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Cesium lead triiodide (CsPbI3) colloidal nanocrystals (NCs) attract significant attention due to their poten-

tial for optoelectronic applications. However, they are prone to degrade to the non-photoactive phase

(δ-CsPbI3), posing a considerable challenge for industrial use. While many strategies to improve their

stability have been explored, the effect of the solvent used during synthesis on the properties of the NCs

has received much less attention. This study examines the replacement of the ubiquitously used solvent

1-octadecene (ODE), known to polymerize under mild to high temperatures (120–320 °C), with the less

reactive alternative octadecane (ODA). We show that ODA can affect the crystalline growth, size distri-

bution, and stability of CsPbI3 colloidal NCs. While both ODE and ODA form mixtures of cubic α- and

orthorhombic γ-CsPbI3 NCs, each phase’s prevalence differs depending on the solvent. The use of ODE

led to primarily α-phase particles with large polydispersity. In contrast, ODA resulted in a significantly nar-

rower size distribution and a prevalence of γ-CsPbI3 NCs, which are considered more stable.

Consequently, we observed improved stability of thin CsPbI3 NC films without further additives or encap-

sulation procedures. Our work highlights the critical role of the solvent in the synthesis procedure in

impacting the NCs’ properties and stability.

Introduction

Colloidal nanocrystals (NCs) based on metal halide perovskites
are a promising candidate for next-generation photovoltaics
due to their unique optoelectronic properties, including size-
tunable bandgap, high absorption coefficient, multiple exciton
generation, and high defect tolerance.1–4 Strategies such as
surface modification,5 and device architecture engineering,6

quickly advanced the power conversion efficiency for solar
cells of all-inorganic CsPbI3 NCs from 10.77%7 since its first
publication to 17.5% in recent years.8

Among the various perovskite compositions, the
all-inorganic cesium lead triiodide (CsPbI3) is widely investi-
gated due to its direct bandgap of ∼1.7 eV, making it of great
interest for application in tandem solar cells.9 The main chal-
lenge preventing CsPbI3 NCs’ widespread application remains
their poor stability – the NCs are prone to degrade to the non-
photoactive phase (δ-CsPbI3), considered the most thermo-
dynamically stable at room temperature, whereas the photo-

active, cubic α-phase in bulk CsPbI3 is only stable at tempera-
tures above 350 °C.10,11 The tendency to convert to δ-CsPbI3 is
related to the relatively small ionic radius of Cs and the low
Goldschmidt tolerance factor, which results in a slight distor-
tion in the crystal structure.12 Several strategies have been
developed to improve the stability of CsPbI3 NCs. Synthetic
approaches focused primarily on the introduction of divalent
cations. For example, Ji et al. reported that introducing Mn2+,13

into the nanocrystals significantly enhanced their phase stabi-
lity, with a similar strategy later applied by Wang et al. with
Ni2+.14 Alternatively, enhancements in phase stability were
achieved by surface passivation of the NCs.15 For example, Li
et al. reported using a poly-vinylpyrrolidone (PVP) polymer to
stabilize α-CsPbI3 NCs. More recently, Liu et al. reported a
strategy to stabilize CsPbI3 NCs by capping them with organic
ligands, which consist of a polystyrene segment with hydroxyl
and azide end groups.16 However, one important aspect of
NCs synthesis, i.e., the solvent used, has not been explored as
a means to improve the stability of the NCs, despite the fact
that in other types of NCs it is known to have a significant
impact on preferential orientation and crystallization.17

Indeed, since their first report by Protesescu and collabor-
ators a decade ago, inorganic perovskite nanocrystals have
been commonly synthesized using octadecene (ODE).1,3–8
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While synthesis in ODE proved effective, ODE is known to start
to polymerize into poly(ODE) upon heating above 120 °C, and
these byproducts can be challenging to remove even with
harsh solvents/anti-solvent strategies.18 These impurities
reduce the stability and processability of the NCs since the
purification steps can lead to ill-formed nanocrystals. To over-
come the formation of poly(ODE), saturated solvents have
been proposed as more inert alternatives, yet no reports exist
exploring their suitability for CsPbI3 NC synthesis.

This study investigates the efficacy of octadecane (ODA), a
saturated hydrocarbon with properties similar to ODE, for
synthesizing CsPbI3 NCs. ODA is less reactive under high
temperatures and is sometimes described as an inert solvent.

We synthesized and characterized the colloidal solutions’
morphological, optical, and chemical properties. We demon-
strate that replacing ODE with ODA impacts the phase distri-
bution of the NCs, narrows their size distribution, and enhances
their stability. Our study contributes to a better understanding
of the role of the solvent choice during the NC synthesis and
offers a simple approach to improving the all-inorganic perovs-
kite NCs’ stability without additional processing steps.

Results and discussion
Synthesis procedure

The synthesis of the CsPbI3 NCs (Fig. 1) followed the hot-injec-
tion method developed by Protesescu,1 with several modifi-
cations described in the Experimental section and our pre-
vious study to improve the quality of the NCs.19 Here, we
explore two different solvents, ODE and ODA, on their own

and as mixtures to evaluate their impact on the properties and
stability of the NCs. The relative amounts of ODE and ODA
present during the synthesis are shown using the notation
ODEX–100ODAX, with X = 0%, 25%, 50%, 75%, and 100%. After
synthesis, the NCs were purified and kept as a colloid dis-
persion in octane to conduct structural, morphological, and
optical characterization, as well as further analysis. All the ana-
lyses were performed with the purified NCs, unless stated
otherwise.

Morphologic analysis and size distribution

We recorded transmission electron microscopy (TEM) images
and analyzed them to explore how the solvent affects the crys-
talline phase, structure, and shape of the CsPbI3 NCs. As
shown in Fig. 2, we observe a progressive reduction in the poly-
dispersion index (σ) from Fig. 2a 0.31 to Fig. 2e 0.16 while
reducing the amount of ODE in the synthesis solution,
whereas the overall average size of the NC remains similar. It
is essential to mention that the morphological analysis was
performed with purified NCs, for which the subsequent use of
solvent/anti-solvent is known to damage the NCs’ surface in
each step of the washing procedure. Some studies have shown
that the polydispersion of CsPbI3 NCs increases with further
purification.20 Our study, however, shows that by only chan-
ging the solvent during the synthesis, we can reduce the poly-
dispersity while still removing the excess of ligands; and the
effect persists throughout the washing. In addition, the TEM
images reveal better-defined and sharper NC edges (see
especially Fig. 2e) in the case of ODA, in stark contrast to the
high polydispersity and ill-defined morphology of the NCs syn-
thesized using plain ODE. A possible reason for this obser-

Fig. 1 Scheme of the hot injection protocol with (a) ODE100%, and (b) ODAX% (where X refers to the percentage of ODA present in the synthesis);
followed by the crystal structure present in the final solution.
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vation is the difference in stability between NCs synthesized
with ODE and ODA as solvents. This likely results in higher
degradation of perovskite NCs synthesized in ODE during
post-synthetic purification and TEM sample preparation.18

Another consideration is that ODA is less reactive due to its
saturated organic chain; thus, less damage to the NCs’ sur-
faces could be expected.11,12 In addition, the shape of the NCs
seems to be affected, and more rectangular-shaped NCs seem
to be present for increasing amounts of ODA. This will be ana-
lyzed and discussed in more detail in the following.

Optical properties, composition, and crystalline structure

The steady-state ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra, shown in Fig. 3a, exhibit
little dependence on the solvent used in synthesis. As pre-
viously observed in the TEM images, the nanocrystal sizes are
similar for all NCs. Consequently, only minor changes in the

absorption spectra are expected. We determined the band gap
of the NCs via a Tauc plot (Fig. S1), resulting in values around
1.79–1.81 eV. The PL measurements, therefore, show similar
emission peaks for all NCs with an emission centered around
∼690 nm with only a minor shift between the samples.21 To
evaluate the composition of the CsPbI3 NCs, we conducted X-ray
photoemission spectroscopy (XPS) measurements. Table S1
shows that all NCs exhibit the expected elemental ratios
between Cs/Pb/I, independent of the solvent used during syn-
thesis. The elements’ binding energies were not impacted by
the choice of solvent either (Fig. S2), confirming composition-
ally similar NCs. We can observe symmetric core peaks where
the binding energies at 138.56 eV from Pb 4f7/2 can be well
assigned to Pb(II), the 724.98 eV from Cs 3d5/2 to Cs(I), and the
peak at 619.44 eV from I3d5/2 to I(−I).22–24 None of the samples
exhibited metallic Pb, the absence of which has been shown to
be beneficial for efficient radiative recombination.25

Fig. 2 TEM images and respective histograms with mean size and polydispersity index (σ) from samples of CsPbI3 NCs by using different ratios of
ODE/ODA (a) ODE100%, (b) ODE75%ODA25%, (c) ODE50%ODA50%, (d) ODE25%ODA75%, and (e) ODA100%.

Fig. 3 Normalized measurements of (a) steady-state PL and UV-Vis; (b) XRD with respective patterns of ICDD264725 (γ-CsPbI3) and ICDD181288
(α-CsPbI3) – vertical dashed lines are aligned with diffraction peaks.
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The diffractograms in Fig. 3b show systematic reflections
attributed to CsPbI3 perovskite NCs. In the case of plain ODE,
the broad reflections agree with the cubic α-phase, with the
main preferential orientation corresponding to the (h00)
planes. Interestingly, the diffractograms of NCs synthesized in
ODE/ODA mixtures show additional reflection occurring at
approximately 14°, and a slight shift of the central peak at 28°,
which can be better observed in the zoomed-in graph in
Fig. S3. The reflection at 14° appears to separate into multiple
reflections, while the main peak at the higher angle matches
the (002)-reflection from the orthorhombic γ-CsPbI3 phase
according to the ICDD 264728.25,26 Alternatively, the peak split-
ting could also be attributed to the formation of super-
structures, sometimes also called superlattice reflections. This
effect combines two characteristics: high crystallinity, well-
defined and identical shapes, and the regular packing with
slight variation in the NCs spacing.27

To distinguish between the two possibilities and explore
the potential formation of the γ-CsPbI3 phase, we conducted
high-resolution TEM (HR-TEM) experiments for the particles

synthesized with either 100% ODA or 100% ODE (Fig. 4). The
discrimination of the orthorhombic and cubic phase of the
CsPbI3 nanoparticles was based on the structure models given
by Marronnier:28 The crystal structure of the cubic phase has a
Pm3̄m space group symmetry, and a lattice constant of
ac = 6.2966 Å (measured at 640 K). The structure of the ortho-
rhombic has a Pbnm space group symmetry and lattice con-
stants ao = 8.1697 Å, bo = 8.8518 Å, co = 12.5013 Å (measured at
300 K). The orthorhombic lattice shows distorted pseudo-cubic
units with a lattice constant of co/2 in c-axis direction and one-
half of the diagonals in the a–b plane, which makes the
discrimination between the two lattices based on lattice para-
meters complicated. This pseudo-cubic symmetry is observ-
able in [001]o and in [1−10]o zone axes. The orthorhombic
phase, however, exhibits additional characteristic reflections
being absent in the cubic phase due to the larger unit cell. In
[001]o and [1−10]o, the characteristic reflections are indexed by
[hk0] with h + k = odd and [hkl] with l = odd, respectively
(Fig. 4a and c). The cubic phase can be identified by
the absence of these reflections in the [100]c zone axis

Fig. 4 HR-TEM images of ODA (a, b) and ODE (c, d) nanoparticles. (a) and (c) indicate particles of orthorhombic phase in [001]o and [1−10]o orien-
tation, respectively, identified by the presence of the corresponding characteristic reflections. The particles in (b) and (d) exhibits cubic phase instead
because of the absence of characteristic reflections and a better fit to the cubic structure model. The χ2 values per degree of freedom (dof) are sum-
marized in Table 1. The experimental measurements of the reciprocal lattice vectors and the best fitting zone axis parameters are compiled in the SI
and Table S2. Frequency analysis of particle aspect ratio for (e) ODA and (f ) ODE images from Fig. 2.
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(Fig. 4b and d). Note that a correction of the thermal expan-
sion by assuming a typical coefficient of α = 20 × 10−6 K−1 will
not affect the discrimination presented here.

While HR-TEM is a powerful tool for atomic-resolution
identification of crystal phases of NCs, the analysis remains
very local, lacking statistical significance with respect to the
relative prevalence of both types of structures in the ODA and
ODE system. To further investigate the differences between the
ODA and ODE nanocrystals, we therefore re-analyzed the TEM
images shown in Fig. 2a and e. Specifically, we focused on par-
ticle shape analysis by assessing the aspect ratio (a1/a2) to dis-
tinguish between cubic (a1/a2 = 1) and rectangular particles
(a1/a2 > 1). Fig. 4e and f show that ODE synthesis results in
more cubic-shaped particles, whereas ODA particles are pri-
marily rectangular. The prevalence of rectangular nanocrystals
likely indicates that they are γ-CsPbI3, in agreement with the
ODA diffractograms in Fig. 3b.25,26 However, further investi-
gations are required to explore the mechanisms behind this
shape change in more detail.

Stability of ODE100% vs. ODA100% samples

To evaluate the stability of the NCs synthesized using the two
solvents, we deposited the CsPbI3 NCs on glass substrates by
spin-coating. The thin films consisted of four NC layers,
where, following the deposition of each layer, the NCs were
treated with sodium acetate (NaOAc), followed by three washes
with methyl acetate (MeOAc).28 Fig. 5a shows that samples pre-
pared with ODE100% lost their absorption and degraded to the
yellow phase after only 1 hour. This transformation is signifi-
cantly slower in thin films prepared using ODA100%, as
observed in Fig. 5b, in which we still can observe notable
absorption even after 24 h. Only after 48 h of continuous illu-
mination from a Deuterium lamp at 300 nm of the spectro-
meter, the ODA100% films degrade. Storage stability (kept in
the ventilated cabinet) in the dark revealed similar results,
ODE films degraded to the yellow phase within the first hours,
whereas ODA films remained in the photoactive perovskite
phase for 24 h (see images as insets in Fig. 5a and b).

We also evaluated the stability of the nanocrystals in solu-
tion by measuring their photoluminescence (PL), PL lifetimes,
and photoluminescence quantum yield (PLQY) (Fig. 5c–e). For
these experiments, we diluted the samples in octane and
exposed them to ambient conditions for nine days. We observe
that directly after synthesis (day 1), the PL intensity of the ODE
sample is higher than that of ODA, but on subsequent days,

ODA shows higher PL intensity. This trend can also be visual-
ized by following the decline in the PLQY. The decrease in PL
can be associated with the conversion of the nanocrystals to
the δ-CsPbI3 (non-photoactive phase), suggesting that this
process is slowed down in ODA-synthesised nanocrystals.
Interestingly, we consistently observe longer PL lifetimes
(37.2–39.4 ns) in ODA-synthesised nanocrystals than in the
ODE-synthesised samples (27–29.9 ns), suggesting reduced
non-radiative recombination pathways.

To identify the origin of the differences in stability, the NCs
were characterized using Fourier-transform infrared spec-
troscopy (FTIR) and nuclear magnetic resonance (NMR) spec-
troscopy to exclude differences in NC purity or ligand house-
hold between the ODA and ODE synthesis. We first performed
FTIR measurements to gain insights into the composition of
the NC dispersion after washing. The features shown in Fig. S4
originate primarily from C–H vibrations. The band between
2850 and 3000 cm−1 corresponds to the C–H stretch, the one
at 1370 and 1470 cm−1 to in-plane C–H bending, and at
723 cm−1 to C–H out-of-plane bending.29,30 The bands
between 900 and 1350 cm−1 are quite low in intensity and
hard to identify, but can be related to C–O, C–N, and N–H
vibrations, in line with the presence of oleyl amine (OLA) and
oleic acid (OA). A comparison between the FTIR results
revealed no significant differences in ligand household for the
ODA and ODE NCs.

To further investigate the ligands, we also performed NMR
measurements, which are more sensitive to small changes in
the synthesis. Fig. S5 also shows relatively minor differences
between the samples, matching the FTIR results. In the case of
NCs synthesized using ODE, NMR analysis shows the presence
of ODE impurities even after purification, with peaks around
5.0 and 5.8 ppm corresponding to alkene groups of ODE.18

Both samples contain a broad signal at 5.55 ppm of bound
organic ligands on the surface of the NCs (OA and OLA). This
type of surface passivation is already known in the literature,
since long ligands have been used to stabilize the particles
and increase the shelf storage and overall stability.7,29 Since
the NCs exhibited similar composition in terms of the organic
ligands, these results suggest that the improved stability of the
ODA NCs arises from the increased prevalence of the more
stable orthorhombic phase of the CsPbI3.

Identifying the exact mechanism by which the formation of
γ-CsPbI3 seems more likely when ODA is used is highly
complex. ODA may impact the nucleation and/or growth of the
NCs due to several factors. For example, the viscosity of ODA is
different from that of ODE. The solubility of the ligands used
during the synthesis (OA, OLA) also varies between ODE and
ODA. Moreover, ODA may mediate the binding equilibrium of
ligands, resulting in better passivation of a specific facet, thus
enabling anisotropic growth. These and possibly other factors,
on their own or in combination, may impact the formation of
NCs with different phases, either γ-CsPbI3 or α-CsPbI3.25,30–32

Finally, to explore the use of other inert solvents, we also per-
formed experiments with heptadecane, tetradecane, and liquid
paraffin. We find that all three solvents are suitable for the syn-

Table 1 χ2 per degree of freedom for the comparison of the experi-
mental data of Fig. 4b (ODA cubic) and Fig. 4d (ODE cubic) with the
orthorhombic and cubic crystal structure

ODA cubic ODE cubic

χ2

dof
orthorhombic [11̄0]o 0.0388 0.0385

χ2

dof
cubic [110]c 0.0201 0.0303
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thesis of CsPbI3 and lead to a narrower size distribution than
ODE (Fig. S6). We also observe an increase in the mean nano-
crystal size, especially for liquid paraffin. However, a closer ana-
lysis of the TEM images reveals that using heptadecane or tetra-
decane results in residual unreacted lead iodide (PbI2) in the
solution even after purification. This suggests that using these
solvents would require re-optimization of the synthesis and puri-
fication protocols, which falls beyond the scope of the current
study. The optical measurements (Fig. S7a) show a small shift in
the band gap, likely due to differences in mean particle size
across the samples, with larger nanocrystals having smaller
band gaps than smaller ones. The XRD diffractograms (Fig. S7b)
also show an additional contribution from the (002) reflection,
but it is not as clearly evident as in the samples prepared with
ODA and the respective ODA : ODE mixtures.

Conclusions

We report that ODA is a suitable solvent for synthesizing
CsPbI3 via a hot-injection procedure. A careful characterization
of the NCs revealed that the choice of solvent impacts the size
distribution and the prevalence of α- and γ-CsPbI3 NCs. NCs
synthesized using ODE, a ubiquitous solvent for perovskite NC

synthesis, showed a large polydispersity index of 0.31 and pre-
dominantly cubic-shaped dots of α-CsPbI3. ODA, on the other
hand, leads to a starkly reduced polydispersity index of 0.16
and an increase in the prevalence of γ-CsPbI3 NCs.
Consequently, differences in the stability of solutions and thin
films fabricated using both NC inks were observed, with ODA
films and solutions being more stable than ODE. These results
demonstrate that the solvent used for NC synthesis plays an
important role and must be considered. Future studies may
explore other saturated solvents as a promising strategy to
stabilize CsPbI3 NCs and other perovskite compositions.

Experimental section
Materials

All chemicals were used without further purification. Cs-car-
bonate (Cs2CO3 > 99.9%), oleic acid (OA; technical grade,
70%), oleylamine (OLA; technical grade, 70%), sodium acetate
(NaOAc; 99.995%), octadecane (ODA, 99%), octadecene (ODE,
90%), heptadecane (99%), tetradecane (99%) and liquid
paraffin (90%) were purchased from Sigma Aldrich. Lead
iodide (PbI2; 99.99%) was obtained from TCI. Methyl acetate

Fig. 5 Temporal evolution of Uv-vis spectra of thin CsPbI3 NC films under continuous illumination (Deuterium lamp at 300 nm) from (a) ODA100%

and (b) ODE100% with respective images of the films after storage for 24 h as insets; the (c) PLQY shows the trend of the liquid samples over 9 days,
followed by the (d) PL intensity and (e) time-decay from the samples.
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(MeOAc; 99%), hexane (97%), and octane (99%) were bought
from Acros Organics.

Synthesis procedure

Cs(oleate). Cesium oleate precursor was prepared by loading
0.5 g of Cs2CO3 into a two-neck flask, along with OA (2 mL) and
ODE (50 mL). The mixture was degassed in a vacuum at a
Schlenk line for 1 hour at 100 °C under constant stirring. The
flask was then kept under nitrogen flow at 150 °C until the
Cs2CO3 powder was completely dissolved and a transparent solu-
tion was achieved. The solution was then stored in nitrogen at
70 °C until usage. For the different ratios, the ODE and ODA
were adjusted accordingly with the desired percentage of the
solvent (ODE75%ODA25%, ODE50%ODA50%, and ODE25%ODA75%).

CsPbI3 nanocrystals. The synthesis of CsPbI3 nanocrystals
follows the hot injection procedure published by Protesescu
et al., with several modifications. PbI2 (1.008 g) was placed into a
three-neck flask with ODE (60 mL), followed by 1 hour of degas-
sing at 120 °C under constant stirring. Then, OA (6 mL) and OLA
(6 mL) were injected and left to degas for 30 minutes. The
mixture was subsequently heated in a nitrogen atmosphere until
reaching 170 °C. At this temperature, Cs(oleate) (8 mL) was
rapidly injected into the flask while stirring. After 7 seconds, the
reaction was quenched with an ice bath. The purification
process followed the synthesis: the fresh CsPbI3 NC solution was
split into four centrifuge tubes, each containing the crude solu-
tion (20 mL) and MeOAc (20 mL), then centrifuged for
3 minutes at 10 621 rcf. The supernatant was discarded, and the
precipitate was dissolved in hexane (3 mL) from each tube. This
solution was then mixed with MeOAc (3.5 mL) and centrifuged
for 3 minutes at 10 621 rcf. The supernatant was discarded
again, and the precipitate from all tubes was dissolved in octane
(2 mL). After centrifuging for 5 minutes at 4248 rfc, the precipi-
tate was discarded, and the upper solution was collected and
stored in the fridge at 4 °C overnight. Subsequently, the solution
was centrifuged for 5 minutes at 4248 rfc, and the supernatant
was collected. The concentration was determined optically and
adjusted to 75 mg mL−1 for further use. The procedure was con-
sistently followed for the different solvents using the target
ratios between ODE and ODA (ODE75%ODA25%, ODE50%ODA50%,
and ODE25%ODA75%). For samples produced with any volume of
ODA, the solvent had to be pre-heated, since the solvent is solid
at room temperature. The synthesis procedure using the hepta-
decane, tetradecane, and liquid paraffin followed the same
approach, only replacing the used solvent.

Thin-films fabrication

For stability investigation, we prepared thin films as previously
reported with slight modifications.19 Glass substrates were
cleaned by sonication with acetone and 2-propanol for
15 minutes each. The samples were then subjected to oxygen
plasma for 10 minutes to remove organic residues. For the
spin-coated deposition, the substrates and NC solution were
transferred to a nitrogen-filled glovebox. The NC solution
obtained from the synthesis, with a concentration of 75 mg
mL−1, was then spin-coated dynamically on the substrate at

1000 rpm for the first 5 s and 2000 rpm for the following 10 s.
To remove excess long organic ligands, the film was immersed
in a saturated NaOAc solution in MeOAc (1 mg mL−1) for 15 s
and spin-dried, then soaked and spin-dried in MeOAc for 5 s,
three times. The procedure was repeated four times to obtain a
compact film.

Optical, morphological, and chemical characterization

X-ray diffraction. Samples for XRD were prepared by drop-
casting the solution on glass substrates. The measurements
were performed in air. Diffractograms were obtained using a
Bruker Avance D8 diffractometer equipped with a 1.6 kW Cu-
Anode (λ = 0.154060 Å), and a 2 mm slit. All scans were per-
formed using 1D mode with LYNXEYE_XE_T in parallel beam
geometry. The scan was performed from 10° to 50°, with a step
size of 0.01°, and an acquisition time of 0.1 s per step. The back-
ground was removed using the Bruker Diffrac.Eva software.

Optical absorbance. Absorbance measurements were con-
ducted in air using a JASCO UV-vis spectrometer V-770. Cuvettes
were sealed to minimize the environmental exposure. For long-
term measurements, we prepared thin films, and during the
measurements, the samples were kept under constant exposure to
a Deuterium lamp at 300 nm from the JASCO UV-vis spectrometer
V-770. No encapsulation was used for these measurements.

Photoluminescence (PL), Photoluminescence Quantum
Yield (PLQY), and TRPL measurements: PL and PLQY
measurements were performed on a FluoTime 3000 photo-
luminescence spectrometer, using the laser 509 nm excitation
source with a repetition rate of 2 MHz. Octane was used as a
solvent in order to dilute and prepare the samples for
measurements. To track the stability of the nanoparticles in
solution by PL and TRPL, the cuvettes were kept in air and
under ambient light in a fume hood. The TRPL data were
fitted using a biexponential function.

Transmission electron microscope (TEM). The transmission
electron microscope (TEM) images were taken using a JEOL
F200 microscope at 200 kV acceleration voltage. The diluted
solution of NCs was drop-cast on a TEM copper grid. The
images were analyzed using ImageJ software for particle shape
and size distributions. The mean size and polydispersity index
were obtained using the LogNormal function with Origin soft-
ware. Further high-resolution TEM images were acquired at
300 keV using an aberration-corrected ThermoFisher Titan 80-
300 TEM equipped with a Gatan OneView Camera Model 1095.
The magnification calibration was confirmed by a gold refer-
ence sample. The description of the reciprocal lattice and best
fitting parameters is summarized in the SI, page S4, together
with the calculations in Table S2.

Nuclear magnetic resonance (NMR). Data were recorded at
ambient temperature on a Bruker AV-II 300 spectrometer oper-
ating at 300 MHz.

X-ray photoemission spectroscopy (XPS). XPS measurements
were carried out in an ultrahigh vacuum chamber (ESCALAB
250Xi by Thermo Scientific, base pressure: 2 × 10–10 mbar)
using an XR6 monochromated Al Kα source (hv = 1486.6 eV)
and a pass energy of 20 eV. A spot size of 650 μm was utilized
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for the analysis. Samples for XPS measurements were spin-
coated on ITO substrates. All measurements were performed
in the dark.

Fourier transform infrared spectroscopy (FTIR). Aliquots
were removed after purification of the synthesis procedure and
drop-cast in a KBr pellet to measure FTIR. 30 mg of KBr was
ground in a mortar and later pressed into a pellet with a
pressure of 1.7 t and a mini pellet press of 7 mm diameter
(Specac). A pure KBr pellet was used for the background
measurement. Lastly, the measurements were performed using
an IRSprit from Shimadzu, averaging 20 measurements.
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