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M eans of controlling semiconductor bandgaps are of great
importance in materials design. In particular, fabrication
of layered heterostructures with controlled thickness and
composition allows for the composite’s electronic structures
to be modulated." In recent decades, 2D organic—inorganic
perovskites have gained attention as self-assembling hetero-
structures, whose optoelectronic properties can be tuned
through crystal design. Indeed, hybrid perovskites have proven
to be a versatile platform for optoelectronics. The high
bandgaps (E,) and large exciton binding energies (E,) in n =
1 lead-halide perovskites (n = number of lead-halide sheets in
each inorganic layer) have aided their application as green light-
emitting diodes™ and white-light phosphors.‘*’5 In contrast, the
much lower E, and E, values in the 3D (n = o0) perovskite
(MA)PbI; (MA = CH;NH;") have been critical for its
successful employment as an absorber for high-efficiency solar
cells.”” Both E, and Ey, values of 2D perovskites decrease with
increasing inorganic sheet thickness.”” Accordingly, the n = 3
perovskite (C¢Hs(CH,),NH;),(MA),[Pb;1;,] was shown to
act as an absorber in a solar cell with improved moisture
resistance compared to (MA)Pbl,.'” However, self-assembly of
single-phased n > 1 perovskites becomes more difficult as n
increases.” We therefore explored routes to n = 1 structures
with reduced E, and E, values. Herein we show that
(MA)Z[Pblz(SCNg}Z] (1) has atypically low E; and E, values
for an n = 1 perovskite and dramatic pressure response (Figure
1) that further modulates its photophysical properties.
Recently, a proposed analog to the 3D perovskite (MA)PbI,
was reported where two iodides were replaced by two
thiocyanides.'' This material was reported to exhibit greater
moisture resistance compared to (MA)Pbl; and similar
performance as a solar-cell absorber. A recent correspondence'”
reported its single-crystal structure as the 2D perovskite 1
containing bridging iodides and terminal thiocyanides. Solid 1
has been attributed an E, of 1.5—1.6 eV, similar to that of
(MA)PbI;, which would be promising for photovoltaic
applications."' ~"* Several reports of mixed Pb—I—SCN perov-
skite absorbers have also ascribed increased photoluminescence
(PL) intensity'”" and improved device performance and
stability'* to SCN™ incorporation. In our hands, however, we
find that the red solid 1, which has an E, of ca. 2.3 eV (Figure
2A), rapidly decomposes to a black solid in ambient humidity.
Upon exposing 1 to 66% relative humidity, we see reflections
corresponding to (MA)Pbl, and Pb(SCN), in the powder X-
ray diffraction (PXRD) patterns, which dominate the patterns
after 7 min for films and 45 min for powders (Figure S1). The
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Figure 1. (A) Crystal structure of (CH;NH,),[PbL,(SCN),] (1)."”
Turquoise, purple, yellow, blue, and gray spheres represent Pb, I, S, N,
and C atoms, respectively. H atoms omitted for clarity. Inset: the Pb**
coordination sphere. (B) Piezochromism in single crystals of 1.

absorption, PL, and vibrational spectra of humidity-exposed 1
also show indicators for (MA)Pbl, formation (Figures S2—S5),
which may explain the low E; and favorable photovoltaic
properties previously attributed to 1. Considering stoichiom-
etry, the following decomposition mechanism is possible,
driven by the hydration of (MA)SCN.

3(MA), [PbI,(SCN), ]
— 2(MA)PbL, + 4(MA)SCN + Pb(SCN),

All manipulations with 1 described below were therefore
conducted under dry conditions. Annealing 1 above 50 °C also
converts it to a black solid, whose XRD peaks match those of
(MA)Pbl; and Pb(SCN), (Figures S6 and S7). Further
discussion and characterization of the decomposition products
are provided in the Supporting Information. We note that just
prior to submission of this paper, the bandgap of 1 was
reported by Yan, Mitzi et al. to be 2.0-2.1 eV,'® which
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Figure 2. (A) Optical absorption spectrum of a 1 film at 6 K. (B) Photoluminescence (PL) spectra from a single crystal (red) and a film (blue) of 1.
(C) PL from 1 crystals as a function of grinding. (D) Single-crystal PL of 1 upon compression (colored) and decompression (grayscale) in a

diamond-anvil cell.

independently confirms that the material’s E, is higher than
previously thought.

Combining dimethylformamide (DMF) solutions of Pb-
(SCN), and (MA)I initially affords yellow needles of the 1D
structure (MA),[Pb;I3(DMF),] (Figure S8). Further evapo-
ration of DMF yields 1 crystals as previously described.'”
Diffusion of diethyl ether into a tetrahydrofuran solution of the
precursors affords higher-quality 1 crystals, which we used for
optical and diffraction studies. Interestingly, compared to the
separation between inorganic layers in the 77 reported (001) n
= 1 Pb—I perovskites in the Cambridge Structural Database
that range from 32.2 to 10.1 A, 1 has the shortest interlayer
distance of 9.2901(9) A. The 300 K structure of 1 also shows
an interlayer S—S distance of 5.182(6) A. Furthermore, unlike
in most 2D perovskites, all Pb and bridging I atoms in 1 reside
on the same plane, with no out-of-plane octahedral tilting and
minimal in-plane octahedral tilting (average in-plane Pb—I—Pb
angle of 171.57(8)°). Octahedral tilting in 2D perovskites has
been attributed to hydrogen bonds between NH; groups and
halides.'” In 1, each NH; group forms hydrogen bonds with the
nitrogen ends of two SCN™ ligands in adjacent sheets and with
one ijodide, allowing for flatter inorganic sheets. These
structural changes, compared to typical n = 1 perovskites,
manifest in 1’s optical properties.

Absorption spectra of layered perovskites show a step
denoting their bandgap onsets, owing to their 2D density of
states.”’® The 6 K optical absorbance spectrum of a 1 film
shows a sharp excitonic absorption at 2.13 eV and the expected
step-shaped bandgap onset (Figure 2A). This step in the low-
temperature absorption spectrum allows us to estimate the E,
as 2.33 eV. The exciton’s high oscillator strength and
broadening at higher temperatures obscure this step in the
room-temperature absorption data. However, the excitonic
absorption energies in the room-temperature and 6 K
absorption spectra differ by only 0.05 eV (Figure S9A),
indicating that the bandgaps should also be similar at these
temperatures. Furthermore, we do not see sharp transitions in
I’s PL energy between 18 and 200 K (Figure S9B), suggesting
the absence of first-order phase transitions within this
temperature regime. We can then estimate E, as 200 meV
(B, = E, — exciton absorption energy).8 These E, and E,, values
are low for an n = 1 Pb—I perovskite and are intermediate to
those of n = 2 and 3 perovskites. For example, the n = 1
perovskite (C¢H;3NH;),[Pbl,] has a reported E; of 2.70 eV
and E, of 361 meV, whereas its n = 2 and 3 analogs,
(C6H13NH;),(MA),_;[Pb,15,,,], are reported to have E, values
of 240 and 2.17 €V, and E, values of 260 and 150 meV,
respectively.'” The n = 1 perovskite (CsHs(CH,),NH;),[PbI,]

is reported to have a low Ey of 220 meV, attributed to the
increased dielectric constant of the aromatic groups,™ although
its E, of 2.58 eV is larger than that of 1.

The short interlayer distance likely contributes to the small
E; and E, values in 1. Decreasing the interlayer spacing in 2D
perovskites has been shown to reduce the confinement of the
inorganic sheets.”"”” Low exciton peak energies of ca. 2.3 eV
have been reported in 2D perovskites with short interlayer
spacing.”” Reduced octahedral tilting in the inorganic sheets has
also been correlated with an E, reduction in these materials.'”**
The covalency of the Pb—S linkages may also allow for some
delocalization of the 7 electrons in the SCN™ ligands. This
could increase the polarizability of the inorganic sheets, thereby
decreasing its dielectric confinement®”* and E,.

We then obtained PL spectra on single crystals of 1.
Excitation at 375 nm yields intense PL at 2.14 eV with a
shoulder at 2.00 eV (Figure 2B). Another PL feature also
appears at 1.68 eV. The intensities of these bands vary between
crystals and between locations in a single crystal (Figure S10).
PL spectra of 1 films show the same features, but with very
different relative intensities. In films the lower-energy PL peak
is dominant and the higher-energy peak shows much weaker
intensity (Figure 2B). The higher-energy PL is likely from
excitonic emission with a Stokes shift of ca. 70 meV at 300 K
(Figure S11A). However, the origin of the lower-energy PL is
less clear. Its greatly reduced intensity in crystals compared to
films suggests that particle surfaces, defects or impurities
contribute to the emission. The excitation spectrum of this
lower-energy PL resembles the absorption spectrum of 1 and
does not show significant absorption at 1.6 eV where we expect
any (MA)PbI, impurity to absorb (Figure S11B). We further
monitored the PL of 1 crystals as they were pulverized in a dry
N, atmosphere. We see the intensity of the low-energy PL
(which was initially weaker than the high-energy PL) greatly
increase with extended material grinding (Figure 2C). This
suggests an origin from defects at particle surfaces or in the
bulk, although we cannot eliminate (MA)PbI; impurity from
contributing to this low-energy PL by serving as recombination
trap states.

Because the MA cations are buried within the
[PbL,(SCN),]*" layers that do not interdigitate, we investigated
if pressure could change 1’s optical properties. Indeed, upon
compression below 1 GPa in a diamond-anvil cell, a translucent
red single crystal of 1 begins to darken and it turns opaque
black at 2.6 GPa, suggesting a substantial decrease in bandgap
(Figure 1B). Upon further compression the crystal becomes
translucent yellow at 3.9 GPa and this color is retained up to
4.3 GPa. Notably, these color changes are fully reversible upon
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Figure 3. (A) PXRD patterns of 1 upon compression up to 5.7 GPa (red to brown) and decompression to ambient pressure (gray). Asterisks denote
reflections from the pressure medium. (B) Lattice-parameter evolution with pressure. (C) Unit-cell volume changes with pressure with third- (red)

and second-order (blue) Birch—Murnaghan fits.

decompression (Figure S12). Upon compression to 2.6 GPa,
the PL of a single crystal shows the major high-energy PL band
gradually redshift from 2.1 to 1.8 eV (Figure 2D). The minor
PL band at 1.6 eV decreases in intensity with compression and
disappears above 2.0 GPa (Figure S13). Interestingly, the
energy shifts of this minor PL band with pressure (Figure S13)
are similar to those seen in the PL energy of (MA)Pbl; with
compression,26 suggesting that it may originate from a trace
amount of the 3D perovskite. Assuming no change in Stokes
shift and E,, within this pressure range, we estimate the E, at 2.6
GPa to decrease by 0.3 eV. Thus, relatively low pressure affords
an E, of ca. 2.0 eV. The black color of 1 at 2.6 GPa suggests
that the E, value may be still lower than this estimate. Although
similar piezochromic transitions (from yellow to black) have
been observed in 2D Cu—Cl perovskites, these occur at much
higher pressures of ca. 12 GPa.”” High-pressure studies on 2D
Pb—I perovskites have shown a decrease in E, to ca. 2 eV,
although this occurs at very high pressures exceeding 24 GPa.”®
Therefore, 1 has a significantly greater pressure response
compared to typical n = 1 perovskites.

To probe the structural basis for 1’s pressure response, we
collected high-pressure PXRD patterns of 1 powder. The
reversible color changes seen in the crystal were also evident in
the powder, albeit with a slight difference in the black-to-yellow
transition pressure (Figure S14). The reflections up to 3.8 GPa
could be indexed to the original space group (Pmn2,) to obtain
lattice parameters (Figure 3A). The crystallographic a axis
(layer stacking direction) is monotonically compressed by 7.3%
from 0 to 3.8 GPa, reducing the interlayer distance from 9.29 to
8.61 A (Figure 3B). The b and ¢ axes show a lesser contraction
below 2 GPa, followed by a pronounced discontinuity in the c-
axis length and unit-cell volume at 2.3 GPa, suggesting a phase
transition. Space-group assignments above 2.3 GPa are less
reliable because of pressure-induced line broadening and
overlapping Bragg peaks and 1 begins to amorphize above
3.8 GPa. The reflections in the original PXRD pattern are
regained upon decompression to ambient pressure. The volume
variation below 2 GPa was fit by the third-order Birch—
Murnaghan equation of state (BM EOS) to yield a low K,
(ambient-pressure bulk modulus) of 7.6(8) GPa and a K’
(pressure derivative of K;) of 18(4) (Figure 3C). These values
indicate that 1 is highly compressible near ambient pressure but
rapidly stiffens with compression. Such small K, and large
deviation of K’ from 4 are more commonly seen in molecular
solids.”” The volume change above 2 GPa was well fit by the

second-order BM EOS (K, = 19.8(8) GPa and K' = 4),
indicating that 1 is much less compressible after the phase
transition. Layered materials such as graphite and transition
metal dichalcogenide intercalation compounds show similar
anisotropic compressibility with greater lattice contraction
along the layer stacking direction, although these materials
have much higher K, values.***!

Solid 1 displays low E, and Ej, values for an n = 1 perovskite.
However, 1 must be handled carefully. The E, of 1.6 eV
previously assigned to this material may be due to its rapid
decomposition under humid conditions or annealing temper-
atures to form (MA)PbL,. The hybrid is highly compressible
with the interlayer distance contracting by ca. 2% per GPa from
0 to 3.8 GPa. This affords striking piezochromism from red to
black to yellow. We estimate that 1’s E, decreases to ca. 2.0 eV
upon compression to 2.6 GPa. The atypical optical properties
of 1 and its large pressure response may originate from the
short interlayer contact as well as the covalency of the Pb—S
linkages. The electronic effects of SCN™ substitution in the
Pb—TI lattice, as well as the material’s substantial response to
relatively modest pressures, provide new routes for achieving
further optical and electronic diversity from 2D perovskites.
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