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Synthetic Control of Water-Stable Hybrid Perovskitoid

Semiconductors

Jiyoon Kim, Soumyadeep Ghosh, Nicholas W. G. Smith, Sunhao Liu, Yixuan Dou,
Carla Slebodnick, Giti A. Khodaparast, Jin Qian, and Lina Quan*

Hybrid metal-halide perovskites and their derived materials have emerged

as the next-generation semiconductors with a wide range of applications,
including photovoltaics, light-emitting devices, and other optoelectronics.
Over the past decade, numerous single-crystalline perovskite derivatives have
been synthesized and developed. However, the synthetic methods for these
derivatives mainly rely on acidic crystallization conditions. This approach leads
to crystals comprising metal halide building blocks, which show problematic
stability when directly exposed to water. In this study, a methodology is
developed for synthesizing hybrid metal-halide compounds using lead iodide
and the zwitterionic bifunctional molecule cysteamine (CYS), to form various
perovskitoid structures under a broad pH range. Interestingly, the different
pH conditions alter the coordination environment of lead halides, leading

to lead-sulfide and lead-nitride covalent bond formation. This modification
significantly enhances their stability when in direct contact with water,
lasting for months. Photoluminescence measurements and first principal
density functional theory (DFT) calculations reveal that the perovskitoids
synthesized under basic and acidic pH conditions exhibit a direct bandgap
nature, while those synthesized under neutral conditions display an indirect
bandgap. This approach opens new avenues for manipulating synthetic
methods to develop water-stable hybrid semiconductors suitable for a wide
range of applications, such as solid-state light emitters.

1. Introduction

The synthesis of single crystals typically
involves near room-temperature self-
assembly of cations and anions into their
thermodynamically favored crystal phase.l”]
Acidic conditions are often used to pro-
tonate organic amines into ammonium
cations.[®?! This process induces the self-
assembly of metal halides that coordinate
with ammonium cations through ionic-
bonding interactions and usually generate
crystals that cannot withstand direct contact
with water. Under non-acidic conditions,
bifunctional organic compounds that can
form zwitterions, such as alkylammonium
sulfides, can function as both cationic A
site and anionic X site in hybrid perovskites
of formula ABX (A = organic cation, B =
metal, X = Lewis base coordinated to the
metal, traditionally a halogen anion).l")
Organic diprotic compounds can dissociate
into protonated cations or anionic forms
under different pH conditions. Thus, we
aim to use bifunctional diprotic organic
compounds as our organic motif and
adjust pH to diversify the coordination
environment of lead, introducing covalency
between the organic group and the lead
halide.

A recent study used zwitterionic organic compounds in

The synthetic methods for synthesizing polycrystalline thin
films!** and single crystals!>®! of organic-inorganic lead halide
perovskites have been developed extensively over the past decade.

the synthesis of copper and lead hybrid perovskites."!l The
copper chloride hybrid perovskites involved bifunctional
alkylammonium  acids, RCOOH  (4-(ammoniomethyl)
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Figure 1. Proposed reaction mechanisms of the protonation process of cysteamine under various pH conditions. a) cysteamine in solid form, b) the form
of cysteamine under acidic conditions, c) the zwitterionic form of cysteamine under neutral (slightly basic) conditions, d) the form of cysteamine under
basic conditions, e) the hydrogen bonding between Pb and | in acidic condition, f) the coordination Pb-S in neutral condition, and g) the coordination

of Pb-S and Pb-N in basic condition.

benzoic acid) and RPO;H (3-(ammoniopropyl)phosphonic
acid), to synthesize (RCOOH),CuCl, and (RPO(OH),),CuCl,.l"!l
In these structures, the Cu forms Jahn-Teller distorted oc-
tahedral geometry with the elongated axis parallel to the
perovskite slab, similar to other Cu(II)-Cl perovskites. Perovskite
(H50),(taurine),CuCl, features a neutral zwitterionic taurine
(NH;(CH,),SO,H) with H;O" in the organic layer to neutralize
the total crystal charge. A lead-based heterostructure using the
acidic form of cysteamine (NH,(CH,),S) was employed to pro-
duce, (Pb,CL)(CYS),PbCl,, through intergrowth methods.!!!]
Building on the previous approach in synthesizing zwitterion-
based perovskites, we proceed to explore the role of pH on the
structure of CYS-lead-iodide hybrid perovskites, with the goal of
making inroads with the challenge of water stability.

Here, we present a novel synthetic strategy for lead halide
perovskites using the bifunctional alkyl ammonium sulfide, cys-
teamine. By varying pH during synthesis, we obtained three
different crystal structures of cysteamine lead halide perovskite
derivatives, named perovskitoids. Under acidic conditions, a pre-
viously reported compound is formed,!'?! with a “traditional” hy-
brid layered perovskites structure with only non-bonding interac-
tions between the organic cation and the inorganic layer. Under
neutral and basic synthetic conditions, first, the sulfur (neutral
form) and then both the sulfur and the nitrogen (basic form)
have lone pairs that coordinate directly to the lead, while still
maintaining layered structures. With the formation of covalent
bonds between the organic and inorganic components, the ma-
terial’'s water stability increased from a time scale of minutes to
months. While previous work has explored the use of cysteamine
as a zwitterion in various applications such as radioprotection,
treatment of cystinosis, cancer therapy, and as a depigmenting
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agent in dermatology,!'}! our study is to systematically investi-
gate the effect of pH on cysteamine-lead-iodide crystal structures.
Through this approach, we show how pH manipulation can be
utilized to rationally design perovskite or perovskitoid structures
with increased stability, which is a novel strategy in the field of
stable semiconductors for various optical and electronic appli-
cations. Utilizing first-principle density functional theory (DFT)
calculations, we determined that the perovskitoids synthesized
under basic and acidic conditions exhibit a direct bandgap na-
ture, while the perovskitoid synthesized under neutral condi-
tions displays an indirect bandgap nature. Photoluminescence
(PL) measurements were carried out on the three perovski-
toids, revealing strong excitonic properties that are temperature-
dependent. The time-resolved PL measurements indicate that
distortions in the inorganic layer impact carrier recombination
kinetics. Our novel approach to synthesizing perovskitoids with
cysteamine resulted in perovskitoids that displayed unique prop-
erties and improved water stability. The instability of hybrid per-
ovskites in humid conditions presents a significant barrier to
their practical applications such as solid-state light emitters. Our
novel method for creating water-stable hybrid semiconductors
provides opportunities to modify synthetic techniques, enabling
the efficient use of hybrid perovskites across a wide range of
applications.

2. Results and Discussion

2.1. Synthesis

The synthesis of three hybrid perovskite derivatives — per-
ovskitoids, involved the use of cysteamine in three different
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protonation states. Cysteamine possesses terminal amine and
thiol groups, each of which adopts different protonation states as
a function of pH (*NH,(CH,),SH at pH < 8.19, *NH,(CH,),S"
at 8.19 < pH < 10.75, and NH,(CH,),S™ at pH > 10.75)."%]
In solid form, cysteamine exists as a zwitterion with a proto-
nated amine and deprotonated sulfur to give a neutral species
(*NH;(CH,),S~, CYS*/~, Figure 1a). In an acidic solution, both
the amine group and thiol group are protonated, to give cationic
ammonium, a neutral thiol, and an overall charge of positive one
on the species (*NH;(CH,),SH, CYS*/?, Figure 1b). The Fourier
transform infrared (FT-IR) spectroscopy reveals an N-H stretch-
ing peak from —NH;* at 2995 cm 1'%l and an S—H stretching
peak at2571 cm ™'l in an aqueous solution at pH —1.3, as shown
in Figure S1 (Supporting Information). From 'H nuclear mag-
netic resonance (NMR) analysis, alkane peaks at 2.57 and 2.94
ppm!'®7] thiol peak at 1.95 ppm,!*®¥! and a small peak of am-
monium at 7.50 ppm!'®! are observed from CYS in D,0 with
HCI at pH —0.1(Figure S2¢,f, Supporting Information). At neu-
tral (slightly basic pH value), the nitrogen remains protonated
as the ammonium cation, but the thiol group is deprotonated to
give a thiolate anion. Thus, the species is neutral/slightly basic,
but each terminal is charged to give a zwitterion (*NH,(CH,),S™,
CYS*/~, Figure 1c). An N—H stretching peak from —NH,* at
2920 cm~11 i detected at pH 9.0 during FT-IR analysis (Figure
S1, Supporting Information). From 'H NMR, alkane peaks at
2.57 and 2.69 ppm!'®17] are detected from CYS in D, O with NaOD
at pH 9.0 (Figure S2b,e, Supporting Information). Due to the
NMR solution being prepared with NaOD in a D,0 solution
that lacks hydrogen, the ammonium peak is absent. In the ba-
sic solution, further deprotonation takes place at the ammonium
group, to give a neutral amine at one terminal, a thiolate anion
at the other terminal, and a species with a net charge of nega-
tive one (NH,(CH,),S~, CYSY~, Figure 1d). The FT-IR analysis
shows that the N—H stretching peak at 3300 cm~'('*] from —NH,
is present at pH 13.3 (Figure S1, Supporting Information). The
alkane peaks at 2.33 and 2.46 ppm,['®!7] along with the amine
peak at 1.00 ppm, confirm the structure of CYS in D,0O with
NaOD at pH 13.3 (Figures S2a,d, Supporting Information). Con-
sequently, we sought that altering the protonation state of cys-
teamine would impact the coordination environment of the lead
halide.

The synthetic procedure of the perovskitoids involved mixing
CYS, Pbl,, and Nal, and using HI or NaOH solution to control
the pH. The slow-cooling crystallization method involved dissolv-
ing the desired precursors in water at 110 °C and then slowly
cooling down to facilitate single-crystal formation. The three
perovskitoids formed have the formulas (*/°CYS-CYS*/°) Pbl,
(acidic, pH -1.3), (CYS™/7)Pbl, (neutral, pH 7.7), and (CYS%~)Pbl
(basic, pH 13.2). In the acidic form, the cysteamine dimerized
to form a disulfide bond, with the ammonium groups at both
termini of the dimer engaging in N—H---I hydrogen bonding
with the inorganic layers (Figure 1e). (In this work, we are defin-
ing a hydrogen bond as an N—H---X interactions where X =
I or S, and the H---X distance is the sum of the vdW radii —
0.2 A.) In the neutral perovskitoid, when the pH of the solu-
tion is 7.7, 24.5% of cysteamine exists as CYS*/~(zwitterion),
and 75.5% of cysteamine has the form of CYS*/° in equilib-
rium based on Henderson-Hasselbalch equation (pH = pK, +

logw%) with the pKa = 8.19 of thiol in CYS. A lone pair of
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electrons on the neutral S-terminal is available to form a cova-
lent bond with lead while the ammonium group is available to
form N—H---S and N—H---I hydrogen bonds (Figure 1f). The lead
sulfide bonds should elevate the formation energy of hybrid per-
ovskites and enhance stability. In the basic perovskitoid, the neu-
tral amine is capable of hydrogen bonding, but also has a lone
pair of electrons to form a covalent bond with lead (Figure 1g).
The Pb—N bonding is expected to further enhance water
stability.

2.2. Single-Crystal X-Ray Diffraction and Raman Spectra

All three compounds form alternating inorganic/organic layers
that comprise distorted octahedral lead halides. The crystallo-
graphic data and structure refinement information are summa-
rized in Tables S1-S4 (Supporting Information).

2.2.1. (*/°CYS-CYS*/°) Pbl, (Acidic)

Orange plates that crystallized in the monoclinic space group
P2,/n with formula C,H;,I,N,PbS, ((*/°CYS-CYS*/°)PbI,),
which is equivalent to a Ruddlesden-Popper (RP) phase 2D per-
ovskite A,B,X, (n = 1) as shown in Figure 2a. The crystals were
synthesized from a solution of Nal (aq) with a small amount
of HI (aq) in addition to the precursors CYS and Pbl,. The in-
organic component comprises single layers of corner-sharing
distorted Pbl, octahedral running parallel to the (001) plane
(Figure 2d; Figure S3a, Supporting Information). The organic
+OCYS-CYS*/? cations sit between layers and are oriented with
the terminal ammonium groups directed toward the terminal io-
dide atoms, such that all three hydrogen atoms of each amine
form N—H---I hydrogen bonds. These hydrogen bonds play a role
in maintaining the 2D structure of the crystal. The formation
of hydrogen bonds between the amine groups and sulfur atoms
is hindered by the presence of organic cations that have disul-
fide bonding in these acidic crystals. The structure is dependent
on the hydrogen bonding interactions between the ammonium
groups and the iodine atoms in the inorganic layers. As is typical
of most layered hybrid perovskites, no covalent bonding interac-
tions exist between the organic and inorganic components in the
structure. Figure 2g and Table S5 (Supporting Information) show
the Raman spectrum of the acidic form. The peaks at 25.2, 30.9,
46.1, 65, 83.8, and 112.1 cm™! are attributed to Pb—I vibrations
in the octahedra.l?’l The bump at ~200 cm™! in Figure 2g is a
torsional vibration of CYS at room temperature.?"?2l The con-
sistency in Pb—I vibrations across the three crystals (acidic, neu-
tral, and basic) suggests a shared structural element, while spe-
cific Raman peaks offer unique bonding arrangements in each
crystal (Table S5, Supporting Information). We then use X-ray
photoemission (XPS) spectroscopy to analyze the surface atomic
environment. As the crystal contains thiol and ammonium, we
could determine the binding states of sulfur and nitrogen. The
observed 163.6 eV peak for S 2p indicates that the form of sulfur
is —SH.[23] The 401.0 eV peak for N1s corresponds to the —NH,*
(Figure S3, Supporting Information).[?*]

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Crystal structures that synthesized at different pH conditions. a) crystal structure of (+/°CYS-CYS*/%)Pbl, in acidic condition (pH —1.3).
b) crystal structure of (CYS*/~)Pbl, in neutral condition (pH 7.7). c) Crystal structure of (CYS%/~)Pbl in basic condition (pH 13.2). d) corner-sharing
octahedra connectivity in acidic condition. e) edge-sharing octahedra connectivity in neutral conditions f) edge-sharing octahedra connectivity in basic
conditions. Raman spectra of g) (/°CYS-CYS*/%)Pbl, in acidic condition (pH —1.3), h) (CYS*/7)Pbl, in neutral condition (pH 7.7) and i) (CYS%~)Pbl

in basic condition (pH 13.2).

2.2.2. (CYS*/~)Pbl, (Neutral)

Yellow plates that crystallized in the triclinic space group P 1 were
obtained from a solution of Pbl, (3.412-3.580 A) and CYS-HCl
in Nal (aq) as shown in Figure 2b. The inorganic layer com-
prises highly distorted PbI,S, octahedra with four long Pb—I
bonds and two shorter Pb—S bonds. Each octahedron is edge-
sharing with three neighboring octahedra to form distorted hon-
eycomb sheets that run parallel to the (001) plane (Figure 2e;
Figure S4b, Supporting Information). The Pb—S bonds are on
opposite faces of the inorganic layers and direct the ammonium
group away from the inorganic layer. A detailed analysis of the
hydrogen bonding interactions reveals a complex network. The
structure exhibits four distinct N—HeeeA hydrogen bonds, where
A (acceptor) represents either iodine or sulfur atoms. Specifically,
the N1—H1aeeeI1 interaction has a HessA distance of 2.767 A
and a D (donor)eeeA distance of 3.552(3) A. The N1—H1beeeS1
bond shows a HeeeA distance of 2.702 A and a DeeeA distance of
3.376(3) A. There are two additional interactions: N1—H1cessI1
with a HeeeA distance of 3.047 A and a DeeeA distance of 3.650(3)
A, and N1—H1ceesI2 with a HeeeA distance of 3.026 A and a
DeeeA distance of 3.682(3) A. These hydrogen bonding interac-
tions play a crucial role in the crystal packing, with two of the
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ammonium hydrogens interacting with neighboring PbI14S2 lay-
ers by forming one N—Heeel hydrogen bond and one N—HeeeS
hydrogen bond. In the Raman spectrum of the neutral form in
Figure 2h, peaks at 157.0 and 197.9 cm™! were assigned to Pb—S
vibrations!?! and peaks below 100 cm™' (30.9, 40.4, 59.3, and
87.6 cm™!) were assigned to Pb—I vibrations (Table S5, Support-
ing Information).%! The 161.5 eV peak for S2p in XPS mea-
surement confirms that the binding state of sulfur is present as
—S~.[81'The 399.8 eV binding energy for N1s is not exactly in the
range of —NH;* (401-402eV)!?®! (Figure S3, Supporting Informa-
tion). The peak shift would be caused by the electronic environ-
ment of a nitrogen atom in the crystal surrounded by iodide that
can have hydrogen bonding between iodide and hydrogen which
can enhance the electron density of nitrogen to give a slightly
lower binding energy for ammonium.?’)

2.2.3. (CYS%~)Pbl (Basic)

Colorless plates that crystallized in the monoclinic space group
P2, /n were obtained from a solution of Pbl, and CYS in Nal
(aq) with NaOH (aq) added to adjust pH. The inorganic layer
comprises highly distorted PbI;S,N octahedra with three long

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Pb—I bonds (3.412-3.580 A) and three shorter Pb—S and Pb—N
bonds (2.440-2.856 A). Each octahedron is edge sharing through
the T and S atoms with three neighboring octahedra to form
zigzag layers that run parallel to the (101) plane (Figure 2c,f;
Figure S4c, Supporting Information). The CYS%~ are bidentate
and cover the surface to form a hydrophobic organic layer be-
tween the inorganic layers. To analyze hydrogen bonding inter-
action, we found two distinct N—HeseA hydrogen bonds, where
A represents either iodine or sulfur atoms. The N1—H1aeeeI1 in-
teraction has a HeeeA distance of 2.943 A, and a DeeeA distance
of 3.760(5) A. The N1—H1beeeS1 bond shows a HessA distance
of 2.991 A and a DeesA distance of 3.671(4) A. These hydrogen
bonds help maintain the crystal structure together by linking the
inorganic layers with the organic molecules. The Raman spec-
trum in Figure 2i reveals distinctive vibrational features. Raman
shifts below 100 cm™' (25.2, 32.8, 46.1, 61.2, and 91.4 cm™!) are
attributed to Pb—I vibrations®”) and peaks at 155.1 and 207.2
cm™! correspond to Pb—S vibrations.[?$2° Additionally, peaks at
188.6 and 269.9 cm™! correspond to Pb—N vibrations and consis-
tent with the Pb—N covalent bonding vibrational mode (Table S5,
Supporting Information).l3*3! The 161.5 eV XPS peaks for S2p
from the basic crystal support that the binding state of sulfur is in
the —S~ form.[?*] The 398.9 eV peak is found, corresponding to
—NH, (Figure S3, Supporting Information).®?! It can be inferred
that an amine group is present in the crystal and is bound to
lead.

When comparing the three perovskitoids, the structure of the
acidic form most closely resembles a “traditional” hybrid per-
ovskite, featuring distinct metal halide and organic layers. Under
neutral pH, the inorganic/organic layer structure is maintained,
but the sulfide covalently bonds to lead (Pb), directly linking the
inorganic and organic layers. Under basic conditions, both the
nitrogen (N) and sulfur (S) atoms from CYS covalently bond to
lead (Pb), forming single inorganic/organic layers where the in-
organic component is located inside and surrounded by a hy-
drophobic organic surface. In addition, N—H---X (X =, S) hydro-
gen bonds form in all three structures, but the number of hydro-
gen bonds per N-atom decreases from three to two to one for the
acidic, neutral, and basic perovskitoids, respectively. Therefore,
as the pH increases, the increased covalency between the organic
and inorganic layers should result in more stable structures. The
Pb—S and Pb—N covalent bonding both increases the strength of
the interactions between the organic and inorganic components
in the structure and makes it more difficult for water to penetrate
and interact with these hydrophilic functional groups to trigger
decomposition.

2.2.4. Stability of Perovskitoids

The stability of the three perovskitoids upon direct contact with
water was monitored over time using powder-XRD (PXRD) and
optical microscopy (Figures S5 and S6, Supporting Information).
Asillustrated in Figure 3a, the PXRD pattern of the basic form re-
mained unchanged, maintaining the structure of the fresh sam-
ple even after one month of storage in water. This observation
suggests that the covalency between lead sulfide and lead ni-
tride plays a crucial role in enhancing the stability of the crys-
tals. Crystals synthesized under neutral conditions also exhibited
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no distinct changes in the PXRD pattern after one month in wa-
ter (Figure 3b). Then we assessed their stability in a strong basic
solution of 0.1 ,, KOH, as illustrated in Figure 3c. Interestingly,
crystals synthesized under basic conditions retained their orig-
inal structure for up to 7 days, whereas those synthesized un-
der neutral conditions remained stable for only 6 h. Beyond this
timeframe, the crystal structure transformed from (CYS)PDbI, to
(CYS)PbI (i.e., the structure of crystals synthesized under basic
conditions). Finally, we examined the water stability of the acid
form (Figure 3d). The crystals decomposed into starting material
(PbL,) within 1 day, with the CYS presumably remaining in so-
lution. The black dots in the top pattern in Figure 3d are aligned
with the PXRD pattern of Pbl,. As expected, the lack of covalent
bonds between the inorganic Pbl, framework and the organic
CYS, resulted in immediate degradation upon direct contact with
water.

The exceptionally high stability of the basic and neutral
forms compared to the acidic form suggests that the covalent
bonds between the organic and inorganic components in the
layer structures are critical to the materials’ stability. We be-
lieve that in the acidic form, the water interferes irreversibly
with the hydrogen bonding network, triggering the decompo-
sition of the compounds back into their starting materials.
Formation of covalent bonds between the organic and inor-
ganic components, while still maintaining the general hybrid
perovskite structure features, may provide a means to gener-
ate more stable materials while maintaining important prop-
erties. Besides the water stability, all three crystals showed
quite decent thermal stability at above 200 °C (Figure S7,
Supporting Information). The thermal stability is attributed to
the interaction between multi-functional CYS and inorganic
structure.

2.2.5. Optical Properties

To investigate the optical properties of the three perovskitoids,
we conducted diffuse reflectance spectroscopy to analyze their
optical absorption and corresponding bandgap. The absorption
spectra were observed in the range between 420 nm to 550 nm
for all three crystals. Bandgap energies were determined through
Tauc plots, plotting (F(R)hv)? against photon energy and con-
verting photon energy to wavelength (Figure 4a,b). The calcu-
lated bandgap energies for the basic, neutral, and acidic crystals
were 2.96 eV (419 nm), 2.48 eV (500 nm), and 2.25 eV (551 nm),
respectively. Steady-state PL spectra of the three crystals were
recorded using a 375 nm continuous wave (CW) laser at room
temperature (Figure 4c). The basic crystal displayed PL emis-
sions at both 503 and 578 nm, accompanied by a narrow excitonic
emission and a broad trap-state emission, at room temperature.
The broad emission is associated with the self-trapped emission
(STE).33! The neutral crystal exhibited excitonic light emission
at 512 nm. The acidic crystal showed strong excitonic emission
both at 512 and 540 nm, at room temperature. Inset photographs
in Figure 4d, e, and f exhibit the basic, neutral, and acidic crystals,
respectively, under UV illumination (365 nm). These images pro-
vide a visual representation of the distinct emission characteris-
tics for each crystal type. The basic crystal exhibited a white light
emission, while the neutral crystal displayed a yellowish-green
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Figure 3. The structural stability of CYS perovskitoids. a) PXRD patterns of basic crystal and the stability check in water. b) PXRD patterns of neutral
crystal and the stability check in water. ¢) PXRD stability test of basic and neutral crystals under a strong base (0.1m KOH (aq)) solution. d) PXRD

patterns of acidic crystal after exposure to the water.

emission. The acidic crystal appeared green under UV light.
These visual observations align with the measured PL emission
peaks and offer a demonstration of the potential optical display
applications.

We then measured time-resolved PL (TRPL) to determine the
carrier/exciton recombination kinetics. TRPL experiments were
conducted on single crystals employing a pulsed fs-laser with
a repetition rate of 80 MHz and wavelength of 400 nm with
a fluence of 0.17 yJ cm™2. The observed PL decay time and
emission wavelengths varied across the crystals. For the basic
crystal, the PL decay time was 1.10 + 0.18 ns with emission
at 470 nm (Figure 4d; Table S6, Supporting Information). The
neutral crystal showed a shorter decay time of 0.80 + 0.12 ns
with emission at 516 nm (Figure 4e; Table S6, Supporting In-
formation). The acidic crystal displayed the shortest decay time
at 0.29 +0.0077 ns with emission at 540 nm (Figure 4f; Table
S6, Supporting Information). These results suggest that the
longer decay time for the basic crystal implies slower recom-
bination of charge carriers compared to the neutral and acidic
crystals.?*l To investigate the relationship between the PL de-
cay time and structure of crystals, the octahedral distortion (Ad)
was calculated based on Pb-X bond lengths and the bond angle
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variance (02) was calculated based on the X-Pb-X angle in the
octahedra.

we 5[5

n= avg

where d,,, is the average Pb—X bond distance and d,, are the six

Pb—X bond distances (X =1, N, and S).

12

ot = (%) 3 (6, -90)° (2)

n=1

where 0, is each X-Pb-X angle (X =1, N, and S).
The average PL decay time was calculated to reveal the trap-
state emission between the three crystals.

Af
r = L (3)

e Ei Ai

where 7,,.is an average PL decay time, A;are amplitude of ih PL

decay time, and 7, are i PL decay time.
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Figure 4. Optical properties of CYS perovskitoid single crystals. a) Diffuse reflectance spectra of three perovskitoids. b) Tauc plots of perovskitoids. c) PL
spectra of perovskitoids at room temperature. Time-resolved PL of d) basic e) neutral f) acidic crystals, with inset photographs showing the respective
luminescent crystals under UV illumination. 2D temperature-dependent PL spectra of g) basic h) neutral i) acidic crystals.

Basic, neutral, and acidic crystals had significantly different
values in the octahedral distortion (Ad) of 196.56 X 107, 67.42 X
107*, and 2.16 x 107*, respectively (Table 1; Table S7, Supporting
Information). In addition to Ad, the bond angle variance (¢?) in
octahedral of basic, neutral, and acidic crystals were 340, 98, and
10, respectively (Table 1; Table S7, Supporting Information). We
discovered that the distortions in the octahedra of the basic crystal

were caused by the Pb—N and Pb—S bonding in the PbI, frame-
work, leading to the most distorted inorganic structure among
the three crystals. The basic crystal with highly distorted octahe-
dra showed both band edge exciton emission and STEs and had
the longest 7, 0f 0.28 s (Table 1; Table S8, Supporting Informa-
tion) out of the three crystals.[3>3¢] The neutral crystal had 7, of

avg

0.10 ns which was longer than the acidic crystal's z,,, of 0.08 ns

Table 1. The octahedral distortion (Ad), the bond angle variance (¢%), and average PL decay time (Tavg) Of (CYSY=)Pbl (basic), (CYS*/~)Pbl, (neutral),

and (*/9CYS-CYS*/%)Pbl, (acidic) crystals.

(CYSY-)Pbl (Basic)

(CYS*/~)Pbl, (Neutral) (*1°CYS-CYS*/%)Pbl, = (Acidic)

Ad 196.56 x 10~
o? 340
Tayg (NS) 1.10+0.18

67.42 x 1074 2.16 x 1074
98 10
0.80 +0.12 0.29 + 0.0077
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Figure 5. Electronic band structures from a) basic crystal, b) neutral crystal, and c) acidic crystal with corresponding bandgap energy.

(Table 1; Table S8, Supporting Information). Because of the Pb—S
bonding, the neutral crystal was much more distorted than the
acidic crystal, leading to a longer PL decay time than the acidic
crystal.

To further explore the photophysical properties at elevated
temperatures, temperature-dependent PL measurements were
conducted. As the sample was cooled from 270 to 80 K, the PL
intensity of the basic crystal was enhanced with decreasing tem-
perature, while the STE intensity diminished (Figure 4g). The full
width at half maximum (FWHM) of the PL spectrum from the
neutral crystals became narrower as temperature decreased with
a slight blue shift of #4 nm (Figure 4h). This suggests that non-
radiative recombination mechanisms were suppressed at lower
temperatures. In Figure 4i, the acidic crystal had PL maximum
at 512 and 540 nm at 270 K. However, as the temperature de-
creased, the PL intensity at 540 nm nearly disappeared. This in-
dicates that the emission at the band edge became dominant as
trap-state emission diminished at lower temperatures.

2.2.6. DFT Electronic Structure Calculations

We utilized the generalized gradient approximation of density
functional theory (GGA-PBE) to compute the electronic band
structures of three compounds. Incorporating the spin-orbit cou-
pling (SOC) effect, the calculated bandgaps for the basic, neutral,
and acidic crystals are 2.206 eV (Figure 5a), 2.196 eV (Figure 5b),
and 1.359 eV (Figure 5c), respectively. This trend indicates that
the bandgap becomes smaller as the pH level decreases, consis-
tent with the observations from optical diffuse reflectance mea-
surements. Specifically, the neutral compound exhibits an indi-
rect band gap, while both the basic and acidic compounds display
direct band gaps. Notably, the basic compound, characterized by
edge-sharing connectivity, displays a relatively flat energy disper-
sion for both the valence band (VB) and conduction band (CB).
In contrast, the neutral crystal, with edge-sharing connectivity, ex-
hibits a more dispersed energy band at the conduction band. The

Adv. Mater. 2024, 2406274 2406274 (8 of 11)

band structure of the acidic crystal with corner-sharing connec-
tivity, demonstrates greater dispersion, aligning with the typical
characteristics observed in 2D hybrid perovskites.

2.2.7. Application to the Water Stable Thin Film Display

To demonstrate the potential display applications, we have fab-
ricated single crystal/polystyrene (PS) composite thin films and
studied water stability. To create solution-processable semicon-
ductor ink that could be used for thin films, ground neutral crys-
tals were uniformly dispersed in a PS matrix. A simple display
was created that functioned both in air and water to demon-
strate the material’s capabilities. The thin film with the VT logo
(which stands for Virginia Tech) appeared as a yellow pattern un-
der normal lighting conditions (Figure 6a). This demonstrated
the successful integration of the neutral crystal/PS composite to
form a distinct logo on the film surface. After excitation with
UV light (365 nm), the thin film showed a clear emission of a
green VT logo in the air (Figure 6b). It was remarkable that de-
spite being fully submerged in water, the film retained its lumi-
nescent properties and displayed the VT logo with comparable
brightness and clarity (Figure 6¢). This demonstration in both
air and water highlights the exceptional stability of the neutral
crystal/PS composite. The material retains its structure and lu-
minescent properties in dry conditions and when submerged in
water. These demonstrations show the potential of neutral crys-
tal/PS composite thin films for water-resistant light-emitting dis-
plays. They could be useful in wet environments where normal
moisture-sensitive materials (halide perovskites) would quickly
decompose.

3. Conclusion

Our study presents a systematic approach to synthesizing hybrid
metal-halide perovskites and perovskitoids, introducing an inno-
vative approach to enhance water stability and optical properties.
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Figure 6. a) Thin film of neutral crystal/PS composite. Emission of neutral crystal/PS composite thin film under UV light (365 nm) b) in the air, and
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The use of cysteamine, a bifunctional organosulfide, enabled us
to change the coordination environment of lead halides under
different pH conditions. The perovskitoids (CYS)PbI, (CYS)PbI,,
and (CYS-CYS)PbI, that were produced under basic, neutral, and
acidic conditions had distinct crystal structures and bonding con-
figurations. Our strategy resulted in the formation of lead-sulfide
and lead-nitride covalent bonds in the crystal structures under ba-
sic and neutral conditions, which improved their stability from
hours for the acidic form to over a month for the neutral and
basic forms. Optical measurements revealed intriguing bandgap
variations among the perovskitoids, with a direct bandgap ob-
served in the basic and acidic forms, and an indirect bandgap
for the neutral form. By observing excitonic properties through
PL measurements, we can further demonstrate the potential of
these materials for optoelectronic applications. This work opens
new avenues for tailoring the properties of hybrid metal-halide
perovskites by manipulating synthetic conditions, providing a
foundation for designing water-stable semiconductors with tun-
able optical properties. These advancements will benefit a variety
of applications, including solid-state light emitters and optoelec-
tronic devices.

4. Experimental Section

Materials:  Pbl, (99%), cysteamine hydrochloride (>98%), cysteamine
((=98%), and hydroiodic acid (57 wt% in H,O, distilled, stabilized,
99.95%) were purchased from Sigma-Aldrich and used as received.
Sodium iodide (>99%) was purchased from TCl and used as received.

Synthesis—Basic CYSPbl:  (CYS)Pbl was synthesized using the slow-
cooling crystallization method. Cysteamine (1 mmol) was dissolved in the
basic solution mixed with 6M Nal (aq) (10 mL) and 1M NaOH (aq) (2
mL). Afterward, Pbl, (1 mmol) was added to the precursor solution. The
reaction mixture was heated to 110 °C for 1 h until everything dissolved.
The solution was cooled gradually to room temperature (RT) with a tem-
perature gradient of 4 °C h~'. The colorless crystals were filtered under a
vacuum and washed with DI water and acetone.

Synthesis—Neutral (CYS)Pbl,: (CYS)Pbl, was synthesized using
the slow-cooling crystallization method. Cysteamine hydrochloride
(C,H;NS-HCl) (0.6 mmol) was dissolved in the 6m Nal (aq), and Pbl,
(0.6 mmol) was added to the solution. The reaction mixture was heated to
110 °C for 1 h until everything dissolved. The temperature of the solution
was gradually reduced to RT with a gradient of 4 °C h™'. Yellow crystals
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were filtered under a vacuum and washed with distilled (DI) water and
acetone.

Synthesis—Acidic (CYS),Pbl,: (CYS),Pbl, was synthesized using the
slow-cooling crystallization method. Cysteamine (Immol) was dissolved
in the acidic solution mixed with 6m Nal (aqg) (SmL) and 57 wt % HI (aq)
(1 mL). Afterward, Pbl, (Immol) was added to the precursor solution.
The precursor solution was heated to 100 °C for 1 h until the precursors
dissolved. The temperature of the solution was decreased to RT with a
gradient of 4 °C h™'. The orange crystals were filtered under a vacuum
and washed with chloroform.

Powder XRD:  An X-ray diffractometer (Rigaku Mini Flex 600) with a Cu
ka (4 = 0.154 nm) radiation source generated at 40 kV and 15 mA, was
used to analyze the crystal structure of all crystals. The scanning range,
20, of the instrument was between 4° and 50°, the scanning rate was
10° min~', and the increment was 0.05° per step.

Single-Crystal XRD: The crystals were centered on the goniometer
of a Rigaku Oxford Diffraction Synergy-S diffractometer equipped with
a HyPix6000HE detector and operating with MoKa radiation. The data
collection routine, unit cell refinement, and data processing were car-
ried out with the program CrysAlisPro.3”] The structures were solved us-
ing SHELXTI®*®] and refined using SHELXLE?! via Olex2.l4°1 The final re-
finement model involved anisotropic displacement parameters for non-
hydrogen atoms and a riding model for all hydrogen atoms. Software Vesta
was used for molecular graphics generation.[*!l Software Mercury was
used for the shortest D-HeseA distances.[*?]

Raman Spectroscopy: The acquisition of Raman spectra was done by
excitation of a 532 nm laser, and the collection of Raman signals was done
with a CCD camera (Horiba XploRA PLUS). The measurements were con-
ducted in ambient conditions. The Raman spectra were obtained using a
10x objective lens.

FT-IR Analysis:  CYS was dissolved in pH —1.3, 9.0, and 13.3 aqueous
solution and drop-casted. Fourier transform infrared spectroscopy (FT-IR)
was performed on a Thermo Scientific Nicolet iS5 spectrometer with an
iD7 ATR accessory. The scan range was 4000 — 400 cm~" with 64 scans
and a resolution of 0.8 cm™'.

NMR Analysis: ~ Proton nuclear magnetic resonance ("H NMR) spectra
were collected in D,O or NaOD on an Agilent U-4 DD2 400 MHz. Carbon
NMR (¥C NMR) spectra were collected in D,O or NaOD on a Bruker
Avance |1 500 MHz.

XPS Analysis:  X-ray Photoelectron Spectroscopy (XPS) spectra were
collected on a PHI 5000 Versaprobe Il spectrometer using an aluminum
anode X-ray source with a photon energy of 1486.6 eV. Survey spectra were
collected with a 25 W, 15 kV source producing a 100 um beam with a scan
range of 1100-0 eV with a step size of 0.5 eV and pass energy of 280 eV.

PXRD Stability Test: A total of 100 mg of crystals were immersed in
5mL of DI water for a given length of time such as 1 day, 1 week, and 1
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month. After the soaking time was finished, the crystals were filtered using
a vacuum. The structure change or degradation after exposure to water
was revealed by comparing the PXRD patterns of fresh crystals.

Diffuse Reflectance: An Agilent Technologies Cary 5000 UV-vis—NIR
spectrometer was used to measure diffuse reflectance for solid-state sam-
ples using an internal diffuse reflectance accessory.

Time-Resolved PL and Temperature-Dependent PL: A Horiba iHR-550
spectrometer with an LN-cooled CCD Horiba Symphony Il detector was
used for PL measurements. The samples were excited with a 488 nm CW
Coherent Sapphire laser at 1 mW of laser power. The samples were cooled
inside a cryostat from 270 to 80 K with time taken between each temper-
ature measurement to allow for proper thermalization. A 488 nm Long
Pass Edge filter was used before the spectrometer to eliminate the laser
line mixed with the PL response. Exposure times were varied between 1
and 0.1 s to avoid detector saturation at lower temperatures and the en-
trance slit size into the spectrometer was kept at 0.1 mm.

A PicoHarp 300 was used for TRPL measurements with a Si sync pho-
todetector acting as a starting reference detector and a single-photon
avalanche detector (SPAD) was used for counting PL photons. The sync
detector was synced/timed with an 80 MHz (13.5 ns between each pulse)
Ti:Sapphire Coherent Chameleon laser set at 800 nm. The laser frequency
was then doubled to 400 nm using a thick BBO crystal achieving an exci-
tation power of 14 mW. The SPAD cannot differentiate photon energies so
to ensure the speak PL peak of interest was only counting, an Acton 2300i
spectrometer was utilized acting as a monochromator along with a 450
nm Long Pass filter to remove any laser light. The entrance and exit slits
of the monochromator were kept fully open (%2 mm). The TRPL accumu-
lation time was 120 s. The observed TRPL traces were fitted with a double
exponential fit.

DFT Calculations: The electronic structure calculations were con-
ducted utilizing the Quantum Espresso code,[“] employing Density Func-
tional Theory (DFT) in conjunction with plane wave pseudopotentials.
Within this framework, the electronic exchange-correlation interactions
were accounted for using the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional.l*4l In the computa-
tions, non-spin-polarized single-point energy calculations were performed
employing the experimental lattice parameters as initial input values. The
plane wave cutoff energy for Kohn-Sham valence states was set at 70 Ry for
the neutral and basic samples, while for the acidic sample, after conduct-
ing convergence tests, it was adjusted to 100 Ry. To sample the Brillouin
zone (BZ) in k-space, a grid size of 2 X 2 x 1 was employed for the neutral
and basic samples, and 1 x 1 x 1 for the acidic sample, facilitating self-
consistent field (SCF) calculations.[#346] For the pseudopotential data, the
Pslibrary database was drawn upon employing ultrasoft pseudopotentials.
Throughout the electronic minimization process, a stringent convergence
threshold of 1076 eV was applied. Furthermore, the influence of spin-orbit
coupling (SOC) was incorporated into these calculations, where collinear
spin polarization was assumed, and full relativistic pseudopotentials were
utilized to account for this effect.

Fabrication of Neutral Crystal /PS Inks and Display of Thin-Film: A total
of 20 mg of PS was dissolved in 0.2 mL of chloroform at room temperature.
30 mg of ground neutral crystal powders were added into the PS solution
to make neutral crystal/PS ink. The solution was sonicated for 15 min and
drop-casted onto the VT logged frame. After PS was cured, the film peeled
off. Neutral crystal/PS composite thin film was illuminated at a 365 nm
UV light.

Accession Codes: CCDC 2345785, 2345786, and 2345787 contain the
supplementary crystallographic data for this paper. The data can be ob-
tained free of charge via https://www.ccdc.cam.ac.uk/data_request/cif,
or by emailing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336033.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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