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1. Introduction

Colloidal lead halide perovskite (LHP)
nanocrystals (NCs) are of great interest as
novel light sources.[1–9] Their outstanding
opto-electronic properties, facile and inex-
pensive preparation methods – over versa-
tile compositions – and superior photo- or
electrically-induced performances have
impelled rapid incorporation of LHP NCs
into displays and LEDs, and fostered novel
applications as solution-grown light and
quantum emitters or absorbers.[10,11]

Over the past few years, great advances
have concerned device optimization and
quantum efficiencies,[1,12–15] fundamental
studies (focusing on the effects of surface
chemistry and NCs morphology on the
light emissivity and long-term stability),[16]

ab-initio calculations (elucidating the origin
of LHP defect-tolerant electronic structure
and providing the formation energy of
defects and justification for their relative
abundance),[17–28] and a blooming research
on collective emissive states (through NC
self-assembly into long-range ordered
superlattices).[29–36] In all these studies,
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Lead halide perovskite nanocrystals (NCs) have emerged as next-generation
semiconductors capable of unifying superior photoemission properties, facile
and inexpensive preparation, compositional and structural versatility. Among
them, CsPbBr3 is a model system in theoretical and experimental studies owing
to its intrinsic chemical stability. Nonetheless, knowledge of the precise
magnitude and the size- and temperature-dependent lattice and structural
distortions is lacking, and the static/dynamic nature of disorder in NCs remains
an open question. Herein, robust reciprocal space X-ray total scattering analysis
is applied and accurate lattice distortions, Pb─Br bond distances, and
Pb─Br─Pb angles versus NCs size are extracted. The lattice anisotropy
increases upon expansion on downsizing while, upon contraction on cooling,
the lattice distortion behaves differently at intermediate (9 nm) and ultrasmall
(5 nm) sizes and from the bulk. Bond distances (stretched by�1%) do not show
any size dependence, whereas equatorial and axial angles denote more sym-
metric octahedral arrangements in the smallest sizes, where they differ by �2°
compared to �8° in the bulk. Anomalously high atomic displacement
parameters of axial bromine ions persisting down to cryogenic temperatures
suggest statically disordered octahedral tilts. These results provide insights
having important implications on size-dependent emission properties and the
exciton fine structure.
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CsPbBr3 NCs have acted as a model system for unveiling funda-
mental structure–function relationships,[37–41] similar to the
extensive studies on CdSe-based NCs in the realm of II–VI com-
pounds. LHP NCs differ vastly from classical colloidal quantum
dots (QDs), foremost owing to the intrinsic lattice softness and
dynamics as a major feature of LHP.[42–46] Besides the facile (iso-
valent) anion and cation substitutions (for X and A sites of the
APbX3 formulation),[47–54] favoured by the presence of point
defects (vacancies) with low formation energy,[27] LHP NCs
are prone to accommodate both larger lattice distortions and dif-
ferent types of structural (static and dynamic) disorders than clas-
sical QDs.[4] Nonetheless, only a limited number of studies focus
on specific size-dependent structural effects in CH3NH3PbI3 and
CsPbI3 NCs which are concurrent to quantum confinement but
influence the energy bandgap and emission properties in a dis-
tinctive way.[42,55] In this regard, ab initio methods have eluci-
dated both the effect of octahedral tilting (deviating from the
straight configuration of the archetypical cubic polymorph) on
widening the energy bandgap and that of lattice contraction
on narrowing it.[56,57] Theory and experiments at a single NC
level attribute the main emission of LHP NCs to the bright triplet
exciton transition, with additional low-energy (weaker) spectral
features detectable at cryogenic temperatures.[41,58] Size-
dependent lattice anisotropy (consisting of tiny tetragonal and
orthorhombic deviations from the cubic cell) is unveiled as an
important mechanism governing the bright exciton fine struc-
ture splitting in CsPbI3, which is an essential property (jointly
to single-photon emission purity) for applying halide perovskite
NCs in quantum information technology.[31,36,59–61] Concerning
CsPbBr3, the NC shape anisotropy is also reported to govern the
excitonic fine structure.[62] On the side of structural disorder, the
current debate on the existence of static disorder, possibly coex-
isting with a dynamic one, remains a non-trivial task to be solved
in halide perovskites, both at bulk and nanoscale.[63–66]

Despite all these aspects playing a central role in the
understanding of photoexcited phenomena and their timescale,
a comprehensive quantitative picture of size-driven lattice and
structural distortions based on experimental evidence in the
model CsPbBr3 NC system is lacking, and the (static and/or
dynamic) nature of disorder remains an open question. This cir-
cumstance may be attributed to two major factors. Firstly, most
of the structural studies on CsPbBr3 QDs have been performed
on cuboidal NCs of 9–12 nm in size. At these (and larger) sizes,
there is wide consensus on that NCs exhibit (at room tempera-
ture) the thermodynamically stable orthorhombic phase, as
observed in the bulk. The quite modest range of (until recently)
available sizes, mainly due to the intrinsic instability of ultrasmall
NCs (<7 nm), has hampered an in-depth quantitative investiga-
tion of size-dependent structural changes. These changes may
refer to the possible stabilization of high(er) symmetry poly-
morphs (namely cubic, as claimed in many papers),[46,67–71] or
to the onset of octahedral distortions as measured by the
Pb─Br bond distances, Pb─Br─Pb bond angles and/or metal
off-centering changes.[72,73] Lattice inflation is reported to occur
in CsPbBr3 NCs upon downsizing[74]; however no systematic
study on its size dependence has ever been reported. Whether
these effects are, fully or partially, governed by the NC size
and/or surface passivation, and are measurable at all, has great

implications both on fundamental knowledge of LHP QDs and
on the precise engineering and control of their function.[75–77]

The second factor thus far limiting a comprehensive picture of
size-dependent structural effects is the inadequacy of conven-
tional atomic-precise (namely, X-ray-based) structural methods
of analysis in extracting robust quantitative information from
experimental scattering data of NC ensembles, yet a highly chal-
lenging task at very small sizes. A more robust analysis comes
within reach, thanks to the progress in wide angle X-ray total scat-
tering (WAXTS) methods of characterization, particularly those
developed in the reciprocal space (the so-called WAXTS-DSE -
Debye scattering equation-based techniques).[78–80] The ultimate
power of these techniques is the ability of DSE to treat on an
equal basis Bragg and diffuse (elastic) scattering from the sam-
ple, which are simultaneously collected through a WAXTS exper-
iment (details in Supporting Information). Remarkably, the
diffuse scattering significantly contributes to the total pattern
in small NCs, as it results from finite-size effects, defects and
disorder (i.e., from any deviation from an average long-range
periodic order), but it is fully disregarded in conventional diffrac-
tion methods. The DSE-based analysis of WAXTS data relies on
atomistic models of NCs of well-defined size and shape, and
therefore encodes all relevant atomic and nanometre length
scales within a unified and reliable physical model.
Specifically, in the field of ultrasmall semiconductor colloidal
QDs, WAXTS-DSE methods have been successfully applied in
many different cases,[81,82] including unveiling planar defects
of the twin boundaries type in CsPbBr3 NCs[74] and local low-
symmetry arrangement in cubic hybrid halide perovskite NCs
(FAPbBr3, FA= CH(NH2)2

þ).[48,83,84]

In the present work, we present a thorough analysis of colloi-
dal CsPbBr3 NCs with sizes in the 5–20 nm range. Based on syn-
chrotron WAXTS data, herein we apply the DSE method of
analysis by constructing atomistic models of cuboidal NCs
and calculating the X-ray pattern model of the ensemble (see
Supporting Information). We further combine this approach
with an optimization procedure against experimental data explor-
ing the model parameters hyperspace, to limit and control cor-
relation effects. The analysis is performed on both WAXTS data
collected directly on colloidal suspensions of CsPbBr3 NCs, at
room temperature, and on variable-temperature data measured
on dry samples, from 300 K down to 6 K, for intermediate and
small sizes. We extract lattice anisotropy, bond distances, and
angles and discuss their size- and temperature-dependence,
while also accounting for the structural inequalities of equatorial
(Breq) and axial (Brax) bromines within the orthorhombic struc-
ture. At room temperature, below 7 nm (the size at which NCs
also enter the strong quantum confinement regime), the equato-
rial Pb─Br─Pb bending nearly equals the axial one, thus exhib-
iting a significant deviation from the bulk (where the two angles
differ by �8°) in favour of a more symmetric arrangement (in
spite of the large orthorhombic strain). Upon cooling, we find
that the lattice distortions in 9 nm and 5 nm NCs are dissimilar.
Finally, we provide evidence of the existence of a static disorder
of PbBr6 octahedral tilting, particularly evident in the axial direc-
tion, likely coexisting with the dynamic disorder of halides.
Implications of these findings on the reported emission proper-
ties are also briefly discussed.
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2. Results

2.1. Size-Driven Lattice Response and Parameters Accuracy at
Ultrasmall Sizes

The CsPbBr3 NCs selected for this study cover the 5–20 nm size
range and have been prepared mostly according to the synthesis
in ref. [5] or modifications thereof.[18] Though not critical for the
scope of the present work, our strategy of size selection (within
the range of interest) considers slightly different synthetic

approaches and/or capping ligands (oleic acid/oleylammonium
– OAc/OAm, didodecyldimethyl ammonium bromide – DDAB,
oleylguanidinium bromide – OGB, and others, see Experimental
Section). This choice guarantees access to stable colloidal NCs
with high uniformity in size and shape for each representative
size (TEM images in Figure 1a and S1, Supporting Information).
On the other side, in spite of being a key factor for the NC quan-
tum efficiency, only a minor influence of surface chemistry over
the investigated structural properties is observed, in line with
reported calculations and experimental work on this specific

(a) (b)

(d)

(c)

Figure 1. Size-dependent (room-temperature) properties of colloidal CsPbBr3 NCs synthesized with different passivation methods. a) TEM images (scale
bars 20 nm or 50 nm) and b) absorption and photoluminescence spectra of representative NCs sizes (edge length L) and surface ligands (see colours
legend in panel d). c) Energy of the first exciton peak vs NCs sizes (defined as equivalent diameter of a sphere, Deq ¼ 2L=

ffiffiffi
3

p Þ. The fitting (black dashed)
and predicted (red dashed) curves are described by the semi-empirical equation of optical band gaps vs sizes, as suggested in ref. [85], with E0 ¼ 2.38 eV
the reference bulk value (details in the Experimental Section). The empty white circles from ref.[33] (prepared using zwitterionic ligands, sizes from SAXS
analysis) nicely follow the curve and further support the hypothesis of a limited influence of the surface chemistry. Worth to note, the 5.0 nm spectrum in
(b), exhibits a second broad peak (�2.7 eV) originating from the allowed p–p excitonic transition, as reported in ref. [33] d) Relative volumetric lattice
strain vs L over the 5–20 nm size range. V is the volume of the Pbnm unit cell of NCs, VBulk (black triangle) is that of the bulk from ref. [92]. The solid black
line is the regression line best fitting all points, the dotted lines depend on the estimated standard deviation of the line coefficients. Values of V and L are
extracted from X-ray analysis of data collected on colloidal NCs. The circled brown triangle outlier refers to the volume extracted from X-ray data collected
at 410 K on the 10 nm NCs dried sample.
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aspect.[24] A minor influence of the surface chemistry
(as compared to the influence of NC size) is also observed in
the absorption and emission spectra of all samples, as shown
in Figure 1b and S1, Supporting Information, for cuboidal
NCs with several edge lengths L, extracted from WAXTS-DSE
analysis (see Table S1, Supporting Information). Irrespective
of the employed ligands, the first exciton peak position (obtained
by a second-derivative approach[33]) of all NCs studied in
this work nicely obeys a common size-dependent law
(Figure 1c).[85] Nonetheless, to further support such a statement,
and as done in Figure 1, in the following we maintain full track of
the different surface chemistry by marking NCs from each group
with the same colour code (for a total of 14 samples in four
different groups).

To rationalize the size-dependent band gap in Figure 1c, we
test our experimental data against the semi-empirical sizing
function recently proposed in ref. [85] (details in the
Experimental Section). This function predicts the size-dependent
optical band gap of spherical semiconductor QDs using known
bulk (i.e., size-independent) material parameters and consider-
ing a correction for non-parabolic energy bands. For our
CsPbBr3 QDs, the prediction (red dashed curve in Figure 1c)
is obtained by considering the effect of the cuboidal NC shape
on the energy confinement (via introducing an equivalent diam-
eter Deq ¼ 2L=

ffiffiffi
3

p
) and by assuming the following bulk param-

eters: optical band gap E0 ¼ 2.38 eV,[86] Bohr diameter of 6.1 nm
and (high-frequency) dielectric constant ε∞ ¼ 7.3.[85,87] While
using these reported bulk parameters already yields coarse agree-
ment between experimental data and semi-empirical sizing func-
tion, we now further refine the latter via fitting. In principle,
deviations from the bulk CsPbBr3 crystal structure in NCs (vide
infra) could impact each of the three employed “bulk” material
parameters. However, for simplicity, we here choose to fix the
bulk gap and dielectric constant at the reported bulk values while
treating the Bohr diameter as a free fit parameter in our NCs.
This yields an improved fit (black dashed curve in Figure 1c)
to the experimental data (including the data from ref. [33]), with
a Bohr diameter of 5.05(8) nm, slightly reduced compared to the
reported bulk value. A detailed study of size-dependent optical
properties is beyond the scope of our present work.

Nonetheless, we here suggest that deviations from the simple
size confinement as given in ref.[85] would not be unsurprising if
the crystal structure itself is size-dependent (vide infra). Finally,
we suggest that the size dependence in Figure 1c offers itself a
starting point for such further studies, given the high accuracy of
our NC size determination via utilizing two independently
collected datasets (WAXTS, this work, and small angle X-ray scat-
tering, (SAXS), ref. [33]).[85,88]

In this regard, herein atomistic models of CsPbBr3 NCs
are built using the orthorhombic crystal structure (in the
Pbnm setting)[74,89,90] and a cuboidal (orthogonal square prisms)
morphology, with morphological axes running parallel to the
crystallographic ones (details in the Supporting Information).
Four parameters of size (more appropriate for the prismatic
NCs) are adjusted according to a bivariate distribution function
(average size and standard deviation along the crystallographic c
axis – Lc – and in the orthogonal ab plane - Lab, the two treated as
independent directions, details can be found in ref. [91]). From

these values (reported in Table S1, Supporting Information),
L= (LcLab

2)1/3 is extracted as a single measure of the NC average
cube edge length. The bivariate model of size indeed provides
quite isometric lengths for the different samples (the average
aspect ratio Lc/Lab is 1.14 with standard deviation 0.14, with
no clear size-dependence), suggesting that L is a good proxy
for the NC size (at least for the scope of the present work).

In Figure 1d we show the lattice expansion resulting from the
X-ray analysis versus 1/L. We plot the relative deviation of the
unit cell volume V (see Table S2, Supporting Information) from
that of the bulk material (VBulk, as reported in ref. [92]) and notice
a substantial alignment of all samples to the regression line
(R2= 0.9299). Though quite modest at 20 nm (�0.4%), the lattice
expansion sets the remarkable maximum volumetric strain of
2.3% at the smallest 5 nm size. The negative surface energy
γ ¼ �2.7 eVnm�2 (details in Supporting Information) extracted
therefrom is in good agreement with the reported value of
�3.0 eVnm�2 for OAc/OAm-capped CsPbI3 NCs.[42] All points
in Figure 1d refer to NCs in their colloidal state, except for
the sample labelled as Dry (HT), for which the lattice expansion
(1.9%) is measured on 10 nm NCs at 410 K, that is beyond the
reported transition temperature to the cubic polymorph.[74,93]

This value clearly indicates that the size-driven expansion
observed in 5 nm NCs exceeds the thermally induced expansion
in NCs of twice the edge length.

Inspired by this finding, we investigate in depth those struc-
tural effects possibly driven by such ultra-expansion of the lattice
or, in other words, the possible stabilization of the cubic poly-
morph at room temperature.[46,67–71] Initially, the occurrence
at 5 nm of the Pm-3m cubic structure (Figure 2a) vs the Pbnm
orthorhombic one (Figure 2b) is tested and a clear indication
in favour of the latter is measured by the much lower
Goodness of Fit statistical figure of merit, GoF (2.44 vs 1.57,
respectively). We further test a split-cubic model encoding the
structural configuration that combines a lower-symmetry local
atomic arrangement (octahedral tilting) within an average
cubic structure (Figure S2, Supporting Information), which is
supported by the recent literature on both fully inorganic
and organic–inorganic LHP NCs, and by ab initio
calculations.[83,94–96] Despite the significant improvement of
the latter model (GoF= 1.84) vs the unsplit Pm-3m one, the
orthorhombic structure is still a far better match, suggesting that
PbBr6 octahedral tilting is coherent throughout most of the NC
volume. Once this aspect has been clarified, aiming at achieving
an in-depth atomic-precise comprehension of the size-
dependence of CsPbBr3 NC structural properties, we discuss
in this section and in Section 2.2 the deviations of the orthorhom-
bic lattice parameters from the cubic symmetry, in the
ultra-expanded 5 nm NCs and larger sizes, whereas octahedral
tilt variations in comparison to the unrelaxed structure of the
bulk are treated in paragraph 2.3.

The a and b unit cell parameters in the orthorhombic halide
perovskite structure are very similar and slightly differ from the
ak cubic lattice parameter according to the a � b � ffiffiffi

2
p

ak rela-
tionship (schematized in Figure 2c). As consequence, a and b
are at risk of being easily interchanged when extracted from
X-ray diffraction data possessing broad peaks, such as those of
ultrasmall NCs (<7 nm). In such circumstances, determining
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robust values (by well-established optimization algorithms
implemented in Rietveld-based software programs) is quite chal-
lenging. Herein, we apply a more robust approach of parameter
hyperspace exploration through a fine grid-search (grid
step= 0.01 Å), carried out while fixing all other structural and
morphological model parameters to pre-refined values, and mea-
suring the match of each grid point model to the experimental
data using the GoF indicator, as shown in Figure 2d for the 5 nm
NCs. The 3D map of GoF vs a and b lattice parameters, at
(optimized) c= 11.756(2) Å, locates the minimum GoF at
a= 8.207(1) Å and b= 8.407(1) Å. Though the shape of the
GoF basin indicates a clear anticorrelation of the a and b param-
eters, the minimum is evidently distinct from the cubic value of
the Pm-3m and split-cubic models (the white dot in the bottom-
right corner in Figure 2c, where ak ¼ 8.308=

ffiffiffi
2

p
Å ¼ 5.875Å),

despite the apparently small, but measurable, deviation of a
and b (0.2 Å).

2.2. Size- and Temperature-Dependent Lattice Anisotropy

The size-driven (room-temperature) variation of unit cell param-
eters over the 5–11 nm range of sizes is shown in Figure 3a. The

a parameter is found to be rather insensitive to the NC size,
which mostly affects b and c values, the former exhibiting a more
pronounced size dependence. To better understand the meaning
of this finding in terms of distortion of the orthorhombic lattice
vs the cubic one, we refer to the theory presented in ref. [62] and
plot in Figure 3b the irreducible orthorhombic strain ζ vs L. ζ
quantifies the strain along the a, b, c orthorhombic axes relative
to a pseudo-cubic structure. This is described as a non-primitive
supercell with axes parallel to the orthorhombic ones and lengths
aC ¼ ffiffiffi

2
p

ak, bC ¼ ffiffiffi
2

p
ak, and cC ¼ 2ak, where ak ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðabcÞ=43
p

is
the equivalent lattice parameter of the primitive cubic cell.
Based on this relation, strain components [εaa ¼ ða� ffiffiffi

2
p

akÞ=ffiffiffi
2

p
ak and εbb ¼ ðb� ffiffiffi

2
p

akÞ=
ffiffiffi
2

p
ak] are calculated from the

X-ray-based results, from which ζ ¼ ðεaa � εbbÞ=2 is obtained.
The higher the jζj values, the more distorted the lattice.

Figure 3b indicates that, compared to the rather modest value
of the reference bulk, CsPbBr3 NCs exhibit higher orthorhombic
strain that systematically increases upon downsizing, that is
while their cell volume expands (Table S2, Supporting
Information). A similar size dependence of the lattice anisotropy
is reported in CsPbI3 NCs

[42] where it is indicated as the major
mechanism inducing bright-exciton fine structure splitting

(a) (b)

(c) (d)

Figure 2. WAXTS-DSE (room-temperature) crystal structure analysis of ultrasmall colloidal 5 nm CsPbBr3 NCs. Best fit using a) the cubic Pm-3m and
b) the orthorhombic Pbnm crystal structure models: experimental data (black dots), DSE pattern model (green and red traces), toluene (blue trace),
residual (grey trace). c) Geometrical relationship between the orthorhombic (a, b, c) and cubic (ak, bk, ck) unit cell vectors of LHP in the ab-plane; The c
and ck axes, drawn out of the page, are parallel. d) 2D map of GoF (in colour-grade) vs orthorhombic a and b lattice parameters (at c= 11.756 Å). The
minimum GoF is found at a= 8.207(1) Å and b= 8.407(1) Å (a/b= 0.976). The refined cell parameter of the Pm-3m model (ak= 5.875 Å= 8.308ffiffi

2
p Å) is

highlighted by the white spot in the map (bottom-right corner). For the estimation of uncertainties, details are given in the Supporting Information.
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(at the ensemble level) at low temperature in solution-grown
QDs. This effect is deemed important for highly coherent
single-photon emission and application of perovskite NCs in
quantum information technology.[60] This is a hot topic in the
field of LHP QDs, as demonstrated by the flourishing number
of reports on low-T spectroscopic experiments and related
fundamental works.[38,41,97–101]

Indeed, the NC response to cooling was shown to increase the
lattice anisotropy of CsPbI3 NCs. To check whether such a
hypothesis is valid also for CsPbBr3 NCs, we further performed
variable-Tmeasurements, from 300 K down to 6 K, on dried NCs
for the 5 nm and 9 nm didodecyldimethyl ammonium bromide
(DDAB)-capped samples (see Experimental Section). Figure 4a
shows the progressive lattice contraction, given as the unit cell
volume of the equivalent primitive cubic cell (Vcubic= Vortho/
4), indicating that the NC volumetric response is size-
independent, with a common thermal expansion coefficient
(αV= 1.1� 10�4 K�1) derived therefrom (see Supporting
Information) very close to the reported bulk value.[92] The con-
stant offset between the 5 nm and 9 nm curves in Figure 4a
depends on the different lattice expansion already found at room
temperature (2.3% vs bulk for 5 nm and 1.1% for 9 nm), to which
the metrical differences detected at different T can be reasonably
attributed. In this regard, the T-dependence of ζ exhibited by the
9 nm NCs in Figure 4b is in line with the trend reported in
CsPbI3 NCs. In contrast, at the ultrasmall 5 nm NC size, such
dependence nearly vanishes, leading, at cryogenic temperatures,
to a less distorted lattice than for the 9 nm NCs. By adding in
Figure 4b the ζ values of the bulk at 300, 100, and 4 K (calculated
from ref. [102]), it becomes clear that the slope of the strain
decreases from the bulk to the 9 nm to the 5 nmNCs. This behav-
iour originates from the a, b, c parameters (different in the two
NC sizes and in the bulk) at room temperature and their distinc-
tive dependence on T (Figure 4c). For bulk/large NCs (exhibiting
higher order at low T ) this can be seen as an increase of

disordering (higher entropy/higher symmetry) upon heating.
We finally remark that ζ increases with L (becoming less nega-
tive, Figure 3b) while the NCs lattice contracts, and increases
with T (Figure 4b) while the NC lattice expands (i.e., the slopes
of ζ ≥ 0 in both cases).

2.3. Determining Pb─Br Bond Distances and Pb─Br─Pb Bond
Angles via Grid-Search χ2-Minimization

In this section we discuss the method for extracting robust
Pb─Br bond distances and PbBr6 octahedral tilts from
WAXTS data collected on the NC colloidal suspensions. We
exemplify the method in Figure 5 for the 5 nm NCs; calculations
for all NC sizes are available in Figure S3–S6, Supporting
Information. The method of investigation relies on a grid-search
exploration of the (x,y,z) fractional coordinates of bromine atoms
(bridging Pb atoms of corner-sharing octahedra, see Figure 5a)
inside the orthorhombic unit cell, in the vicinity of their locations
in the bulk.[92] We consider separately the equatorial (Breq) and
axial (Brax) bromine atoms (structurally inequivalent) and use the
Pb─Breq─Pb and Pb─Brax─Pb bond angles as proxies of the
actual octahedral tilts.[103] The exploration is performed at fixed
Pb and Cs positions (see Table S3, Supporting Information) and
fixed values of the isotropic atomic displacement parameters – in
the form of Debye–Waller (DW) factor (in the 1.0–6.0 Å2 range, at
0.5 Å2 steps). In this regard, intrinsic limitations of X-ray-based
powder diffraction techniques, typically leading to poorly deter-
mined DW factors, jointly to the lack of computational tools
implementing more complex atomic motions within the DSE
method of analysis, dictates the choice of isotropic atomic dis-
placement parameters (within the harmonic approximation of
thermal motions). Such a choice does not significantly affect
the major results of the structural analysis (as briefly discussed
in Section 2.5), despite that anisotropic and anharmonic vibra-
tions of halides in the LHP are supported by theoretical models

(a) (b)

Figure 3. a) Room-temperature lattice parameters and b) lattice strain of CsPbBr3 NCs vs size (X-ray data from colloidal suspensions): a) Orthorhombic a
(squares), b (triangles) and c (circles) parameters vs edge length L of cuboidal NCs; b) Irreducible orthorhombic strain ζ vs L. ζ describes the lattice
anisotropy measured as deviations from the axes of a non-primitive pseudo-cubic cell, as described in the main text. The strain increases with lattice
expansion upon downsizing.
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and experimental evidence at the bulk scale, and their role in the
photoexcited ultrafast dynamic response of halide perovskites is
well recognized.[63–66,104–112]

Figure 5b shows the 3Dmaps of GoF= ðχ2Þ12 vs (x,y) for Breq at
z= 0.486 and at selected DW’s, while maps for Brax (at z= 0.75,
symmetry-restrained) are displayed in Figure 5c. On one side,
based on the grid exploration, Br’s locations are pinpointed from
the best match with the WAXTS data and Pb─Br distances and
Pb─Br─Pb bond angles, derived therefrom, discussed vs the
bulk angles and distances.[92] From the analysis of Breq location
in Figure 5b at its minimum GoF (found at DW= 2.0 Å2), the
resulting equatorial bending of 161.0(1)° is �4° off the bulk
value of 157.42(6)°, whereas the two bond distances
[Pb1─Breq= d1= 2.983(2) Å and Pb2─Breq= d2= 2.973(2) Å,
see Figure 5d] are comparable and only slightly expanded vs
the bulk distances [d1� d2= 2.964(1) Å]. In a parallel way, the
analysis of Brax in Figure 5c (minimum GoF at DW= 3.0 Å2),
provides the axial bending of 163.2(2)° and distances Pb1─
Brax= Pb3─Brax= d= 2.9710(8)Å vs 165.5(1)° and 2.9575(5) of
the bulk. On the other side, to evaluate how robust these results
are, we further discuss the basins of competitive GoF’s around
the minima in Figure 5b,c (taken as representative of the

potential energy surface and curvature, details in the
Supporting Information). These basins exhibit peculiar shapes
that are maintained throughout the whole sequence of
DW-maps. These features are replicated in all investigated sizes
(see Figure S3–S6, Supporting Information), suggesting more
general considerations regarding the size-driven changes of bond
distances and PbBr6 tilting.

To simplify the discussion, we schematize in Figure 5d,e the
set of those positions (or movements) of Breq matching the exper-
imental observations. Positions in Figure 5d preserve nearly
identical Pb─Breq─Pb angles (perfectly equal along the arc in
Figure 5d) while d1 and d2 bond distances vary in a fully anticor-
related manner. Positions in Figure 5e exemplify the case of Breq
progressively changing the bond angle while preserving equal
bond distances (d1= d2). The trajectory in Figure 5d corresponds
to positions along the AB dashed line in the experimental map of
Figure 5b, whereas the trajectory in Figure 5e refers to positions
along CD, nearly perpendicular to the AB path. Accordingly, the
GoF variation along the AB path is plotted vs Pb─Breq bond dis-
tances (the bending being essentially invariant), as displayed in
Figure 5h. Here, the minimum GoF is found at d1� d2 indicat-
ing that Breq equidistant from Pb1 and Pb2 is the best

(a)

(c)

(b)

Figure 4. a) Temperature-dependent unit cell volume, b) orthorhombic lattice strain ζ, and c) a, b, c cell parameters vs T of dried 9 nm (yellow symbols) and
5 nm (blue symbols) CsPbBr3 NCs. Black symbols are bulk values at 300, 100 and 4 K, from ref. [102]. In (a), the unit cell volume is normalized to the cubic
one. An equal volumetric thermal expansion coefficient is extracted therefrom. In (b) tiny differences from ζ values in Figure 3b at the same NC sizes are due
to the sample drying. The slope of strain on cooling (upon lattice contraction) is size-dependent and decreases from bulk to the 9 nm to the 5 nm NCs.
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configuration for the 5 nm NCs. In a parallel way, the GoF
variation along the CD path, plotted vs the equatorial bending
in Figure 5i, leads to the best angle of 161°.

With reference to Brax, the peculiar arc-shaped basins of
competitive GoF’s in the maps of Figure 5c indicate that the atom

apparently librates about the c-axis and maintains nearly fixed
bond distance and angle along the arc (see Figure 5g). The
GoF basin shifts along the radial EF direction and gradually
approaches the c-axis when the DW factor is raised, which causes
the concurrent widening of the bond angle (as schematized in

(a) (b)

(c)

(d)

(h) (i) (j) (k)

(e) (f) (g)

Figure 5. Grid-search exploration of Breq and Brax crystal coordinates and the resulting Pb─Br bond distances and Pb─Br─Pb bond angles for the 5 nm
NCs. a) Schematics of the orthorhombic CsPbBr3 crystal structure view down the c-axis: Breq (red), Brax (blue), Pb (grey), Cs atoms removed for the sake of
clarity. The dotted rectangles exemplify the regions of exploration for Breq (red, bridging Pb1 and Pb2) and Brax (blue). b,c) 3D maps of GoF (in colour-
scale) vs x and y fractional coordinates of b) Breq and c) of Brax at the DW value reported on top of each map. Maps are shown at the optimized z= 0.486
coordinate for Breq and at the symmetry-restricted z= 0.75 for Brax. The grid step of calculation is 0.001 (�0.008 Å along x and y), re-binned at 0.005
(for sake of clarity). d,e) Schematics of the Breq trajectories along with the equatorial bending variations: d) bending remains nearly constant while
Pb─Breq bond distances (d1 and d2) vary in a fully anticorrelated manner, e) bending varies while d1= d2. Trajectories in (d) and (e) reproduce the
AB and CD dashed lines in panel (b). f,g) Schematics of the Brax moves: f ) in radial direction (off the c-axis) determining narrowing of the axial bending
and concurrent increase of the Pb─Brax bond distance d, as per the moves along the EF dashed line in (c), and g) as apparent libration hinged on the c-axis
reproducing the arc-shaped GoF basin observed in the maps in (c). GoF variations: h) along AB vs distances (Pb1─Breq= d1, green dots, and Pb2─Breq= d2,
purple dots); i) along CD and EF vs angles (Pb─Breq─Pb, red, and Pb─Brax─Pb, blue), providing the best equatorial/axial angle, respectively; j) along CD at
increasing DW of Breq, and k) along EF at increasing DW of Brax, showing concurrent small shifts towards higher equatorial and axial angles.
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Figure 5f ). These observations point to a strong numerical cor-
relation between the Brax position and its thermal displacement
parameter. Such an effect is also noticeable, to a minor extent,
for Breq in Figure 5b. The GoF variation along the EF path vs the
Pb─Brax─Pb angle (Figure 5i) further highlights the shallower
profile for Brax than that of Breq. When CD/EF curves are
extracted from the maps at increasing DW’s, both equatorial
(Figure 5j) and axial (Figure 5k) angles are slightly shifted toward
higher values (by 3° at most), as per the correlation between Br
location and thermal motion. While raising the GoF’s, larger
DW’s do not significantly change the shallowness of profiles,
a circumstance leading to a less accurate determination of the
location of the axial vs the equatorial bromine, as
discussed in the next section.

2.4. Size Effects on Pb─Br Bond Distances and Equatorial/Axial
Pb─Br─Pb Bond Angles

The much shallower minimum of the Pb─Brax─Pb curves is
size-insensitive and is systematically detected in all samples.
Indeed, it has a structural origin. We elucidate this effect in
Figure 6a by showing for the 9 nm NCs the residual (I–I0)/I0 pat-
terns, where I is calculated at different Pb─Breq─Pb (from 160°
to 166°) and fixed Pb─Brax─Pb (158°) angles, (and vice versa) and
I0 is obtained by imposing equal equatorial and axial bending
(158°). By varying the equatorial angle, the X-ray pattern intensity
variations are much stronger than for an axial bending of equal
extent, due to the presence of Breq:Brax atoms in a 2:1 ratio in the
orthorhombic space group. This intrinsically lower contribution
to the scattering for Brax makes its position and the related struc-
tural properties less accurately determined than those of the
equatorial bromine (by WAXTS-DSE and any type of diffraction-
based analysis).

The correlation between Br atom position and thermal motion
further complicates the task of achieving a robust structural

analysis for Brax. 3D maps of GoF’s vs Pb─Breq─Pb or
Pb─Brax─Pb angles and vs DW factors are assembled in
Figure 6b for the 5 nm and 9 nm NCs by combining the GoF
curves (shown in Figure 5j, k) calculated for the entire sequence
of the DW-maps. Two major findings are highlighted: 1) the
9 nm NCs exhibit bond angles close to the bulk values, whereas
the 5 nm NCs exhibit measurable differences from the 9 nmNCs
regarding both the equatorial (by 4°) and axial (by 3°) angles;
2) the strong correlation between Brax position and its thermal
displacement parameter is particularly severe at 5 nm but it is
detected also at 9 nm and larger sizes, which points to an intrin-
sic structural disorder of Brax in CsPbBr3 NCs (the nature of
which is discussed in paragraph 2.5, based on variable-tempera-
ture data analysis).

A complete overview of Pb─Br bond distances and Pb─Br─Pb
bond angles over the full range of sizes is provided in Figure 7
(see Table S3 and S4, Supporting Information, best fit in
Figure S7, Supporting Information). Pb─Breq and Pb─Brax
distances vs L (Figure 7a) indicate systematic elongation vs bulk
values, never exceeding �1%, without any clear evidence of a size-
dependence. In contrast, the Pb─Breq─Pb and Pb─Brax─Pb angles
vs L (Figure 7b) suggest that nanosizing down to 7 nm does not
significantly affect octahedral reorientation, both as equatorial
and axial tilts, whereas at smaller sizes the largest lattice expan-
sion drives measurable changes of both angles, making bending
softer than stretching. The changes of equatorial and axial bend-
ing take place in the opposite directions (at most, by �þ4° and
�–2° vs the bulk, respectively), eventually resulting in nearly com-
parable bond angles. This structural rearrangement is substantial,
and it is expected to impact the CsPbBr3 NCs photophysical prop-
erties (that strongly depend on octahedral tilting) concurrently to
quantum confinement effects, but in a distinctive way.[55]

Summarizing, the high flexibility of CsPbBr3 points to a pecu-
liar, so far undetected, size-driven response upon NC downsizing
towards nearly equal octahedral tilts in the ab-plane and normal

(a) (b)

Figure 6. a) Simulated differential patterns (I–I0)/I0 for 9 nm CsPbBr3 NCs that exemplify the progressive changes upon increasing equatorial
Pb─Breq─Pb bending (from 160° to 166°) at fixed axial angle Pb─Brax─Pb= 158°, and vice versa. The I0 reference pattern is calculated at equal equatorial
and axial angles (158°). b) 3D maps of GoF’s (from the experimental grid coordinates exploration) vs equatorial/axial bending and vs Breq and Brax DW
factors for the 5nm and 9 nm NCs. The two sizes exhibit equatorial angles differing by 4°, while axial angle differ by 3°.
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to it, and concurrent increase of the lattice distortion in terms of
deviation from the cubic one. Moreover, the T-dependence of the
lattice anisotropy is different at the intermediate and small NC
sizes (and different from the bulk). These findings may contrib-
ute to the current debate on the fast emission from bright triplet
exciton states in the weak-to-intermediate confinement regime,
recently measured also in strongly confined DDAB-capped 5 nm
NCs,[36] and on the role of size-dependent structural properties in
the dark-bright order of energy levels at room and cryogenic tem-
peratures. In the next paragraph we further analyse the structural
changes brought about by cooling down to 6 K, based onWAXTS
data measured on 5 nm and 9 nm NCs.

2.5. Static versus Dynamic Disorder in CsPbBr3 NCs

X-ray data collected on dry CsPbBr3 NCs at variable T from 300 K
down to 6 K are shown in Figure 8a for the 5 nm size and in
Figure 8b for the 9 nm size. Inspection of WAXTS patterns sug-
gests that both samples do not undergo any phase transition
upon temperature decrease. The superstructure peaks in the
1.5–2.0 Å�1 Q-range (the key signatures of the orthorhombic
polymorph) are nearly absent in the smallest NCs and do not sig-
nificantly change their intensity over the probed T-range. In con-
trast, the 9 nm NCs exhibit progressive fading of 111 peak (in
cubic notation, see the central down-arrow in Figure 8b) and
the concurrent rise of the two neighbouring peaks (up-arrows).

This behaviour speaks for the progressive narrowing of both
the equatorial and axial bending (opposite to the differential pro-
files shown in Figure 6a), in line with values extracted byWAXTS
analyses (details in the Supporting Information) and plotted vs T
in Figure 8c (top panel) (values in Table S5 and S6, Supporting
Information, best fit in Figure S8, Supporting Information). In
terms of PL behaviour, this progressive increase of octahedral
tilts upon cooling (inducing a blue shift) slightly counterbalances
the dominating and opposite effect of lattice contraction,

resulting in a net (20–10meV) redshift, as previously
reported.[63,86,113,114]

Remarkably, the refined DW factors shown in Figure 8c (bot-
tom panel) indicate a gradual lowering for Breq and Pb down to
quite reasonable values (�0.8 Å2) at cryogenic T. In contrast, Brax
shows higher values than Breq at 300/250 K and anomalously
high (≥2.0 Å2) displacement parameters at lower T down to
6 K. Similar values are reported also for the bulk material studied
by neutron powder diffraction down to 4 K.[102] Values of Cs (not
shown in Figure 8c, see Table S8, Supporting Information)
decrease from 4.5 Å2 to 1.7 Å2.

The adoption of isotropic rather than anisotropic displacement
parameters[92] does not justify the too high Brax values obtained at
cryogenic T. Indeed, it can be proved that introducing anisotropic
(harmonic or non-harmonic) atomic displacement parameters in
the DSE (a formidable task per se) would very marginally change
the simulated diffraction pattern, well below the noise level they
possess. Additional tests, discussed in Figure S9, Supporting
Information, dismiss any significant influence of correlation
issues of the bromine position on the high values and peculiar
T-dependence of DW’s shown in Figure 8d.

Besides thermal motions, it is well-known that the atomic dis-
placement parameter may further encode static disorder in dif-
fraction analysis. In such a case, temperature-dependent DW
factors described by a monotonically increasing DW(T ) function
end up with a large-enough DW(0) intercept (well beyond zero-
point motions), determined by the atoms residing in closely
spaced, but different, minima of the potential energy surface,
as observed for Brax in Figure 8c. Accordingly, we infer that
the high remnant DW value for Brax at low T is due to statically
disordered positions and, therefore, disordered octahedral tilts
likely accompanied by less extended atomic motions, with possi-
bly coexisting static and dynamic disorder at higher T.[63] That,
upon increasing T, dynamic hopping between different minima
may occur, lowering the residence lifetime to the ps regime,
is more than probable, as suggested in many theoretical

(a) (b)

Figure 7. Size effects on the structural parameters of CsPbBr3 NCs (at room temperature). a) Pb─Breq (average of d1 and d2 in Figure 5d) and Pb─Brax
bond distances vs NC size L. Black dashed lines are the corresponding distances in the bulk (ref. [92]), blue and red dashed lines are the distances
averaged over all samples. b) Pb─Breq─Pb (squares) and Pb─Brax─Pb (circles) bond angles vs NC size L. Vertical bars in panels (a) and (b), smaller than
symbols in most cases, are the uncertainties (details of calculations are available in Supporting Information). The larger spreading of axial angles about
the bulk value in 7b reflects the less accurate determination of Brax position.
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papers.[63,105,115,116] In this regard, a dedicated modelling is nec-
essary to extract a quantitative and better defined picture of the
Brax static disorder and of its T-dependent evolution. Moreover,
the geometrical coherence in the coordination sphere of Pb
atoms implies that also Breq could be involved, to a minor extent,
in partial octahedral reorientation.

The behaviour of the 5 nm NCs regarding the Brax is difficult
to extract by Rietveld analysis and requires future work based on
accurate grid-search maps. However, the narrowing of equatorial
bromine atoms bending and the progressive lowering of DW’s of
all atoms but Brax is confirmed (not shown here), despite no clear
evidence of changes in the superstructure peak region is visible.
We attribute such substantial invariability in that Q-region to the
occurrence of a high density of planar defects of the twin bound-
ary type, capable to kill the intensity of superstructure peaks
according to the model presented in ref. [74]. Twin boundaries
are also detected andmodelled in the colloidal sample of the pres-
ent work (Figure 2b).[36] However, the other small NCs (prepared
with ligands different from DDAB) do not show such high

density of defects, suggesting that this feature may not be due
to size effects only.

3. Conclusion

In summary, we measured the size-dependent lattice and struc-
tural changes in colloidal CsPbBr3 NCs via wide angle X-ray total
scattering analysis and atomic-precise modelling in reciprocal
space. The intrinsic softness of LHP introduces meaningful lat-
tice and structural response with both size- and T-dependence.
On one side, upon downsizing at room temperature, lattice
expansion couples to a progressive increase of the orthorhombic
strain. On the other side, the T-dependence of the lattice distor-
tion is dissimilar at intermediate and small sizes. These findings
may have implications on the bright exciton fine structure emis-
sion of strongly confined NCs and contribute to clarify the cur-
rent debate on the topic. By considering the structural
inequivalence of equatorial and axial bromines in the orthorhom-
bic structure, we quantify variations vs the bulk both in Pb─Br

(a)

(c)

(d)

(b)

Figure 8. Static and dynamic disorder in dried CsPbBr3 NCs. a) Variable-temperature WAXTS data collected on 5 nm NCs and b) on 9 nm NCs, from
300 K down to 6 K. Asterisks indicate the presence of an impurity in the dried film (Cs4PbBr6, peaks removed from the plot in the 1.6–2.2 Å�1 range for
sake of clarity), quantified (by Rietveld analysis) to lie in the 2–4 w% range, not affecting the overall conclusions; such an impurity was absent for the
colloids studied at room temperature. Up and down arrows in panel (b) highlight intensity changes of superstructure peaks due to the narrowing of both
equatorial and axial bending. c) For the 9 nm NCs, the gradual narrowing of equatorial (red dots) and axial (blue dots) bending upon T lowering (top) and
the parallel decrease of DW displacement parameters (bottom) for Pb and Breq, whereas Brax maintains anomalously high values at cryogenic T, revealing
a static positional disorder leading to disordered octahedra tilts. Dashed curves are a guide for the eyes. DSE-WAXTS best fit of data at 45 K for the 9 nm
NCs d): experimental data (black dots), calculated patterns (green), residual traces (grey). Insets: 2D maps of the bivariate log-normal size distribution.
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bond distances and in Pb─Br─Pb bond angles. Slightly elongated
bond distances (within �1% of the bulk) do not show any clear
size dependence, whereas at the smallest sizes lattice expansion
drives measurable changes of octahedral tilts resulting in equa-
torial and axial angles of nearly comparable extent (in the bulk
they differ by �8°). This finding may reconcile (at least partially)
the current debate on the role of small sizes in room-temperature
stabilization of the cubic crystal polymorph (thermodynamically
stable at high temperature), despite that NCs preserve the ortho-
rhombic structure.

Through variable-temperature X-ray experiments performed
down to 6 K, we extract a size-independent volumetric thermal
expansion coefficient very close to the bulk value, while both
equatorial and axial bending narrows upon cooling. We found
anomalously high values of the atomic displacement parameter
of the axial bromine atom below 200 K, suggesting the presence
of statically disordered octahedral tilts, likely coexisting with
dynamical disorder at higher T. Future work is encouraged to
also extract a clear atomistic model of such static disorder and
its implications on the emission properties. Overall, our findings
expand the fundamental knowledge on halide perovskite QDs
and point to the importance of advancing powerful, atomic-
precise methods of analysis in structure–property correlation
studies.

We further foresee potential impact of our results on three
major aspects of interest in the broad spectrum of applications
of LHP QDs: 1) expanding the predictive capability of semiem-
pirical sizing functions, by accounting for structural distortions
of ultrasmall NCs as an additional distinct contribution to the
optical band gap; 2) considering lattice strain anisotropy of
LHP QDs upon cooling as a size-dependent response. This is
indeed important for correctly interpreting the excitonic band
structure so important for LHP QDs application as quantum
source and in quantum information science; 3) providing new
knowledge regarding the dynamic/static nature of disorder in
LHP, so important for many applications.

4. Experimental Section

Sample Preparation: All samples were prepared according to synthetic
procedures previously reported and optimized for the selected sizes.[5]

Based on the synthetic approach and type of surface ligands, eleven sam-
ples were grouped in three subsets, as follows: oleic acid/oleylammonium
(OAc/OAm) (three samples); didodecyldimethyl ammonium bromide
(DDAB) (five samples); Oleylguanidinium bromide (OGB) (three sam-
ples). The fourth group, labelled as “others”, includes three additional
sizes, each obtained from a different preparation. Details of the synthesis
for each group is available in Section SI, Supporting Information.

Absorbance Measurements: UV–Vis absorption spectra were collected
using a Jasco V770 spectrometer operated in transmission mode.
Experimental data of optical band gap (1st exciton peak) vs NC size are
shown in Figure 1c and fitted using the semi-empirical function provided
in Equation (1) and formally derived in ref. [85]. The function provides a
general expression predicting the sizing curve of colloidal QDs for many
semiconductors (groups III–V, II–VI, IV, IV–VI, and metal halide
perovskites), based on known bulk semiconductor parameters

E1ðdÞ ¼
1
2

2
64E0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E20 þ 8jE0jαπ2

Rya0
ε∞d0

e�d=d0

1� e�d=d0
� �

2

s 3
75 (1)

Where E1ðdÞ is the size-dependent optical band gap of QDs at the size d
(expressed as the diameter of spherical particles), E0 is the bulk optical
band gap, Ry the Rydberg energy (13.606 eV), a0 the Bohr radius of hydro-
gen, ε∞ the (high frequency) dielectric constant, d0 the Bohr diameter and
α= 0.7 an empirical parameter compensating for approximations in the
calibration procedure. For cuboidal CsPbBr3 QDs, the function is adapted
to account for the impact of the NCs shape on the confinement energy,
leading to the edge length L replaced by an equivalent sphere diameter
Deq ¼ 2L=

ffiffiffi
3

p
: The predicted size dependence (red dashed curve in

Figure 1c) is obtained by using the following values of bulk parameters:
E0 ¼ 2.38 eV,[86] d0 = 6.1 nm, ε∞ ¼ 7.3.[87] The fitted dependence (black
dashed curve in Figure 1c) is obtained by relaxing d0 ¼ 5.05ð8Þ nm.

Photoluminescence (PL) Measurements: A Fluoromax 4 Horiba Jobin
Yvon spectrofluorimeter equipped with a PMT detector was used to
acquire steady-state PL spectra from solutions. The excitation wavelength
was 400 nm, provided by a 150W xenon lamp dispersed with a monochro-
mator. Measured intensities were corrected for the spectral response of
the detector.

Transmission Electron Microscopy: TEM and STEM images were collected
using a JEOL JEM-2200FS microscope operated at 200 kV. Abs and PL
spectra and TEM images are displayed in Figure S1, Supporting
Information.

Synchrotron WAXTS Experiments: WAXTS measurements on CsPbBr3
NCs were performed at the X04SA-MS beamline[117] of the Swiss Light
Source (Paul Scherrer Institute, Villigen, CH). Colloidal suspensions (in
toluene, hexane, and mesitylene) were loaded in certified glass capillaries
(Hilgenberg GmbH G50). For variable-temperature experiments, dry sam-
ples were prepared by directly evaporating the solvent inside the capillar-
ies. The photon beam energy was set at 22 keV and the wavelength
precisely determined (0.564560 Å) using the NIST 640 d Si powder stan-
dard [a0= 5.43123(8) Å at 22.5 °C]. Data were collected in the 0.5°–130° 2θ
range using a single-photon counting silicon microstrip detector
(MYTHEN II).[118] Variable-temperature experiments were performed in
the 6–300 K range by using an in-house built He cryostat. T-steps
and the sample equilibration at different T values lasted 30min. Details
of the data reduction procedure (capillary/air scattering subtraction and
absorption corrections) can be found in Section SII, Supporting
Information.

DSE Modelling of WAXTS Data: The DSE-based simulations and data
analyses in the present work were performed using the DebUsSy suite of
programs,[119] relying on a two-step approach. Gaussian sampled inter-
atomic distances[120] and related pseudo-multiplicities are calculated in
the first step from the atomistic models of NCs and encoded in suitable
databases. The DSE equation[80] is computed in the second step, fed by the
set of interatomic distances of a population of NCs. The resulting calcu-
lated patterns together with the solvent trace (or additional components,
such as Cs4PbBr6 traces for the T-dependent datasets) are linearly
combined and scaled to the experimental pattern, and the model
structural and microstructural parameters are suitably optimized.
Details about the construction of the atomistic models of colloidal and
dry CsPbBr3 NCs can be found in the Section SIII, Supporting
Information. After a preliminary optimization using a Rietveld approach,
a grid search procedure was combined with the DebUsSy strategy to pre-
cisely determine the coordinates of the two crystallographically indepen-
dent bromines (Breq and Brax) within the Pbnm crystal structure of all
CsPbBr3 samples analysed. Through this approach, we modified the x,
y,z fractional coordinates of Breq and x,y of Brax (being z fixed at 0.75,
as dictated by the Pbnm space group symmetry, with Pb in 0,0,0.5)
and the DW parameters for both atoms. For each grid point, the
goodness of fit [GoF ¼ ðχ2Þ1=2] was computed to quantitatively determine
the match between the experimental data and the DSE model. More
details about this procedure can be found in Section SIV, Supporting
Information. Numerical outcomes of the structural and microstructural
characterization of all investigated CsPbBr3 samples at room temperature,
and for the 5 nm and 9 nm DDAB-capped NCs in the 6–300 K T-range are
synoptically collected in the Figure S2–S9 and Table S2–S8, Supporting
Information.
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