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Sum,*®! and Han Sen Soo*@l

Abstract: Two-dimensional lead and tin halide perovskites were
prepared by intercalating the long alkyl group 1-hexadecylammonium
(HDA) between the inorganic layers. We observed visible-light
absorption, narrow-band photoluminescence, and nanosecond
photoexcited lifetimes in these perovskites. Due to their
hydrophobicity and stability even in humid air, we applied these
perovskites in the decarboxylation and dehydrogenation of indoline
acids using (HDA).Pbl, or (HDA),Snl, as photoredox catalysts, with
quantitative conversions and high yields for the former. We highlight
another original application of the metal halide perovskites.

Hybrid lead halide perovskites have received overwhelming
attention over the past decade due to their exceptional
performance as optoelectronic materials. Specifically, the
methylammonium (MA), formadinium (FA), and cesium lead
halide perovskites have been incorporated into solar cells that
have achieved solar energy conversion efficiencies in excess of
22%.1 Furthermore, MAMX3, FAMX3, CsMX3 (M = Pb, Sn; X =1,
Br, Cl), and their mixed ion permutations have found applications
in light-emitting diodes,/? non-linear absorption,! and lasers.!
However, the use of these perovskites in photocatalysis and
artificial photosynthesis have been limited,® despite their
remarkable light harvesting abilities.

Photoredox catalysis has recently been established as a versatile
methodology in the synthetic toolkit of organic chemists through a
series of seminal studies by MacMillan,® Yoon,l Stephenson,
and Fukuzumi,® which have demonstrated its general
applicability under mild reaction conditions. Nonetheless, the
photosensitizers employed in most photoredox reactions have
predominantly been Ru- or Ir-based dyes that harvest radiation
from the blue-end of the optical spectrum, due to their
combination of effective photoexcited state lifetimes and suitable
redox potentials for mediating the desired chemistry. In this regard,
our team has been developing original aspects of the principal
functions of an integrated artificial photosynthetic unit comprising
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exclusively earth-abundant elements, including visible light
harvesters, robust materials to facilitate charge separation,l
and multielectron (photo)redox catalysis.*!! A particular challenge
has been the discovery of heterogeneous photosensitizers that
can span the visible spectrum and possesses suitable redox
properties to mediate single electron transfer (SET) processes in
photoredox reactions. 2

The outstanding solar conversion efficiencies and widespread
adoption of hybrid lead halide perovskites in optoelectronic
devices lately suggest that they may be promising candidates as
functional  catalytic ~materials in photoredox chemistry.
Nonetheless, some widely acknowledged shortcomings of the
most popular MAPbI3, FAPbIs, and CsPbl; perovskites are their
susceptibility to degradation under moist conditions and phase
instability,'3 which has largely precluded their use in chemical
reactions where solvents are involved. A number of recognized
decomposition pathways include the deprotonation or leaching of
the MA and FA cations, the unusually high iodide conductivity,
and the inhomogeneous grain characteristics of perovskite layers,
all of which turn perovskites into metastable materials.?*4

In this context, we sought hydrolytically stable, two-dimensional
(2D), crystalline perovskites to circumvent their documented
degradation deficiencies and create more robust materials
suitable for driving photoredox reactions in organic solvents. Here,
we present the preparation of structurally defined 2D perovskites
containing hydrophobic hexadecylammonium (HDA) cations as
the intercalating layers between the metal halide nanosheets to
form (HDA):Ml4 (M = Pb, Sn). The Sn-based variant illustrates the
viability of a comparatively less toxic lead-free perovskite for our
application. A simple synthetic approach was developed and the
materials were characterized rigorously. Variable temperature
photoluminescence (VTPL) measurements confirm the radiative
recombinations, and allude to their potential in enabling SET
reactions in organic solvents. We have further exploited these
new materials in  photoredox decarboxylations and
dehydrogenations to illustrate that these hydrophobic perovskites
are viable as light harvesters for photodriven organic syntheses.

One of our motivations was to improve the stability of metal halide
perovskites in solvents, especially protic media. We anticipated
that long, hydrophobic, aliphatic chains close-packed in the
perovskite structure between the inorganic layers would repel
water molecules. Thus, we used the commercially available 1-
hexadacylamine to prepare the corresponding ammonium iodide
and the 2D metal halide perovskites. We used tetrahydrofuran
(THF) for the crystallization and preparation of the perovskites
due to the low energy cost of removing the volatile THF.

The successful synthesis of (HDA).Pbl, and (HDA).Snls was
established by single crystal X-ray diffraction (XRD) studies
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(Figure 1). Remarkably, the long Cis alkyl chains stack orderly to
form a 2D layered structure up to micron scales based on the
sizes of the single crystals obtained (Table S2). The (Pblg)*
octahedron units remain mostly undistorted in the 2D inorganic
layer. The overlap of the orbitals between Pb and | are expected
to be effective, resulting in a distinct separation between the
HOMOs and LUMOSs, and hence arelatively larger band-gap. The
phase purity was confirmed by powder X-ray diffraction (PXRD)
experiments; no HDAI or Pbl, precursors were observed in the
diffraction data (Figure 1). The PXRD pattern of (HDA).Pbl,
matched reasonably with the simulated pattern based on the
single crystal data, although there is preferred orientation of some
Miller indices in the experimental sample. Compared to the Pb
counterpart, (HDA).Snls showed a shift of the PXRD peaks (e.g.
for the (004) and (006) planes) toward higher angles due to the
smaller d-spacing (Figure S2).
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Figure 1. (a) PXRD patterns of (HDA):Pbls and its precursors. (b) Crystal
structures of (HDA)2Pbls and (HDA)2Snlas.

The elemental contents and purities of the perovskites were
verified by X-ray photoelectron spectroscopy (XPS) and
elemental analyses. The XPS data were consistent with Pb
(Figure S3) and Sn (Figure S4) in the +2 oxidation state for the
respective compounds. The IR spectra of the HDAI salt and the
perovskites also clearly showed typical alkyl (C-H, 3000-2850 cm-
1) and amine (N-H, 3500-3100 cm™) stretches (Figure S5). The
light absorbing abilities of the HDA based perovskites were
probed by UV-visible diffuse reflectance spectroscopy (UV-vis
DRS), as shown in Figure 2a. The absorption of (HDA).Pbl,
showed an onset at 520 nm and an exciton peak at 483 nm.
(HDA),Snl, featured a wider range starting at 700 nm with multiple,
unevenly spaced, broad and shallow absorption bands, most
likely due to a Rydberg series of Wannier-Mott excitons.[*®! Other
contributions could include variations in the band gap caused by
different 1-Sn-I bond angles due to the flexible nature of the HDA
chains and scattering effects from the polycrystalline sample,
although these effects would not be fully consistent with the
multiple, reproducible bands observed.*®! The band gaps are
estimated to be 2.3 eV and 1.9 eV for (HDA).Pbls and (HDA),Snl,
respectively, based on the Tauc plots calculated from the UV-vis
DRS data (Figure 2b).

We subsequently tested the stability of these perovskites in humid
air. (HDA),Pbl, formed a suspension in water, with larger pieces
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of the material afloat on the surface. The PXRD pattern of the
sample after stirring for 30 min in water was indistinguishable from
the pristine (HDA).Pbl, (Figure 2c). Contact angle (CA)
measurements also confirmed the hydrophobicity with an average
angle of 98.4° (Table S1, Figure S6). Most interestingly,
(HDA),Pbl, was still emissive when irradiated with UV while
suspended in water, and the PL maximum was determined to be
500 nm (Figure 2d) after excitation at 350 nm. The modest Stokes
shift is likely due to the high exciton binding energy that leads to
less energy loss by carrier-phonon interactions, and is often
observed in low dimensional perovskites.¢! However, (HDA),Snl4
did not exhibit the same stability, likely due to the oxidation of
Sn(ll) to Sn(IV).
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Figure 2. (a) UV-vis DRS spectra and (b) Tauc plots of the HDA Pb and Sn
perovskites. (c) PXRD pattern of (HDA)2Pbls before (black) and after (red)
suspending in water (100 mg in 1 mL). (d) PL data from (HDA)2Pbls suspended
in water excited at 350 nm.

To further investigate the photophysical properties of (HDA)2Pbla,
we conducted VTPL measurements down to 80 K.* As shown in
Figure 3a, a significant blue shift was observed on cooling, which
concurs with the expectation based on the Varshni equation on
the temperature dependence of semiconductor bandgaps.8 we
also expect that the Pb-lI bonds will contract at those low
temperatures, resulting in a stronger interaction between
overlapping orbitals, a higher Pb-I bond strength, and a wider
energy gap between the valence and conduction bands. Time-
resolved PL (TRPL) studies were also performed at variable
temperatures. Figure 3b shows the PL decay transients from 80
to 300 K that could be consistently fitted bi-exponentially,
revealing two decay processes, albeit with different weighting.
The faster process (0.32 £ 0.01to0 0.17 + 0.01 ns) likely originated
from exciton recombination in the defect-rich region, while the
slower process (3.0 + 0.01 to 1.5 + 0.01 ns) could arise from the
intrinsic exciton recombination. The PL lifetime increased at lower
temperatures suggesting the suppression of the thermal assisted
non-radiative trapping by defects at higher temperatures (Figure
S7). Critically, the slower processes are longer lived than diffusion
control,[*¥ paving the way for charge transfer after photoexcitation.
We also determined the valence band maximum (VBM) as 5.70
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eV (Figure 3c) by photoelectron spectroscopy in air (PESA),
which corresponded to a potential of 1.20 V vs NHE. Coupled with
the high stability in organic media, our data suggested a potential
application of (HDA).Pbl, as a visible-light photosensitizer for
oxidation reactions.
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Figure 3. (a) VTPL and (b) VT-TRPL spectra of (HDA)2Pbls after exciting at 390
nm. (c) PESA data of (HDA)2Pbls with the intercept at the abscissa for the VBM.
(d) “On-off” tests of the indoline-2-carboxylic acid decarboxylation.

Oxidation reactions with air are highly desirable due to increasing
concern in the use of energy-intensive and stoichiometric
oxidants. Among them, dehydrogenation and decarboxylation
reactions are attractive for H, storage and C-C coupling synthesis
respectively.?® Moreover, carboxylic acids are ubiquitous in
natural products and widely used as basic building blocks in
synthesis.?! Thus, photocatalytic oxidative decarboxylation
presents a convenient approach to cleave a carbon-carbon bond
to access valuable intermediates or products.® 221 We found that
indoline-2-carboxylic acid underwent decarboxylation to form
indoline in the presence of (HDA).Pbl, under N, and irradiation
from a 48 W white LED lamp. On the other hand, both
decarboxylation and dehydrogenation to indole occurred in the
presence of O,. Control experiments validated the necessity of
(HDA).Pbl, and visible light irradiation for the decarboxylation
reaction (Table 1 entries 2-7). Although Pbl, is known to be
photoactive, the catalytic conversion for this reaction is negligible
(entry 3). Both electron-deficient (Br and Cl substituted) and
electron-rich  substrates (methyl substituted) underwent
decarboxylation to their corresponding indolines in high yields
(entries 9-11, 13). Notably, no catalytically active homogeneous
species was found from a filtration study to remove the insoluble
perovskite (Figure S33). Moreover, most of the catalyst could be
recovered by centrifugation and reused after a reaction, with only
minor decomposition observed. SEM and AFM of the materials
after catalysis suggested that the original polycrystalline samples
had disintegrated into smaller nanocrystals (Figures S8 and S9).
However, PXRD and XPS (Figures S10 and S11) indicated that
the structure, elemental contents, and elements’ oxidation states
in the sample after catalysis remained mostly unchanged. The
minor impurities, Pbl, and HDAI, were catalytically inactive.
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Table 1. Representative decarboxylation and dehydrogenation reactions
catalyzed by the Pb and Sn 2D perovskites.

(HDA),MI,
H white LED H H
14 h indoline indole
Entry A B C M Condition Yield (%)
variations indoline indole
1 H COOH - Pb - 98 -
2 H COOH - - with HDAI 14 -
3 H COOH - - with Pbl2 2 -
4 H COOH - - with Iz ol -
5 H COOH - Pb  no light 1 -
6 H COOH - - no cat. 4 -
7 H COOH H Pb 40 °Cl! 0 0
8 H COOH H Pb O2 - 78
9 Br COOH - Pb - 81 -
10 Br COOH H Pb  O2 84
11 Cl COOH - Pb - 81 -
12 Cl COOH H Pb  O2 - 20
13 Me COOH - Pb - 83 -
14 Me COOH - Sn - 30 -
15 Me COOH H Pb O2 - <10
16 CFs H H Pb O - 48
17 H Me Me Pb O - 17
18 H Me Me Pb DE, Oz - 71
19 H Me Me Sn DE,O2 - 47

[@11% conversion to unknown product. PIUp to the boiling point of DCM.

Furthermore, 5-trifluoromethylindoline and 2-methyl-indoline
were evaluated as substrates for dehydrogenation, yielding 48%
and 17% of the respective indoles (entries 16, 17). By using
diethyl ether (DE) as a solvent, the yield of 2-methylindole could
be raised to 71% (entry 18). We also explored photocatalysis by
the lead-free (HDA),Snl, congener, but the decarboxylation of 5-
methylindoline acid yielded 30% of the indoline (entry 14), while
the dehydrogenation of 2-methyl-indoline led to a 47% yield of the
indole in DE (entry 19). These moderate yields are likely due to
the oxidative instability and abundance of traps for Sn(ll)
perovskites. Guided by previous reports on photoredox
catalysis,?* 23l we propose the mechanisms shown in Scheme 1.

Scheme 1. Proposed mechanisms for the decarboxylation (left) and
dehydrogenation (right) reactions. [P] represents the perovskites.

We first applied ferrocene as a hole scavenger and observed that
it impeded the decarboxylation reaction. On the other hand, when
AgBF, was used as an electron scavenger, it behaved as a
sacrificial electron acceptor and did not hinder the catalysis,
indicating that the rate determining step was likely to be
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photooxidation by our catalysts. We also observed that the yield
dropped to 32% for dehydrogenation in the presence of excess
Tiron (disodium  4,5-dihydroxy-1,3-benzenedisulfonate-4,5-
dihydroxy-1,3-benzenedisulfonate) as a superoxide scavenger4
which verified the role of superoxide radicals for the proposed
dehydrogenation mechanism (Figures S34-36). An “on-off’
irradiation study (Figure 3d) excluded a radical chain mechanism.

In summary, we have synthesized 2D metal halide perovskites by
intercalating HDA between the inorganic layers. Detailed
characterization of these new perovskites highlighted valuable
features for photoredox catalysis. Notably, their stability in organic
solvents, even in the presence of water, provided an opportunity
to use them for organic synthesis. As a conceptual demonstration,
(HDA),Pbl, and (HDA),Snl, effected the photocatalytic redox-
neutral decarboxylation and oxidative dehydrogenation of indoline
carboxylic acids. This report showcases another original
application for halide perovskites, and illustrates their use in
photoredox organic synthesis.
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