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ABSTRACT: A wide range of material properties can be accessed by tuning the size

and shape of nanocrystals (NCs). Cations incorporated into the crystal lattice of =
indium oxide (In,0;) NCs as dopants have been shown to impact electronic, optical, @ <y - ~ i j ’L li
and magnetic properties and also sometimes influence the NC shape, but the effects L K 3 L

of nonincorporative cations have not been investigated. In this work, we found that
nonincorporative alkali cations greatly affect the size and shape of In,O; NCs. In
particular, addition of sodium ions in the reactant mixture significantly increases the Vg

NC size and induces a rhombic dodecahedral (RDH) shape, which has not been ; Injected
observed in previous reports. By changing the volume of the precursor, we ‘;/ Precursor Volume
demonstrate size tunability from 17 to 45 nm, where shape is independently

controlled by the sodium concentration. Finally, a progressive shape evolution from

RDH to cubes is observed by incrementally replacing sodium in the precursor with

potassium ions.

1. INTRODUCTION each reaction step.”*** Sometimes, facet-specific growth
kinetics predicated that the relative surface energy of different
crystal facets or chemistry between NCs and adsorptive
molecules enables control of size and shape.”” ' In this
situation, it is difficult to separate the factors that control the
size from those controlling shape, since their kinetics share
many synthetic variables in common. Nonetheless, independ-
ent control over those two properties holds great promise not
only for optimizing materials for particular applications but
also for understanding the fundamental mechanisms under-
lying their synthesis.

The properties of colloidal inorganic nanocrystals (NCs),
including optical, magnetic, electronic, and catalytic properties,
are greatly influenced by their size and shape, suggesting
opportunities for enabling applications not possible using
poorly defined structures or bulk materials.'~'* The shape- and
size-dependent properties of many different metal oxide NC
materials have been described and rationalized."' ™" Indium
oxide (In,O;) NCs offer a rich diversity of properties,
including size- and shape-dependent photoluminescence,

talyti tivi d—with doped N h as tin-doped
catalytic reactivity, and—with doped NCs such as tin-dope As an alternative, synthetic strategies have been developed

In;0, (S n/In203)‘ a.nd cerlum—fioped In,0s (Ce(InZO3)— that take advantage of slow addition of inorganic precur-
electronic conductivity and optical responses derived from 3539 . .
localized surface plasmon resonance 20227 5 result of these sors. In a study of Ito et al,, the synthesis of various metal

. . . oxides was demonstrated, including In,O;, iron (III) oxide,
past successes, there is now an abundance of information to . . X )
. . . . . manganese (III) oxide, cobalt oxide, and zinc oxide by slowly
achieve precise control over size and shape in many different Lo .
. . . . injecting a metal carboxylate precursor into heated oleyl
material systems. Myriad shapes and sizes of various NCs have

3s : -
been synthesized and rationalized based on thermodynamic alcohol.™ The size of the NCs was controlled by adjusting the
and Kinetic principles 24,2733 injected volume of metal precursor solution with given

o . . trati ithout changi i tal diti that
Still, independent control over a wide range of both size and concentration without changing experimental conditions tha

. . . . . . affect the reaction kinetics. This method enables precise
shape is elusive with studies more typically demonstrating . . : i
. . 1,3—5,7,8,11—15,17—20 . control of NC size. However, since this method relies on
either size or shape control.”” "% ' Inorganic NCs

are commonly synthesized by heat-up or hot-injection
methods in which all of the inorganic precursors are present Received:  August 11, 2020 i
from the outset of the reaction.”* The reaction of the large Revised:  August 19, 2020
amount of inorganic precursor can lead to a sudden increase of Published: September 8, 2020
monomers to a high super saturation level. This super

saturation results in nucleation and growth of NCs, where

the size and shape of the NCs are determined by the kinetics of
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varying the quantity of the metal precursor, the size range that
can be achieved is limited, for In,O; to 16 nm, by the
consumption of other reagents, especially oleyl alcohol.*>**
The maximum size was extended by replenishing the oleyl
alcohol and continuing the injection of In** precursors, but the
size was still limited to 22 nm.*® PFurthermore, since the
concentration of metal precursors is low throughout the
reaction, the shape of the metal oxide NCs tends to favor those
that minimize surface energies, including icosahedra for iron
oxide and rounded cubes for In,O;, usually without much
shape control.”> Because extending the available ranges of size
and shape would offer more ways to optimize the properties of
NCs, fundamental studies on the synthesis of metal oxide NCs
with an eye toward increasing the NC diameter and producing
varied shape are warranted. Such studies may also enable novel
assembled structures, which will be useful to study interparticle
interactions.**~*

In metal oxide NC synthesis, the introduction of dopants
can affect the size and shape.*””*”°"** Most commonly,
cations are incorporated into the host materials to change
properties such as electronic conductivity, catalytic reactivity,
and optical response.”*****7! Along with these changes, the
introduction of dopants can alter the thermodynamics of
nucleation and growth by modifying the facet-dependent
surface energies, which is crucial in determining size and
shape.®” Jansons et al. found that cation dopant incorporation
resulted in different sizes and shapes of doped In,O; NCs
because of changes in both surface energies of specific
crystallographic facets and ligand—metal binding energy.** In
the case of zinc oxide NCs, addition of magnesium was
reported to change the crystal structure from wurtzite to zinc
blende, which leads to different morphologies.>®

While there are many studies on the influence of
incorporative cations, few studies have explored the effect of
nonincorporative cations on semiconductor NC synthesis. In
the synthesis of magnetite (Fe;O,) NCs, substitution of
sodium oleate (NaOL) or potassium oleate (KOL) for other
oleate ligands has been found to change the shape from
spheres to cubes.®'® This change was hypothesized to be
caused by free oleate generated by the dissociation of the alkali
metal oleate. Free oleate is known to bind preferentially to
particular surfaces of the NCs in a way that depends strongly
on the concentration of metal oleate in the reaction mixture.
NaOL has also been shown to induce postsynthetic shape
reconstruction of cadmium sulfide and cadmium selenide
nanorods.”*

Here, we systematically investigate the effect of non-
incorporative cations on the synthesis of metal oxide NCs
using a slow injection method. We focus on In,O; NCs that
have demonstrated plasmonic, catalytic, and electron con-
ductive groperties, all of which depend on size and
shape.””*”*> The NC diameter increases monotonically with
the increasing Na' concentration [Na'] for a given In®*
precursor injection volume. The substitution of NaOL for
oleic acid (OA) increases the diameter of the resulting NCs to
more than twice that in a previous report™ for the same
amount of precursor. By increasing the volume of the
precursor with a fixed [Na'], the largest NC diameter
synthesized was 45 nm. Through analysis with high-resolution
transmission electron microscope (HRTEM) and scanning
electron microscope (SEM), we found that Na' induces
rhombic dodecahedral (RDH) NCs, which have not been
reported previously. Finally, by progressively changing the ratio
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of Na* to K*, a corresponding progressive change in the NC
shape was seen, from RDH to cubic, with well-defined
transitional shapes like truncated RDH and truncated cube
produced using intermediate mixtures of the alkali cations.

2. RESULTS AND DISCUSSION

To synthesize In,0; NCs, first, the precursor solution was
prepared by mixing indium acetate (InAc), OA, and 1-
octadecene (ODE) in a three-neck flask at 160 °C. Based on
prior reports, the molar ratio of In* to organic ligands is
expected to strongly impact the resulting NCs’ size and
shape.*® Since the type of ligands affects the growth of NCs by
changing surface energy and diffusivity of reagents,”>" > we
fixed the oleate concentration while introducing a variable
amount of alkali cations. Specifically, OA was replaced by
variable amounts of NaOL or KOL with the ratio between In**
and total oleate fixed at 1:6.33. Once this precursor solution
was prepared, it was slowly injected into the reactor, which
contained oleyl alcohol held at 290 °C. Previous studies
suggest that the main reaction steps for In,O; NC synthesis are
(i) esterification between OA and oleyl alcohol, (ii)
esterification between indium carboxylate and oleyl alcohol,
and (iii) condensation of indium hydroxide, which is formed in
reaction (ii) as shown in Supporting Information Figure
S$1.%%% Based on the stoichiometry in this model, the injected
volume was fixed at 21 mL, since this amount was expected to
consume all of the oleyl alcohol, and the corresponding In**
amount was 7 mmol.

First, we tested the effect of alkali cation concentration on
the synthesis of In,O; NCs. To preserve the ligand type as
pure oleate, and because it has previously been shown to
control the shape of Fe;O, NCs, NaOL was used as the cation
source.”’® The [Na*] was varied from 0 to 0.78 M,
corresponding to substitution of OA by NaOL up to 37%.
Concentrations of NaOL higher than this caused the solution
to become supersaturated, resulting in the precipitation of
reagents. The NC diameter was calculated using the area of
projected images obtained by scanning transmission electron
microscopy (STEM). For direct volume comparison, the shape
of NCs was approximated as a sphere. In addition, at least 200
NCs were counted in each sample for statistical relevance.
Increasing [Na*] from 0 to 0.78 M resulted in a linear increase
in the NC diameter from 26 to 37 nm (Figure 1). Yield was
measured by analyzing the In** content in the NC products by
digestion and analysis using inductively coupled plasma—
atomic emission spectrometry (ICP-AES). The yield for each
synthesis was almost identical, showing an average yield of 73
+ 3% (Supporting Information Figure S2). The projected
shape of the NCs observed by STEM changes from
pseudospherical to hexagonal, while the X-ray diffraction
patterns exactly match the native In,O; bixbyite crystal
structure for all samples (Supporting Information Figure S3).

The reaction chemistry leading to the formation of In,O4
NCs was assessed using solution phase Fourier-transform
infrared spectroscopy (FTIR) of aliquots collected through the
entire synthetic process, from the preparation of precursor
solutions to the injection of precursors into oleyl alcohol
(Figure 2). To observe the role of Na*, FTIR spectra for a
reaction without Na* were compared to those for a reaction
with [Na*] of 0.53 M. During preparation of precursor
solution, the indium carboxylate peak is observed at 1570 cm™
(Figure 2a(i)). Unfortunately, this peak cannot be separated
into In*" and Na* contributions, since the peaks due to the two

https://dx.doi.org/10.1021/acs.chemmater.0c03281
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Figure 1. Size control of In,O; NCs with varying [Na*]. (panels a—e)
STEM images of NCs synthesized using [Na*] of 0, 0.11, 0.32, 0.53,
and 0.78 M in the precursor solutions, respectively. Inset histograms
show the size distributions. Scale bars are 50 nm. (f) NC diameter and
relative size dispersion dependence on [Na*] in precursor solution.
Error bars indicate standard deviation based on image analysis. The
dashed line represents fit.
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Figure 2. FTIR spectra of precursor solutions before injection and
aliquots collected during injection of precursor solutions to oleyl
alcohol. (a(i)) FTIR spectra during the preparation of precursor
solution without Na* (a(ii)) and precursor solution with 0.53 M Na*.
(b(i)) After injection of the precursor without Na* (b(ii)) and
precursor with Na*. Labels indicate the volume of the precursor

injected at the time of aliquot collection.
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carboxylates overlap (Figure 2a(ii)). Then, FTIR spectra were
collected during the NC synthesis by sampling aliquots after a
known volume of precursor was injected (Figure 2b). All
notable IR peaks are assigned in Table 1.

Table 1. IR Peak Assignments®®®’~>

wavenumber (cm™) vibrational mode

1064 C—O0 stretch (alcohol)

1175 C—O stretch (ester)

1241 C—O stretch (ester)

1462 C—H bending

1570 asymmetric COO~ stretch (metal carboxylate)
1712 C=0 stretch (carboxylic acid)

1741 C=0O0 stretch (ester)

Regardless of the presence of Na’, the injection of precursor
solution caused the gradual disappearance of the alcohol O—H
stretch at 3327 cm™, accompanied by the growth of the C=0
stretch at 1741 cm™ (Figure 2 and Supporting Information
Figure S4). These observations support the synthesis
mechanism of In,O; NCs based on esterification, as described
in Supporting Information Figure S1. Notably, the signal at
1570 cm™' increased when NaOL was included in the
precursor mixture, suggesting that either indium carboxylate
or NaOL was accumulated in the reactor rather than being
consumed in the production of metal oxide (Figure 2b(ii)).
Because no accumulation of indium carboxylate was observed
in the absence of NaOL (Figure 2b(i)) and In*" yields were
identical regardless of [Na"], as shown in Supporting
Information Figure S2, we conclude that this growth in signal
is due to the accumulation of NaOL. Unlike the behavior of
indium carboxylate, NaOL does not seem to consume oleyl
alcohol to produce NaOH. Indeed, no hydroxyl species seem
to accumulate, since FTIR shows only progressive disappear-
ance of the O—H stretch intensity (Supporting Information
Figure $4).% The finding that Na" is not incorporated into the
NCs was further supported by the lack of Na signals in energy-
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) analyses of the resulting NCs after
purification (Supporting Information Figures SS and $6).
NaOL appears to be a spectator in the reaction mechanism.

Even though Na" appears not to directly participate in the
reaction, the effect of Na" on NC size can be explained by the
classical nucleation theory. The nucleation rate can be written
in the form of an Arrhenius equation as follows:*”**

N {—AGC]
. (1)

k,T
In this equation, N, t, A, k,, and T represent the number of
nuclei, time, pre-exponential factor, Boltzmann’s constant, and
temperature, respectively. AG, is the critical energy barrier for
nucleation, and this can be further expressed as

N
dt

1676°0?

- 3k, *T*(InS)* Q)

Where, ¢ and v are defined as the surface energy of NCs and
the molar volume of the monomer, and S is supersaturation,
which is defined as monomer concentration (C) divided by
equilibrium monomer concentration (C*).> According to eq
1, an increase in the surface energy will reduce the rate of
nucleus formation. In a study of Agoston et al., the surface

https://dx.doi.org/10.1021/acs.chemmater.0c03281
Chem. Mater. 2020, 32, 9347-9354
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Figure 3. Shape analysis of In,0; NCs synthesized with the precursor containing Na*. (a(i)) SEM image of NCs with a regular hexagonal
projection image, (a(ii)) HR-TEM image of regular hexagonal projection image, and (a(iii)) its FFT, which shows the [111] zone axis. (a(iv)) HR-
TEM image and (a(v)) its FFT, which shows the [110] zone axis. All of the diffraction spots were indexed to the bixbyite crystal structure of In,O5,
(a(vi)) SEM image of NCs aligned along the [100] direction. (b) Geometrical model of RDH in (i) a perspective view, (ii) [110] view, (iii) [111]

view, and (iv) [100] view. [Na*] in precursor solution is 0.53 M.
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Figure 4. Size and shape investigation by changing the precursor amount and fixing the [Na*] in the precursor at 0.53 M. (a) SEM image of NCs
synthesized with (i) 1.5, (i) 3, (iii) 4.5, (iv) 9, (v) 13.5, (vi) 18, and (vii) 21 mL of precursor solution added. (b) NC diameter as a function of
injected precursor volume. Scale bars are 50 nm. The dashed curve represents fit.

energy of In,O; facets is reported to increase as o(111)
<6(110)<6(100), but when the (100) facet is stabilized by
water, it has a lower surface energy than (111).%* Therefore, it
can be deduced that a lower water concentration will decrease
the number of nuclei by increasing the surface energy. Since
water is mainly generated by the esterification reaction
between free OA and oleyl alcohol, increasing the [Na*] by
substituting OA for NaOL will reduce the water concentration
in the reaction flask, causing an increase in NC size.
Anecdotally, vigorous bumping occurs during this reaction,
which can be ascribed to the boiling of water generated during
NC synthesis. This bumping was seen to gradually decrease as
[Na*] was increased. When NaOL was substituted with either
sodium acetate (NaAc) or sodium octanoate (NaOc), for a
given [Na'], the size of the resulting NCs is nearly identical
(Supporting Information Figure S7). Moreover, the same size
trend was observed using KOL instead of NaOL though KOL
was seen to result in cubic NCs (Supporting Information
Figure S8, further discussion below). Indeed, the alkali metal
concentration in the precursor solution, which changes the
amount of water produced in situ, is the main factor
controlling the size of the NCs.

The shape of NCs was also seen to depend on the [Na*] in
the precursor solution. While a pseudospherical shape formed
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without Na', a structure with sharp edges appearing hexagonal
in projection resulted from a precursor solution containing
0.32 M or more Na* (Figure 1). The three-dimensional
morphology of the NCs made with [Na*] of 0.53 M was
analyzed by comparing SEM and HR-TEM images (Figure
3a). Depending on the orientation in a given region of the
sample, the projected shapes observed are either regular
hexagons with three edges on top, which intersect at 120°
(Figure 3a(i)), or rectangular with four edges that cross
perpendicularly (Figure 3a(vi)). Based on their HR-TEM
images and fast Fourier transforms (FFT), the zone axis of the
regular hexagonal projection is [111] (Figure 3a(ii) and (iii)).
A NC of the same general hexagonal shape with a slightly
different projection analyzed in this way indicated a zone axis
of [110] (Figure 3(iv) and (v)). Comparison with the RDH
shape model shown in Figure 3b reveals that the projection
images of RDH from corresponding views match with the
observations by electron microscopy exactly. Therefore, we
conclude that the addition of Na* induces formation of RDH
In,0; NCs, passivated only by (110) facets. Various other
nanomaterials, including gold, palladium, copper oxide, and
Fe;O,4 have been observed with RDH shape but not
In,0,.1165=67

https://dx.doi.org/10.1021/acs.chemmater.0c03281
Chem. Mater. 2020, 32, 9347-9354



Chemistry of Materials

pubs.acs.org/cm

o -+
+440.
¥

*

Pl st o s
440 .
440

Zone axis [100] Zone axis [100]

Zone axis [100]

400

440
Zone axis [100]

Figure S. Shape evolution when substituting cations from Na* to K*. (a) SEM images of NCs made with precursors containing (i) [Na*] 0.53 M,
(i) [Na*] 0.27 M and [K*] 0.27 M, (iii) [Na*] 0.11 M and [K*] 0.42 M, and (iv) [K'] 0.53 M. (b) HR-TEM images of NCs synthesized with
precursors containing (i) [Na*] 0.53 M, (ii) [Na*] 0.27 M and [K*] 0.27 M, (iii) [Na*] 0.11 M and [K'] 0.42 M, and (iv) [K*] 0.53 M. (c) FFT of
respective HR-TEM shown in (b). The diffraction spots were indexed to the bixbyite crystal structure of In,O5.

Although the inclusion of NaOL increases the accessible size
range for In,0; NCs, we sought to extend this even further by
varying the injected volume of precursor solution with [Na*]
fixed at 0.53 M (Figure 4). Aliquots were taken to analyze the
NC size and shape. The size of the NCs gradually increased,
maintaining the RDH shape (Figure 4a), suggesting that shape
is determined by the ratio of OA and NaOL in the precursor,
rather than the total NaOL amount. The diameter of the NCs
increased from 17 to 45 nm, varying as the cube root of the
injected volume, while maintaining only 10% relative size
dispersion (Figure 4b). In other words, the volume of each NC
varies linearly with the quantity of the precursor injected. This
scaling—along with the narrow size distribution—supports the
conclusions of a previous report that the continuous injection
method promotes the formation of seed particles near the
beginning of the precursor injection while suppressing
secondary homogeneous nucleation.”® For 7 mmol of In**
added, the In,O; NC diameter was increased by approximately
3 times (almost 10 times in volume) by our protocol including
Na® in the precursor solution compared to previous reports
using slow injection. Our use of ODE to reduce the viscosity
also increases the size of NCs compared to that previously
reported.”® This can be attributed to the increase of critical
energy for nucleation because addition of ODE will decrease
the supersaturation as described in eq 2. Since it has been
shown that NCs can be grown even larger by replenishing oleyl
alcohol, we can expect that the maximum size achievable by
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combining these strategies may be substantially larger than
this.*®

The role of the spectator cation in determining the particle
shape was studied by substituting Na* with K* (Figure S).
Reactions were performed by fixing the concentration of total
nonincorporative cations in the precursor at 0.53 M while
changing the ratio of Na* to K*. Hence, the [Na*] decreased as
0.53, 0.27, 0.11, to 0 M, compensated by increasing [K*] of 0,
0.27, 042, and 0.53 M, respectively. As discussed previously,
RDH In,0; NCs were produced with precursors including Na*
(Figure S5a(i)). Incrementally substituting [K'] induces a
substituting with K* resulted in cubic NCs (Figure Sa(iv)).
The NC shape was determined by HR-TEM (Figure 5b). HR-
TEM images with the zone axis [100] were selected to
compare morphological evolution according to the cation
composition. While Na* in the precursor solution caused the
preferential expression of (110) faces on the resulting NCs, K*
promotes the expression of (100) facets. For this reason, NCs
are shown to gradually change shape from pure RDH to (100)-
truncated RDH to (110)-truncated cubes, and ultimately, to
pure cubes with (100)-terminated faces. This shape evolution
is not explainable by the same shape control mechanism
suggested by previous work on Fe;O, NCs, since the shape
evolution seen here was only dependent on the sort of cation
and not concentration (Figure 2 and Supporting Information
Figure SS).13

https://dx.doi.org/10.1021/acs.chemmater.0c03281
Chem. Mater. 2020, 32, 9347-9354
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Highly faceted particles have been grown by selective
adsorption of molecules onto specific crystal facets.”**** In
our case, Na and K" are not detected by EDS or XPS for any
of the conditions used in this work, even though the
concentration of nonincorporative cations is 1.6 times higher
than that of In** (Supporting Information Figure SS). This
indicates that Na" and K" are not incorporated in the In,O;
NCs or bound to the surface (Supporting Information Figure
S6). Since the facets are not caused by selective adsorption of
our alkali metal ions and considering the previous report that
metal oleate promotes the reconstruction of NC surfaces, we
hypothesize that these spectators instead change surface
thermodynamics in another way to induce stabilization of
different crystal facets.””>*

Metal oleates are amphiphilic ion pairs that dissociate when
heated to generate a cation and a free oleate, as shown by
conductivity measurements in previous reports.B’éS’69 Accord-
ing to these studies, the extent of dissociation is much greater
for KOL than for NaOL, driven mainly by the ionic radius of
each cation that makes the K" —oleate interaction substantially
weaker than that between Na* and oleate.”” The extent of
dissociation determines the concentration of charged free
oleate, which affects the polarity of the synthesis environment
and, in turn, the relative surface energies of different crystal
facets. Since K" is expected to dissociate from oleate to a
greater extent, precursor solutions made with KOL would be
more polar than those made with NaOL, promoting the
presence of the more polar (100) facets. The series of
transitional shapes obtained by mixing NaOL and KOL can be
explained based on a continuous variation in solution polarity,
since the average surface polarity of each shape is between that

of pure RDH and pure cube following the Wulft construction
rule 287071

3. CONCLUSIONS

In conclusion, we systemically studied the effect of non-
incorporative cations on the shape and size of In,O; NCs. The
concentration of alkali metal cations affects the NC size by
reducing the amount of water generated during synthesis,
which can stabilize the surface of metal oxide NCs. The shape
of the NCs was shown to change gradually from the
pseudosphere to RDH, as [Na] was increased. The faceted
shape could be tuned from RDH to cubes by changing the
ratio of K* to Na*, which very precisely controls the relative
expression of the (110) and (100) facets. Continuous size
control was also possible by adjusting the volume of precursor
solution injected during synthesis. This synthesis innovation
offers improved control over NC size and shape compared to
previous methods. In accordance with the features of injection
syntheses demonstrated in previous reports, we expect that this
method can be adapted to the synthesis of other metal oxide
NCs and heterostructures to result in a vast array of sizes,
shapes, and compositions. We hope that the insights we gain
here provide tools for optimizing both the useful properties of
discrete NCs and the collective properties that stem from
various shape- and size-dependent assemblies.
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