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We report the use of porous organic layers in two-dimensional hybrid organic—inorganic perovskites
(HOIPs) to facilitate permanent small molecule intercalation and new post-synthetic modifications. While
HOIPs are well-studied for a variety of optoelectronic applications, the ability to manipulate their
structure after synthesis is another handle for control of physical properties and could even enable use in
future applications. If designed properly, a porous interlayer could facilitate these post-synthetic
transformations. We show that for a series of copper-halide perovskites, a crystalline arrangement of
designer ammonium groups allows for permanently porous interlayer space to be accessed at room
temperature. Intercalation of the electroactive molecules ferrocene and tetracyanoethylene into this void
space can be performed with tunable loadings, and these intercalated perovskites are stable for months.
The porosity also enables reactivity at the copper-halide layer, allowing for facile halide replacement.

Through this, we access previously unobserved reactivity with halogens to perform halide substitution,
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Accepted 16th October 2024 and even replace halides with pseudohalides. In the latter case, the porous structure allows for

stabilization of new phases, specifically a novel copper—thiocyanate perovskite phase, only accessible

DOI: 10.1039/d45c04378b through post-synthetic modification. We envision that this broad design strategy can be expanded to
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Introduction

Two-dimensional hybrid organic-inorganic perovskites (HOIPs)
have been studied extensively for applications in solar cells and
light-emitting devices due to their optoelectronic properties.'”
Composed of metal-halide sheets and organic spacers, typically
alkylammonium groups, every facet of these structures can be
changed to tune these features.*** Post-synthetic modification
of HOIPs has also emerged as an active area of research to
further control various physical characteristics.’®'* However,
modifications are generally limited to the surface, and direct
interactions with the interior bulk lattice are more challenging
to engineer.”

Intercalation is one possible route for post-synthetically
modifying the bulk perovskite lattice. Simply exposing certain
perovskites to guest molecules can lead to encapsulation of new
species. In one of the first reports, Mitzi et al. used halogen
bonding between aromatic C-H bonds of phenethylammonium
(PEA) spacers and C-F groups of perfluorobenzene to induce
intercalation in (PEA),[Snl,]."® Smith et al. further showed that

Department of Chemistry, University of Washington, Seattle, WA 98195, USA. E-mail:
dreed4d@uw.edu

T Electronic supplementary information (ESI) available. CCDC 2354173. For ESI
and crystallographic data in CIF or other electronic format see DOIL
https://doi.org/10.1039/d4s5c04378b

© 2025 The Author(s). Published by the Royal Society of Chemistry

other industrially relevant HOIPs to create a new class of highly adjustable perovskites.

exposure of ((CH,I)(CH,)sNHj;),[Pbl,] to I, vapor can accom-
modate I, in the interlayer.”” In both cases, modifying this
interlayer impacted the structural and electronic properties of
the inorganic layer. While successful, these intercalations are
highly unstable. Removal from solvent or I, atmosphere resul-
ted in rapid deintercalation. Permanent encapsulation of guest
molecules within perovskites can be achieved by introducing
these molecules during synthesis. Recent examples of HOIPs
synthesized with donor-acceptor moieties in the organic layer
have led to stable intercalations.'®?® Neutral molecules with
proper intermolecular interactions with the organic cation
spacers can also be incorporated during perovskite formation.>*
However, these guests need to be introduced during synthesis,
and are highly specific for a particular molecule. General post-
synthetic routes toward stable intercalated perovskites are not
currently available.

Altering the metal-halide lattice itself is also a way to post-
synthetically tune specific properties. For example, the halides
can be exchanged after synthesis of the material, typically by
adding a halide-containing reagent and relying on ion migra-
tion through the lattice. This has been well reported in 3D
perovskites, as it allows for alteration of optical properties but
retains the original morphology of the perovskite.”** Halide
exchange in 2D perovskites has also been demonstrated,
although this has been comparatively less studied.”® Current
halide exchange methods are effective for particular form

Chem. Sci., 2025, 16, 1147-1154 | 1147


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc04378b&domain=pdf&date_stamp=2025-01-11
http://orcid.org/0000-0003-3317-3912
http://orcid.org/0000-0001-5170-9050
https://doi.org/10.1039/d4sc04378b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04378b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016003

Open Access Article. Published on 16 oktober 2024. Downloaded on 2026-02-22 15:36:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

factors, like thin films and nanocrystals, but have not been
demonstrated in larger morphologies like bulk single crystals.
Furthermore, performing any halide substitution that requires
approaches beyond ion migration, which would be necessary
for nearly any type of halide to pseudohalide exchange, are
difficult with current approaches. If designed properly, the
organic interlayers could facilitate new exchange reactions at
this metal-halide layer.

Porosity is a promising method to enable new types of
chemical transformations in HOIPs. For other relatively
unstable materials, intrinsic permanent porosity enables both
small molecule intercalation and post-synthetic modification.””
The open space allows for molecules to be introduced in
a rational fashion and increases the reactive surface area of the
material. Researchers have explored introducing porosity in 3D
perovskites. Chemical etching of bulk lead-halide perovskites
has been shown to create mesoporous phases.*® Additionally,
the introduction of large quantities of metal defects to create
“hollow” perovskites has also been demonstrated.>»** However,
while these methods increase the surface area, they do not
rationally allow interaction between guest molecules and the
interior of the perovskite lattice, necessitating a different
approach.

In 2D HOIPs, organic spacers can be used to introduce
porosity. Recent work by Kataoka et al. demonstrated layered
perovskite phases templated by mixing octylammonium poly-
hedral oligomeric silsesquioxane chloride (APOSSClg, SigO1,((-
CH,);NH;)sClg) and MCI, salts.** Certain metals, specifically
copper chloride and palladium chloride, generated a material
with measurable porosity of >200 m* g~'. However, without
structural details the pore environment remains insufficiently
characterized. Elucidating the exact nature of the porosity is
critical for rational introduction of guest molecules in this
materials class. Furthermore, fundamentally the use of this
porous interlayer like other porous materials could be chal-
lenging, as perovskites are more dynamic than traditional
porous materials.**** Recent reports on other types of layered
metal-halide species show that even with cage-like interlayers,
these phases are inaccessible to standard gas molecules like N,
and CO,.?”?® It is therefore crucial to understand how this
porous interlayer can be used, and to determine whether this
porosity observed at cryogenic temperatures would be acces-
sible to intercalate molecules or allow for post-synthetic modi-
fication at higher temperatures.

Here, we characterize the porous perovskite (APOSS)[CuCl,],
that can permanently host small molecules in its interlayer and
undergo facile post-synthetic halide exchange. We use the void
spaces in this lattice to permanently host electronically active
small molecules like ferrocene (Fc) and tetracyanoethylene
(TCNE) to create highly tunable interlayer environments, with the
intercalants showing direct contact with the metal-halide layer.
We also demonstrate porosity-enabled post-synthetic exchange
reactions at the metal-halide layer, specifically chloride to
bromide halide exchange using Br,. As expected with porosity,
the reactivity of guest species differs from reports in nonporous
systems, facilitating new types of transformations. We lastly show
that the porosity enables us to access entirely new perovskites
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phases. Specifically, we leverage post-synthetic thiocyanate
exchange to report the first copper-thiocyanate perovskite. The
intrinsic porosity of these copper-halide materials enables new
perovskite chemistries to be more thoroughly explored.

Results and discussion
Synthesis and crystal structure

X-ray crystallography was used to understand the nature of
porosity in these copper halide perovskites. Yellow single crys-
tals of (APOSS)[CuCl,], suitable for diffraction were grown by
diffusing ethanol into an aqueous solution of CuCl, and
APOSSClg. The plate-like crystals displayed Fmmm symmetry,
consistent with a layered perovskite structure (Fig. 1). Similar to
previous examples of copper halide perovskites, the inorganic
layer adopts an antiferrodistortive arrangement of Jahn-Teller
distorted [CuCl]>~ octahedra (Fig. 1).***> The average Cu-Cl
bond distance is 2.80 A for the in-plane long axis, 2.33 A for the
in-plane short axis, and 2.30 A for the out-of-plane axis.
Immediately apparent in interlayer spacing is the ordered
siloxane cores (Fig. 1b). Adjacent rows of POSS groups are offset

& g &

Fig.1 (a) Portion of the structure of (APOSS)[CuClyl4 as determined by
analysis of single crystal X-ray diffraction data. (b) Detail of the
arrangement of APOSS groups within organic interlayer, with selected
pore dimensions highlighted. Yellow, green, gray, blue, red, and teal
spheres represent Cu, Cl, C, N, O, and Si, respectively. H atoms and
disorder are omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to create large pores, where the APOSS ligands serve as pillars
and the space in between can be accessed by guest molecules
(Fig. 521). Between different rows the siloxane groups are 7 A
apart, and the siloxane groups in each individual row are 6 A
apart. The offset alignment between each row gives large spaces
of up to 17 A between siloxane groups. The interlayer spacing of
17 A results in a height of 12 A for all pores, with terminal halide
groups on the top and bottom of the pores, suggesting that
reactive chemistry can occur at these positions.

Powder crystalline samples can also be prepared. Dropwise
addition of an aqueous solution of CuCl, and APOSSCl; into
ethanol produces a microcrystalline powder.** Pawley refinement
of the powder X-ray diffraction pattern produces similar unit cell
parameters to the single crystal data, although a slightly different
unit cell was obtained with 74 symmetry (Fig. S5T). The difference
in unit cell could potentially be due to the higher temperature at
which this measurement was obtained (Fig. S77), as is seen in
other 2D HOIPs.* Despite the different symmetry, a permanent
porosity of 276 m”> g~ " was obtained through N, adsorption at 77
K, indicating that this material, at low temperature, demon-
strated accessible void space in the APOSS layers (Fig. S87). This
is consistent with previous reports.**

Mixing various amounts of CuBr, or APOSSBrg during the
synthesis leads to variable bromide incorporation in the lattice
to form (APOSS)[CuCl,_,Br,]s. Bromide substitution results in
a shift of peak positions in powder X-ray diffraction measure-
ments (Fig. S9 and $25%). In the fully brominated case x = 4,
analysis of the unit cell parameters reveals that the average Cu-
X distance increases from 2.60 (Cu-Cl) in (APOSS)[CuCl,], to
2.73 A (Cu-Br) in (APOSS)[CuBr,],. The change in bond length,
0.13 A, is consistent with the change in atomic radii from ClI to
Br and the Cu-Br bond length is similar to previous literature
reports.®*>*° The interlayer direction, which is dominated by the
APOSS spacer, remains relatively unchanged, consistent with
previous examples mixed-halide Cl/Br systems in other copper
perovskites.*>** The disappearance of the peak at 15.7° and the
growth of a peak at 16.3° (Fig. S9 and S107) are indicative of
a change in symmetry to the orthorhombic P222 space group in
the fully brominated sample.

Permanent small molecule intercalation

The pore size seen in the single crystal data indicates that
several molecules should be amenable to intercalation. While in
traditional porous materials held together entirely by covalent
bonds this intercalation might be viewed as trivial, perovskites
are highly dynamic.**** The interlayer POSS groups, particularly
at room temperature, could be moving in ways that prevent
guest molecule introduction. In other 2D metal-halide materials
with void spaces in the interlayers, small guest molecules like
N, or CO, cannot be accommodated.’”*® Despite these
concerns, we demonstrate that even at room temperature,
(APOSS)[CuCl,_,Br,], can use its porosity to host many types of
molecules which can be introduced in different methods. We
show this with two specific molecules: tetracyanoethylene
(TCNE) and ferrocene Fe(CsHs), (Fc) (Fig. 2a).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Facile gas-phase intercalation of Fc is accomplished by
exposing activated (APOSS)[CuCl,], to Fc vapor at 75 °C for one
week. A color change to a darker yellow was observed, which is
retained after washing the material thoroughly with isopropyl
alcohol. A loading of 1.22 equivalents of Fc per APOSS group, or
just over one molecule per pore, was determined through NMR
spectroscopy of the digested material (Fig. S12t), indicating
a substantial loading of Fc inside the material that only can be
possible by having accessible void space. This loading amount is
tunable, where exposure to Fc vapor for shorter amounts of time
results in variable amounts of Fc (Fig. S131). We can further
confirm the presence of Fc through infrared (IR) spectroscopy
(Fig. S141). The series of peaks from 1600-1800 cm ™" is observed
in the IR spectra of Fc as well as (APOSS)[CuCl,],-1.22Fc. These
peaks have been previously assigned to overtones and combina-
tion bands of C-H bending modes in the cyclopentadienyl rings
of Fc.** Additional evidence of Fc intercalation can be seen by the
slight increase in intensity at 1408 cm™" corresponding to the
asymmetric C-C stretching vibration in Fc. Finally, thermogra-
vimetric analysis of (APOSS)[CuCl,],-0.45Fc shows a weight loss
of 5.6% at 155 °C (Fig. S157). Not only is this consistent with the
loading determined by "H NMR of the digested material, the
temperature at which the ferrocene molecules deintercalated are
consistent with other intercalated materials,” rather than
surface-adsorbed species.

As further evidence that intercalation is occurring in the bulk
lattice, we demonstrated that ferrocene can be introduced in
larger crystal morphologies. Microcrystalline (0.001-0.005
mm?) flakes of (APOSS)[CuCl,], were subjected to Fc intercala-
tion under the same conditions as the powder samples. Energy-
dispersive X-ray spectroscopy (EDX) maps were collected of
three flakes which all show a homogeneous distribution of Fc
within the flake (Fig. 2b, ¢ and S16%). This confirms that Fc
diffuses through the interlayer void space as it intercalates.

The introduction of so many ferrocene molecules should
create large structural differences in nonporous perovskites.'®”
In this porous material, however, the unit cell remains largely
unchanged, with an increase of ~0.1 A in the interlayer spacing
parameter (Fig. 2d and S187). This further confirms that the
porosity is used to host these Fc units instead of some other
possible mechanism. Full loading of 1.22 equivalents of Fc
should take up the majority of the void space and might require
rearrangement of the POSS groups. Indeed, the powder X-ray
diffraction data show the presence of new peaks. These peaks
index within the same 74 space group as the parent material but
are suggestive of ordered electron density in new areas. We
attribute this to the Fc molecules forcing the POSS groups
themselves to be ordered. Despite remaining a perovskite
structure, the intercalated material shows a negligible surface
area of <10 m” g~ ' (Fig. S197), consistent with the void spaces
being fully occupied by the ferrocene molecules.

Unlike other examples of intercalation into 2D perovskites,
which undergo rapid deintercalation once removed from the vapor
or solution of intercalant,'*"” (APOSS)[CuCl,],-1.22Fc was stable
for months under ambient conditions on our benchtop. Ferrocene
molecules remained intercalated within (APOSS)[CuCl,],
under more intense conditions like exposure to vacuum. To

even

Chem. Sci., 2025, 16, 147-1154 | 1149


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04378b

Open Access Article. Published on 16 oktober 2024. Downloaded on 2026-02-22 15:36:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
b c
a
A
gas-phase
oY | intercalation
Fe
: 75°C
@ 1 week
(APOSS)[CuCl,], d € [Poss)cuci,
liquid-phase £ %
NC CN | intercalation Q Qe
— < (APOSS)[CuCl,],»xTCNE 8 M_E_m/\/,#_a___
NC CN 50 °C ‘é €
(in THF) 1 week g € | (APOSS)[CUCI,L,+XTCNE
v = (APOSS)[CuCl,], b
(APOSS)[CuCl,],»xTCNE S A ettt
10 20 30 40 50 2400 2300 2200 2100 2000
20 (°) Wavenumber (cm~)

Fig. 2

(a) Scheme of gas-phase or liquid-phase intercalation in (APOSS)[CuClyl4 to make (APOSS)[CuClyls-1.22Fc and (APOSS)[CuClyl4- xTCNE,

respectively. (b and c) EDX mapping data for Fe (b, orange dots) and Cu (c, yellow dots) of representative flake of Fc-intercalated (APOSS)[CuClyly,
showing even dispersion of Fe throughout the material. White bars are 25 um. (d) Powder X-ray diffraction patterns for (APOSS)[CuCl4l4 (black),
(APOSS)[CuClyl4-xTCNE (green), and (APOSS)[CuClyl4-1.22Fc (orange), showing that perovskite phase remains intact during intercalation. (e)
Infrared spectra of (APOSS)[CuCll, (black), TCNE (purple), and (APOSS)[CuClyl4-xTCNE (green), showing the presence of intercalated TCNE.

measure the EDX positional mapping in Fig. 2b and c, the inter-
calated perovskite are placed under vacuum at 10 pbar during
sample preparation, indicating that Fc remains intercalated under
low vacuum conditions for at least 1 hour. To our knowledge, this
is the first example of a perovskite permanently encasing a mole-
cule that can rationally be introduced post-synthetically. This
could represent a new method with which to alter perovskite
properties.

While ferrocene can be introduced in the gas phase, we also
attempted to observe liquid-phase intercalation. We chose
TCNE, which needs to be introduced as a solution. Soaking
(APOSS)[CuCl,], in a tetrahydrofuran (THF) solution of TCNE at
50 °C for one week results in a material with a large signal in its
infrared spectrum at 2222 cm™ ' and 2194 cm ' (Fig. 2e).
Compared to free TCNE, these values are redshifted by an
average of 38 cm ™, indicating some change in local environ-
ment which we attribute to be inside the pores. Even subtle
changes in molecular orbital population*® or dielectric constant
around the TCNE could cause this shift in stretching frequency.
While exact loading of TCNE is difficult to determine through
normal methods, comparing the relative integrated absorbance
to several different samples obtained by physically mixing TCNE
and (APOSS)[CuCl,], in various ratios suggest that the TCNE is
intercalated on the order of 1 molecule per pore (Fig. S227).
Similar analysis through thermogravimetric analysis shows
a weight loss of 5.9% at 172 °C, which corresponds to a loading
of 0.83 equivalents per POSS unit (Fig. S15t). We also confirm
the presence of TCNE through diffuse reflectance spectroscopy
(DRS). While the transitions of TCNE at 260 and 390 nm coin-
cidentally overlap with the CI 2p to Cu d,_, ligand-to-metal
charge transfer (LMCT) bands in (APOSS)[CuCl,], (282 and

M50 | Chem. Sci,, 2025, 16, 147-1154

385 nm), intercalating TCNE in (APOSS)[CuBr,], allows us to
clearly observe the features of TCNE (Fig. S237).

Similar to Fc intercalation, the powder X-ray diffraction data
of (APOSS)[CuCl,],-*TCNE show nearly identical features to the
unintercalated material (Fig. 2d), indicating the porosity is
responsible for the large uptake of TCNE. Unlike in the case of
Fc, there does not appear to be an additional ordering of POSS
groups upon intercalation of TCNE, which is expected based on
the smaller size of TCNE compared to Fc. The TCNE-
intercalated material is also stable under ambient conditions
for months. The different methods of introducing molecules
between Fc and TCNE demonstrates the new possibilities that
can be explored in post-synthetic modification of perovskites by
utilizing porous interlayers.

While the stability of intercalation in these materials under
ambient conditions is dramatically different than in previous
nonporous perovskites, the overall intercalation is reversible.
For example, soaking the ferrocene-intercalated perovskite in
THF removes these Fc molecules to result in pristine (APOSS)
[CuCl,],. This allows for even further post-synthetic modifica-
tion, as in our case we can exchange the Fc molecules for TCNE
directly (Fig. S247).

Post-synthetic halide exchange

After demonstrating that the interlayer spacing is accessible to
various molecules, we then looked to use the porosity to modify
the inorganic layer. Porosity gives unprecedented access to the
inorganic layer in these materials, allowing for new types of
rational post-synthetic modification. We demonstrate that we
can change these chlorides through simple exposure to
bromine vapor or bromine solution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Many previous examples at post-synthetic halide exchanges
in both 2D and 3D perovskites have been demonstrated.*>
Exposure to halogen gasses Br, and Cl, was demonstrated by
Solis-Ibarra et al. and Smith et al. to show facile exchange in
thin films in lead perovskites."»*® However, this uses the
oxidizing potential of the halogen gas to facilitate this exchange.
In two-dimensional copper perovskites, exposure to Cl, could
convert a bromide-containing perovskite to a chloride lattice, as
Cl, is more oxidizing than Br,, but the reverse reactivity of
changing a chloride for bromide using Br, was not observed.*
Our hypothesis is that the pores in (APOSS)[CuCl,], would allow
for much more ready exchange at the halide positions, given
that pores can be used to enhance the reactivity of any inter-
calated substrates.

Exposure of (APOSS)[CuCl,], powder to Br,, either in the gas
phase or as a solution in CH,Cl, produced a color change on the
order of hours (Fig. 3a). Analysis by powder X-ray diffraction
showed a retention of crystallinity in a perovskite phase
(Fig. 3b). Additionally, the expected shifts in peak positions
were observed.*** Through gas-phase introduction of Br, vapor,
we see a conversion to 18.5% bromide, as determined by EDX
(Fig. S267). In the liquid cases, exact equivalents of Br, could be
introduced. This allows for precising tuning of the halide
composition, with various Cl/Br ratios shown in Fig. 3.
Comparison of these peak positions matches that of mixed
halide species synthesized ex situ (Fig. S9 and S107). Even after
halide exchange, the sample remains highly porous. Analysis of
N, adsorption measurements at 77 K for the fully brominated
sample (APOSS)[CuBr,4], reveals a surface area of 166 m* g~ *

View Article Online
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(Fig. S277), which is consistent with substitution of the heavier
bromide ion.

Both DRS and IR spectroscopy were used to confirm the
presence of bromide in the lattice, as this exchange produces
gradual changes in these spectra as a function of bromine
incorporation. In infrared spectroscopy measurements (Fig. 3c),
the symmetric N-H vibration in the ammonium group also
redshifts from 1496 cm ' to 1482 cm ' when bromide is
incorporated, as this stretching frequency is dependent on the
donation of electron density into the N-H o* orbital.”? The more
electropositive bromide increases this donation, decreasing the
bond order. The DRS data show a redshift of LMCT transitions
of the halide p orbitals to the Cu d,>_,» orbital, consistent with
the higher energy of bromide p orbitals compared to those of
chloride (Fig. 3d and e). In the all-chloride case, these values are
272 nm and 384 nm, which gradually shift to 354 nm and
545 nm in the all-bromide case. Both methods are consistent
with trends seen in other copper perovskite systems.*"*>

To confirm that porosity is essential for the halide exchange
with Br,, similar substitution attempts were made with
(PEA),[CuCl,]. The interlayer spacing in this framework is
similar to that in (APOSS)[CuCl,],, however the interlayer
spacing is nonporous.*” Exposure of this material to excess Br,
solution did not result in any noticeable changes by PXRD or IR
spectroscopy (Fig. S297). Assessing the bromine content by EDX
showed a small incorporation of bromine (Fig. $301), which we
attribute to defect sites in the material.

We also show that porosity can facilitate halide exchange in
single crystals. Single crystals of (APOSS)[CuCl,]; ~0.5 cm in
scale were exposed to Br, solution, and similar to powder

b c
—~ L \
£ =
S S
(APOSS)[CuCl,], > 2
Br.2 E j M_A\M_,VJW__N E
liquid-
. 10 20 30 40 50 1600 1550 1500 1450
gas-phase 20 (%) Wavenumber (cm™')
d 11 € 10-
(APOSS)[CuCI,_Br,],
x=0 X=4 0.6-:
0.4
0.0

200 25

Fig. 3

0o 300
Wavelength (nm)

500 600
Wavelength (nm)

350 | 400 400

(a) Scheme of post-synthetic halide exchange using Br, either in the liquid or gas phase. The specific bromide content, as determined by

EDX, for these 14 samples are 0.0, 5.8, 10.4, 11.0, 21.7, 27.8, 39.5, 42.3, 43.3, 55.8, 59.2, 79.8, 90.0, and 100.0% (expressed as a gradient). Black
lines on either side represent x = 0 or x = 4. (b) Powder X-ray diffraction patterns for (APOSS)[CuCl,_,Br,l4. (c) Infrared spectra of (APOSS)
[CuCly_,Br,l4. highlighting the symmetric N—H vibration around 1490 cm™. (d and e) Diffuse reflectance spectra of (APOSS)[CuCls_,Br,l4,

highlighting two LMCT transitions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crystalline samples showed a drastic color change (Fig. S317).
Analysis of these products through PXRD demonstrated that the
lattice did indeed expand as expected based on bromine
incorporation, showing 100% exchange of CI™ (Fig. S31t). The
ability to easily perform single-crystal-to-single-crystal changes
in perovskites is again enabled by the porosity.

Post-synthetic thiocyanate exchange

We envisioned that the porous interlayers could allow for
further modification of the metal-halide layer, enabling post-
synthetic synthesis of previously unknown perovskite phases.
Currently, many halide substitution reactions involve ion
migration,*>® limiting their use beyond halide-to-halide
replacement. In contrast, porosity could allow for larger ions
like pseudohalides to be introduced, all while retaining the
initial perovskite structure. We leverage this property to create
a novel copper-thiocyanate structure. Pseudohalides like thio-
cyanates have been used as ligands in perovskite frame-
works,*®* particularly in mixed pseudohalide-halide systems
like (MA),[Pb(SCN),I,] (MA = methylammonium) where all
terminal halides in the lead-halide layer are replaced with the
larger thiocyanate unit.*®** The wide variety of pseudohalides
gives yet another handle to modify the optoelectronic properties
of perovskites. However, copper-thiocyanate perovskites have
not been observed, as addition of SCN™ to copper salts under
standard perovskite-forming conditions results in a different
structure entirely (see details in ESI Fig. S327).°*>** We demon-
strate that, to the best of our knowledge, evidence for the first
example of a copper-thiocyanate perovskite can be observed by
utilizing pores to post-synthetically install thiocyanate.
Starting from (APOSS)[CuCl,],, exposure to a solution of
NH,SCN in isopropyl alcohol for one week results in a new
stretch in the infrared spectra at 2087 cm ™" (Fig. 4a and b). This
stretch is blueshifted relative to that of free thiocyanate, and
consistent with terminal metal binding through the

NH,SCN
_—

(APOSS)[CuCl,],

(=3
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nitrogen.>*** It is also different than stretches observed in
common copper-thiocyanate phases Cu(SCN) or Cu(SCN),
(Table S4t), indicating that this is a new material that we
postulate is (APOSS)[CuCl, ,(SCN),]; with the thiocyanates
exclusively replacing terminal chlorides. This stretch grows in
gradually, reaching a maximum thiocyanate composition of x =
0.44 as determined by EDX. The substantial thiocyanate incor-
poration indicates that this is not just surface halide substitu-
tion, but is mixed throughout the material. Additionally, the
material shows a new peak in DRS measurements that gradually
grows in at 309 nm (Fig. S357). This is similar to known LMCT
transitions that occur in copper-thiocyanate complexes,*® sup-
porting that thiocyanate is binding to the copper centers. X-ray
photoelectron spectroscopy (XPS) data was collected for (APOSS)
[CuCl; 76(SCN)o 21]4. There are two sulfur species present, each
with diagnostic S 2p,,, and 2p;), features that are consistent
with copper-bound thiocyanates (Fig. 4c) and greatly shifted
from ammonium thiocyanate (Fig. S36t).”” We attribute the
existence of two different sulfur species to both bulk copper-
thiocyanate interactions inside the perovskite lattice as well as
surface copper-thiocyanate impurities, for which XPS would be
extremely sensitive. Measurements that characterize the bulk
lattice, such as IR, indicate that the vast majority of copper—
thiocyanate species are in one environment with the thiocya-
nate clearly bound to copper, as the integrated absorbance
correlates well to the elemental composition of sulfur as
determined by EDX (Fig. S337).

Importantly, even with the introduction of a new pseudo-
halide ligand, PXRD data confirm that at these loadings, the
perovskite phase persists (Fig. 4d). The ability to stabilize
a terminal copper-thiocyanate inside a new phase is a unique
characteristic of porous materials, and could be utilized in new
ways for a variety of different metal-pseudohalide combina-
tions. Additionally, the unit cells for each loading remain nearly
unchanged with increasing thiocyanate. This again suggests

wpossycuct, (scnyl. I

x=0.03
d

x=0.44

Transmission (%)

Intensity (norm
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(a) Scheme of thiocyanate exchange to make (APOSS)[CuCl,_,(SCN),l4 with variable thiocyanate loadings. The specific thiocyanate

loading, as determined through sulfur composition in EDX, for these 8 samples are x = 0.03, 0.05, 0.11, 0.16, 0. 21, 0.27, 0.34, and 0.44 (expressed
as a gradient). (b) Infrared spectra of (APOSS)[CuCl,_,(SCN),l4, overlaid with that of NH4SCN. (c) X-ray photoelectron spectroscopy of S 2p;,, and
2p3/2 in (APOSS)[CuCls 79(SCN)g »114. Black crosses are experimental data, and the lines represent the total fit (teal) and background (gray). The
2p1,2 fits (dashed lines) and 2ps,; fits (solid lines) for two sites (purple and yellow lines) are shown. (d) Powder X-ray diffraction patterns for

(APOSS)[CuCly_»(SCN),l4, showing the perovskite structure is retained.
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that only the terminal chloride positions of the copper-halide
layer are replaced, as substitution of the bridging chlorides
would be expected to induce a change in unit cell parameters
given the different ionic radii of thiocyanate and chloride. Given
these observations, the final structure should remain porous,
which was confirmed through N, adsorption isotherms at 77 K
which indicates a surface area of 146 m> g~ * (Fig. S391).

We do note that at higher equivalents of thiocyanate, the
perovskite phase is gradually replaced by a new phase. At molar
thiocyanate loadings of x = 0.61, a peak grows in at 2102 cm ™
in the IR spectra (Fig. S407). At x = 0.81, peaks at 9.75° and
12.12° appear in the PXRD pattern (Fig. S42}). These peaks are
predicted in the /4 space group and could be indicative ordered
siloxane groups that accommodate the bulkier SCN™ ligands,
analogous to intercalated Fc. However, at x = 1.27 a peak at
29.2° is clearly indicative of a new phase, and eventually this
phase dominates both PXRD and IR measurements. Given the
surface sensitivity of EDX used to determine thiocyanate
loading, we are unable to definitively quantify the exact amount
of thiocyanate where this material converts from a perovskite
phase to this new phase. However, the spectroscopic differences
between the phases observed at high and low thiocyanate
loadings suggest that, at low loadings, a perovskite structure
featuring some degree of direct copper-thiocyanate interactions
may remain intact.

Conclusions

Porosity has been used to enable new chemistries in 2D HOIPs
that were previously inaccessible or unstable in nonporous
variants. This work demonstrates that nearly every aspect of the
perovskite (APOSS)[CuCl,],, particularly the interlayer compo-
sition and the metal-halide layer, can be precisely changed due
to these open channels. The porosity allows these modifications
in a variety of form factors, ranging from powders to single
crystals. While this study focused on the copper-chloride
variant, we believe these methods should translate to other
HOIPs with different metals, where the interlayer composition
could have substantial impacts on optoelectronic properties, or
halide-to-pseudohalide replacement could provide another way
to access new physical properties or new phases entirely. As
perovskites continue to be studied as one of the most promising
materials classes for many optoelectronics applications,
endowing these materials with access to several new modes of
reliable post-synthetic transformations could allow for use in
further applications yet to be explored.
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