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Broadband-Emitting 2D Hybrid Organic—norganic
Perovskite Based on Cyclohexane-bis(methylamonium)
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A new broadband-emitting 2D hybrid organic—norganic per-
ovskite (CyBMA)PbBr, based on highly flexible cis-1,3-bis(me-
thylaminohydrobromide)cyclohexane (CyBMABTr) core has been
designed, synthesized, and investigated, highlighting the ef-
fects of sterecisomerism of the templating cation on the for-
mation and properties of the resulting perovskite. The new 2D
material has high exciton binding energy of 340 meV and a
broad emission spanning from 380 to 750 nm, incorporating a
prominent excitonic band and a less intense broad peak at
room temperature. Significant changes in the photolumines-

Introduction

Hybrid organic—norganic perovskites (HOIPs) semiconductors
have attracted significant attentions owing to their outstand-
ing performance in photovoltaics.” The high efficiency ach-
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cence (PL) spectrum were observed at lower temperatures,
showing remarkable enhancement in the intensity of the
broadband at the cost of excitonic emission. Temperature-de-
pendent PL mapping indicates the effective role of only a
narrow band of excitonic absorption in the generation of the
active channel for emission. Based on the evidences obtained
from the photophysical investigations, we attributed the evolu-
tion of the broad B-band of (CyBMA)PbBr, to excitonic self-
trapped states.

ieved along with their appealing low-cost solution processabili-
ty, led to the development of Pb-based HOIPs as substitute for
silicon-based solar cell technology.” In general, HOIPs display
diverse dimensionality owing to the templating action of the
inorganic metal-halide lattice. When the metal-halide network
extends in 3D space incorporating small organic ammonium
cations in the cuboctahedral voids, the generated lattice is rec-
ognized as 3D HOIPs, symbolized as AMX;, where A and M are
monovalent and divalent cations, respectively.”

However, if the metal-halide sheets are separated by rela-
tively bigger organic ligands, represented as (RNH,),PbX, or
(NH;RNH;)PbX,, the obtained lamellar type architectures have
reduced dimensionality, and are termed 2D or layered HOIPs.®!
Such low dimensional systems allow a greater synthetic flexi-
bility and a consequent fine tuning of the materials properties
through synthetic design. In general, the ligands of 2D HOIPs
are bulky as well as hydrophobic in nature, which manifests in
their ambient moisture resistance, substantially lacking in the
corresponding 3D materials. Moreover, 2D HOIPs display sig-
nificantly higher exciton binding energy compared to the anal-
ogous 3D materials owing to their multi-quantum-well-like ar-
chitecture.®’ All these unprecedented features of 2D HOIPs
have paved the way for their emergence as extremely desira-
ble materials for various light-emission applications, such as
light-emitting devices (LEDs)" lasing,” photodetectors,” and
scintillation.”

In the current decade, when paradigms have shifted toward
the development of sustainable technologies to retrench
energy consumptions, phosphor-based solid-state lighting
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evolved as potential substitute for conventional incandescent
bulbs. In general, the majority of 3D HOIPs have sharp and
narrow band-edge-to-band-edge emission. However, the same
is not the case with 2D HOIPs, which can substantially achieve
broad emission. These broadband-emitting 2D HOIPs are en-
visaged to have potentials for low-cost, single source, solution-
processed, solid-state lighting, and are anticipated to be po-
tential substitutes for contemporary multi-phosphor-based
white-light emission technology, in which significant energy
loss due to self-absorption by phosphor is a major setback.”
Insofar, a number of low-dimensional HOIPs have shown
broadband emission based on both linear and cyclic organic
cations to template the 2D perovskite structure. These include
for example: 3-(aminopropyl)imidazole,”” N1-methylethane-1,2-
diammonium(N-MEDA),"® 2,2’(ethylenedioxy)bis(ethylammoni-
um) (EDBE)"and cyclohexyl ammonium cation.*® Recently,
white-light emission has been also shown in 1D structures em-
ploying N,N'-dimethylethylenediamine as organic building
block.™ It should be noted that broadband emission of the
above described 2D HOIPs involves various mechanisms, in-
cluding emission either from the defect states, trap states, or
energy transfer®*"¥ Recently, the origin of white-light emis-
sion in 2D perovskites has been reported to be related to the
charge self-trapping phenomena leading to the formation of
polaronic excitons localized within the inorganic layers of the
perovskite.***' Sych charge self-trapping was shown to be
energetically favored in low-dimensional perovskites bearing
strong excitonic properties and subject to strong distortion of
the lead-halide framework."' These findings point to the
need of designing perovskites with distorted and strained
structures to enhance charge self-trapping that may ultimately
lead to highly efficient broadband emission.

In continuation of our strategies to develop functional per-
ovskite materials,"*™ "™ we designed and explored a new
white-light emitting 2D HOIP embodying 1,3-bis(methylamino-
hydrobromide)cyclohexane(CyBMABr) ligand (Figure 1). Our
choice for exploring CyBMABFr as ligand for 2D HOIP was moti-
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Figure 1. Structure of (CyBMA)PbBr,.
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Scheme 1. Synthesis of cis-CyBMABr.
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vated on the following grounds: we envisioned that bidentate
ligand CyBMABr will bring the layers of [PbBrg*~ octahedra
nearer compared to the other monodentate ligands. Further-
more, the angular orientation of the methylammonium moiet-
ies involved in hydrogen bonding with the inorganic scaffold,
combined with the steric hindrance induced by the cyclohexyl
core, would induce structural distortions in the perovskites lat-
tice. In particular, the conformational isomerism of CyBMABr
may enhance cumulative lattice vibrations and charge—phonon
coupling in the corresponding perovskite.'**<'”! Although a
few white-light emitting perovskites have recently been report-
ed, the effects of stereoisomerism imparted by the templating
cation on the formation and properties of the resulting perov-
skite have never been investigated. Herein, we isolated both
cis and trans diastereomers of the ligand CyBMABr and ob-
served that the steric hindrance, particularly 1,3-diaxial interac-
tion between the methylammonium group and 1,3-axial hy-
drogens of the trans isomer of the ligand hinders the crystalli-
zation of the perovskite. On the other hand, the cis diastereo-
mer can be successfully cocrystallized with the inorganic pre-
cursor leading to the formation of the 2D HOIP, namely, cis-
(CyBMA)PbBr, (Figure 1). We inferred that the angular tension
induced by the cis ligand on the inorganic lattice causes wide
emission in the visible region. The synthesis, crystal structure,
and broadband-emissive properties of (cis-CyBMA)PbBr, are
discussed.

Results and Discussion
Synthesis

The reaction scheme for the isolation of [cis-(CyBMABr)] from
cis+trans(CyBMA) (1) is reported in Scheme 1. The diamine
(CyBMA) was reacted with di-tert-butyldicarbonate to form the
corresponding Boc-protected amine, CyB-NH-Boc (Boc: tert-bu-
toxycarbonyl). Washing of the latter with hexane/THF (1:1) led
to the isolation of 2, as white powder with 58% yield. The cis
conformation of 2 was established from the crystal structure
analysis reported in Figure S11 in the Supporting Information.
Subsequent deprotection of 2 with 48% aqueous HBr at room
temperature led to the formation of corresponding ammonium
bromide (3). To synthesize the corresponding perovskite crys-
tals, equimolar ratio (0.27 millimoles) of 3 and PbBr, were
mixed with 5 mL (48%) aqueous HBr, and sonicated for 5 min
to completely dissolve them. (CyBMA)PbBr, perovskite single
crystals were grown by slow diffusion of dioxane over a period
of a month. The isolated trans-(CyB-NH-Boc) was also treated
with HBr to synthesize corresponding trans-(CyBMABr). The
synthesis process for trans-(CyB-NH-Boc) and trans-(CyBMABr)

H
NHBoc HBr NH,Br
—_———
MeOH, rt, 24h  BrH;N

B80%

cis-(CyBMABr)
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Figure 2. (a) Crystal packing diagram for (CyBMA)PbBr, showing propagation of [PbBrg]*~ octahedron along the ac-plane, (b) packing along the bc-plane re-
vealing twist of the Pb—Br chains, (c) photographs of a (CyBMA)PbBr, crystal with scale bar and spin-coated film illuminated under UV lamp.

are described in the experimental section and the 'H and
3C NMR data are shown in Figures S1-510. However, trans-(Cy-
BMABI) did not allow the perovskite formation when cocrystal-
lized with PbBr, in HBr solution.

Crystal structure, morphology, and thermal stability

(CyBMA)PbBr, crystals (Figures 2 and S11) were characterized
by XRD at various temperatures and the structural parameters
remained unchanged in the temperature range investigated
(298—103 K, Table S2). (CyBMA)PbBr, was found to crystallize
into orthorhombic crystal system (Pnma) with < 100> orienta-
tion, Table 1. The [PbBr]*" octahedron propagates in ac-plane
with channels along the b-axis occupied with the ligand mole-
cules (Figure 2). The asymmetric unit includes half molecule of
the ligand, one Pb*", and two bromide ions. The propagating
Pb—Br chains are twisted such that plane passing through
each axial Pb—Br bond in the bc-plane is slanted by 28° with
respect to the plane of the axial Pb—Br bond of the adjacent
octahedra within the same chain (cf. Figure 2b). As a result,
the Pb—Br—Pb bond angles, which drive the connectivity of
the inorganic motif, strongly deviate from the planar geometry

Table 1. XRD data of (CyBMA)PbBr,.

Structural parameters (CyBMA)PbBr,

molecular formula C;gH54N,0,

formula weight 671.09

crystal system orthorhombic

space group Pnma

a Al 8.513(6)

b [A) 24.424(16)

c[A] 7.9371(6)

a (%) 90

B 90

7 () 90

volume (A3 1650.3(2)

calculated density [mg m~3] 2.701

absorption coefficient [mm™'] 19.885

F (000) 1216

goodness-of-fit on F? 1.035

final R indices [I>20(/)] R1=0.0904, wR2 =0.2502%
R indices (all data) R1=0.1306, wR2=0.2881"!
[a] R1 and wR2 are a measure of the agreement between the crystallo-
graphic model and the experimental X-ray diffraction data.
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with an average value of 147.72°. Despite the relevant tilt, we
note that the PbBr, units maintain a close to ideal geometry of
the octahedral coordination with an octahedral elongation of
Ao=1.0016 and octahedral angle variance o0,,>=5.98. The
reason for such twist, leading to a strong deviation from the
ideal planar structure, relates to the hydrogen bonding be-
tween the methyl ammonium groups of the ligands and the
Pb—Br octahedra, generating the <100 >-oriented inorganic
network with highly twisted PbBrg octahedral units. The inter-
planar distance between the adjacent Pb—Br chains of (Cy-
BMA)PbBr, was approximately 12 A, which is consistent with
the short length of our templating cation. Furthermore, the cy-
clohexane ring of the ligand cis-CyBMABr exists in its most
stable chair conformation and the angle between methyl am-
monium group and cyclohexane core is about 110°. The tor-
sional angle between the two 1,3-methyl ammonium linkers is
approximately 0° due to their equatorial position. The pre-
ferred orientation along the b-axis was revealed from promi-
nent XRD reflections of the film of (CyBMA)PbBr, (Figure S13).

Images of the 2D platelets of (CyBMA)PbBr, and the corre-
sponding thin films under UV-light illumination show bright
white-light emission (Figure 2¢). To test the thermal stability of
the material, themogravimetric analysis (TGA) was performed
on the isolated crystals of (CyBMA)PbBr, and is shown in Fig-
ure S14. The onset of decomposition was detected at 319°C,
which attests to the high thermal stability of (CyBMA)PbBr,.
The TGA curve displays two weight-loss steps; the first can be
attributed to the loss of organic cation and the second to the
decomposition of the inorganic residue.

Photophysical properties

(CyBMA)PDbBr, thin films were prepared following the proce-
dure described in the Experimental Section. A scanning elec-
tron microscopy (SEM) image of the thins film demonstrating
its uniform and smooth morphology is shown in and Fig-
ure S15. The UV/Vis spectrum for the (CyBMA)PbBr, thin film
measured at 298 K is shown in Figure 3. It shows a broad UV
absorption spanning over the range 300350 nm and a sharp
peak at 380 nm. The excitonic absorption peak is typical of lay-
ered perovskites owing to the quantum confinement between
the organic barrier and the inorganic wells. The energy differ-
ence between the valance and excitonic band is approximately
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Figure 3. (a) UV/Vis absorption spectrum at 298 K, (b) Tauc plot at 77 K. The
exciton binding energy of (CyBMA)PbBr, was extracted as the difference be-
tween the center of the excitonic band and the inception of the higher-
energy band.

3.65 eV, calculated from Tauc plot for direct band-gap semicon-
ductor material, where aoc(E—E,)"* (Figure $16)."® Further-
more, to evaluate the exciton binding energy of the material,
temperature-dependent UV/Vis studies were performed for the
(CyBMA)PDbBr, thin film in the temperature range from 298 to
77 K (Figures 3a-b and S17). We observed a slight blue shift
and narrowing of the absorption band edge with lowering of
temperature, in agreement with previous results."®9 The exci-
ton binding energy was measured from the UV/Vis spectrum
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of (CyBMA)PbBr, at 77 K, by subtracting the onset of interband
transition from the excitonic emission peak (Figure 3b).

The high exciton binding energy of 340 meV for (Cy-
BMA)PbBr, is in agreement with its low dimensionality. The
photoluminescence (PL) spectrum of the (CyBMA)PbBr, spin-
coated film, excited at 360 nm, exhibits two main components:
a sharp and dominant excitonic peak with maximum at
400 nm (E-band), and a less intense broader band (B-band)
spanning over the visible range between 450 and 750 nm (Fig-
ure 4a). The dominant excitonic peak is a typical feature of 2D
HOIP with non-luminescent chromophore. Emission character-
istics of (CyBMA)PbBr, were explored as a function of tempera-
ture to probe the nature of emissive states. Interestingly, upon
lowering the temperature, the (CyBMA)PbBr, PL emission spec-
trum showed disappearance of the E-band with simultaneous
enhancement of the B-band (Figure 4a,b). The Commission In-
ternationale de L’Eclairage (CIE) chromaticity coordinates for
the emission of (CyBMA)PbBr, at 298 K are: x=0.23 and y=
0.29, which occupies the bluish-white region of the coordinate
diagram. We noted that the relative changes in the intensity of
both E- and B-band with temperature drift the emission from
blue to red, as shown in Figure 4c. The correlated color tem-
perature (CCT) coordinates at 298 and 77 K were 18418 and
3315 K, respectively, conforming the consistent shift to warmer
colors. Figure 4b also shows that the total emission intensity
strongly increases decreasing the temperature, suggesting that
at room temperature a strong thermal quenching of PL takes
place, justifying the low photoluminescence quantum efficien-
cy (PLQE) of the material, as reported in Table 2. To tune the
emission of the CyBMA-based perovskites close to white, we
also explored the mixed-halide compositions by partially ex-
changing the bromine and iodine atoms content (Figure S19).

Table 2. Photophysical properties of (CyBMA)PbBr,,

Material Band gap [eV]  Binding energy [meV]  PLQE™ [%]
(CyBMA)PbBr, 3.65 340 15
[a] At 298 K

a
@ (b) —
31K
123K
o 153K
c 0.84 183 K
% —13 K
2 —
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Figure 4. (a) PL spectrum of (CyBMA)PbBr, spin-coated film at 298 and 77 K, for 360 nm excitation, (b) temperature-dependent 2D PL map in the range of
298-77 K for excitation at 360 nm, (c) 1931 chromaticity coordinates as a function of temperature.
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Figure 5. (CyBMA)PbBr, PL photoexcitation maps. PL intensity is reported as function of emission and excitation wavelengths at (a) 298 K, and (b) 77 K.

The composition with emission closest to the white point was
achieved for the 9:1 bromine/iodine ratio. The corresponding
CIE coordinates are x=0.25, y=0.30.

PL photoexcitation maps at 298 and 77 K are shown in Fig-
ure 5a, b, respectively. Interestingly, the (CyBMA)PbBr, emission
spectrum is very different at 298 and 77 K, although both pho-
toexcitation maps clearly exhibit the same maximum at 360—
380 nm (Figure 5), which is in contrast to the broad absorption
shown in Figure 3a. Similar behavior has been observed previ-
ously in 2D HOIP and attributed to the presence of single
active excitation channel that eventually relaxes into the inter-
mediate states, generating broad PL.I"

The most accredited model, which explains the nature of
the broad PL involves the self-trapping of excitons (STEs),!"”
which is favored in perovskites with strong distortions of the
inorganic lattice."*?*?" In the case under study, despite the
close-to-ideal geometry of the PbBrg units, their strong out-of-
plane tilt strongly affects the geometry of the lead-bromide
network. Therefore, the interplay between such structural
properties in (CyBMA)PbBr, well correlates with the coexis-
tence of narrowband and broadband emission with compara-
ble intensity at room temperature. Our temperature-depen-
dent investigation is also in agreement with the proposition
that the broad emission of (CyBMA)PbBr, could be owed to
STEs.™ As noted earlier, photoexcitation of (CyBMA)PbBr, op-
erates with single active channel, forming bound electron—hole
pairs, termed as excitons or free excitons (FEs), which can
couple with the inorganic lattice vibrations, that is, phonons,
forming coupled exciton—phonon pairs. To simplify the con-
cept, exciton—phonon coupling can be visualized as an exciton
dressed with phonons.'”?? The greater the extent of exciton—
phonon interaction, the slower is the movement of exciton
due to association with a higher density of phonons, and for a
sufficiently strong exciton—phonon interaction, the movement
of exciton is interrupted at a lattice site, leading to their self-
trapping. The emission from STEs is very broad and significant-
ly stoke-shifted compared to the excitonic emission, owing to
the reorganization of potential during the trapping mecha-
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nism. Furthermore, at room temperature, the coexistence of
FEs and STEs is well established in several materials with
higher dimensionality.”®' At room temperature, fast thermal
funneling of the generated STEs back to the FEs occurs, which
eventually decays to give dominating excitonic emission at
room temperature.”? This concept can be visualized as tem-
perature-assisted detrapping of STEs. At 77 K, all excitons are
in self-trapped states, resulting in a broadband luminescence
that is strongly stoke-shifted, as discussed in previous pa-
pers.'>739 However, the transformation of STEs to FEs be-
comes thermodynamically unfavorable at lower temperatures,
resulting in quenching of the emission from excitonic state
and increasing the population of STEs, which becomes the
dominating decay channel.

STEs are generally localized within the inorganic lattice and
both experimental electron-spin resonance measurements and
ab initio calculations have shown that Pb,*", Pb*", and X,~
(X=Cl, Br) are the most likely radiative self-trapped states.'®="

To further validate the attribution of exciton self-trapping
within the (CyBMA)PDbBr, lattice, room-temperature time-re-
solved PL (TRPL) was measured for different emission wave-
lengths from 385 to 605 nm, as shown in Figure 6. Clearly, the
characteristic decay time increases as a function of emission
wavelength (Figure 6b). These outcomes likewise complement
our argument of photogeneration of FEs by single active chan-
nel, followed by relaxation into different STEs, causing prompt
onset and shorter lifetime compared to that of the red-edge of
the emission, similar to the observations reported for N-MEDA
and Si-nanocrystals and other 2D HOIPs.!

Conclusions

A new 2D hybrid organic—norganic perovskite, namely, (Cy-
BMA)PbBr,, was developed with broadband emission in the
range 380—#50 nm (Commission Internationale de L'Eclairage,
CIE, coordinates x=0.23 and y=0.29) at 298 K. The ligand of
(CyBMA)PDbBr, is endowed with softness and flexibility that can
initiate a variety of phonon interactions and further induce a

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (a) (CyBMA)PbBr, time-resolved PL decays. Excitation wavelength is
340 nm at 50 wJcm~? fluence and the emission was collected for different
emission wavelengths at 298 K. The data were fitted with a stretched expo-
nential equation: /(t) = I, x exp[—(t/7)’], 7 is the characteristic decay time and
B is stretching exponent. (b) Decay-times vs. emission wavelengths.

strong twist of the PbBr, octahedral units and deviation of the
Pb—Br—Pb bond angles from the ideal planar geometry. Ther-
mogravimetric analysis reflected very high thermal stability
(T;=319°Q) of the material. The material possesses a very high
binding energy of 340 meV. (CyBMA)PbBr, photoluminescence
at 298 K was dominated by a sharp excitonic peak (E-band) at
400 nm and a lesser intense broad side band (B-band). Temper-
ature-dependent measurements revealed decay in the intensity
of the E-band with simultaneous gain of B-band at lower tem-
peratures. Photoexcitation mappings at 298 and 77 K revealed
the contribution of a narrow range of excitonic absorption re-
sponsible for photoexcitation of the material, vindicating the
presence of a single active channel. The broad emission has
been attributed to self-trapped states of various trapping
depths. We compellingly propose that the flexibility and soft-
ness of the cyclohexane core of CyBMABr can initiate strong
exciton—phonon interactions, leading to trapping of excitons
inside the self-created potential barriers. Furthermore, we pro-
pose that the deformations of the (CyBMA)PbBr, inorganic lat-
tice can favor self-trapping by acting as potential sites for self-
localization. Finally, (CyBMA)PbBr, embodies potentials of a
promising phosphor material.
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Experimental Section
Materials

1,3-Cyclohexanebis(methylamine) (CyBMA) was purchased from Al-
drich in the form of a 3:1 mixture of cis and trans-diasetereomers.

Synthesis of cis-(CyB-NH-Boc)

For the isolation and synthesis of cis-NH-Boc protected amine from
(cis,trans)-1,3-cyclohexanebis(methylamine), di-tert-butyl dicarbon-
ate (1.6 mL, 7.0 mmol) was slowly added to an ice-cold solution of
1,3-cyclohexanebis(methylamine) (0.5 g, 3.5 mmol) and trimethyla-
mine (1 mL, 7.0 mmol) in Tetrahydrofuran (THF, 15 mL). The reac-
tion mixture was stirred overnight at room temperature. THF was
then evaporated, followed by washing of the solid residue with a
THF/hexane mixture (1:1), which led to the isolation of cis-(CyB-NH-
Boc) as a white powder (0.70 g, 58% overall yield); NMR spectra
are reported in Figures S1 and S2. Here, we report the main data.
'H NMR (CDCl,, 400 MHz) 6 =0.06 (s, 2H), 0.52-0.61 (m, 1H), 0.77—
0.87 (m, 2H), 1.18—3.29 (m, TH), 1.43 (s, 18H), 1.79—3.63 (m, 4H),
2.97 (brs, 4H), 4.58 ppm (brs, NH); *C NMR(CDCl;, 100 MHz) 6=
25.2, 28.4, 30.49, 34.7, 38.0, 46.8, 78.9, 156.0 ppm.

Synthesis of cis-(CyBMABY)

To synthetize cis-(CyBMABY), cis-(CyB-NH-Boc) (0.1 mg, 0.29 mmol)
was dissolved in methanol (5 mL) and was reacted with excess of
(~48%) aqueous HBr (0.5 mL). The reaction mixture was stirred
overnight at RT. The solvent was removed under vacuum and the
residue obtained was washed several times with diethyl ether to
obtain the corresponding pure cis-ammonium bromide (0.71 mg,
80% overall yield).

Cis-(CyBMABr)NMR spectra are reported in FiguresS3 and S4.

'HNMR (CDCl;, 400 MHz) 6=0.61 —0.71 (m, 1H), 0.77-0.87 (m,

2H), 1.11+.21(m, TH), 1.56—%.66 (m, 2H), 1.73-+.80 (m, 4H), 2.58—
2.71 (m, 4H), 7.07 ppm (brs, NH); "*C NMR(CDCl;, 100 MHz) 6=

24.7, 29.6, 34.0, 35.4, 44.8 ppm.

Synthesis of trans-(CyB-NH-Boc)

For the isolation of trans-(CyB-NH-Boc), the washing of cis-(CyB-
NH-Boc) was left for slow evaporation; this led to crystallization of
cis- and trans-diastereomers in separate forms. cis-(CyB-NH-Boc)
crystallized as needles and its structure was confirmed by NMR
spectroscopy and single-crystal XRD. However, the trans-diastereo-
mer was isolated as fan-shaped crystals. Both diasteromers were
separated manually.

Trans-(CyB-NH-Boc) NMR spectra are reported in Figures S5 and S6.
'"HNMR (CDCl;, 400 MHz) 0=1.21-%.271 (m, 2H), 1.37-%.38 (m,
2H), 1.46—3+.49(m, 1H), 1.43 (s, 18H), 1.55-+.58 (m, 3H), 1.75 (brm,
2H), 3.13-296 (m, 4H), 458 ppm (brs, NH); "CNMR(CDCl,
100 MHz) 6 =20.8, 25.2, 27.4, 28.4, 29.4, 30.5, 31.9, 33.3, 44.6, 78.9,
156.2 ppm.

Synthesis of trans-(CyBMABr)

For the synthesis of trans-(CyBMABY), a similar synthetic protocol as
the one used for the synthesis of cis-(CyB-NHBoc) was followed.
We also compared the 'H and "*C NMR spectra of cis-(CyBMABY),
trans-(CyBMABr), and cis,trans-(CyBMABr) (synthesized from dia-
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steromeric mixture). Trans-(CyBMABr) NMR spectra are reported in
Figures S7 and S8.

"H NMR (CDCl;, 400 MHz) 6 =1.23-+.30 (m, 2H),1.40-3.45 (m, 4H),
1.50-%.57(m, 2H), 1.85—+.88 (m, 2H), 2.73 (brs, 4H), 7.73 (brs, NH),
7.07 ppm (brs, NH); "*C NMR(CDCl;, 100 MHz) 6 =20.0, 28.2, 30.8,
31.5, 42.6 ppm. 'H and *CNMR are summarized in Figures S9 to
S10.

Film preparation of (CyBMA)PbBr4

2D platelets were washed thoroughly with diethyl ether to remove
adsorbed HBr on their surface followed by drying under vacuum
overnight. Subsequently, the dried crystals were dissolved in dime-
thylformamide (DMF) to obtain a 0.5m solution. The solution was
spin-coated on a quartz substrate at 2000 rpm for 60 s and then
annealed at 75°C for 5 min followed by 100 °C for 15 min.

UV/Vis and NMR measurements

UV/Vis spectra were recorded by using a Shimadzu spectropho-
tometer (UV3600) with a scanning resolution of 0.5 nm. Steady-
state PL spectra were measured using a Fluorolog-3, (HORIBA
Jobin Yvon) spectrofluorometer system. NMR spectra were record-
ed using an AV 400 MHz NMR spectrometer equipped with two RF
channels, 5 mm z-gradient BBO probe and one BACS-60 automatic
sample changer. The morphology of the samples was characterized
by SEM (JEOL, JSM-7600F).

Time resolved photoluminescence (TRPL)

The excitation source at 340 nm, 50 uwJcm 2 was generated by an
optical parametric amplifier (Coherent OPerA Solo) pumped by Co-
herent Libra regenerative amplifier (50 fs, 1 kHz, 800 nm). TRPL was
collected using an Optronis Optoscope streak camera system
having resolution of /200 ps for the settings used in this experi-
ment. All optical measurements were performed at room tempera-
ture in ambient conditions.

Low-temperature measurements

The thin-film samples on glass were mounted in vacuum into a
liquid-nitrogen-cooled Linkam Stage (FTIR 600) that allows varying
the operating temperatures from room temperature down to 77 K.

X-ray crystal structure determination

A colourless plate-like (CyBMA)PbBr, crystal (0.080 mm X
0.100 mmx0.500 mm) was used for the X-ray crystallographic anal-
ysis using a Bruker D8 Advance spectrometer. The total exposure
time was 43 min. The frames were integrated with the Bruker
SAINT Software package using a narrow-frame algorithm. The inte-
gration of the data using an orthorhombic unit cell yielded a total
of 9972 reflections to a maximum 6 angle of 31.20° (0.69 A resolu-
tion), of which 2705 were independent (average redundancy 3.687,
completeness=98.9%, R,,=11.67%, R;;=11.00%) and 1719
(63.55%) were greater than 20(F?) (0= scattering cross section, F=
scattering factor). The final cell constants are based upon the re-
finement of the XYZ-centroids of 2801 reflections above 200(/) (/=
intensity) with 5.396 <26 <61.66. Data were corrected for absorp-
tion effects using the multi-scan method (SADABS). The ratio of
minimum-to-maximum apparent transmission was 0.236. The cal-
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culated minimum and maximum transmission coefficients (based
on crystal size) were 0.0360 and 0.2990. The structure was solved
and refined using the Bruker SHELXTL Software Package.
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