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ABSTRACT: Nanocrystals (NCs) present unique physicochemical properties arising
from their size and the presence of ligands. Comprehending and controlling the ligand—
crystal interactions as well as the ligand exchange process is one of the central themes in
NC science nowadays. However, the relationship between NC structural disorder and the
ligand exchange effect in the NC atomic structure is not yet sufficiently understood. Here
we combine pair distribution function analysis from electron diffraction data, extended X-
ray absorption fine structure, and high-resolution transmission electron microscopy as
experimental techniques and first-principles density functional theory calculations to
elucidate the ligand exchange effects in the ZrO, NC structure. We report a substantial
decrease in the structural disorder for ZrO, NCs caused by strain rearrangements during
the ligand exchange process. These results can have a direct impact on the development of
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functional nanomaterials, especially in properties controlled by structural disorder.

he size and presence of ligands in colloidal nanocrystals

(NCs) are the main reasons why their physicochemical
properties differ from the bulk crystal. The surface arising from
the small size of the inorganic crystal is often capped by
organic ligands, which determine the NCs’ morphology and
their colloidal stability.l_4 Accordingly, the comprehension of
and the control over the ligand-capped layer—inorganic crystal
interaction have become central themes in the science of NCs.
Recently, a significant advance has been achieved in under-
standing the chemical interactions between the ligand and the
inorganic core, resulting in a covalent bond classification
(CBC),””” where the ligands are defined as L-, X-, or Z-type
according to the number of electrons that the neutral ligand
contributes to the inorganic core—ligand bond (2, 1, or 0,
respectively). Also, recently, De Roo and coauthors®’
described a new class of NC—ligand system, named X,. The
CBC model allowed an advance in the surface ligand chemistry
and opened a number of opportunities to design new reaction
pathways for ligand exchange processes.

The ligands coordinate to surface atoms of the inorganic
core, passivating the NC surfaces. During the ligand exchange
process, atoms located at the surface will temporarily be less
coordinated, resulting in increased electron sharing with the
remaining bonds. Differently, when the new ligand binds to
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surface, a favorable coordination will be restored, creating the
new passivated surface. During this process, reconstruction can
take place, originating in a different structural disorder or
defect density. The large proportion of surface atoms, as well as
the presence of ligands, leads the NCs to show unusual forms
of structural disorder. Gilbert et al.® quantitatively determined
the structural disorder of ZnS nanoparticles, showing the
existence of a heavily disordered surface region. On the
contrary, Masadeh et al.” showed that the core structure of
CdSe nanoparticles possesses a defined atomic arrangement
without a significant disordered surface region, even for small
particles of 2 nm. These findings highlight the complexity of
the atomic arrangements in NCs.

Despite the progress achieved in the field of NC surface
chemistry, the structural disorder of the inorganic core is still
incompletely understood. Moreover, there is scarce informa-
tion about the effect of the ligand exchange in this atomic
structure. In this Letter, we address this issue, that is, how the
ligand exchange modifies the structural disorder of the NCs.
This characterization is highly relevant because passivation, as
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well as the concentration and type of defects, may have a direct
influence on the chemical, optical, and charge-transport
behavior of the NC.

The determination of the atomic arrangements of nanoma-
terials is not a simple task, requiring the combination of several
experimental characterization methods and theoretical calcu-
lations to support and achieve consistency in the structural
analysis.'”'" Here we combine pair distribution function
(PDF), extended X-ray absorption fine structure (EXAFS),
and high-resolution transmission electron microscopy
(HRTEM) as experimental techniques and first-principles
theoretical calculations based on density functional theory
(DFT)"” to elucidate the effect of the ligand exchange within
ZrO, NCs and the consequent changes in the structural
disorder.

The ZrO, NCs employed here were synthesized by a
nonhydrolytic sol—gel-based process using the benzyl alcohol
route. (For details, see the Supporting Information.)'"* This
synthetic route leads to NCs where the core is formed by a
tetragonal ZrO, phase with an organic ligand shell layer
formed by RCCO— groups, where R is an aromatic ring."> For
the ligand exchange process, the as-synthesized NCs were
submitted to an extra solvothermal treatment, where the
original ligand was replaced by an oleate ligand layer (oleic
acid (OLA))." After the exchange process, we obtained NCs
with a ligand layer formed by R'"CCO— groups, where R’ is
now an unsaturated aliphatic chain. (For details regarding the
ligand exchange procedure, see Figure S1.) Both ligands are
X,-type. The as-synthesized ZrO, NCs presented good
dispersion in polar solvents such as ethanol. Contrarily, after
ligand exchange, the ZrO, NCs showed a very high colloidal
stability in nonpolar solvents, such as toluene and hexane.

HRTEM analysis of the ZrO, NCs before (named ZrNC—
Benz) and after the ligand exchange process (ZrNC—OLA)
shows the presence of individual NCs with no aggregates and
the morphology of faceted and prolate particles (see Figure
la,b). The detailed HRTEM image analysis (see inset in Figure

Figure 1. (a) HRTEM image of the ZrNC—Benz sample and (b)
HRTEM image of the ZrNC—OLA sample. In both images, the insets
shows an HRTEM image displaying the facets and the fast Fourier
transform.

lab) revealed the formation of faceted ZrO, NCs with
tetragonal symmetry, oriented along the (010) zone axis (see
the fast Fourier transform analysis also in the inset of Figure
la,b) for both nanoparticles. The statistical analysis of the
particle size distribution from HRTEM images (Table 1)
confirms the nonequiaxial morphology of the NCs. A mean
larger diameter of 3.2 nm was measured for the ZrO, NCs
both before and after the ligand exchange process. These
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Table 1. Characteristic Sizes of the ZrO, NCs before and
after the Ligand Exchange”

mean lar(ger mean smaller mean asgect

sample dimension (nm) dimension (nm) ratio
ZrNC—Benz 32 2.3 1.4
ZrNC—-OLA 32 23 1.4

“Mean characteristic sizes were determined by measuring the size of
at least 500 nanoparticles. “Because we are analyzing NCs with aspect
ratio larger than 1 (with an approximate elliptical shape), we can
define two characteristic dimensions, one along the axis with a large
dimension (defined here as mean larger dimension) and another
along the axis with smaller dimension (defined here as mean smaller
dimension).

results show that the ligand exchange process did not promote
modification of the ZrO, NC size and shape as well of the
crystalline phase.

The ZrO, NC local structure was characterized by EXAFS
measurements in the same samples analyzed by electron
microscopy and PDF. EXAFS is an ideally suited technique for
the analysis of the first nearest neighbors of a specific atomic
species, given its chemical selectivity and short-range order
sensitivity. EXAFS measurements were performed at the Zr K-
edge at room temperature for the ZrO, NCs before and after
the ligand exchange (see the experimental details and Figures
S2 and S3), and the Fourier -transformed k*-weighted spectra
are shown in Figure 2. All spectra present the same spectral
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Figure 2. Non-phase-corrected magnitude of the Fourier transform of
the k*-weighted EXAFS signal obtained at the Zr K-edge for
tetragonal bulk ZrO, and NCs samples (ZrNC—Benz and ZrNC—
OLA). All spectra are consistent with the tetragonal structure of ZrO,.
The damping of the magnitude for the peaks centered around 3.2 A
can be ascribed to the shortening of Zr—Zr distances at the second
coordination shell (see Table 2).

features and are consistent with the tetragonal ZrO, structure.
The first peak centered around 1.5 A (uncorrected for
photoelectron phase shift) is composed of contributions
from two Zr—O distances, which remain unmodified in the
NCs as compared with the bulk standard. This reflects a fully
coordinated first shell, composed of rigid Zr—O bonds,
consistent with an oxygen-terminated nanoparticle surface, as
proposed in Figure S7. On the contrary, the peak centered at
32 A is dominated by two Zr—Zr distances and shows a
significant reduction in the overall magnitude. The amplitude
reduction relative to the bulk standard is due to the reduction
average coordination number due to surface truncation.
Considering the model presented in Figure S7, the average
Zr—7Zr coordination reduces from 12 in bulk to 9.2 in a 3.2 nm
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nanoparticle. Differences between Benz- and OLA-capped
nanoparticles can be ascribed to the shortening of one of the
Zr—Zr distances at the second coordination shell, suggesting a
degree of structural disorder in the NCs.

The structural parameters obtained in our fitting procedure
are presented in Table 2 and can be summarized as follows.

Table 2. Structural Parameters Obtained from the Fitting
Procedure, Considering a Tetragonal ZrO, Structure'” “”

EXAFS DATA — structural parameters (Zr K-edge)

samples Zr—01 (A) c’1 (A%) Zr—02 (A) o2 (A%
bulk 2078 (3) 00012 (4) 2240 (4)  0.004 (1)
ZINC—Benz 2078 (4) 00015 (6) 2229 (4)  0.004 (1)
ZINC-OLA 2075 (4) 00014 (7)  2225(5)  0.003 (1)

samples Zr—Zr1 (A) a1 (A?) Zr—7r2 (A) 2 (A?)
bulk 359 (4) 0009 (1)  3.63(4) 0009 (1)
ZINC—Benz  3.51 (2) 0.008 (2) 3.63 (3) 0.008 (2)
ZINC-OLA 347 (2) 0008 (2)  362(2)  0.008 (1)

“CIF File: 1526427 (Crystallography Open Database (COD), http://
www.crystallography.net/). ’Nearest neighborhood of Zr in the ZrO,
tetragonal structure comprises two Zr—O and two Zr—Zr distances.
In this Table, 6* stands for the Debye—Waller factor, and the number
in parentheses is relative to the error of adjusted data. Coordination
numbers for the Zr—Zr distances were fixed at 2.9 and 6.3.

The first coordination shell around Zr (Zr—O bonds) remains
unchanged relative to the bulk standard, consistent with
nanoparticles presenting oxygen-terminated surfaces. Static
disorder, quantified by the Debye—Waller factors, is the same
(within error bars) in nanoparticles and the bulk standard. The
truncation of nanoparticle structure is manifested in the
nearest Zr—Zr neighbors as a reduction in coordination
numbers and contraction of distances. The latter result
suggests that the nanoparticles are contracted along the ¢
axis, consistent with trends indicated by our DFT calculations
(see below).

We acquired electron diffraction (ED) patterns from the
TEM experiments for ZrNC—Benz and ZrtNC—OLA samples.
From those patterns, we obtained the real-space interatomic
distances correlation function, that is, the pair distribution
functions (PDFs or G(r)). The ED patterns were used to
generate the PDF because it requires a few micrograms of the
sample and a short exposition time for data collection. (For
more experimental details about the use of ED to generate
PDF patterns, see the Supporting Information and Figures S4
and $5.)'"" The experimental PDF patterns of the ZrNC—
Benz and ZrNC—OLA samples obtained from ED pattern are
given in Figure 3a. Furthermore, a detailed analysis of the PDF
patterns demands the comparison of the pattern obtained
experimentally with a reference material. We used the
following strategy to obtain the reference material: A DFT
calculation”™** was performed to obtain the bulk ZrO, crystal
with tetragonal symmetry (see the structure in Figure S6), and
we truncated this crystal to generate an ideal NC (without
relaxation accounting for nanoscale effects). We constructed
the truncated NC following the same morphology (size and
exposed facets) reported for the experimental ZrO, NCs
observed in the HRTEM images (see Figure S7). On the basis
of theoretical results (infinite crystal and truncated NC), we
created the G(r) pattern for the bulk ZrO, crystal and idealized
ZrO, NC, which are displayed in Figure S8.
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Figure 3. (a) Experimental G(r) obtained from ED data for the
ZrNC—Benz and ZrNC—OLA samples. The asterisks indicate the
Zr—Zr peaks. (b) Fitting of the function exp(—ar) to Zr—Zr peaks,
used to perform a quantitative analysis of the LSC.

20 26 30

The G(r) patterns for the bulk and idealized NC show a
series of well-defined peaks, reflecting a specific atomic
coordination sphere that is related to the tetragonal symmetry
of the ZrO, crystals. The use of G(r) patterns obtained from
DFT calculations allowed peak indexing, according to the
different pair correlated distances, such as Zr—O (distance
between Zr and O atoms) and Zr—Zr (distance between Zr
and Zr atoms). For instance, in Figure S8, we can see the total
G(r), as well as the Zr—Zr and Zr—O pairs, generated from the
DFT calculations. Thus, for Figure 3a, we can attribute the first
peak in the patterns, which is centered at ~2.15 A, as the first-
neighbor Zr—O distance found in the tetragonal ZrO, crystal.
We attribute the second peak around 3.5 A to the Zr—Zr
distance. These peak identifications agree with several
published articles.”>™> Because of the high symmetry of the
tetragonal structure, we can easily identify the second-, third-,
and fourth-neighbor Zr—Zr distances (see details in Figure 3a).
We can also notice that the experimental PDF patterns present
the features of the tetragonal symmetry.

From the PDF data, we can infer detailed structural
information about the ZrO, NCs, as has been used for other
nanomaterials.”® In the idealized NC, the G(r) peak intensity
decays to zero at 3.2 nm, reflecting the finite length of
structural coherence (LSC). Moreover, when we compare the
patterns of the idealized NC with the ZrNC—Benz and
ZrNC—OLA samples (Figure 3a), we note a smaller LSC for
both ZrO, NCs, indicating the presence of structural disorder.
This result agrees with the EXAFS analysis that showed the
presence of this structural disorder in the Zr sublattice; that is,
the structural disorder is associated with displacements in the
Zr—Zr distances. We performed a quantitative analysis of the
LSC for the ZrO, NCs following the approach developed by
Ergun and Schehl”” and the interpretation proposed by Petkov
et al;*® that is, the LSC in the real NCs causes an exponential
decay of the PDF peaks of the exp(—ar) type, where r is the
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radial distance, so the average LSC = 2/a. The LSC has also
been interpreted as the mean distance between defects.”” We
obtained the LSC by using the peaks assigned to the first-,
second-, third-, and fourth-neighbor Zr—Zr distances of the
G(r) pattern. Figure 3b shows the plot of the Zr—Zr peak
intensity as a function of r, where we can see a good agreement
between the experimental data and the exponential decay
function. From the fit, we obtained the LSC values of 1.1 and
1.7 nm for the ZrNC—Benz and ZrNC—OLA samples,
respectively. Applying the same exponential decay model for
the idealized NC, we found an LSC of 3.16 nm, showing the
absence of structural disorder and confirming that the model
used here describes well the LSC. (For details, see Figure S8c.)
This is an interesting result. After the ligand exchange, the
ZrO, NC shows a larger LSC; namely, we observe a decrease
in the structural disorder. This large LSC region also has an
impact on the PDF pattern. The PDF of the ZrNC—OLA
showed more defined sharper peaks when compared with the
ZrNC—Benz, indicating a better structuration of the NC and
lower defect density after the ligand exchange process. Our
PDF and EXAFS results clearly showed that there is a region in
NCs with high crystallographic coherence, but this region is
statistically small, showing that NCs have an extensive
structural disorder mainly located on the NC surface. For
instance, prior to the ligand exchange process, NCs had an
equivalent coherent volume of only 8% (given by the LSC)
relative to the NC total volume. After ligand exchange, we
observed an increase of this volume to 28%. We consider that
this static structural disorder is associated with lattice strain
within NCs.*”*® An extensive structural disorder has been
reported in the literature for ZnS® and Fe;0,;”" however, our
results show that certain types of treatment can reduce the
degree of disorder in the NCs, increasing the LSC.

Aiming to understand how the ligand exchange process
modifies the degree of structural disorder of the ZrO, NCs, we
performed DFT calculations of a tetragonal symmetry ZrO,
cluster with size of ~0.89 nm. In the ZrO, cluster, we bind the
two different ligands (one where R is an aromatic ring and
other where R’ is an unsaturated aliphatic chain). Figure 4a—c
shows the models used. From the models after structural
relaxation, we calculate the total and partial G(r) curves (Zr—
Zr and Zr—O pairs), and the resulting patterns are shown in
Figure 4d. From the DFT calculations without and with
different ligands (our model represents a nonstoichiometric
cluster with oxygen deficiency on the surface), we obtained
important information about the structure of this material.
First, after relaxation, all clusters adopted a cubic symmetry
and displayed a decrease in bond length, characteristic of
nanoscale effects.””*” In the Supporting Information, including
Figure S9, we present results concerning the effect of NC size
on crystal symmetry, leading to a nonhomogeneous con-
traction. Second, the presence of the ligand decreases the
chemical bond compressive strain, as we can observe in the
G(r) pattern pictured in Figure 4d. We can notice that the first
peak relative to the Zr—O bond (at low r values) is insensitive
to the ligand presence, whereas pairs at larger r values undergo
a severe shift during the relaxation process. This shift is most
evident for the Zr—Zr pairs. These data are strongly supported
by the experimental EXAFS and PDF data reported here.
These results indicate that the presence of the ligands releases
the ZrO, lattice strain, which should then reduce the structural
disorder. Finally, the ligand functional group type does not
change the chemical bond length, as we see in Figure 4d. Still,
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Figure 4. Structural models of (a) pristine ZrO, cluster, (b) ZrO,
cluster with aromatic ligand, and (c) ZrO, cluster with aliphatic chain
(C,H,-) ligand. Blue, red, green, and white represent Zr, O, C, and H
atoms, respectively. (d) Total, Zr—Zr, and Zr—O G(r) patterns of the
clusters obtained from DFT calculations. The peaks indicated by
arrows are assigned to the ligand atomic pairs.

when comparing the G(r) curves for the two different ligands,
differences in position or intensity of the peaks are not
observed, showing that the type of organic radial group in the
X, ligand does not interfere in the structure of the inorganic
core. On the basis of this theoretical analysis, we can address
some hypotheses to explain the structural disorder existence in
the ZrO, NCs.

Following the theoretical analysis, we can reason that the
structural disorder identified by EXAFS and PDFs is originated
by the competition between the ZrO, NC bond length
contraction tendency and the presence of ligands that
decreases this strain of the chemical bonds. Regarding the
restructuring effect for the ZrO, NCs promoted by the ligand
exchange process, we notice that the X, ligand type has weak
influence in the structural disorder decrease. The ZrO, NC
structuring must be a consequence of the ligand’s absence
along with the high-temperature annealing process that occurs
during the solvothermal treatment, which leads to reduced
structural disorder, resulting in a larger LSC.

In conclusion, here we have demonstrated that the
combination of advanced characterization techniques
(EXAFS and PDF from ED) with theoretical DFT calculations
is a powerful tool to reveal the nature of NC structures. We
presented the unprecedented result that the ligand exchange
process causes a decrease in the static structural disorder of the
ZrO, NCs, mainly due to strain rearrangement caused by
solvothermal treatment at elevated temperatures and not due
to the type of functional organic group (R) present in the X,-
type ligand. These results have a direct impact on NCs
manipulation processes involving ligands, properties associated
with their structural disorder degree, and the development of
functional nanomaterials, especially for functionalities where
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the structural disorder located on the surface plays an
important role in the physicochemical properties, such as in
mechanical, photoluminescence, electronic transport, and
catalytic properties.
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