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ABSTRACT: The low formation energies inherent in metal halide perovskites enable the structure to be easily broken and remade 
with little energy input. In this work, we leverage low formation energy to demonstrate 0D/3D structural transformations induced by 
reversible intercalation of methanol to yield dramatic control of visible light absorption. We identify a methanolated structure that 
features sheets of 0D isolated [PbI6]

4− octahedra separated by MAI and methanol. Methanol and water reversibly displace each
other in the 0D complex by controlling the chemical potential of the system via Le Chatelier’s principle. The weaker H-bonding of 
methanol compared to water effectively reduces the complex dissociation temperature from 70 to 50 °C, rendering the methanol 
complex more desirable for an array of next-generation applications spanning low-power-consumption memory to switchable 
photovoltaics. 

Metal halide perovskite (MHP) materials are an exciting 
class of optoelectronic semiconductors1−6 that exhibit a

soft ionic lattice resulting in crystalline-like electronic band 
structures with liquid-like physical properties.7 The presence of 
low formation energies allows MHPs to be fabricated from 
solution under mild conditions with little energy input.8

However, these low formation energies also lead to detrimental 
properties such as facile ion migration and decomposition or 
transformation to undesired phases upon exposure to a variety 
of stimuli such as humidity, heat, and light.9 Despite these 
challenges, MHPs have been developed for an array of 
optoelectronic applications, including solar cells with record 
power conversion efficiencies (PCEs) exceeding 25%.10

The small lattice energy of MHPs allows reversible structural 
transformations by accommodating a variety of intercalation 
species at standard conditions. Molecules are intercalated into 
the MHP structure by interacting favorably with the lattice 
through the formation of hydrogen,11−13 charge-transfer,14−17

ionic,18 van der Waals,19 and π-stacked fluorylaryl−aryl 
bonds.20 Complex formation and dissociation can be 
controlled by modulating the strength of interactions between 
the intercalating molecule and the MHP lattice. 
The most investigated complexes are those based on H-

bonding.11−13,21−26 H-bonds formed between intercalating
molecules and the MHP lattice are strong enough to form 
stable complexes at room temperature yet weak enough to 
easily dissociate upon heating. Tuning the complex bonding 
strength results in structural transformations that occur in 
seconds to minutes11,12,21,22 compared to phase trans-
formations between α and δ phases that occur over several 
hours.27 The strong H-bonding nature of methylammonium 
(MA) is critical for complex formation. Weaker H-bonding 
cations like Cs and formamidinium have not been shown to 
form stable intercalation complexes with vapor. Exposure of 
MAPbI3 films to methylamine (CH3NH2) vapor forms the 
complex MAPbI3 xCH3NH2 dissociated at temperatures above 
60 °C. Photovoltaic windows fabricated from the MAPbI3 

xCH3NH2 complex switch between a colored phase and a 
bleached phase where the colored phase shows a PCE as high 
as 11.3%.12 H2O cointercalates with MAI into MAPbI3 at 
relative humidity >40% to form MA4PbI6 2H2O,

13,21−26 which
is dehydrated to reform MAPbI3 at 75 °C.22

MeOH has long been used in MHP fabrication as an 
antisolvent to form both films28 and powders,29 as a solvent to 
remove excess AX (A monovalent cation) salts,30 and for 
vapor annealing to promote grain growth.31 Herein, we show 
that MeOH reversibly cointercalates with MAI molecules into 
the 3D MAPbI3 MHP structure to form the 0D MA6PbI8 
2MeOH complex. We also show that MeOH and H2O 
reversibly displace each other from the MHP lattice via Le 
Chatelier’s principle upon exposure to an excess of the 
opposite vapor. MeOH forms weaker H-bonds with the MHP 
lattice than H2O, resulting in a reduced complex dissociation 
temperature. Low-energy modulation of the semiconductor 
properties will underpin applications such as low-power-
consumption memory, neuromorphic computing, switchable 
photovoltaics, and thermochromic windows. 
We fabricate switchable MHP films by spin-coating a 

solution of 4:1 MAI:PbI2 under inert conditions (see 
Experimental Details in the Supporting Information). The 
visual appearance of initial films is reddish-brown (Figure 1a). 
Exposure to H2O or MeOH vapor induces a rapid structural 
transformation that results in a transparent, colorless film 
within <2 min. The film is regenerated to the original reddish-
brown color by gently heating hydrated and methanolated 
films at 70 or 50 °C, respectively (Figure 1a and Figure S1). 
These observations suggest that an intercalation complex is 
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formed that requires overcoming a minimum thermal energy 
threshold for complex dissociation. 
Attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy confirms that H2O and MeOH are 
incorporated into the film upon exposure to vapor and 
removed after heating (Figure S2 and Table S1). Prior reports 
show that MHPs reversibly form 0D complexes with 
H2O;

13,21,22 however, there are no known reports of complex 
formation with alcohols. Other alcohols like ethanol (EtOH) 
and isopropyl alcohol (IPA) do not induce color change. We 
hypothesize EtOH and IPA are too large to fit into the MHP 
structure, and the H-bonding strength is too weak to form a 
complex at standard conditions. 
We attribute the mechanism of color change to an 

equilibrium between 0D complex formation with H2O or  
MeOH vapor (bleached state) and complex dissociation into 
3D MAPbI3 (Figure 1b) nanocrystals embedded within an 
excess MAI matrix upon heating (colored state). Complex 
formation and dissociation are dictated by H-bond interactions 
between the intercalating molecule and the MHP lattice. The 
MeOH complex dissociates at lower temperatures (50 °C) 
than the H2O complex (70 °C), which suggests that MeOH 
forms weaker H-bonds with the MHP lattice. 
Unlike switchable MHP films exposed to H2O that form the 

0D MA4PbI6 2H2O hydrate complex (Figure 1c), the weaker 
H-bonding of MeOH causes films to form a OD MA6PbI8 
2MeOH structure that is richer in MAI (Figure 1d). We 

simulated MA6PbI8 2MeOH from the crystal structure of 
PEA6SnBr8 2CCl2H2 (PEA phenethylammonium)33 by 
modifying elemental composition and maintaining the 
monoclinic Cc space group. Our best fit after Rietveld 
refinement was obtained with a 13.495812 Å, b 
7.758366 Å, c 20.429327 Å, α γ = 90°, and β 
102.76711°. The structure of the 0D MA6PbI8 2MeOH 
complex forms sheets of isolated [PbI6]

4− octahedra that 
allow the larger MeOH molecule to occupy the space between 
sheets whereas the 0D MA4PbI6 2H2O hydrate complex forms 
an isotropic network of hydrated [PbI6]

4− octahedra. 
The 0D methanolated MHP structure was identified by in 

situ wide-angle X-ray scattering (WAXS). Reddish-brown films 
show expected Bragg diffraction peaks of 3D MAPbI3 and MAI 
(Figure 2a and Figure S3a). All 3D MAPbI3 peaks disappear, 
and MAI peaks decrease in intensity over the course of 90 s 
after exposure to MeOH. New peaks emerge between 45 and 
60 s corresponding to 0D MA6PbI8 2MeOH with intensity 
increasing until 2 min 45 s. Diffraction peaks from an unknown 
phase associated with methanolation also emerge between 45 
and 60 s, but growth occurs faster with maximum scattering 
intensity occurring after 1 min 30 s. 
Annealing above 50 °C initiates complex dissociation: first 

by the disappearance of 0D MA4PbI6 2MeOH over 1 min 45 s, 
followed by the disappearance of the unknown phase over 5 
min. The 3D MAPbI3 peaks simultaneously re-emerge over 2 
min 45 s. Scherrer analysis performed on the (100) peak of 3D 
MAPbI3 indicates that the single crystalline domain size is 
maintained with values of 36 ± 3 nm before complex 
formation and 37 ± 4 nm after complex dissociation (Figure 
2c). The Scherrer size of 0D MA6PbI8 2MeOH and the 
unknown phase is larger than that of the 3D MAPbI3 phase, 
which suggests that larger domains are formed by incorpo-
ration of the adjacent MAI phase into the 3D MAPbI3 
domains. Formation of the unknown phase before 0D 
MA6PbI8 2MeOH and dissociation of the unknown phase 
after 0D MA6PbI8 2MeOH suggests that the unknown phase is 
likely a structural intermediate between 3D MAPbI3 and 0D 
MA6PbI8 2MeOH that stabilizes the 0D MA6PbI8 2MeOH 
structure and balances the stoichiometry of the excess MAI. 
We attempted to identify the unknown phase. The intensity 

and FWMH evolution of the unknown peaks suggest it is a 
single phase independent from 0D MA6PbI8 2MeOH (Figure 
2b,c). The methanolated film also contains peaks correspond-
ing to crystalline MAI, which suggests the unknown phase does 
not form in a 1:1 ratio and is likely poorer in MAI and richer in 
PbI2 relative to the 0D MA6PbI8 2MeOH phase. The 1D 
diffraction patterns were fit to various known polymorphs of 
low-dimensional MHP phases such as APb2I5, A2PbI4, A3PbI5, 
and A4PbI6 with and without intercalating molecules, but we 
could not confirm the structure. We were also unsuccessful at 
growing single crystals of the 0D MA6PbI8 2MeOH compound 
or the unknown phase in order to resolve the crystal structure 
with single crystal X-ray diffraction. 
Switchable MHP films are readily interconverted between 

methanolated and hydrated complexes by changing the 
chemical potential of the system through Le Chatelier’s 
principle. In situ WAXS shows that exposing a methanolated 
film to H2O vapor initiates a rapid transformation from 0D 
MA6PbI8 2MeOH and the unknown phase associated with 
methanolation to 0D MA4PbI6 2H2O in under 15 s (Figure 
2d−f). This transformation is reversed at a slightly slower rate 
of 30 s by exposing the hydrated film to MeOH vapor. The 

Figure 1. (a) Photographs showing the color change of the same 
switchable MHP film exposed to H2O, MeOH, and heat. Illustration 
comparing the crystal structures of (b) 3D MAPbI3, (c) 0D MA4PbI6 
2H2O hydrate complex, and (d) 0D MA6PbI8 2MeOH methanolate 
complex. 

Journal of the American Chemical Society pubs.acs.org/JACS Communication 

https://doi.org/10.1021/jacs.1c10942 
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX 

B 

· 
· = 

= = 
= = = 

· 

· 

· 

· 

· 

· 
· 

· 
· 

· · 

· 

· 

· 

· 
· · 

· 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10942/suppl_file/ja1c10942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10942/suppl_file/ja1c10942_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10942/suppl_file/ja1c10942_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10942?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10942?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rapid conversion between methanolated and hydrated films 
(<30 s) relative to the process of methanolating or hydrating a 
colored film containing 3D MAPbI3 and MAI (>1 min) 
suggests that exchanging MeOH/H2O has  a smaller  
thermodynamic driving force than intercalating MeOH/H2O 
because the [PbI6]

4− octahedra in the structures are already 
separated (Figure 1). 

The structural transformations between 3D and 0D 
structures are accompanied by reversible optical coloration 
and bleaching. Optical absorption measurements show that 
switchable MHP films in the colored (heated) state exhibit 
strong visible absorbance with a band gap onset of 1.80 eV 
(Figure 3a), which is larger than the typical 1.57 eV band gap 
observed for MAPbI3. 

1 Whereas our average MAPbI3 domain 
size (36 ± 3 nm) is greater than the exciton Bohr radius, 

Figure 2. In situ WAXS data collected over (a) two cycles of alternating exposure to MeOH vapor and 75 C. Comparison of MAI (100), MAPbI3 
(100), unknown phase, and MA6PbI8 2MeOH (200) peak area (b) and Scherrer size (c) over one cycle of exposure to MeOH and 75 C in panel 
a. (c) Two cycles of alternating exposure to MeOH and H2O vapor at room temperature. Comparison of MAI (100), MAPbI3 (100), unknown 
phase, MA6PbI8 2MeOH (200), and MA4PbI6 2H2O (101) peak area (e) and Scherrer size (f) over two cycles of alternating exposure to MeOH 
and H2O vapor in panel c. 
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quantum confinement likely plays a role in the observed 
blueshift due to a population of smaller crystallites. Dielectric 
confinement likely also plays a role, since MAPbI3 domains are 
surrounded by higher dielectric constant materials (Al2O3, 
TiO2, MAI). The largest contribution is likely scaffold-induced 
disorder with up to 70% of the material within a scaffold 
forming highly disordered phases with local MHP structure 
only extending over ∼1.4 nm. 32 

Exposure to MeOH or H2O induces optical bleaching of the 
film in the visible region with the emergence of strong 
excitonic peaks at 379 and 370 nm, respectively. Heating 
methanolated and hydrated films above 50 and 70 °C, 
respectively, initiates complex dissociation resulting in the re-
emergence of the 1.80 eV band gap and visible absorbance. 
The excitonic absorption peaks are due to absorption of the 
isolated [PbI6]

4− octahedra formed upon intercalation of 
vapor. Hydrated and methanolated phases are readily 
interconverted accompanied by a shift in the peak absorbance 
( max) between 379 nm (methanolated) and 370 nm 
(hydrated) (Figure S5). The energy of the [PbI6]

4− excitonic 
peak increases with more isolation and decreases with less 
isolation.33 0D MA6PbI8 2MeOH contains closely packed 
octahedra separated by only MAI with sheets of octahedra 
separated by both MeOH and MAI in the orthogonal 
direction. In contrast, 0D MA4PbI6 2H2O contains an isotropic 
3D network of isolated octahedra separated by both MAI and 
H2O leading to an increased separation of isolated octahedra. 
The methanolated films also exhibit increased absorbance at 
wavelengths lower than 550 nm compared to hydrated films 
(Figure 3), which we attribute to formation of the unknown 
phase. 

Durable, low-energy cycling between two optically distinct 
states is critical for a number of applications. We demonstrate 
reversible methanolation between two optically distinct states 
over 10 cycles to provide a glimpse of future application space 
(Figure 3b). Large swings in transmission are critical to 
building energy savings in thermochromic windows.34 

Optically active phase-change materials underpin memory 
applications with continued exploration of next-generation 
computing strategies such as on-chip photonic synapses. 35 

Herein, we demonstrate a transition temperature less than 
conventional chalcogenide-based phase-change materials with 
similar optical contrast between states. 
In conclusion, we show that MHPs form 0D intercalation 

complexes with MeOH driven by H-bonding between MeOH 
and the MHP lattice. MeOH within the 0D complex is 
reversibly exchanged for H2O by inducing a change in the 
chemical potential of the system through Le Chatelier’s 
principle. The 0D complex can be dissociated to regenerate 
the 3D MHP structure by removing MeOH through mild 
heating above 50 °C. Our results demonstrate that weaker H-
bonding reduces the switching temperature of switchable MHP 
films, thus enabling next-generation stimuli-responsive MHP 
applications that require low-energy modulation such as low-
power-consumption memory, neuromorphic computing, 
switchable photovoltaics, and thermochromic windows.36 
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