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Abstract: The 2D perovskite (BA)4[CuII(CuIInIII)0.5]Cl8 (1BA; BA+ = 

butylammonium) allows us to study the high-pressure structural, 

optical, and transport properties of a mixed-valence 2D perovskite. 

Compressing 1BA reduces the onset energy of CuI/II intervalence 

charge transfer from 1.2 eV at ambient pressure to 0.2 eV at 21 GPa. 

The electronic conductivity of 1BA increases by 4 orders of magnitude 

upon compression to 20 GPa, when the activation energy for 

conduction decreases to 0.16 eV. In contrast, CuII perovskites achieve 

similar conductivity at ~50 GPa. The solution-state synthesis of these 

perovskites is complicated, with more undesirable side products likely 

from the precursor mixtures containing three different metals. To 

circumvent this problem, we demonstrate an efficient 

mechanochemical synthesis to expand this family of halide 

perovskites with complex composition by simply pulverizing together 

powders of 2D CuII single perovskites and CuIInIII double perovskites. 

Introduction 

Halide perovskites offer a rich diversity of electronic structures, 
mostly dictated by the inorganic framework of corner-sharing 
metal-halide octahedra. These octahedral sites commonly 
contain up to two different stoichiometric metal ions. We recently 
found that 2D halide perovskites can hold three stoichiometric 
metals in the octahedral sites through the synthesis of 
R4[CuII(CuIInIII)0.5]Cl8 (1R; R+ = organoammonium; Figure 1 C).[1] 
This perovskite can be considered as a 1:1 alloy of a 2D single 
perovskite (R2CuIICl4, Figure 1A)[2] and a 2D double perovskite 
(R4CuIInIIICl8, Figure 1B),[3] featuring a unique octahedral metal 

site, which is best modeled as 2:1:1 mixture of CuII:CuI:InIII. We 
previously proposed a tiling model that explains how this ratio of 
CuII, CuI, and InIII coordination spheres can tile to fill 2D space 
(Figure 1D).[1] Since this tile can be translated/rotated, we refer to 
these complex compositions as “mosaic” perovskites to 
emphasize their different possible local arrangements. The 
coexistence of CuI and CuII and the resulting intervalence charge 
transfer (IVCT) in 1 afford new properties not seen in the parent 
2D CuII or CuIInIII perovskites. For example, 1 is opaque black with 
higher conductivity compared to its parent structures, which are 
colorless/yellow insulators. Because charge delocalization in 
mixed-valence compounds becomes more facile as the two metal 
centers show similar local coordination,[4,5] we sought to 
investigate the high-pressure properties of 1. We are not aware of 
prior high-pressure studies of mixed-valence 2D perovskites. 
Further, since the high-pressure properties of 2D single[6–8] and 
double perovskites[9] have been intensely investigated, we sought 
to probe the effects of compression on more complex perovskites, 
featuring three distinct octahedral metal ions. Motivated by the 
new properties that arise in perovskites containing 3 distinct metal 
ions at the octahedral sites, we further demonstrate a 
mechanochemical synthetic method to expand this family of 
perovskites with multiple metals and oxidation states. 

Results and Discussion 

Mixed-valence halide perovskites 
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IVCT leads to intense optical absorption and enhanced electronic 
conductivity in a range of materials. More exotic phenomena, 
such as high-temperature superconductivity, have also been 
linked to mixed-valence in oxide perovskites, such as the CuI/II or 
CuII/III cuprates[10,11] and BiIII/V bismuthates.[12,13] Recently, their 
halide congeners, have received renewed attention due to their 
compositional tunability, low-temperature syntheses, and 
optoelectronic properties suitable for solar-cell and light-emitting 
applications.[14–16] However, mixed-valence halide perovskites are 
limited to only a few examples.[1,17–21] Halide perovskites are more 
compressible than their oxide analogs, with bulk moduli that are 
ca. an order of magnitude lower.[22] High-pressure studies of 3D 
halide perovskites have revealed increased conductivity and even 
metallization, albeit at very high pressures (e.g., 60 GPa).[6,7,22,23] 
The intensely studied mixed-valence halide double perovskite 
Cs2AuIAuIIIX6 (X = Cl, Br, I), originally synthesized in 1922,[24] 
shows metallic transport properties at a much lower pressure of 
4.5 GPa for X = I.[25,26] A metallic phase has been proposed for 
the heavily disordered Cs2InIInIIICl6 at pressures above 22 GPa, 
based on Raman and optical absorbance measurements.[27] 
Although Cs2TlITlIIIX6 has been predicted[28] to become a 
superconductor at high pressures with sufficient doping, this has 
yet to be experimentally realized.[14] Besides 1R, to our knowledge, 
the only other example of a mixed-valence 2D perovskite is 
R2(AuII2)(AuIIII4)(I3)2 (R = organodiammonium) containing both 
halide (I–) and pseudohalide (I3–) ligands.[29]  

High-pressure studies of the mosaic perovskite: 1BA 

We initially measured powder X-ray diffraction (PXRD) patterns 
for (BA)4[CuII(CuIInIII)0.5]Cl8 (1BA, BA: butylammonium) upon 
compression in a diamond-anvil cell (DAC) (Figure 2A). For all 
studies, the DAC was loaded under Ar to prevent Cu(I) oxidation 
and the pressure points were determined using a ruby scale.[30] 
The α-phase reflections shifted to higher angles up to 1.2 GPa, 
where the emergence of new reflections indicated an α-to-β 
phase transition. Based on observed reflections and systematic 
absences, we indexed the high-pressure β phase to the P2/m 
space group, although other assignments may be possible. Upon 
further compression, the β-phase reflections continuously shifted 
to higher angles up to 17 GPa. Above that pressure, some 
reflections shifted to lower angles, indicating a lattice expansion 
in the c axis (β-to-γ phase transformation). A lattice expansion 
upon material compression is unexpected. However, the terminal 
ammoniums typically nestle between adjacent octahedra in the 
inorganic framework, forming hydrogen bonds with both terminal 
and bridging halides.[31] Therefore, this c-axis expansion may be 
explained through a possible extrusion of the BA molecules away 
from the inorganic sheets as the sheets get more compressed. At 
higher pressures, the peak broadening in the PXRD patterns 
prevented the indexing of the γ phase. Upon decompression from 
20 GPa to ambient pressure, the PXRD pattern matched that of 
the α phase and recovered the sharp peaks (Figure S16), 
indicating that the pressure-induced structural changes are 
reversible. 
We extracted the unit-cell parameters through Rietveld (α phase) 
and Pawley refinements (β phase) of the PXRD patterns and fitted 
the parameters to a second-order Birch−Murnaghan equation of 
state (Figure 2B, Figure S17, Table S4–S5).[32] The bulk modulus 

Figure 1. Single-crystal X-ray structures of (A) the 2D perovskite (PCA)2CuIICl4,[2] (B) the 2D double perovskite (PCA)4CuIInIIICl8,[3] and (C) the mosaic perovskite 
(PCA)4[CuII(CuIInIII)0.5]Cl8 (1PCA);[1] PCA = p-chloroanilinium. Here, CuII‒Cl, CuI‒Cl, and InIII‒Cl octahedra are shaded in yellow, turquoise, and dark red, 
respectively, whereas mixed CuII/CuI/InIII‒Cl octahedra are shaded in gray. Green, blue, and gray spheres represent Cl, N, and C atoms, respectively, H atoms 
are not shown for clarity. (D) The proposed tile, which can be tessellated to fill the 2D sheet of the mosaic perovskite, 1R. The arrow indicates intervalence charge 
transfer (IVCT) between adjacent CuI/II centers. 

Figure 2. (A) PXRD patterns for 1BA upon compression (without a pressure medium). Pressure ranges for each phase: α (0.1–0.7 GPa), α + β (1.2–5.0 GPa), β 
(6.2–17 GPa), and γ (18–20 GPa). The blue triangles indicate emerging reflections. (B) Unit-cell volume changes upon compression. The fits for the second-
order Birch−Murnaghan equation of state are shown as lines, and their parameters are given for the α and β phases of 1BA. (C) Evolution of the lattice parameters 
of 1BA as a function of pressure. 
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of the α phase (K0 = 4.5(4) GPa) reveals that this phase is much 
more compressible than the comparable 2D CuII perovskite 

R2CuCl4 (K0 = 8.4 GPa for R+ = ethylammonium and K0 = 7.1 GPa 
for R+ = propylammonium).[33] Most compression in the α phase 
occurs along the c axis, corresponding to a reduction of the 
interlayer distance, likely through increased interdigitation of the 
organic bilayers (Figure 2C). Notably, the K0 for 1BA is one of the 
smallest values observed for halide perovskites.[22] In contrast, the 
bulk modulus of the β phase of 1BA (K0 = 42(3) GPa) is 
comparable to that of the high-pressure phases of 2D Cu–Cl 
perovskites at a similar pressure range (K0 = 22–60 GPa).[6,33,34] 
The unit-cell parameters of the β phase show a more isotropic 
compression of the three axes (Figure 2C) with pressure. We then 
tracked the structural changes of 1BA up to 40 GPa in a DAC 
containing Ne as a pressure-transmitting medium. The PXRD 
patterns of the γ phase (>20 GPa) were almost unvaried upon 
compression (Figure S18), suggesting a very stiff γ phase with 
little structural change in the 20–40 GPa pressure range. 
At 1.7 GPa, the 1BA Raman spectrum exhibits two peaks at 163 
and 259 cm1 (Figure S19), similar to those reported for CuII‒Cl 
(170 cm‒1) and InIII‒Cl (280 cm1) bond stretching frequencies.  
The peaks shifted to higher energy and broadened upon 
compression (without a pressure medium), becoming almost 
indistinguishable from the background above 30 GPa. The peak 
assigned to In‒Cl splits at 7 GPa, probably due to the α-to-β 
phase transition.  
We then tracked the optical properties of 1BA up to ~40 GPa by 
measuring absorption spectra across the visible and near/mid-
infrared wavelengths (using KCl as the pressure medium). At 0.5 
GPa, the 1BA spectrum shows a band centered at 1.96 eV, 
consistent with the lowest-energy band observed at ambient 
pressure (Figure 3A). The IVCT transition likely dominates the 
band because d-d transitions are weak (Laporte forbidden) and 
thus not usually observed in transmission measurements.[1] 
Further, the low-energy region of the spectra (600–4000 cm–1) 
contains IR signals related to the C‒N, C‒H and N‒H bonds of 
the BA cation, matching the ambient-pressure IR spectrum of 1BA 

(Figure S21). We could not track the ligand-to-metal charge 
transfer (LMCT) band upon compression because it occurred at 
energies beyond the instrument detection limit in the lower-
pressure range, and the IVCT band saturated the detector in the 
higher-pressure range. With increasing pressure, the onset of the 
IVCT band redshifted from ~1.2 eV (0.5 GPa) to ~0.2 eV (21 GPa) 
and remained almost constant upon further compression (Figure 
3A). The redshifted IVCT band indicates that electron transfer 

between CuI/II centers is becoming more facile, as the metal 
coordination spheres become more similar and come closer 
together with increasing pressure.[36,37] At higher pressures (>20 
GPa), when the stiffer higher-pressure phase of 1BA does not 
show significant changes in the PXRD patterns indicating reduced 
structural changes, the optical absorption also remains mostly 
constant. 
Motivated by the pressure-induced pronounced redshift of the 
IVCT band below 20 GPa, we measured four-point conductivities 
(σ) for 1BA powder upon compression under air-free conditions 
without a pressure medium (Figure 3B). The conductivity showed 
a strong pressure response, with a value of 5.4×10−7 S cm–1 at 
3.0 GPa (close to the onset of the β phase), and reaching 
3.2×10−5 S cm–1 at 20 GPa, representing a 104-fold increase 
compared to the ambient-pressure value for a single crystal.[1] 
Like the pressure-independent IVCT band above 20 GPa, the 
conductivity of 1BA remained mostly unchanged upon further 
compression. Variable-temperature conductivity gives activation 
energies (Ea) of 0.16 eV (20 GPa), and 0.11 eV (40 GPa), based 
on Arrhenius fits to the data (Figure S22). The high-pressure Eas 
are significantly lower than the ambient-pressure Ea (ca. 0.6 eV).[1] 
Hush et al. predicted a 4:1 ratio between the IVCT band maximum 
energy (Eop) and Ea for symmetrical one-electron transfer.[36] 
Although detector saturation prevents locating IVCT band 
maxima at most pressures, the theoretical Eop values (0.6 eV at 
20 GPa and 0.4 eV at 40 GPa, calculated from Eop = 4×Ea) are 
consistent with extrapolations of the optical absorption onsets 
using the spectra in the mid-IR region (Figure S24; ~0.2 eV at 20 
GPa and ~0.15 eV at 40 GPa). Notably, the conductivity of 1BA 
(3.2×10−5 S cm−1) at 20 GPa significantly exceeds the high-
pressure conductivity of the single-valence 2D perovskite 
(EDBE)CuCl4 (~10−8 S cm–1 at ~20 GPa). Indeed, (EDBE)CuCl4 
does not reach comparable conductivities until 49 GPa (Figure 
3B).[6] 

Mechanochemical alloying of single and double 2D 
perovskites 

Encouraged by the pressure-induced transport in 1BA, we sought 
ways to further tune the IVCT energy. However, likely due to the 
presence of three different metal ions in the solution-state 
assembly reactions, we could neither incorporate bromide into 1 
due to competing side phases nor could we obtain phase-pure 1 
with organoammonium cations other than BA. We therefore 
envisioned that a solid-state route may circumvent these 

Figure 3. (A) Variable-pressure optical absorption spectra for 1BA, showing a redshift of the intervalence charge-transfer (IVCT) band with increasing pressure. 
Asterisks indicate a detector change. (B) Electronic conductivity of 1BA as a function of pressure, compared with that of the 2D perovskite (EDBE)CuCl4 (EDBE = 
2,2′-(ethylenedioxy)bis(ethylammonium)).  
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problems.[38,39] Therefore, we first attempted the 
mechanochemical synthesis of 1BA by ball-milling a 1:1 mixture of 
yellow (BA)2CuIICl4 and colorless (BA)2(CuIInIII)0.5Cl4 powders 
using inert ZrO2 balls under air-free conditions. The color of the 
mixture drastically changed from yellow to black upon ball-milling 
(Figure 4A). PXRD data unambiguously confirmed the conversion 
of the precursor single and double perovskites to the mosaic 
perovskite (Figure S2). We then combined 2D R2CuIICl4 or 
R2CuIIBr4 single perovskites and 2D R2(CuIInIII)0.5Cl4 double 
perovskites to form the chloride mosaic perovskites: 
R4[CuII(CuIInIII)0.5]Cl8 (R+ = PCA (1PCA) or PEA (1PEA); Figure 4A) 
and the mixed-halide mosaic perovskites: R4[CuII(CuIInIII)0.5]Cl4Br4  
(R+ = PCA (2PCA) or PEA (2PEA); Figure 4B). PXRD patterns of the 
products indicate complete conversion to the mosaic perovskites 
after ball-milling (Figure S3–S7) and the phase purity was further 
confirmed by Le Bail refinement of PXRD data and CHN 
elemental analysis (Supporting Information). The integrity of the 
organic cations and different metal-ligand stretching modes were 
probed by infrared spectroscopy (Figures S13–S15) and Raman 

spectroscopy (Figure S9–S11, Table S3), respectively. Notably, 
this is the first phase-pure synthesis for 1PCA, 1PEA, 2PCA, and 2PEA, 
although crystals of 1PCA and 1PEA were previously separated from 
a mixture of phases crystallized from solution.[1] 
Although mechanochemical syntheses typically start with simple 
precursors (metal halides and organoammonium salts),[38] the 
solid-state milling of the 3D perovskites (CH3NH3)PbCl3 and 
(CH3NH3)PbBr3 has been reported to mix the halides.[40] To our 
knowledge, 2D perovskites of different composition have not 
previously been mechanically alloyed. Intriguingly, ball-milling did 
not result in the delamination and restacking of the precursor 2D 
perovskite sheets, despite the weak interactions between the 
organic bilayers that enable exfoliation.[41] As seen in certain 2D 
double perovskites, X-ray diffraction data alone cannot distinguish 
between a disordered distribution of metals within a single 
inorganic layer and a lack of registry between different layers, 
such that the average structure appears to have metal 
disorder.[42,43] Instead, the CuI/II IVCT—which is not expected 
occur across the organic bilayer—indicates an intimate mixing of 
the three metals, even within a single perovskite sheet. 

Tuning the CuI/II IVCT through the ligand 

We compared the optical properties of 1 and 2 to gauge the 
effects of halide substitution. Consistent with their black color, the 
diffuse reflectance spectra of 1PEA, 1PCA, 2PEA, and 2PCA obtained 
under air-free conditions exhibit strong absorption across the 
entire visible region, displaying two features centered at ~1.3–1.8 
eV and ~2.7–3.2 eV (Figure 5A and S12). By comparing with the 
diffuse reflectance spectra of CuII perovskites (Figure S12), we 
assigned the higher-energy transitions of 1 and 2 (2.7–3.2 eV) to 
ligand-to-metal charge transfer (LMCT), whereas the lower-
energy bands (1.3–1.8 eV) correspond to a combination of d-d 
transitions and IVCT bands (Figure 5B). The mixed-halide 
perovskites exhibit a redshift in both bands compared to the 
chloride perovskites. Bromide substitution redshifts the LMCT 
band for the mosaic perovskites with PEA and PCA, by ca. 0.60 
eV, as expected due to the higher energy Br 4p orbitals compared 
the Cl 3p orbitals.[44] The d-d transitions of 2D CuII perovskites are 
less sensitive to the halide due to the metal-centered nature of the 

Figure 4. Mechanochemical synthesis of (A) R4[CuII(CuIInIII)0.5]Cl8 (1R; R+ = 
BA, PCA, and PEA; black powder) from R2CuCl8 (yellow powder) and 
R4CuInCl8 (colorless powder) and (B) R4[CuII(CuIInIII)0.5]Cl4Br4 (2R; R+ = PCA 
and PEA; black powder) from R2CuBr4 (dark purple powder) and R4CuInCl8. 
Circular insets show the color of the perovskites. Red, turquoise, and orange 
quadrilaterals represent InIII, CuI, and CuII coordination spheres, 
respectively. Green and brown circles represent Cl and Br atoms, 
respectively. 

Figure 5. (A) Diffuse reflectance spectra for 1R and 2R (R = PCA, PEA). The diffuse reflectance data were transformed using the Kubelka–Munk function (α and 
S are the pseudo-absorption and scattering coefficients, respectively). Asterisks indicate a detector change. (B) Illustrations of the three types of electronic 
transitions in 1R and 2R: d-to-d transitions (blue), ligand-to-metal charge transfer (LMCT, green), and intervalence charge transfer (IVCT, purple). The d orbitals 
are named using local coordinates, where the unique axis is the z axis. The blue and red bonds represent elongated and compressed Cu‒Cl bonds, respectively. 
(C) The proposed tilling model for mosaic perovskites, where the elongated CuII-Cl bonds do not connect to the CuI center. The molecular orbitals formed with Cl 
3p orbitals and the CuI dz2 orbitals/CuII dx2‒y2 orbitals allow for the IVCT. (D) A hypothetical model of CuI/II centers, where the elongated CuII‒Cl bonds connect 
to the CuI center. Facile IVCT is not possible due to the orthogonal arrangement of the CuI dz2 and CuII dx2‒y2 orbitals. The CuII and CuI octahedral sites are 
shaded in orange and turquoise, respectively.  
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transitions (Figures 5B and S12A). Therefore, although these 
bands are obscured by the IVCT transition in 1 and 2, we expect 
a similarly small energy shift. Estimations of the IVCT peak 
maxima show that bromide alloying redshifts the peak by ca. 0.48 
and 0.42 eV for the PCA and PEA derivatives, respectively 
(Figure 5A).  

The CuI/II IVCT and the proposed tiling model 

A closer look at the orbitals involved in the IVCT further bolsters 
the tiling model proposed for the mosaic perovskites (Figure 1D). 
The CuI center in R4CuIInIIICl8 exhibits an axial contraction typical 
of d10 metals, and also seen in 2D double perovskites with AgI,[45] 
which is attributed to mixing between filled nd orbitals and empty 
(n+1)s orbitals, resulting in the stabilization of a linear 
geometry.[46] Likewise, the CuII centers in R2CuCl4 show the well-
known axial elongation mediated by the Jahn-Teller distortion of 
the d9 metal. These different bond lengths are maintained in the 
alloy, 1, as evidenced by the bond lengths and thermal ellipsoids 
in the single-crystal X-ray structure solutions.[1] Thus, the IVCT 
occurs between the CuI dz2 orbital and CuII dx2‒y2 orbital (Figure 
5B). Although these two orbitals lie along orthogonal axes, the 
distinct packing arrangement in the alloyed perovskite changes 
the local and global unique axes: the contraction of the CuI 
octahedron only occurs perpendicular to the inorganic sheet, 
whereas the elongation of the CuII octahedron only occurs parallel 
to the inorganic sheet. Thus, charge transfer is allowed between 
the CuI dz2 HOMO and the CuII dx2‒y2 SOMO through the bridging 
Cl. Notably, only the short bonds of CuII contact the CuI in our 
proposed tiling unit (Figure 5C), and this is the only arrangement 
that allows for the IVCT. If the elongated CuII-Cl bonds connect to 
the CuI, the orbitals involved in IVCT would indeed be almost 
orthogonal (Figure 5D), since octahedral tilting is minor. Thus, not 
only does the InIII allow for CuI and CuII to be incorporated into a 
2D perovskite, but it also facilitates the correct orientation of 
molecular orbitals that enables IVCT within a single tile.  

Conclusion 

The mosaic perovskites allow us to access adjacent CuI/II sites, 
which otherwise does not occur in stoichiometric layered 
perovskites. The mixed-valence 2D perovskites exhibit 
appreciable conductivity at moderate pressures through facile 
IVCT upon compression. At 20 GPa, the high-pressure 
conductivity of 1BA is 3.2×10−5 S cm–1; CuII perovskites do not 
reach comparable conductivity until ca. 50 GPa.[6] We further 
demonstrate how to expand this perovskite family by simply 
pulverizing together solid CuII and CuI-InIII perovskites with 
various halides and organoammoniums. We expect that this 
mechanochemical alloying will be a general method to target 
various mosaic perovskites, in a simple, solvent-free method to 
circumvent the many side phases possible in solution-state 
syntheses, especially for more complex compositions. These 
perovskites may set the stage for studying MI/II, MI/III, MII/III, and 
MI/II/III (M = metal) mixed-valence in halide perovskites. 
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 The mosaic perovskites, featuring 3 different octahedral metal sites, allow for adjacent CuI/II sites, which otherwise does not occur 
in stoichiometric layered perovskites. The CuI/II intervalence charge transfer (IVCT) affords a 30-GPa reduction in the onset pressure 
for appreciable conductivity (10−5 S cm–1) compared to a CuII perovskite. 
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