRESSURE RESPONSE

Pressure can induce dramatic effects in solids, yet it
remains an underutilized tool for manipulating the properties of

110,111
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materials. Similar to the postsynthetic transformations dis-
cussed above, during material compression the parent structure
guides the resulting architecture, while pressure application
affords wholly new properties. Diamond-anvil cells (DACs)
access pressures on the gigapascal (GPa) scale and allow for a
variety of in situ physical, spectroscopic, and diffractive
characterization techniques. By subjecting these crystalline
hybrids to elevated pressures, we can understand the
relationship between compression-induced structural and
electronic changes. This provides a deeper understanding of
how the material responds to compression and also directs the
design of new hybrids that show targeted properties. For
example, theoretical frameworks have been developed that
relate chemical pressure (steric effects) to mechanical
pressure,' ' indicating that lattice strain induced by ion
substitution or intercalation could mimic the effects of
mechanical compression. In the following sections, we discuss
the pressure-induced structural and electronic evolution of both
3D and 2D hybrid perovskites.

4.1. 3D Perovskites. The pressure response of 3D hybrid
perovskites” electronic structures is of particular interest owing
to their promise for optoelectronic applications. Though their
pressure—temperature phase relations were examined decades
ago,""”""* the pressure-induced effects of 3D hybrid perovskites
remained relatively unexplored until recently. A structural study
examined (MA-dg)[PbBr;] (MA-ds = CD;ND;*) up to ca. 2.8
GPa using neutron diffraction.'"> This complements an earlier
PL study of (MA)[PbBr;] up to ca. 5 GPa.''® The structures of
the analogous Sn—I perovskites were also analyzed under
pressures up to just above 4 GPa using PXRD.""” Recent efforts
have also aimed to study the electronic properties of
perovskites under pressure; the pressure-dependent resistivity
of both bulk (MA)[PbBr;]'"® and (MA)[Pbl,] nanorods'"”
have been reported. Our recent work reported the first high-
pressure single-crystal structures of hybrid perovskites, allowing
us to precisely track the atomic coordinates of (MA)[PbX,] (X
= Br~ or I7) as a function of pressure.'”’ We combined these
structural studies at pressures up to ca. S0 GPa with PL and
conductivity measurements, as well as electronic structure
calculations to present a comprehensive analysis of the system
under pressure. Subsequently, several additional high-pressure
studies have been reported on Pb—Br, Pb—I, and Sn-—I
systems.'”'7'?® Some of these studies have shown enhance-
ment of optoelectronic properties under pressure, including
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prolonged carrier lifetime in (MA)[PbI;]'** and enhanced
photocurrent after compression in (MA)[SnI;]."*°

These recent studies show that the 3D hybrid perovskites are
quite compressible compared to many other crystalline solids.
During compression in relatively low-pressure regimes, they
exhibit structural phase transitions that correlate with
discontinuities in the evolution of their bandgap or PL energies.
Indeed, their structures are strongly coupled to their electronic
behavior, and even subtle changes to the lattice within a given
phase are reflected in their photophysical properties.

When subjected to hydrostatic pressure, the pseudocubic
(indexed as tetragonal'”’~'** or orthorhombic'*’) a phase of
(MA)[PbI;] undergoes a transition to the cubic Im3 f phase at
ca. 0.3 GPa (Figure 12A),'20120123 although some reports have
instead claimed an orthorhombic Imm2 space group.'”>'**
Likewise, (MA)[PbBr;] undergoes a similar transition from
cubic Pm3m to cubic Im3 at ca. 0.9 GPa.'"> These a-to-f
transitions are accompanied by pronounced interoctahedral
tilting, indicated by the Pb—X—Pb angle 6. Further volume
reduction during compression within a given phase occurs
through a combination of decreased 8y and decreased Pb—X
bond length (d). Decreasing d should increase orbital overlap
and thereby increase band dispersion and decrease the
bandgap. Conversely, octahedral tilting (which decreases 6g)
should decrease orbital overlap and band dispersion and
increase E,. This simple postulate is consistent with the
observed PL energy shifts and calculated E, values from our
work,'*” as well as PL and absorption spectroscopy data from
other reports.'”"'**'*> Both the iodide and bromide perov-
skites undergo partial amorphization above ca. 3 GPa, which
quenches PL from the materials. Interestingly, this amorphiza-
tion is fully reversible upon decompression. More structural
analysis is required to determine the exact nature of the
amorphization. Transport measurements on (MA)[PbL;] in this
y phase show a dramatic increase in conductivity and a low
activation energy for conduction of 13.2(3) meV at S1 GPa
(Figure 12B), suggesting the approach of a metallic state.'*

We also explored the effects of compression on the mixed-
halide perovskites (MA)[Pb(Br;_,);] (0 < x < 1). The
bandgap of these materials can be continuously tuned between
that of the pure iodide (1.6 €V) and the pure bromide (2.3 eV),
making mixed-iodide/bromide perovskites attractive candidates
as the high-bandgap absorber in tandem solar cells. However,
high open-circuit voltages have been difficult to achieve in
devices employing these materials.'”” We previously found that
the perovskites (MA)[Pb(Br,I,_,);] (0.2 < x < 1) are unstable
to light.'"” Upon light exposure for a few minutes, their PL
energies discretely redshift to a lower-energy value, suggesting
the formation of low-energy trap states. Interestingly, this
process is reversible, and the original material regenerates in the
dark. We proposed that this instability arose from light-induced,
reversible halide segregation into bromide-rich and iodide-rich
domains. Halide segregation requires halide mobility. We
therefore reasoned that a compressed, stiffer lattice may
kinetically suppress ion transport. Alternatively, because halide
transport in related materials is thought to occur through halide
vacancies, 20732 compression may alter the thermodynamics of
halide transport by changing the defect distribution in the
lattice. Indeed, compression below 1 GPa can miti§ate or
completely suppress this light-induced instability.'” The
mixed-halide perovskites show the same a-to-f phase
transitions with compression as the pure bromide or iodide
perovskites. Although we still observe the PL redshift with
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increased irradiation time in the a phase, the energy to which
the PL band shifts increases with compression, allowing for
higher-energy steady-state PL at higher pressures (Figure 12C).
Notably, halide segregation appears to be suppressed in the
high-pressure f# phase. A new PL peak emerges at the onset of
the /3 phase, which does not redshift with illumination time and
shifts only as a function of pressure. This work motivates the
examination of chemical pressure as a method to obtain higher
voltages from solar cells employing mixed-halide perovskite
absorbers.

4.2. 2D Perovskites: Cu—Cl Perovskites. Owing in part
to their similarity to the cuprate superconductors, whose critical
temperature (T.) varies with increasing pressulre,lgﬁ’134 the
pressure-response of 2D Cu—Cl perovskites has been
investigated for decades.*'**713® Here, the d° Cu(Il) centers
exhibit a pronounced Jahn—Teller (JT) distortion (Figure
13A). The distorted octahedra within a single inorganic layer
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Figure 13. (A) Orbital energy diagram of Cu—Cl octahedra with D,
and O, symmetry showing possible d—d (blue) and charge-transfer
(red) transitions. (B) A single Cu—Cl layer viewed from above,
displaying antiferrodistortive alignment of the Jahn—Teller axes.
Schematic dx*—y* orbitals are overlaid to illustrate their orthogonality.
(C) Optical micrographs of (EDBE)[CuCl,] in a DAC showing
piezochromism. Adapted from ref 47. Copyright 201S American
Chemical Society.

align with their elongated axes positioned perpendicular to
those of their nearest neighbors (Figure 13B). This
antiferrodistortive arrangement results in orthogonality be-
tween the partially occupied dx’—y* orbitals of adjacent
octahedra (Figure 13B). Although a half-filled band should
provide a conduction pathway, the lack of orbital overlap
between the partially occupied d orbitals likely contributes to
these materials’ insulating nature.

Early work attempted to postsynthetically suppress this
cooperative JT distortion with pressure,**'*® which could allow
for orbital reordering and the formation of partially occupied
electronic bands. A first-order phase transition, accompanied by
a piezochromic change from yellow to orange at ca. 4 GPa
(Figure 13C),**"* was initially thought to indicate suppression
of the JT distortion. However, this phase transition was
subsequently linked to in-plane rotations (tilting) of the Cu—Cl
octahedra,">”"*® and not to significant changes in the Cu
coordination sphere. These prior studies only examined the
effects of pressures up to ca. 16 GPa, and much higher
pressures were considered necessary to suppress the JT
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Figure 14. (A) Variable-pressure optical absorption spectra of (EDBE)[CuCl,]. Asterisks indicate a detector change between visible and IR
wavelengths. The charge-transfer (CT) edge and d—d transitions are indicated. (B) CT-edge energy as a function of pressure. (C) Electronic
conductivity for (EDBE)[CuCl,] as a function of pressure. Adapted from ref 47. Copyright 2015 American Chemical Society.

distortion."*® We therefore examined the Cu—Cl perovskite

(EDBE)[CuCl,] (EDBE = 2,2'-(ethylenedioxy)bis-
(ethylammonium)) under pressures up to ca. 60 GPa."” At
high pressures, we observed unprecedented piezochromism for
a Cu—Cl perovskite, from translucent yellow to opaque black,
accompanied by dramatic changes in electronic transport,
affording the first example of appreciable conductivity in a Cu—
Cl perovskite.

By measuring high-pressure PXRD of (EDBE)[CuCl,], we
first corroborated the first-order phase transition between o and
P phases at ca. 4 GPa reported previously, when the perovskite
changes from translucent yellow to translucent orange.*>'#5~"3
At higher pressures, however, we observed a second-order
phase transition to a ¥ phase indicated by an increase in lattice
stiffness above ca. 8 GPa. Intriguingly, the perovskite turns
opaque black with compression above this second-order
transition. The dominant electronic transition in Cu—Cl
perovskites has been assigned as a ligand-to-metal charge
transfer (Figure 13A)."*>'*” The perovskite’s absorption
spectra show a distinct redshift of this charge-transfer (CT)
band with compression (Figure 14A,B). Furthermore, we
measured an increase in electrical conductivity of ca. S orders of
magnitude up to SO GPa (Figure 14C). Interestingly, the
activation energy for conduction (0.232(1) eV at ca. 40 GPa) is
substantially lower than the energy of the CT band (ca. 1 eV)
at comparable pressures. This suggests that, above the second
phase transition, a combination of octahedral tilting and bond
compression at least partially relieves the orthogonality of the d
orbitals, providing a new conduction pathway revealed by
material compression.

4.3. 2D Perovskites: Pb—I-SCN Perovskites. Early high-
pressure studies on the 2D Pb—I perovskite,
(C4HyNH,;),[Pbl,], reported a bandgap decrease with
compression, reflected in the material's PL energy. The
absorption edge of ca. 2.3 eV was reported to decrease upon
compression to ca. 2 eV, albeit at high pressures exceeding 24
GPa."" To explore how the perovskite’s compressibility could
be modified through compositional tuning, we investigated the
effects of compression on a related 2D perovskite where the
terminal halides were replaced by thiocyanides:
(MA),[PbL,(SCN),]."® This material was initially considered
to be a promising solar-cell absorber with a low bandgap and
high moisture stability. Subsequent work, however, showed that
it had a much higher bandgap than previously thought'*' and
poor water stability.'*> However, as discussed below, the
material has intriguing properties for a 2D perovskite, which
can be further modulated through compression.
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Solid (MA),[PbL,(SCN),] (Figure 1SA) has atypically low

E, and Ey, values for an n = 1 perovskite.'** These values are
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Figure 15. (A) X-ray crystal structure of (MA),[PbL,(SCN),].'® Dark
green, purple, yellow, blue, and gray spheres represent Pb, I, S, N, and
C atoms, respectively. Hydrogen atoms omitted for clarity. (B) Lattice
parameter contraction with compression. (C) Optical micrographs
showing the piezochromism of (MA),[PbL,(SCN),] single crystals
upon compression. Adapted from ref 142. Copyright 2016 American
Chemical Society.

intermediate between those for 3D Pb—I perovskites and
typical n = 1 Pb—I perovskites. Notably, (MA),[PbL,(SCN),]
has the shortest interlayer separation of which we are aware for
a (100) Pb—I perovskite of 9.2901(9) A. All Pb and bridging I
atoms reside in the same plane, with no out-of-plane octahedral
tilting and minimal in-plane octahedral tilting. The short
interlayer distance, reduced octahedral tilting in the inorganic
sheets, and the covalency of the Pb—S linkages may all
contribute to this perovskite’s low E, of 2.33 eV and E,, of 200
meV. We therefore reasoned that pressure could substantially
affect its photophysical properties.

The short interlayer spacing and E, can be further reduced
with compression (Figure 15B)."** The crystallographic a axis
(layer stacking direction) shows a monotonic decrease by 7.3%
from 0 to 3.8 GPa, whereas the b and ¢ axes contract in a milder
fashion. Pronounced discontinuities in the c-axis length and
unit-cell volume at 2.3 GPa suggest a phase transition. The
material also exhibits dramatic piezochromism, reversibly
converting from translucent red to opaque black at 2.6 GPa
and then to translucent yellow at 3.9 GPa (Figure 15C). This
piezochromism is manifested in the PL spectra of a single
crystal of (MA),[PbL,(SCN),] as a function of pressure. Upon
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compression, the PL redshifts as the single crystals
progressively become opaque, followed by a blueshift as the
color of the crystals lightens. Assuming no change in Stokes
shift of the excitonic emission or of the E, within this pressure
range, we estimate a 0.3 eV decrease in E, to ca. 2.0 eV at 2.6
GPa as the interlayer distance contracts by 6.0%. The material’s
black color at 2.6 GPa suggests that the E, value may be still
lower than this estimate. Notably, the pressure required to
achieve a ca. 2 eV bandgap in (MA),[PbI,(SCN),] is less than
the corresponding pressure for (C,H;NH,),[Pbl,] by 21
GPa."* This demonstrates the substantial role that perovskite
composition and structure can play in tuning material
compressibility and pressure response.

The pressure-induced transformations discussed above are
reversible. However, they help elucidate what effects could be
more permanently realized through the application of chemical
pressure. For example, the improved light stability reported in
mixed-halide perovskites with mixed A-site cations (such as
Cs*/(NH,),CH*)'* may indeed be a manifestation of the
effects of chemical pressure, similar to the mechanically induced
changes we observed.'”'** Dramatic changes to the physical
and electronic properties of halide perovskites require pressures
in the GPa scale. Designing perovskites with greater pressure
response may decrease the pressures required for these
transformations to a range that is easier to access in technology.

5. SUMMARY AND OUTLOOK

Postsynthetic transformations of hybrid perovskites provide an
opportunity to overcome some synthetic limitations to these
important materials. Their optical and electronic versatility, in
combination with their synthetic tunability, make them prime
candidates for the development of transformations that further
expand their functionality. In the above sections, we have
provided a condensed summary of current progress in the field.
We have concluded each section with our perspective on where
the field may head and examples of worthy future targets.

These highly crystalline hybrids provide a forgiving platform
for postsynthetic manipulations involving substantial atomic
rearrangements. Although some reactions involve individual
components of the perovskite, simultaneous reactivity can be
achieved across both organic and inorganic components, while
the crystalline perovskite structure is retained in the product.
External stimuli such as pressure or radiation can also modify
the material’s structure and photophysical properties. Impor-
tantly, the product’s crystallinity allows us to track precisely
how the structure responds to these perturbations.

The transformations discussed here represent only a small
fraction of the potential toolbox of postsynthetic strategies.
Early work on 2D perovskites focused on the magnetic'** and
optical *® properties of the inorganic layers, where simple alkyl
ammonium cations in the organic layers served only to insulate
the inorganic sheets. In the hands of synthetic chemists, the
organic layers have now been functionalized for greater
reactivity (e.g, small-molecule capture through both inter-
calation'** and chemisorption,'”** light-induced polymer-
ization,”® and electrochemical ion cycling®”’) and functionality
(e.g, dye molecules in the organic layers facilitating electro-
luminescence,'* more polarizable organic layers affording
reduced electronic confinement in the inorganic layers,52 and
hydrophobic molecules in the organic layers imparting moisture
stability to 2D perovskite solar-cell absorbers'>*”). The organic
layers remain a mostly untapped source of expansion for the
synthetic space of hybrid perovskites, and we believe that the
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inclusion of designer molecules with targeted functionality can
greatly expand the number of available postsynthetic trans-
formations. Similarly, the expansion of the inorganic con-
stituents to include more reactive metals and alternative ligands
to halides can substantially increase the number of available
postsynthetic strategies.

Hybrid perovskites provide an ideal platform for post-
synthetic transformations involving the manipulation of ionic
and covalent interactions as well as structural deformations. We
envision that future developments in this field will bring still
richer structural diversity and greater functionality to these
materials, which have already proven their technological worth.
We hope that this discussion motivates a larger effort toward
developing this nascent research field for both fundamental
studies and applications in technology.
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