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ABSTRACT. Two-dimensional (2D) halide perovskites are exquisite semiconductors with great
structural tunability. They can incorporate a rich variety of organic species that not only template
their layered structures but also add new functionalities to their optoelectronic characteristics.
Here, we present a series of new methylammonium (CH3NH3" or MA)-based 2D Ruddlesden-
Popper perovskites templated by dimethyl carbonate (CH3:OCOOCH3 or DMC) solvent molecules.
We report the synthesis, detailed structural analysis, and characterization of four new compounds:
MA2(DMC)Pbls (n=1), MA3(DMC)Pb2I7 (n=2), MA4(DMC)Pbsli0 (n=3), and MA3(DMC)Pb2Br7
(n=2). Notably, these compounds represent unique structures with MA as the sole organic cation
both within and between the perovskite sheets, while DMC molecules occupy a tight space
between the MA cations in the interlayer. They form hydrogen-bonded [MA:--DMC:--MA]**
complexes that act as spacers preventing the perovskite sheets from condensing into each other.
We report one of the shortest interlayer distances (~5.7-5.9 A) in solvent-incorporated 2D halide
perovskites. Furthermore, the synthesized crystals exhibit similar optical characteristics to other
2D perovskite systems, including narrow photoluminescence (PL) signals. The density functional
theory (DFT) calculations confirm their direct-bandgap nature. Meanwhile, the phase stability of
these systems was found to correlate with the H-bond distances and their strengths, decreasing in
the order: MA3(DMC)Pb2l7 > MA4(DMC)Pbslio > MA2(DMC)Pbls ~ MA3(DMC)Pb2Br7. The
relatively loosely bound nature of DMC molecules enables us to design a thermochromic cell that
can withstand 25 cycles of switching between two colored states. This work exemplifies the

unconventional role of the non-charged solvent molecule in templating the 2D perovskite structure.
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INTRODUCTION

Halide perovskites have recently emerged as the next-generation solution-processable
semiconductors with excellent characteristics suitable for a range of technological applications
including solar cells, light-emitting devices, high-energy (X-ray and y-ray) detectors, and
memristors.'# The most extensively studied three-dimensional (3D) halide perovskites with the
general chemical formula of ABX3 (where A = CH3NH3" or MA, CH(NH2)2" or FA, Cs*; B = Pb*",
Sn**, Ge**; X = CI', Br, I) feature a 3D structure composed of corner-shared [BXs/2]-octahedra
and A-site cations occupying the cages between the octahedra.™® Meanwhile, two-dimensional
(2D) halide perovskites with the general chemical formula of (L)2/g(A)n-1BnX3n+1 derive from their
3D counterparts by ‘slicing’ the perovskite lattice along specific crystallographic directions,
typically <100>, <110>, and <111>, and then stacking the obtained [BnXsn+1] perovskite sheets,
or slabs, of thickness n with bulky organic cations (L), or ‘spacers’, with the charge of g=+1 or +2,

to form a layered structure.””

Due to geometrical factors, there are only few choices for A-site cations in lead-based 3D
perovskites. Among them, methylammonium (CH3NH3" or MA) has long been known as a
‘perovskitizer® for its ability to template the 3D perovskite lattice.”'° By contrast, cesium (Cs")
and formamidinium (CH(NH2)2" or FA) can form both 3D and 2D structures.!!!* Meanwhile,
slightly larger cations such as ethylammonium (CH3CH2NH3" or EA) and dimethylammonium
((CH3)2NH2" or DMA) cannot form a standalone 3D phase but can still be incorporated into the
structure of 2D perovskites as A-site cations.!*!® In general, 2D perovskites are chemically and
structurally more diverse than their 3D counterparts. A plethora of 2D perovskite structures,
including Ruddlesden-Popper (RP) (when g=1), Dion-Jacobson (DJ) (when ¢g=2), and alternating
cation in the interlayer (ACI) phases, with various spacers and diverse properties have been
reported over the years.”” The generally hydrophobic nature of those spacers also provides

relatively better stability to 2D perovskites with respect to their 3D counterparts.

In early examples of 2D halide perovskites, simple spacers such as butylammonium (C4HoNH;3"
or BA) and phenethylammonium (CséHsCH2CH2NH3" or PEA) cations were used.!”2° These
spacers typically act as insulating barriers between the semiconducting perovskite sheets, making
2D perovskites intrinsic multiple quantum wells (MQWs). Meanwhile, more recent developments

include spacers with added functionalities beyond their ability to template the 2D perovskite
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structure. For instance, the incorporation of organic cations with electron-rich chromophore
moieties, such as oligothiophenes and pyrenes,?'>* have shown to greatly improve the out-of-plane
charge transfer in 2D halide perovskites, which is highly essential for their applications in solar
cells. However, these functionalities are not solely limited to the choice of a spacer cation. In fact,
organic interlayers between the perovskite sheets, as a whole, have a huge room for both synthetic
and post-synthetic modifications that could potentially reveal new properties and phenomena in

2D halide perovskites.?

An interesting approach towards introducing new functionalities in 2D halide perovskites is to
structurally incorporate external guest molecules or other non-charged species in their organic
interlayers. For instance, in 1980s, Dolzhenko et al. were first to post-synthetically intercalate
solvent molecules between the sheets of a 2D perovskite.!” Later, Mitzi et al. showed analogous
effect with slightly improved intercalation and de-intercalation processes.?® Since then, different
molecular species, including dimethyl sulfoxide (DMSO), have been incorporated into the
structure of 2D perovskites during or post their synthesis.>’° Meanwhile, in 2014, Karunadasa et
al. reported an approach where they were able to covalently bind the intercalated halogen
molecules to the interlayer cations.’!? Very recently, their team have also demonstrated the
templated growth of low-dimensional non-perovskite phases between the sheets of 2D perovskites,
thus, constructing the first perovskite—non-perovskite 2D heterostructures.’® The intergrowth of

two phases is ensured by their matching lattice parameters.

Inspired by these design concepts, we present a series of new solvent-templated 2D Ruddlesden-
Popper perovskites with the general chemical formula of MAn+1(DMC)PbnX3n+1 (Where MA is
methylammonium (CH3NH;3"); DMC is dimethyl carbonate (CH3OCOOCH3); X = Br, I'; and
n=1,2,3). We successfully grow phase-pure MA2(DMC)Pbl4 (n=1 iodide), MA3(DMC)Pbzl7 (n=2
iodide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide) crystals by two
different crystallization strategies and determine the conditions for one of them via robot-assisted
rapid screening approach. The synthesized crystals are initially characterized by X-ray diffraction
(XRD) which reveals their layered structures templated by solvent molecules. Specifically, two
MA cations and one DMC molecule, in the interlayer, form a hydrogen-bonded
[MA---DMC---MAJ* complex that acts as a spacer between the perovskite sheets. Notably, these

structures feature relatively short interlayer distances (~5.7-5.9 A). Other key geometrical aspects



are also discussed in our detailed structural analysis. Furthermore, we measure the steady-state
UV-visible absorption and photoluminescence (PL) spectra of these compounds, as well as
calculate their electronic band structures by density functional theory (DFT). The results show
their similarity to other 2D halide perovskite systems. We then explore the phase stability of these
systems. As MA3(DMC)Pb2l7 (n=2 iodide) displays relatively better stability among the
synthesized compounds, we closely examine its reconstruction into MAPDI3 phase under different
conditions: in ambient air, upon heating, and on irradiation with a laser source. In the last section
of our study, we demonstrate the reversibility of phase transformations involving solvent-
templated 2D Ruddlesden-Popper perovskites owing to the relatively easy intercalation and de-
intercalation of DMC molecules between their interlayers. This helps us design a thermochromic

system that can withstand 25 cycles of switching between two colored states.
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Figure 1. (a) Schematics of antisolvent vapor-assisted crystallization (AVC) method for the
growth of solvent-templated 2D Ruddlesden-Popper perovskite crystals. (b) Robot-assisted rapid
screening of reaction conditions for MA2(DMC)Pbls (n=1 iodide, orange), MA3(DMC)Pb2l7 (n=2
iodide, red), and MA4(DMC)Pbslio (n=3 iodide, dark-red) phases.

Synthesis. We synthesized new solvent-templated 2D Ruddlesden-Popper perovskites by two
different approaches (Figure S1). First method involved conventional antisolvent vapor-assisted
crystallization (AVC) where dimethyl carbonate (DMC) slowly diffused into a perovskite
precursor solution containing MAI/Pbl> in y-butyrolactone (GBL) or MAB1/PbBr2 in N,N-



dimethylformamide (DMF) (Figure 1a). To determine the conditions for the crystallization of
iodides, rapid screening of a 2D map of different MAI and Pblz concentrations in the solution was
conducted using an Opentrons OT-2 liquid-handling robotic system (see Figure 1b and Figure S2).
Specifically, we prepared an 8x5 matrix plate with 40 various solution combinations and then, by
adding the excess amount of DMC to each well, we were able to precipitate the target phases in
those wells. The resulting precipitates varied around several microns in size (Figure S3). This also
demonstrates the relatively easy formability of these materials at room temperature. Next, the
optimal MAI and Pbl> concentrations were retrieved to slowly grow larger crystals of solvent-
templated 2D Ruddlesden-Popper perovskites by AVC method. The MAI/Pbl> and MAB1/PbBr:
concentrations in their respective solvents were set at 1.2/0.3 M (4:1), 0.6/0.3 M (2:1), 0.45/0.3 M
(1.5:1), and 0.75/0.25 M (3:1) to achieve mm-sized crystals of MA2(DMC)Pbl4 (n=1 iodide),
MA3(DMC)Pb2l7 (n=2 1odide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2
bromide), respectively, within 1-2 weeks. The corresponding crystals showed distinct orange, red,

dark-red, and yellow colors (Figure 2a).

In an alternative crystallization approach, we prepared MAI/Pbl2 and MABr/PbBr:2 suspensions in
DMC and dissolved the precursor mixtures by bubbling methylamine (CH3NH2) gas through these
suspensions under continuous stirring (Figure S1b).>*3 The obtained two-layered liquid systems
were allowed to undergo slow crystallization over 3—5 days. Analogously, by carefully optimizing
the precursor amounts, we were able to crystallize MA3(DMC)Pb2l7 (n=2 iodide),
MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide) phases (see Supporting
Information for details). We believe that the crystallization is achieved owing to the slow release
of methylamine gas by the obtained liquid systems, allowing DMC molecules gradually template
the growth 2D perovskite phases.

It is worth mentioning that we were unable to isolate phases with higher n-values (n>3) in neither
iodides nor bromides. This is consistent with the general perception of the difficulty of
synthesizing those phases.!®*¢ In case of bromides, we only occasionally observed the formation
of n=3 phase along with n=2 and MAPbBr3; phases when the MAB1/PbBr: ratio was reduced to
2:1 and below. On the other hand, the synthesis of n=1 phases also seemed to be challenging. We
were only able to crystallize MA2(DMC)Pbls (n=1 iodide) phase by AVC method at high (>3:1)

MAI/Pbl: ratios, while the alternative approach using methylamine gas did consistently result in



n=2 phase. We also noticed that the synthesized n=1 iodide crystals are unstable at ambient
conditions. These observations suggest that n=2 could be thermodynamically the most stable phase

in both iodides and bromides.
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Figure 2. (a) Optical images, (b) 26-XRD patterns, (c) UV-visible absorption spectra, and (d) PL
emission spectra of solvent-templated 2D Ruddlesden-Popper perovskite crystals:
MA2(DMC)Pbls (n=1 iodide, green lines), MA3(DMC)Pb2l7 (n=2 iodide, red lines),
MA4(DMC)Pbslio (n=3 iodide, blue lines), and MA3(DMC)Pb2Br7 (n=2 bromide, yellow lines).
Inset of panel (c): corresponding Tauc plots showing the bandgap values of these crystals.

Characterization. We next performed characterization of solvent-templated 2D Ruddlesden-
Popper perovskites. The 260-XRD patterns of as-synthesized crystals showed their preferential
orientation along (4#00) crystallographic planes (Figure 2b). The diffraction peaks matched well
with the calculated patterns (Figure S4a). We observed one, two, and three characteristic low-angle
peaks below 26~14° for n=1, n=2, and n=3 phases, respectively, confirming the absence of other

phases in the grown crystals. The d-spacing values for MA2(DMC)Pbls (n=1 iodide),



MA3(DMC)Pb2l7 (n=2 iodide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2
bromide) were estimated as 12.3 A, 18.5 A, 24.8 A, and 17.9 A, respectively.

The UV-visible absorption spectra of as-synthesized crystals in their mother liquor showed the
bandgap (Eg) values of 2.27 eV, 2.05 eV, 1.89 eV, and 2.71 eV for MA2(DMC)Pbls (n=1 iodide),
MA3(DMC)Pb2l7 (n=2 iodide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2
bromide), respectively (Figure 2c). These values are slightly smaller than for BA- or PEA-based
RP perovskites.” For instance, BA2Pbls (n=1), MA(BA)2Pb2l7 (n=2) and MA2(BA)2Pbslio (n=3)
crystals have bandgap values of 2.43 eV, 2.17 eV, and 2.03 eV, respectively (Table S1). However,
the values were found to be close to the bandgaps of DJ perovskites.® For instance, (3AMP)Pbl4
(n=1), MABAMP)Pb2l7 (n=2), and MA2(3AMP)Pbslio (n=3) (where 3AMP is 3-
(aminomethyl)piperidinium) crystals have bandgap values of 2.23 eV, 2.02 eV, and 1.92 eV,
respectively (Table S1). Notably, we also observed the presence of excitonic peaks in the
absorption spectra of solvent-templated 2D Ruddlesden-Popper perovskites for their pulverized
crystals in mother liquor (Figure S4b). Next, we measured the photoluminescence (PL) spectra of
as-synthesized fresh crystals using a 405-nm excitation source at | mW (Figure 2d). The PL peak
positions for MA2(DMC)Pbls (n=1 1odide), MA3(DMC)Pbzl7 (n=2 iodide), MA4(DMC)Pbslio
(n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide) crystals were found at 532 nm (2.33 eV), 586
nm (2.12eV), 626 nm (1.98 eV), and 446 nm (2.78 eV), respectively (Figure 2d). Meanwhile, their
full-width-at-half-maximum (FWHM) values were estimated as 14 nm, 24 nm, 28 nm, and 18 nm,

respectively, showing signal broadening with the layer thickness (n) (Figure S4c).

Other Solvent-Templated Systems. DMC molecule has three O-atoms that can potentially
coordinate Pb and form H-bonds with MA cation (Figure S5a). However, unlike ethylene
carbonate (EC) and propylene carbonate (PC), it has a lower propensity to dissolve perovskites.
We believe that this interplay between the ability to form non-covalent interactions with perovskite

precursors and yet not dissolve them enables the templated growth of 2D perovskites.

To further expand the library of solvents that can template 2D halide perovskites, we tried the
following liquids with structural motifs similar to DMC: diethyl carbonate (DEC), diethyl oxalate
(DEO), ethyl acetate (EtAc), and methyl methacrylate (MMA) (Figure S5a). We prepared
MAI/Pbl: solutions in GBL with molar ratios varied between 2:1 and 3:1. By adding the excess
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amount of the respective solvents to these solutions, we were able to precipitate dark-red solids in
each case. Interestingly, these materials were found to be more unstable than their DMC-templated
counterparts, instantly turning black at ambient conditions. However, we were able to record the
steady-state UV-visible absorption and photoluminescence (PL) spectra of these solids in their
mother liquor (Figure S5b). The absorption edges for DEC-, DEO-, EtAc-, and MMA-templated
solids were found near 670 nm (1.85 eV), 713 nm (1.74 ¢V), 684 nm (1.81 eV), and 713 nm (1.74
eV), respectively. The PL signals for both DEC- and DEO-templated samples centered around 673
nm (1.84 eV) which is slightly red-shifted relative to the PL peak position of MA4(DMC)Pbslio
(n=3, 1.98 eV). Meanwhile, for EtAc- and MMA-templated samples, the PL signal around 670 nm
was weak, and the peak at 755 nm, corresponding to MAPbIs, appeared more pronounced. We
note that the presence of PL signals below 700 nm might be indicative of the formation of 2D or

other low-dimensional perovskite phases.

The 20-XRD measurement of the dark-red phase formed by DEC showed similar pattern with
MA4(DMC)Pbslio (n=3 iodide) (Figure S5d). The d-spacing of the material, presumably
MA4(DEC)Pbslio (n=3 iodide), was estimated as 27.2 A. Meanwhile, the mixture of DMC/DEC
solvents (1:1, 1:2, and 1:4 by volume, respectively) resulted in the co-precipitation of bright-red
phases with the diffraction patterns similar to MA3(DMC)Pbzl7 (n=2 iodide). The d-spacing of the
DEC-containing phase, presumably MA3(DEC)Pbzl7 (n=2 iodide), was estimated as 20.9 A. The
difference between the d-spacings of ‘n=3" and ‘n=2’ phases was found to be around 6.3 A which
matches with the thickness of one octahedral layer. This observation suggests that DEC likely
forms 2D perovskite phases similar to those formed by DMC.
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Table 1. Crystal and refinement data of solvent-templated 2D Ruddlesden-Popper perovskites at
100(2) K: MA2(DMC)Pbls (n=1 iodide), MA3(DMC)Pbzl7 (n=2 iodide), MA4(DMC)Pbslio (n=3
iodide), and MA3(DMC)Pb2Br7 (n=2 bromide).

crystal system
space group

unit cell dimensions

volume
z
density (calculated)

index ranges

reflections collected
independent reflections
completeness

data / restraints / parameters
goodness-of-fit

final R indices [/ > 20(1)]

R indices [all data]
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Figure 3. Crystal structures of solvent-templated 2D Ruddlesden-Popper perovskites highlighting

their interlayer distances and perovskite slab thicknesses: (a) MA2(DMC)Pbls (n=1 iodide), (b)
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MA3(DMC)Pbzl7 (n=2 iodide), (¢) MA4(DMC)Pbslio (n=3 iodide), and (d) MA3(DMC)Pb2Br7
(n=2 bromide).

Crystal Structures. To shed more light on the crystal structure of solvent-templated 2D
Ruddlesden-Popper perovskites, we performed single crystal XRD analysis. The results revealed
the centrosymmetric space group of P2i/c for MA2(DMC)Pbl4 (n=1 iodide), MA4(DMC)Pbslio
(n=3 iodide), MA3(DMC)Pb2Br; (n=2 bromide) and C2/c for MA3(DMC)Pbzl7 (n=2 iodide)
crystals (Table 1). The structures represent RP phases with the general chemical formula of
MAn+1(DMC)PbnX3n+1 Where [PbaX3n+1]™" inorganic slabs are separated by two MA cations and
one DMC molecule in the interlayer, and additional (rn-7) MA cations occupy the octahedral cages
inside the inorganic slabs (Figure 3). Consistent with other RP perovskites, the individual
[PbnXsn+1]™*1 slabs in all four structures were found to be staggered by half an octahedron length
(Y2, 2) in bc-plane. As expected, the slab thickness varied with the halide size and the layer
thickness (n), increasing from 6.38 A for MA2(DMC)Pbls (n=1 iodide) to 11.95 A for
MA;3(DMC)Pb2Br7 (n=2 bromide) to 12.75 A for MA3(DMC)Pbzl7 (n=2 iodide) and 19.11 A for
MA4(DMC)Pbslio (n=3 iodide). Interestingly, the interlayer distance, i.e. the distance between the
slabs, were found to be around 5.70-5.73 A for MA3;(DMC)Ph2l; (n=2 iodide) and
MA4(DMC)Pbslio (n=3 iodide) phases and 5.83-5.86 A for MA2(DMC)Pbl4 (n=1 iodide) and
MA3(DMC)Pb2Br7 (n=2 bromide) phases. These distances are shorter than those in archetypal RP
perovskites based on PEA and BA cations, but comparable with those in iso-propylammonium
(IPA)- and ethylammonium (EA)-based RP perovskites (Table S1).!437 On the other hand,
methylhydrazinium (MHy)- and cesium-based RP perovskites,!'!*® as well as some DJ,*3° ACI,*0:4!

42-44 exhibit even shorter interlayer distances of about 34 A. Yet, to

and corrugated perovskites
the best of our knowledge, the structures presented here feature one of the narrowest interlayers
among reported solvent-incorporated 2D halide perovskites.!”-?® Short interlayer distances can be

of great importance for efficient charge transfer between the semiconducting perovskite sheets.
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Figure 4. Detailed crystal structure representations of solvent-templated 2D Ruddlesden-Popper
perovskites highlighting the orientations of organic moieties and the key geometric parameters
such as bond lengths and angles: (a) MA2(DMC)Pbls (n=1 iodide), (b) MA3(DMC)Pbzl7 (n=2
iodide), (c) MA4(DMC)Pbslio (n=3 iodide), and (d) MA3(DMC)Pb2Br7 (n=2 bromide).

To understand how DMC molecules and MA cations pack in these structures, we took a closer
look at their interlayers. Figure 3 shows that, in all four structures, a DMC molecule occupies a
tight space between two inorganic slabs and two MA cations residing in the pockets of those slabs.
The structures are primarily held by the electrostatic interactions between MA cations and
negatively charged [PbnX3n+1]™" inorganic slabs, as well as the hydrogen bonding between the

O-atoms of DMC molecule and the H-atoms of NHs-group of MA cations in the interlayer (see

13



ball-and-stick representations in Figure 4). In each structure, we have identified three different H-
bonds: O(1)---H, O(2)---H, and O(3)---H. The optimized distance of the shortest one, that is
O(1)---H, correlates well with the interlayer distance, increasing by ca. 10 and 20% from around
1.95-1.97 A for MA3(DMC)Pbzl7 (n=2 iodide) and MA4(DMC)Pbslio (n=3 iodide) to 2.16 A for
MA2(DMC)Pbls (n=1 iodide) and 2.37 A for MA3(DMC)Pb2Br7 (n=2 bromide), respectively
(Table S2). Meanwhile, another key parameter of H-bonding, that is O(1)---H-N angle, showed
the opposite trend decreasing from around 129-132° to 117° and 109°, respectively. Such
differences are indicative of DMC molecules having weaker interactions with MA cations in the
latter two structures. This also results in relatively reduced phase stability of MA2(DMC)Pbls (n=1
iodide) and MA3(DMC)Pb2Br7 (n=2 bromide) phases compared to MA3(DMC)Pb2l7 (n=2 iodide)
and MA4(DMC)Pbslio (n=3 iodide) phases, as will be demonstrated in the following sections.

Further structural analysis revealed that DMC molecules are tilted in the interlayer, making an
angle of around 39.4-40.8° and 36.7° with the (100) planes of the iodide and the bromide crystals,
respectively (see side-view representations in Figure 4). This is probably to match the lattice
parameter of the perovskite slabs. We also noticed that, in the bromide, DMC molecules are
slightly shifted in bc-plane towards the apical Br-atoms. Another major difference between the
iodide and bromide structures is in the orientation of MA cations in the interlayer. Specifically,
the axes of two MA cations above and below a DMC molecule make an angle of 0° (180°) in the

iodide phases and 82.4° (97.6°) in the bromide phase (see top-view representations in Figure 4).

Overall, we observed that two MA cations and one DMC molecule in the interlayers of these
structures form hydrogen-bonded [MA---DMC---MA]*" complexes that act as spacers between the
perovskite sheets. We believe that the presence of three non-covalently bound organic moieties
makes these structures relatively unstable compared to RP and DJ perovskites which, respectively,
have only two and one organic moiety in their interlayers. While the (in)stability of solvent-
templated systems likely originates from their interlayers, the optical and electronic properties

45-48

mainly depend on the structural features of the inorganic slabs, which we discuss below.

14



Table 2. The key parameters describing the distortions of octahedral framework and individual
octahedra in solvent-templated 2D Ruddlesden-Popper perovskites: MA2(DMC)Pbls (n=1 iodide),
MA3(DMC)Pb2l7 (n=2 iodide), MA4DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2
bromide).

+Pb-X-Pb +Pb-X-Pb Pb-X length Pb-X length distortion bond angle

axial equatorial (avg.) axial (outer/inner) equatorial (avg.) index (D) variance (02)
MA,(DMC)Pbl, (n=1) - 155.3° 3.20A 317 A 0.0052 4.07
MA;(DMC)Pbs,l; (n=2) 179.3° 155.9° 3.14/325A 317 A 0.0080 6.59
A 157.3° 3.12/328A 316 A 0.0115 7.58

MA,(DMC)Pbslyo (n=3) 179.5°

B 152.9° 317 A 3.19A 0.0027 0.10
MA;(DMC)Pb,Br; (n=2) 177.9° 157.2° 2.95/3.05A 2.99 A 0.0121 10.57

To assess the deviation of inorganic slabs from an ideal octahedral framework, i.e. the degree of
inter-octahedral distortion, we first evaluated the axial and equatorial Pb-X-Pb angles in each
structure (see ball-and-stick representations in Figure 4). While MA2(DMC)Pbls (n=1 iodide) has
no axial Pb-X-Pb angles, other three structures showed nearly ideal angles (~180°). On the other
hand, the equatorial Pb-X-Pb angles in all structures showed a noticeable deviation from an ideal
case, falling within the range of 150-160° (Table 2). Interestingly, both the axial and the equatorial
angles in our structures were found to be close to those in tetragonal MAPbI3, suggesting that these
two parameters are related to the geometry of MA cation.*’ Next, we compared the Pb-X bond
lengths in these structures. We noticed that, for n=2—3 phases, the axial Pb-X bonds in the outer
and inner sides of [PbnX3n+1]®" slabs are, respectively, shortened and elongated as compared to
the equatorial Pb-X bonds. For instance, the Pb-I bond lengths in MA3(DMC)Pb:l7 (n=2 iodide)
are 3.14 A, 3.25 A, and ~3.17 A for outer axial, inner axial, and average equatorial bonds,
respectively. This might be because the inner sides of [PbnX3n+1]™"- slabs need to accommodate
the MA cations, whereas the Pb-X bonds at the surface of the slabs are compressed by the interlayer

to balance the expansion of octahedral cages.'®>°

The distortion of individual octahedra, i.e. the intra-octahedral distortion, is better illustrated by
two key parameters: the distortion index (D) and the bond angle variance (¢°).°" These
parameters, which are expressed by equations 1 and 2, respectively, define the deviation of Pb-X

bond lengths (/;) from the average value (/uvg) and the deviation of X-Pb-X angles (6:) from 90°:
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As seen from Table 2, MA3(DMC)Pb2Br7 (n=2 bromide) exhibits the largest degree of intra-
octahedral distortion, with its both D and ¢ parameters being the greatest among the four
structures. Interestingly, for the iodide phases, the distortion appears to increase with the » value,
similar to that in their BA- and PEA-based analogs (Table S3). It is worth mentioning that, in case
of MA4(DMC)Pbslio (n=3 iodide), the inorganic slab adopts an A—B—A stacking pattern with outer
(A) and inner (B) layers displaying different degrees of intra-octahedral distortion. Namely, the
outer layer (A) shows a distortion comparable to that of MA3(DMC)Pb2Br7 (n=2 bromide), while
the octahedra in the inner layer (B) are nearly ideal with marginal D and ¢® values. This suggests
that the intra-octahedral distortions might mainly arise due to geometric (e.g. lattice) mismatches

between the DMC molecules and the [MAn+1PbnX3n+1] framework.>
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Figure 5. (a) Correlation of the photoluminescence (PL) bandgap with the interlayer distance
measured between two adjacent inorganic slabs in different types of 2D iodide perovskite
structures (3AMP is 3-(aminomethyl)piperidinium,® BA is butylammonium,” and PEA is
phenethylammonium™). (b) Correlation of the full-width-at-half-maximum (FWHM) value of the
PL peak and the distortion index (D) with the layer thickness (1) of MAn+1(DMC)Pbnlsn+1 (n=1,2,3)
phases.
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Comparing these structural features and their relation to optical properties in different 2D
perovskite systems, we noticed that the photoluminescence (PL) bandgap increases with the
interlayer distance between the inorganic slabs (Figure 5a). With the distance of about 5.8 A, the
PL bandgaps of solvent-templated 2D Ruddlesden-Popper perovskites situate between the
bandgaps of 3AMP- and BA-based 2D perovskites which, respectively, display interlayer
distances of about 4.0 and 7.2 A. On the other hand, it has also previously been reported that broad
PL emission spectra in halide perovskites may originate from their structural deformations.*¢ 3 As
the Pb-X-Pb angles across our compounds were found to be nearly similar, we believe that the
observed PL emission broadening in the iodides with the layer thickness (7) primarily stems from

their increasing distortion index (D) in the series (see Figure 2d and Figure 5b).
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Figure 6. Electronic band structures of solvent-templated 2D Ruddlesden-Popper perovskites: (a)
MA2(DMC)Pbls (n=1 iodide), (b) MA3(DMC)Pb2l7 (n=2 iodide), (c) MA4(DMC)Pbslio (n=3
iodide), and (d) MA3(DMC)Pb2Br7 (n=2 bromide). The DFT calculations were performed at
GGA/PBE+vdW level of theory.
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Table 3. The interlayer and optimized H-bond distances, H-bond strengths, experimental
bandgaps, and DFT calculation results for solvent-templated 2D Ruddlesden-Popper perovskites:
MA2(DMC)Pbl4 (n=1 iodide), MA3(DMC)Pb2l7 (n=2 iodide), MA4(DMC)Pbslio (n=3 iodide), and
MA3(DMC)Pb2Br7 (n=2 bromide); where me and mn are the electron and hole effective masses,
and mo is the free electron mass.

interlayer o(1)---H H-bond in-plane bandgap bandgap

distance distance strength (eV) m,, my, (calc.) (calc.) (exp.)
MA,(DMC)Pbl, (n=1) 583 A 216 A 0.30 eV 0.25/0.28 mq 217 eV 227 eV
MA;(DMC)Pbs,l; (n=2) 573A 1.95A 0.42 eV 0.22/0.26 mq 2.04 eV 2.05eV
MA,(DMC)Pbslyo (n=3) 570A 1.97 A 0.41 eV 0.33/0.23 mq 1.88 eV 1.89 eV
MA;(DMC)Pb,Br; (n=2) 5.86 A 2.37A 0.21 eV 0.33/0.29 mq 241 eV 2.71eV

Electronic Structures. We further performed the density functional theory (DFT) calculations of
the electronic band structures using the generalized gradient approximation (GGA) at the Perdew—
Burke—Ernzerhof (PBE) level with van der Waals (vdW) interactions (see Figure 6 and Figure S6).
The results revealed that all structures are direct-bandgap semiconductors exhibiting a clear 2D
electronic structure with dispersive bands in the layer direction (i.e. in-plane: =Y and '—Z) and
flat bands in the stacking direction (i.e. out-of-plane: I'—B). In the iodide phases, the calculated
bandgaps closely match with the experimental values (Table 3). However, for MA3(DMC)Pb2Br7
(n=2 bromide), the calculated bandgap was slightly smaller than the experimental one, which is
consistent with the known tendency of GGA/PBE method to underestimate bandgaps of bromide
perovskites. The projected densities of states (PDOS) show that, in all four structures, the dominant
contribution to the valence and conduction bands originates from Pb and X orbitals (Figure S7).
Both MA cations and DMC molecules, as expected for halide perovskites, have no direct

contribution to the band structure.

In the layer direction of these 2D perovskite structures, the calculated effective masses for both
holes and electrons fall within the range of 0.2—0.4 mo (Table 3). In the stacking direction, both
the conduction and valence bands are notably flat. While it is worth mentioning that, for holes, the
calculated out-of-plane effective masses are only one order of magnitude heavier than their in-
plane counterparts. This can be attributed to the electronic interaction between the [PbnX3n+1]™-

inorganic slabs induced by the decreased interlayer distances in these structures.
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Furthermore, the calculated formation energies for all four structures were determined to be
negative, confirming their formability. Specifically, the formation energy for MA3(DMC)Pb2Br7
(n=2 bromide) was calculated as -2.23 eV per unit PbBr.. Meanwhile, within the iodide phases,
the formation energy per unit Pbl> increased with the layer thickness (n) from -2.75 eV for
MA2(DMC)Pbls (n=1) to -1.88 eV for MA3(DMC)Pbzl7 (n=2) and -1.58 eV for MA4(DMC)Pbslio
(n=3). While this observed trend aligns with previous theoretical calculations for 2D perovskites
in the literature,>* some experimental studies have indicated the variation between the formation
enthalpies of odd- and even- numbered 2D perovskites, with the lowest values shown for n=2 and
n=4 phases.’® Therefore, we highlight the importance of calorimetric measurements to more
accurately estimate the formation energies in solvent-templated 2D Ruddlesden-Popper

perovskites.

On the other hand, the (in)stability of solvent-templated 2D Ruddlesden-Popper perovskite phases
primarily originates from the presence of three non-covalently bound organic moieties in their
interlayers. To delve deeper into this aspect, we proceeded to calculate the strengths of H-bonding
in these systems. Specifically, the energy associated with the shortest H-bond, i.e. O(1)---H, was
found to decrease from 0.41-0.42 eV for MA3(DMC)Pb2l7 (n=2 iodide) and MA4(DMC)Pbsl1o
(n=3 iodide) phases to 0.30 eV and 0.21 eV for MA2(DMC)Pbls (n=1 iodide) and
MA3(DMC)Pb2Br7 (n=2 bromide) phases, respectively. This trend closely aligns with the observed
formability and (in)stability of these materials, indicating the key role of H-bonding in both cases.
Future studies could shed light on the influence of defects on the (in)stability of this type of

structures.>
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Figure 7. (a) UV-visible absorption spectra of MA3(DMC)Pb:zl7 (n=2) crystals in ambient air over
1 hour time. (b) TGA and DSC curves of MA3(DMC)Pbzl7 (n=2) crystals under inert atmosphere
at 5°C/min scanning rate. (c) Photoluminescence (PL) emission spectra of MA3(DMC)Pb:zl7 (n=2)
crystals under a 405-nm laser excitation at 1 mW over 5 mins time. (d) The schematic illustration
and optical images of laser direct writing (LDW) of 3D MAPDI3 perovskite phase on the top
surface of MA3(DMC)Pb:2l7 (n=2) crystals.

Transformation into 3D perovskite. Indeed, we noticed that as-synthesized solvent-templated
2D Ruddlesden-Popper perovskites are not phase-stable at ambient conditions (25°C and 70%
RH). They reconstruct into 3D MAPbX3 (where X = Br’, I') perovskite phase releasing DMC and
MAX as by-products (equation 3). Their relative phase stability correlates well with the optimized
H-bond distances and their strengths, reducing in the following order: MA3(DMC)Pb2l7 (n=2
iodide) > MA4(DMC)Pbslio (n=3 iodide) > MA2(DMC)Pbls (n=1 iodide) ~ MA3(DMC)Pb2Br7
(n=2 bromide). In terms of reconstruction time, MA3(DMC)Pb:l7 (n=2 iodide) starts turning black
within minutes after their extraction from mother liquor. Whereas the reconstruction of
MA2(DMC)Pbls (n=1 iodide) and MA3(DMC)Pb2Br7 (n=2 bromide) is almost instantaneous
starting within few seconds in ambient air. Notably, the reconstruction was found to be slower

under inert atmosphere suggesting that the process is likely facilitated by humidity or oxygen.
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Since MA3(DMC)Pb:l7 (n=2 iodide) crystals displayed the highest stability among the synthesized
phases, we decided to take a closer look at its reconstruction process. First, we confirmed the
chemical composition by nuclear magnetic resonance (NMR) spectroscopy. The 'H-NMR
spectrum of freshly extracted crystals showed the stoichiometric ratio between MA (CH3NH3")
and DMC (CH30OCOOCHS3) (Figure S8a). Next, we observed its transformation into MAPbI3 by
UV-vis absorption spectroscopy. We found that the reconstruction process is not homogeneous,
and some parts of the crystal transform faster than the other parts, as can be seen from the
absorption spectra and the microscopic image in Figure 7a. Overall, the crystal almost fully
reconstructed after about an hour which was also confirmed by its XRD (Figure S8b). Meanwhile,
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
under inert atmosphere (Figure 7b) revealed that thermal reconstruction of MA3(DMC)Pb:l7 (n=2)
phase proceeds through two main steps: (1) de-intercalation of DMC molecules which starts
between 100—150°C and leads to the reconstruction of the n=2 phase into MAPbI3 and MAI, (2)
decomposition of MAPbIs into MAI and Pblz between 200-250°C followed by MAI evaporation.

Furthermore, we also observed that laser irradiation facilitates the crystal reconstruction. Namely,
exposing the fresh crystals of MA3(DMC)Pb:l7 (n=2 iodide) to a 405-nm laser source at 1 mW for
over 1.0-1.5 s initiated the formation of MAPDI3 perovskite phase. By tracking the characteristic
PL signals from MA3(DMC)Pb2l7 (n=2) and MAPbI3 at 586 nm and 740 nm, respectively, we
observed a nearly complete conversion of the n=2 iodide crystal into MAPDI3 at the laser focal
point after only about 5 mins (Figure 7c). Notably, the signal from MAPDbI3; showed a slight red-
shift over time which might be indicative of its domain size getting larger by irradiation. Increasing
the laser power was found to further facilitate the phase reconstruction. Next, we employed this
effect for laser direct writing (LDW) of MAPbI3 perovskite phase on the top surface of
MA3(DMC)Pb2l7 (n=2) crystals (Figure 7d). We patterned a 5x5 box using a 405-nm laser source
at 5 mW with an integration time of 100 ms at each focal point (see microscopic images in Figure
7d). We note that the reconstruction of a 2D phase into MAPbI3 is not an irreversible process. As

will be demonstrated in the following section, the reverse transformation can also be realized. Yet,
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for crystal samples of solvent-templated 2D perovskites, it is likely that the integrity of their

continuous structure cannot be fully restored after their initial reconstruction into MAPbIs.
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Figure 8. (a) Schematics showing the temperature-induced transformations between
MA2(DMC)Pbl4 (n=1, orange color), MA3(DMC)Pb:l7 (n=2, red color), and MAPbIz (3D, black
color) phases in perovskite suspensions (inks) prepared from 4:1 and 2:1 molar ratios of MAI/Pbl>.
(b) UV-visible absorption spectra of the 4:1 ink sealed between two glass slides: at room
temperature (green lines) and after heating at 80°C for 1 min (red lines). Dashed lines represent
the corresponding spectra after 25 cycles of switching (heating at 80°C for 1 min and cooling down
to room temperature for 30 min). (c) Absorption energy of the 4:1 ink over 25 cycles of switching.

Thermochromic switching. The demonstrated formability and instability of solvent-templated
2D Ruddlesden-Popper perovskites make them ideal candidates for switchable applications.’®>’
We here designed a switchable system based on thermochromic behavior of these materials. By
adding the excess amount of DMC to 4:1 and 2:1 MAI/Pblz solutions in GBL, we first prepared
the suspensions (inks) of MA2(DMC)Pbl4 (n=1, orange color) and MA3(DMC)Pbzl7 (n=2, red
color) phases, respectively (Figure 8a). We found that heating these suspensions at 80°C for 2 min

results in their colors change from orange to red and from red to black, respectively. This is
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indicative of temperature-induced transformation of the MA2(DMC)Pbls (n=1) phase into
MA3(DMC)Pb2l7 (n=2), and the MA3(DMC)Pbzl7 (n=2) phase into MAPDI;. Interestingly, these
reactions were found to be reversible when the suspensions were cooled down to room temperature
under continuous stirring over half an hour period. The thermochromic switching behavior
between MA2(DMC)Pbls (n=1, orange color), MA3(DMC)Pb2l7 (n=2, red color), and MAPbI;3
(3D, black color) phases were also confirmed by UV-visible absorption spectra before and after

heating, as well as after cooling down to room temperature (Figure S9a-b).

Notably, the switching of the 4:1 ink was found to be relatively easier than the switching of the
2:1 ink. Therefore, we next constructed a simple cell composed of the 4:1 ink placed between two
glass slides and sealed with a Kapton tape. This cell maintained its thermochromic behavior over
25 cycles of switching (heating at 80°C for 1 min and cooling down to room temperature for 30
min) between its cold (orange) and hot (red) states, represented by MA2(DMC)Pbls (n=1) and
MA3(DMC)Pb2l7 (n=2) phases, respectively (see Supplementary Video 1). This was also
confirmed by the corresponding UV-visible absorption spectra (see Figure 8b-c and Figure S9c).

We believe that the switching mechanism involves temperature-induced reversible
intercalation/de-intercalation processes between the interlayers of solvent-templated 2D
Ruddlesden-Popper perovskites (Figure S9d). More specifically, heating results in the de-
intercalation of DMC and MAI molecules from the interlayers and the subsequent condensation,
i.e. fusion, of adjacent inorganic slabs. Meanwhile, the negative formation energy of solvent-
templated 2D Ruddlesden-Popper perovskites and the concentration gradient present in the inks

drive the molecules back into the interlayers when temperature is reduced.

CONCLUSIONS

We successfully synthesized a series of new solvent-templated 2D Ruddlesden-Popper
perovskites: MA2(DMC)Pbls (n=1 iodide), MA3(DMC)Pb2l7 (n=2 iodide), MA4(DMC)Pbslio
(n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide). Phase-pure crystals were grown using two
different crystallization strategies, including antisolvent vapor-assisted crystallization (AVC). The
conditions for AVC were determined via robot-assisted rapid screening approach. All four

compounds featured layered structures templated by DMC solvent molecules. Methylammonium
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(MA) serves as the sole organic cation both within and between the perovskite slabs, while DMC
molecules occupy a tight space between MA cations in the interlayer preventing the perovskite
sheets from condensing into each other. Our extensive structural analysis revealed that hydrogen
bonds between the O-atoms of DMC molecules and H-atoms of NHs-group of MA cations in the
interlayer play a critical role in stabilizing these structures. The resulting [MA---DMC---MA]**
complexes act as spacers, separating the perovskite sheets. Despite comprising three individual
species, these interlayers are one of the narrowest (~5.7-5.9 A) in solvent-incorporated 2D halide

perovskites reported so far, which is an essential factor for efficient charge transfer between the

semiconducting perovskite sheets.

Furthermore, the synthesized crystals display similar UV-vis absorption and PL spectra as reported
2D halide perovskites. The bandgaps for MA2(DMC)Pb:l7 (n=1 iodide), MA3(DMC)Pb2l7 (n=2
iodide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide) phases were found
to be 2.27 eV, 2.05 eV, 1.89 eV, and 2.71 eV, respectively. The DFT calculations showed their
direct-bandgap nature with dispersive bands in the layer direction. Notably, in the iodide phases,
the FWHM values of PL signals increased with the layer thickness (n), likely associated with the

increasing distortion index (D) of individual octahedra in this series.

Moreover, the phase stability of the synthesized solvent-templated 2D Ruddlesden-Popper
perovskite crystals was found to correlate well with the optimized H-bond distances in them and
their strengths, reducing in the following order: MA3(DMC)Pb:l7 (n=2 iodide) > MA4(DMC)Pbslio
(n=3 iodide) > MA2(DMC)Pbls (n=1 iodide) ~ MA3(DMC)Pb2Br7 (n=2 bromide). Upon close
examination of MA3(DMC)Pbz2l7 (n=2 iodide) phase by XRD, TGA, DSC, UV-visible absorption
and PL spectroscopies, we confirmed its phase reconstruction into MAPbI3 in ambient air.
Additionally, irradiation with a laser source was found to facilitate the reconstruction process,
enabling a laser direct writing (LDW) of MAPDIs perovskite phase on the top surface of
MA3(DMC)Pb2l7 (n=2 iodide) crystals.

We also demonstrated that such transformations of solvent-templated 2D Ruddlesden-Popper
perovskites are, in fact, reversible processes. We designed a switchable system based on
thermochromic behavior of these materials. A simple cell composed of the 4:1 MAI/Pblz ink was

successfully switched for 25 cycles between its cold (orange) and hot (red) states, represented by
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MA2(DMC)Pbls (n=1) and MA3(DMC)Pbzl7 (n=2) phases, respectively. We believe that the
relatively easy formation and reconstruction of these materials make them ideal candidates for

switchable applications.

In conclusion, we anticipate that these new solvent-templated 2D Ruddlesden-Popper perovskites,
with their unique structures, will offer valuable insights into structure-property relationships in 2D
halide perovskites. Moreover, we hope they will guide the perovskite community in exploring new
systems based on solvent-incorporation effect. An intriguing avenue for future research also lies
in extending these design principles to incorporate solid phases, as well as translating them into

lead-free systems such as layered double perovskites.

EXPERIMENTAL SECTION

Chemicals. Methylammonium iodide (MAI) and methylammonium bromide (MABr) were
purchased from Greatcell Solar Ltd. Lead iodide (Pbl2) and lead bromide (PbBr2) were purchased
from Tokyo Chemical Industries Co. Ltd. Methylamine solution (33 wt.% in absolute ethanol), y-
butyrolactone (GBL), N,N-dimethylformamide (DMF), dimethyl carbonate (DMC), diethyl
carbonate (DEC), ethyl acetate (EtAc) were purchased from Sigma Aldrich. Diethyl oxalate (DEO)
and methyl metacrylate (MMA) were purchased from Alfa Aesar. Deuterated dimethyl sulfoxide
(DMSO-ds) was purchased from Cambridge [sotope Laboratories, Inc. All chemicals were used as

received without further purification.

Synthesis. For antisolvent vapor-assisted crystallization (AVC) of MA2(DMC)PbX4 (n=1 iodide),
MA3(DMC)Pb2X7 (n=2 iodide), MA4(DMC)PbsXio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2
bromide) phases, 1.2/0.3 M (4:1), 0.6/0.3 M (2:1), 0.45/0.3 M (1.5:1) solutions of MAI/Pbl2 in
GBL, and 0.75/0.25 M (3:1) solution of MAB1/PbBr2 in DMF, respectively, were prepared and
filtered through 0.45-pum PTFE filter. A 0.5 ml of each solution was put into a 4-ml vial, and the
vial was placed in a 20-ml vial containing 5 ml DMC. The system was closed and left undisturbed
for 1-2 weeks. The obtained crystals were kept in their mother liquor until further characterization.

(Note: see Supporting Information for details of the alternative crystallization approach involving

methylamine (CH3:NH>) gas.)
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Robot-assisted rapid screening. The screening of precursor concentrations for AVC of iodide
phases was carried out on polypropylene microplates (96-well, 300-1, U-bottom, Greiner Bio-
One) using an Opentrons OT-2 liquid-handling robotic system. The experiment protocol was
written in Python. Opentrons API was used to control the OT-2 pipetting procedures and other
hardware modules. Briefly, eight stock solutions containing different MAI/Pbl: ratios (1.0, 1.25,
1.5, 1.75, 2.0, 2.5, 3.0, and 4.0) with Pbl: concentration fixed at 0.5 M were prepared. These
solutions were mixed with GBL and DMC solvents in various ratios inside microplate wells to
precipitate the target MAn+t1(DMC)Pbnlsn+1 (n=1,2,3) phases. A total of 40 (8x5) various
combinations of different MAI/Pbl2 ratios and Pbl2 concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 M)

were explored.

Single crystal X-ray diffraction (XRD). The intensity data were collected at 100(2) K using a
Bruker D8 Quest diffractometer with Incoatec microfocus 3.0 Mo source. The structures were
solved by Intrinsic Phasing (SHELXTL XT-2014) and refined by full-matrix least squares methods
on F2.3%% All non-hydrogen atoms were subjected to anisotropic refinement. The hydrogen atoms
were generated geometrically and allowed to ride in their respective parent atoms; they were

assigned appropriate isotropic thermal parameters and included in the structure-factor calculations.

Characterizations. The 20-XRD patterns of as-synthesized crystals were recorded on a Bruker
D8 Advance diffractometer with Cu Ka radiation in the presence of a small amount of mother
liquor. The steady-state optical characterization of crystals was performed on a uSight-X micro-
spectroscopy system with both the light source and the spectrometer connected to the Nikon
Eclipse Ci-S microscope. A halogen lamp and 405-nm laser were used as the excitation sources
for UV-visible absorption and photoluminescence (PL) measurements, respectively, while
Avantes spectrometer (AvaSpec-ULS2048CL-EVO) was used to record the spectra. The UV-
visible absorption was measured using crystals in their mother liquor, both placed on a glass slide,
while the PL spectra were recorded from their fresh bare surfaces. The UV-visible absorption
measurements of pulverized crystals between two glass slides and perovskite suspensions in
cuvettes were carried out on a Shimadzu UV3600 UV-vis-NIR spectrophotometer. The scanning
electron microscopy (SEM) images were obtained using JEOL 7600 with an accelerating voltage
of 5-15 kV and a working distance of ~8 mm. The proton nuclear magnetic resonance ('H-NMR)

spectra were recorded on a Bruker Advance II (400 MHz) spectrometer. The NMR samples were
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prepared by dissolving the freshly extracted and dried (with a Kimwipe) crystals of
MA3(DMC)Pb2l7 (n=2 iodide) in DMSO-ds. Differential scanning calorimetry (DSC)
measurement was carried out on a TA Instruments Q10 DSC. The freshly extracted and dried (with
a Kimwipe) crystals of MA3(DMC)Pb:zl7 (n=2 iodide) (ca. 6.5 mg) were immediately sealed in a
standard aluminum pan and analyzed under inert atmosphere in a temperature range from -50°C
to 400°C (with a ramp rate of 5°C/min). Thermogravimetric analysis (TGA) was conducted using
a TA Instruments Q500 TGA. The freshly extracted and dried (with a Kimwipe) crystals of
MA3(DMC)Pbzl7 (n=2 iodide) (ca. 15 mg) were analyzed under inert atmosphere in a temperature
range from 25°C to 400°C (with a ramp rate of 5°C/min).

Density functional theory (DFT) calculations. The calculations were performed using the
projector-augmented wave (PAW) method as implemented in the Vienna Ab initio Simulation
Package (VASP) code.%®! The generalized gradient approximation (GGA) together with Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was applied. The van der Waals (vdW)
interactions were also considered in the DFT calculations using zero damping method of Grimme
(DFT-D3). A uniform grid of 4x4x2 k-mesh in the Brillouin zone was employed to optimize the
crystal structures of MA2(DMC)Pbls (n=1 1odide), and 4x4x1 k-mesh for MA3(DMC)Pb:zl7 (n=2
iodide), MA4(DMC)Pbslio (n=3 iodide), and MA3(DMC)Pb2Br7 (n=2 bromide). The energy
cutoffs of wave functions were set at 500 eV for the bulk and 450 eV for slabs and interfaces. The
atomic positions of all structures were fully relaxed until the Hellman-Feynman forces on each
atom were less than 0.01 eV-A’l. The formation energy was calculated by the equation of E
(formation) = E (total) — (n+1)xE (MAI) — nxE (Pbl2) — E (DMC), where E (formation) is the
formation energy, E (total) is the total energy of 2D RP perovskite, £ (MAI), E (Pbl2), and E
(DMC) are the energies of precursors MAI, Pblz, and DMC, respectively. The Quantum Theory
of Atoms in Molecules (QTAIM) method was employed to study the hydrogen bonds between the
H atoms of NH3" and the O atoms of DMC, as implemented in the AIM-UC1 program.®? The Bond
Critical Points (BCPs) for the hydrogen bonds were defined within the range of 2.40 to 3.13 A%
The strength of these hydrogen bonds were further calculated using the equation AE = -332.34 x
p(recp) — 1.0661,%* where p(racp) represents the charge density at the BCPs.

Thermochromic switching. The switching experiments were conducted using suspensions

prepared by adding 5 vol. equivalents of DMC to 0.3 M solutions of 4MAI/Pbl> or 2MAI/Pbl2 in
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GBL. A few drops of the obtained suspension (ink) were placed between two glass slides and
sealed with a Kapton tape. The typical switching cycle involved heating the cell on a hotplate at
80°C for 1 min and cooling it down to room temperature over about 30 min of time. The UV-

visible absorption spectra were collected after each heating and cooling steps.
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