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ABSTRACT: Inorganic metal halide perovskite nanocrystals (NCs) are promising materials for emission-based applications,
however, the inclusion of toxic lead may limit their commercial viability. This paper describes two cesium cupriferous io-
dides as non-toxic alternatives to lead containing perovskites. These nanocrystals were synthesized with tailored composi-
tion and morphology by a hot-injection colloidal route to produce hexagonal plates (NPs) of blue-emitting Cs;Cu,l; and
nanorods (NRs) of yellow-emitting CsCu,l;. Phase purity was confirmed by Rietveld refinement of X-ray powder diffraction
patterns and solid state 33Cs MAS NMR with both compounds exhibiting high thermal stability suitable for optoelectronic
technologies. Phase mixing allows linear tuning of Commission Internationale de 1'Eclairage (CIE) coordinates from (0.145,
0.055) to (0.418, 0.541) such that a 1:8 molar ratio of Cs;Cu,l; NPs and CsCu,l; NRs yields white emission, while the 33Cs
MAS NMR demonstrates that these photophysical effects are not attributed to any changes in the Cu oxidation state.

Introduction

Semiconductor inorganic metal lead halide perovskites
nanocrystals (NCs) are promising candidates for lightning
applications due to their high photoluminescence (PL)
quantum yield, tunable emission through the entire visible
region, low processing cost and high thermal stability.*
However, the PL quantum yield in thin films drops signifi-
cantly due to loss of ligands during film fabrication and the
lower exciton binding energy (~ 14-48 meV) of 3-dimen-
sional perovskite structures+7 arising from the corner-con-
nectivity of [PbBrg]4-octahedra that promotes fast exciton
dissociation.®® Reducing crystallographic dimensions re-
sults in larger exciton binding energies and higher per-
forming light emitting diodes (LEDs).3 For instance, Sa-
idaminov et al.® found the PL quantum yield rose from o.1
% for 3-dimensional CsPbBr; to 45 % for zero dimensional
Cs,PbBrs. In the latter, the [PbBrs]+- octahedra are isolated
and physically separated by Cs* ions which confines exci-
tons within the octahedra to deliver higher PL quantum
yield.> Similarly, Zhang et al3 reported that NCs of
Cs,PbBrs show improved optical properties and stability.
However, the toxicity of lead (Pb) remains an obstacle for

the deployment of plumbous perovskites and related
phases.* Stannous perovskites have been proposed as a
harmless alternative due the presence of lone pair elec-
trons comparable to Pb**, but Sn** readily oxides to Sn+
under ambient conditions which destabilises the perov-
skite.’5¢ Also, CsSnX; NCs show poor PL quantum yield
due to intrinsic crystal defects.”” Similarly, other Pb-free
perovskites such as Cs;Bily, CsSbBr; and MASnI,
(MA=methyl ammonium) are insufficiently efficient and
stable.® Finally, double perovskites including Cs,Ag-
InCls, Cs,AgBiXs and Cs,AgSbCls remain unproven for op-
toelectronic applications.>°->

Recently, lead-free Cs;Cu,l; with a zero-dimensional elec-
tronic structure has shown excellent blue emission and
may be viable for LED applications. Subsequently, Rocca-
nova et al.>* demonstrated 50-98% PL quantum yield in the
Cs;Cu,Brs 4Ix solid solution and suggested bromination
provides relatively higher stability. Li et al.>> reported green
emission from CsCuBr, micro-crosses and demonstrated
this material as an active layer in LEDs.>s Albeit, the bulk
properties and synthesis of zero-dimensional Cs;Cu.X; and
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Figure 1. Transmission electron micrographs of a) Cs;Cu,l; Pand d) CsCu,l; NRs, including imaging of lattice planes of b) Cs;Cu,l;
NPs and e) CsCu,l; NRs with inset fast Fourier transform (FFT) images showing the crystallinity and planes of both samples. (c,e)
Histograms of particle size, estimated as mean diameter of hexagons and Nanorods, are also included in Table S3.

CsCu2Brs have been reported but they are yet to be ex-
plored in the form of colloidal nanocrystals.?>* In addition
to Cs;Cu.l;, another phase CsCu,l; is not reported in the
literature.” To the best of our knowledge, colloidal NCs of
cupriferous perovskites and related phases have never
been explored, despite the fact that colloidal chemistry of-
fers superior stability and shape control for NCs through
the judicious choice of ligands.

This paper describes the first synthesis of the shape- and
composition-controlled Cs;Cu,l; nanoplates (NPs) and
CsCu,l; nanorods (NRs) with 299% purity via a hot-injec-
tion colloidal route with functionality adjusted by tailoring
the reaction temperature and ligand proportions. Cs;Cu.l;
NPs and CsCu,l; NRs show blue emission (444 nm) and
yellow emission (561 nm) respectively. As Cs;Cu,l5 and
CsCu,l; are pure iodide phases the mixed halide migration
observed in perovskites is avoided,**® and therefore, pure
white emission was achieved by appropriate mixing of
these phases. Solid state 33Cs MAS NMR studies have been
introduced to probe the local order and Cs speciation gen-
erated within the bulk of each nanocrystal system, and to
demonstrated the ability of these systems to fix the Cu spe-
ciation in the Cu(I) oxidation state.

Results and Discussion

Synthesis. Colloidal NCs were synthesized a hot-injection
route where Cs-oleate was injected into a hot reaction mix-
ture of copper(I) iodide, 1-octadecene, oleic acid and
oleylamine at 100-160 °C under an inert atmosphere. The
nanocrystals were grown for ~10 s at high temperature be-
fore rapid cooling in an ice bath. As-synthesized NCs were
twice purified by solvent/antisolvent cycles before re-dis-
persion in anhydrous hexane. Phase purity and crystal

morphology were controlled by varying the reaction tem-
perature, ligand proportion, and precursor concentration
(see Experimental for details). It should be noted that the
shape control could not be precisely achieved by changing
the growth time since the growth rate of nanocrystals were
very fast therefore it was achieved by changing the reaction
temperature.

Crystallochemical Properties. By controlling the reac-
tion conditions cesium copper iodide can crystallize as ei-
ther Cs;Cu,l; or CsCu,l;. When synthesized at 110°C
Cs;Cu.l; appears as hexagonal NPs with average diameter
of ~ 43 nm, while CsCu.l; crystallizes as NRs with average
diameter of ~ 68 nm and average length of ~201 nm (Figure
1, Figure Sg). Low-resolution SEM images for both materi-
als are shown in Figure S8. Changing reaction temperature
did not result in smaller particles. Instead, NPs of variable
shapes result (Figure S7). High-resolution transmission
electron microscope (HR-TEM) and fast Fourier transfor-
mation (FFT) (Figure 1b and 1d) confirmed the crystal per-
fection of both phases. As expected, the XRD reflections for
the Cs;Cu,ls; NPs were broadened compared to the bulk
material (Figure 2).27% Rietveld refinement using TOPAS
confirmed phase pure (299%) orthorhombic lattices of
Cs;Cu,ls (Pnma) and CsCu,l; (Cmem) and lattice parame-
ters of a= 10.1720(4) A, b=11.6497(4) A, and c=14.3556(5) A,
and a=10.5470(1) A, b=13.1732(2) A, and c= 6.0967(2) A re-
spectively. The TEM lattice fringes of d-spacing ~5.8 A and
~8.3 A (Figure 1b, 1e) are consistent with the (002) and (110)
planes of Cs;Cu,l; and CsCu.l;. Additionally, energy-dis-
persive X-ray spectroscopy (EDXS) yielded Cs:Cu:I average
molar ratios of 2.94:2.00:5.62 in Cs;Cu,l; NPs and
1.02:2.00:3.50 in CsCu,I; NRs (Table S1 and S2) in good
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Figure 2. Powder XRD patterns (blue lines) of (a) Cs;Cu.ls NPs and (b) CsCu,l; NRs with structural refinements fits (black line)

using TOPAS and residual map of both graphs (gray).

agreement with the anticipated composition. Moreover,
XPS elemental analysis, presented in Table Ss, yields even
accurate molar ratio of 2.90:2.05:5.15 in Cs;Cu,l; NPs and
0.92:2.04:2.91 in CsCu,l; NRs.

Cs;Cu,l; is a zero dimensional structure containing Cu*l,
tetrahedra and a Cu*l; triangles that are edge-connected to
form isolated [Cu,ls]” units separated by Cs* ions in
Wyckoff positions 4c¢ [0.5948(5), Y4, 0.5506(4)] and 8d
[0.0524(4), 0.9897(4), 0.6783(2)] (Figure 3a).»32+ CsCu.l,
has one dimensional morphology where edge-sharing and
face-sharing Cu*l, tetrahedra form infinite double chains
of composition of Cu,l; interspersed by cesium in the 4c
Wyckoff position [0, 0.6722(2), 1/4] (Figure 3b). Refined
atomic positions for Cs;Cu.l; NPs and CsCu,l; NRs are
listed in Table S4 and Ss. Both phases are stable under am-
bient conditions with insignificant degradation observed
by XRD over two months (Figure S4).

Here, oleylamine/oleic acid ligands were used exclusively
as reconnaissance investigations with branched chain 2-
hexyldecanoic acid as the organic ligand failed to improve
structural properties and nanocrystal size (Figure Ss).

Moreover, 2-hexyldecanoic acid caused the poor colloidal
suspension of CsCu.l; NRs in hexane due to poor ligand
passivation on NR surfaces (Figure Ss).

The solid state 33Cs MAS NMR data from the Cs;Cu.l; and
CsCus.l; systems is shown Figure 4. For the Cs,Cu,l; a vari-
ation of the MAS frequency (from 8 - 12 kHz) allows a clear
identification of the 3Cs chemical shifts associated with
this structure. From Figures 4a and 4b relating to the bulk
Cs;Cu.l; crystals, and from Figures 4c and 4d from the
Cs;Cu.l; NPs, two 33Cs resonances can be observed at the
well-defined shifts of 130.0 and -13.6 ppm. These shifts cor-
respond to the two distinct Cs positions (4¢ and 8d) in the
Cs;Cu.l; orthorhombic Pnma unit cell. In contrast, from
Figure 4e for the CsCu.l; NRs system (orthorhombic unit
cell Cmcm), only one 33Cs chemical shift at is observed at
-51.6 ppm which coincides with the single Cs 4c position
in this structure. Of particular note from these 33Cs MAS
NMR data is the high quality of the Cs;Cu,l; NPs and
CsCu,l; NRs systems produced (see Figures 4c, 4d and 4e),
which are comparable to the quality of the bulk prepara-
tion. These data demonstrate that the hot-injection
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Figure 3. Crystal structure of (a) Cs;Cu,l; NPs and (b) CsCu,l; NRs with optimized lattice parameters. A top view of Cs;Cu,I; crystal
shows the isolated [Cu,l5]™. Similarly, CsCu,l; structure shows the double chains of [Cu,L;]™ from top view.

method (with the associated optimized parameters and
precursor quantities) used in the synthesis of the Cs;Cu,l;
and CsCu,l; systems yields phase pure materials and very
high quality NCs. In addition, the Cs;Cu.l; system is the
more energetically favorable phase, so with the correct op-
timization of the synthesis conditions high quality bulk
material can also be produced. Furthermore, the clarity of
these high resolution 33Cs data demonstrates that no par-
amagnetic broadening and/or shift is experienced in these
systems, thus suggesting that the Cu(I) oxidation state is
predominant throughout the bulk of each particle.

The combination of TEM, EDXS and XRD with NMR une-
quivocally confirm the formation of Cs;Cu,Is NPs and
CsCu.l; NRs. However, to validate copper speciation X-ray
photoelectron spectroscopy (XPS) was conducted (Figure
5a). For both phases, the copper binding energies of 952.3
eV and 932.4 eV for 2p”>and 2p3/? respectively confirms that

copper is overwhelmingly monovalent and consistent with
NMR results.>® Oxidation states for Cs and I are also con-
sistent with the corresponding materials as depicted in Fig-
ure S1. High thermal stability is essential for optoelectronic
device applications. For instance, cupriferous hybrid or-
ganic-inorganic metal halide compounds such as zero-di-
mensional  [N(C,Hs),].Cu,Br, and one-dimensional
(CsH,N,),Cu,Brg and CH;NH;Cus,l; can be phase pure but
possess poor thermal stability due to an organic compo-
nent on the A cation site.3°32 TGA of 2-times purified and
dried (see Experimental) Cs;Cu,Is NPs and CsCu,l; NRs
found that weight loss up to 450 °C could be accounted for
by the removal of ligands (Figure 5b). Cs;Cu.l; NPs show
significant loss at 670 °C, while CsCu.l; NRs degraded at
610 °C. Overall, both materials show thermal stability ex-
ceeding hybrid organic-inorganic perovskites.



Optical Properties. Cs;Cu.l; NPs have strong excitonic
absorption at 286 nm and blue emission at 444 nm with a
broad FWHM of 79 nm (Figure 6a), which is consistent
with previous reports for Cs;Cu.l; thin films and single
crystals.® Similarly, CsCu.l; NRs display yellow emission at

a) Cs;Cu,l;s bulk,
V.= 8 kHz

_JAUT A

b) Cs;Cu,l; bulk,
V,=12 kHz

%= Spinning
Sidebands

*

5y SO

C) Cs;Cu,ls NPs,
V.= 8 kHz

B e

d) Cs;Cu,l; NPs,
V,=12 kHz

Jdg_) ‘LL__JT

e) CsCu,l; NRs, \
V,=12 kHz

J .
200 160 120 80 40 O -40 -80 -120 -160 -200
6("**Cs / ppm)

Figure 4. The solid state 33Cs MAS NMR spectra of (a)
Cs;Cu,ls bulk at 8 kHz, (b)Cs;Cu,ls bulk at 12 kHz, (¢) Cs;Cu,l;s
NPs at 8 kHZ, (d) Cs;Cu,Is NPs at 12 kHz, and (e) CsCu,l; NRs
at 12 kHz.

561 nm with strong excitonic absorption at 321 nm. For
both materials, 3D emission spectra show no peak shift in-
voked by changing the excitation wavelength (Figure S3)

confirming the absence of mixed phases. Absorption spec-
tra show sharp edges at 284 nm for Cs,Cu.l; NPs and 321
nm for CsCu,l; (Figure S2) indicating that the PLE is due to
the excitonic absorption.3 Cs;Cu.l; NPs and CsCu,l; NRs
have long carrier lifetimes of approximately 1.1 us and 0.1 ps
respectively (Figure 6b). Using Tauc plots, the band gaps
of Cs;Cu.l; NPs and CsCu,l; NRs were found to be 4.1 eV
and 3.6 eV respectively, which was slightly larger than the
bulk materials (Figure 6¢).334 A large Stokes shift is con-
sistent with previous studies.4 This suggests emission is
not from the direct bandgap, but most likely due to self-
trapped excitons which originate either from the Jahn-
Teller distortion or strong exciton-phonon coupling.?+35
Jun et al.33% observed similar behavior in Cs;Cu,l; polycrys-
talline thin films and suggested that the emission mecha-
nism arises from excited state structural reorganization as
a result of Jahn-Teller distortion.?33° Tetrahedral Cu(I)-dio
forms a Cu(II)-d? photoexcited state (Figure S6). Typically,
Cu(II) undergoes strong Jahn-Teller distortion since the eg
orbital is asymmetrical filled in d° center Therefore, the en-
ergy difference between Cu(I)- dio and Cu(II)- d? is respon-
sible for a large
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Figure 5. (a) Cu XPS spectra of Cs;Cu,ls NPs (Blue) and
CsCu,I; NRs (green) showing the valency of Copper. (b) TGA
plots of both samples showing the thermal stability for
Cs;Cu,I5 NPs (Blue) and CsCu,l; NRs (green).

Stokes shift.s However, Roccanova et al. proposed the self-
trapped exciton mechanism due to the exciton-photon
coupling. Similar large Stoke shifts as a result of Jahn-Teller
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Figure 6. (a) PL excitation and emission spectra of NCs solution in hexane showing excitation peak at 286 nm and 321 nm and
emission peak at 444 nm and 561 nm for Cs;Cu,l; NPs (Blue) and CsCu,l; NRs (green), respectively. (b) Time-resolved PL decay
kinetics for both samples at their emission peaks. (c) Tauc plot for both samples showing the band gap of 4.1 eV for Cs;Cu,l5 NPs
and 3.6 eV for CsCu,l; NRs, with photographs of these samples in hexane excited by UV lamp.

distortion was observed in other perovskite and related-
materials, such as Cs,Ag.Na.«InCls, C,N,H,,PbBr,,
(C,N,H,,X),SnXs and (C,NH,,),SbX;.35373% However, a de-
tailed excited state structural analysis is required to verify
that Jahn-Teller effects are operating. The PL quantum
yields (PLQY) were ~35% for Cs;Cu,I; NPs and 1% for
CsCu,l; NRs at low excitation power densities of 0.20
pJ/cm? and o0.57 pJ/cm? respectively. These values are com-
parable to observations of perovskites where higher excita-
tion power densities were employed.394° The PLQY of
Cs;Cu,l5 nanoplates are lower than the bulk sample re-
ported in literature.? This can be attributed to the fact that
surface defects in nanocrystals are responsible for nonradi-
ative surface recombination as a result of higher surface to
volume ratio in nanocrystals. The broad emission profile is
due the phosphorescent emission from Cu(I)-complexes.+-
4 Most likely, the higher exciton binding energy in zero-
dimensional Cs;Cu,l; NRs results in the higher PLQY.%%
No notable decrease in relative PLQY was observed even
after 2 months under ambient conditions. The stable emis-
sion properties of this material along with the high PLQY
makes Cs;Cu.,l5 a promising candidate for absorption and

emission applications such as solid-state lightning, UV
photo detectors, X-ray detection and light emitting diodes.?

As Cs;Cu,l5 NPs and CsCu,l; NRs are pure iodides the hal-
ide ion segregation observed in CsPb(Br/I); is avoided."2¢
For instance, when pure CsPbBr; NCs with characteristic
emission at ~518 nm is mixed with pure CsPbl; NCs with
emission at 69o nm homogenization to CsPb(Bro.so/lo.50)5
leads to emission at ~600 nm.® This is a major obstacle to
producing white light from lead-halide 3D perovskites,
since the white emission is the combination of blue, green,
and red emission. Cs;Cu,l; NPs and CsCu,l; NRs have sig-
nificant blue, green and red components and mixing them
in an appropriate ratio (1:8) produces white emission from
these NCs (Figure 7). To our knowledge, this is the first in-
stance of Commission Internationale de 1’Eclairage white
light emission (CIE: 0.290, 0.311) from copper based mate-
rials (Figure 7b). Additionally, linear tuning in CIE coordi-
nates is possible by mixing Cs;Cu,l; NPs and CsCu,l; NRs
in different proportions (Figure 7a) as illustrated by irradi-
ation under a 307 nm UV lamp (Figure 7c). Overall, a com-
bination of these two materials can be a potential candi-
date for lead-free perovskite white LEDs and white lumi-
nescent display.
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Conclusion

For the first time phase pure (299%) colloidal Cs3Cuzl5
NPs and CsCuz2lI3 NRs have been synthesized by a hot-in-
jection method. Crystal chemical refinements of powder
XRD data of Pnma Cs3Cuzl5 and Cmcm CsCuzI3 confirm
the composition, symmetry and purity in these crystals
that also exhibit high thermal stability. Cs3Cuzl5 NPs and
CsCu2l3 NRs display blue (444 nm) and yellow (561 nm)
emission respectively. The tunability of emission, includ-
ing white emission, achieved by mixing these compounds
in various ratios may prove applicable for lightning appli-
cations.

Experimental
Chemicals and Synthesis:

Chemicals. Cesium carbonate (reagent Plus, 99%), cop-
per(I) iodide (Purum, =99.5%), 1-octodecene (technical
grade, 9o%), oleylamine (technical grade, 70%), oleic acid
(90%), 2-hexyldecanoic acid (96%), N,N-Dimethylforma-
mide (anhydrous, 99.8 %), toluene (anhydrous, 99.8 %)
and hexane (anhydrous, 95%) were purchased from Sigma-

Aldrich.

Synthesis of Cesium Oleate. Synthesis of cesium-oleate
was adapted from the literature+4, where 0.81 gm of cesium
carbonate, 2.5 ml of oleic acid and 40 of ml 1-octadecene
were loaded in a 100 mL 3-neck round bottom flask. The
reaction mixture was degassed under vacuum at 100 °C for
about an hour followed by heating in nitrogen atmosphere
at 150 °C for 30 min. Cesium-oleate solution was trans-
ferred in a Schlenk tube with an air-free transfer technique
and stored inside a nitrogen-filled glove box until further
use. It is noted that Cs-oleate precipitates out from 1-octa-
decene at room temperature and was heated at 100 °C be-
fore hot-injection.

Synthesis of Cs;Cu,I; NPs. 1.22 mmol of Cul was loaded
into a 3-neck round bottom flask with 15 mL of 1-octade-
cene. The mixture was degassed under vacuum at 100 °C
for ~1 h. Simultaneously, 3 mL of oleic acid and 3 mL of
oleylamine were dried under vacuum at 60 °C. After degas-
sing of reaction mixture, oleic acid and oleylamine were in-
jected to the reaction flask under nitrogen. The tempera-
ture was raised to 110 °C and 7.2 mL of Cs-oleate injected
into the reaction flask. NPs were grown for 10 s at 110 °C
and then the reaction flask was cooled in an ice-water bath.



Synthesis of CsCu.I; NRs. The synthesis of CsCu,l; NRs
was similar to Cs;Cu,l; NPs. However, phase and composi-
tion were adjusted through temperature tuning along with
precursor and ligand concentration. 0.75 mmol of Cul was
loaded into a 3-neck round bottom flask with 15 mL of 1-
octadecene. This mixture was degassed under vacuum at
100 °C for ~ 1 h. Simultaneously, 2 mL of oleic acid and 2
mL of oleylamine were dried under vacuum at 50 °C for 60
min, and after degassing, the oleic acid and oleylamine
were injected into the reaction flask under nitrogen. The
temperature was raised to 160 °C, and 0.8 mL of Cs-oleate
injected in the reaction vessel. NRs were grown for 10 s at
160 °C before cooling in an ice-water bath.

Purification of the Cs;Cu,l; NPs and CsCu,l; NRs. Puri-
fication for both materials was similar. The growth solu-
tion was first centrifuged at 10,000 rpm for 12 min. The su-
pernatant was discarded and the solids dispersed in 4 mL
of anhydrous hexane followed by centrifuging at 10,000
rpm for 12 min. The resulting precipitate was re-dispersed
in 4 mL of anhydrous hexane followed by filtration of the
NCs solution using a 0.22 pL PTFE filter.

Synthesis of Cs;Cu,l; Bulk. A bulk sample was synthe-
sized by first preparing the precursor solution in polar sol-
vent. Copper(I) iodide (0.2 mmol) and cesium iodide (0.3
mmol) were dissolved in 1 mL DMF inside a nitrogen-filled
glove box. After that, 200 pL of as prepared precursor solu-
tion was added in 5 mL of toluene under vigorous stirring.
The precipitate was collected by centrifugation at 10,000
rpm for 10 min.

Characterization:

Transmission Electron Microscopy. A JEOL 2010 was
used for the HR-TEM analyses at an accelerating voltage of
200 kV and beam current of 106 pA. Samples were prepared
by dispersing NPs and NRs in hexane followed by soni-
cation for two minutes and collection on holey carbon sup-
port grids.

Scanning Electron Microscopy. SEM measurements
were conducted using a JEOL 7600 FESEM at operating at
20 kV. For each sample, a portion of the nanocrystals sus-
pension in hexane was drop cast on ITO coated glass.

Thermal Gravimetric Analysis. TGA measurements
were conducted using a TA Q500 instrument. Purified
Cs;Cu,l; NPs and CsCu,l; NRS were vacuum-treated in or-
der to get dry powder. In each measurement, 10-20 mg of
dry powder were placed in alumina crucibles supported by
a platinum pan. Samples were measured under nitrogen
from room temperature to 8oo °C at the ramp rate of 10
°C/min.

X-ray Photoelectron Spectroscopy. XPS measurements
were performed using an AXIS Supra spectrometer (Kratos
Analytical, UK) equipped with a hemispherical analyser
and a monochromatic Al K-alpha source (1487 eV) operat-
ing at 15 mA and 15 kV. The XPS spectra were acquired from
an area of 700 x 300 pm with a take-off angle of 9o°. These
measurements were undertaken on solid powder samples
pressed on carbon tape. A 3.1-volt bias was applied to the
sample to neutralise charge build up on the sample surface.
Pass energies of 160 eV and 20 eV were used for survey and

high-resolution scans, respectively. The binding energies
(BEs) were charge-corrected based on the C 1s at 284.8 V.
To remove the contribution of Cs MNN Auger peaks, high-
resolution spectroscopy was also performed for Cu 2p (BE
of 865.6 eV to 962.6 eV) with an Ag L-alpha source (2984.2
eV) operated at 25 mA and 15 kV with a pass energy of 80
eV. Quantitative analysis was performed using ESCApe.

X-ray Diffraction. All XRD data were accumulated using
a PANalytical X-ray diffractometer equipped with a Cu Ka
X-ray tube operating at 40 kV and 30 mA. These diffraction
patterns were acquired in air at room temperature using
Bragg-Brentano geometry. All XRD samples were prepared
by drop casting a concentrated solution on a zero diffrac-
tion silicon holder.

Solid State 33Cs Magic-Angle-Spinning (MAS) NMR.
Single pulse 3Cs MAS NMR measurements were per-
formed at 11.74 T using a Bruker Avance III-500 spectrom-
eter operating at a Larmor frequency (v,) of 65.6 MHz.
These experiments were performed using a Bruker 4 mm
HX probe enabling MAS frequencies of 8 - 12 kHz to be
adopted. Pulse calibration was performed on solid CsCl
from which a ‘non-selective’ (solution) rt/2 pulse time of
4.5 ps was calibrated which corresponded to a ‘selective’
(solid) 1/2 pulse time of ~1.12 ps on the 33Cs nucleus (I =
7/2). All measurements were undertaken with a ‘selective’
w/2 flip angle (~1.12 ps) along with a relaxation delay of 6o
s, and all 33Cs chemical shifts were reported against the
IUPAC recommended primary reference of 0.1M CsNOj,
(aq) (8iso = 0.0 ppm), via a solid CsCl secondary reference
at 8iso = 18 ppm.4

UV-Vis Spectroscopy. The absorption spectra were per-
formed on a Cary 5000 UV-Vis-NIR spectrophotometer.
Each sample was prepared by diluting the 2" precipitator
solution in hexane in 1 cm path length quartz cuvettes.

Photoluminescence (PL) Measurements. All PL meas-
urements were undertaken using a Cary Eclipse spectro-
photometer. Samples were prepared by diluting the NPs or
NRs solution in hexane. A quartz cuvette with a path
length of 1 cm was used to enable each measurement.

PL Quantum Yield Measurements. All PL measure-
ments were undertaken using a Cary Eclipse spectropho-
tometer. Samples were prepared by diluting the NPs or
NRs solution in hexane. A quartz cuvette with a path
length of 1 cm was used to enable each measurement. The
PL QY was performed using a femtosecond laser system.
The fundamental laser used was a Coherent LIBRA™ with
output wavelength of 80o nm, 1 kHz repetition rate and 50
fs pulse-width. This fundamental was sent to Coherent
OPeRa Solo™ optical parametric amplifier (OPA), to gen-
erate tunable wavelength output from 300 - 2600 nm. In
these experiments, 310 nm or 325 nm output was used as
the excitation source for Cs;Cu,l5 and CsCu.l; respectively.
The PLQY was measured by using a BaS-coated g15-cm in-
tegrating sphere. The sample was placed in the middle of
the integrating sphere, before photoexcited by the laser.
The pump scattering and PL from the sample and solvent
were collected using an optical fibre attached to the
sphere, before sent into a monochromator and CCD for



spectrally resolved measurement. The PLQY was calcu-
lated by using the following formula:
A
f oLz da S(/l) [ Isample(ﬂ') - Isolvent ()‘)]

ApL1
}\ um
f}\ppumpplz da S(l) [Isolvent (’1) - Isample (/1)]

Here, S(A) is the instrument spectral response function; s
vent and Is;mple are the collected spectra for the solvent and
sample, respectively; [Apwi, ApL2] and [Apumps, Apumpz] are the
spectral region for the sample PL and the pump, respec-
tively. In order to conduct the relative PL QY over time,
absorption normalized PL spectra were used.

PLQY =

Lifetime Measurements. The PL lifetime was measured
by first collecting the PL using a lens pair, before directing
the emission towards a Princeton Instrument SP2360i™
monochromator coupled with Optronis™ streak camera.
This yielded time- and spectrally- resolved PL spectra.
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