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ABSTRACT: Substitutional doping is a potentially powerful technique to control the properties of nanocrystal (NC)
superlattices (SLs). However, not every NC can be
substituted into any lattice, as the NCs have to be close
in size and shape, limiting the application of substitutional
doping. Here we show that this limitation can be overcome
by employing ligands of various size. We show that small
NCs with long ligands can be substituted into SLs of big
NCs with short ligands. Furthermore, we show that shape
diﬀerences can also be overcome and that cubes can
substitute spheres when both are coated with long ligands.
Finally, we use the NC eﬀective ligand size, softness, and
eﬀective overall size ratio to explain observed doping behaviors.
KEYWORDS: substitutional doping, self-assembly, dendritic ligands, nanocrystal softness, nanocrystal positional preference analysis
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etc.) are generally used to synthesize the vast majority of
colloidal NCs.12−15 However, engineering the nature and size
of the organic ligands present on NC surfaces allows a more
precise control of the NC assembly process,16−18 particularly
in applications such as altering or introducing optical,19,20
electronic,21,22 magnetic,23,24 catalytic,25,26 enhanced colloidal
stability/dispersibility,27 and self-assembly properties.28 Recently, monodisperse bulky ligands such as dendritic macromolecules19,29 have attracted considerable interest due to their
highly ﬂexible synthesis where the size, surface binding ability,
and the nature of the end-groups can be independently altered
to create a custom ligand with desired properties. When large
dendrimers are attached to small NCs, they can increase the
eﬀective size of the NC such that the self-assembly behavior
can no longer be predicted by inorganic core sizes only.19,28
In substitutional doping, successful doping depends on the
size and the shape similarity of the NCs, where avoiding a
mismatch between the physical dimensions enables the SL to

etamaterials composed of two or more diﬀerent
building blocks can show emergent electronic,1,2
magnetic,3 optical,4,5 biological,6 and plasmonic7
properties depending on the interactions between the
components as well as the ratios between them. Doping is a
process where atomic defects are intentionally introduced to a
host matrix to tune its properties.8,9 Substitutional doping in
colloid science is a mesoscale approach where uniform
nanocrystals (NCs) are introduced into ordered superlattices
(SLs) composed of diﬀerent NCs, where they occupy random
positions without sacriﬁcing the overall ﬁlm crystallinity.10 As
opposed to atomic size impurities, the size and the shape of
NC building blocks can be tuned. The doping process is
known to require uniform NCs that have similar size and
shape, as typically NCs of diﬀering morphology selfsegregate.11 Generally, during the NC self-assembly process
where the inorganic core is larger than 3 nm, the main
considerations are the dimensions of the inorganic core. This is
due to the fact that in the vast majority of NC systems, the
core dimensions are far larger than the ligand dimensions, and
therefore the size of ligand is neglected. Also, in most cases, the
nature and the size of the ligands are similar, as only a few
commercial ligands (oleic acid, oleylamine, trioctylphosphine,
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accommodate the dopant NCs. To overcome these limitations,
we explore the role of ligands by introducing diﬀerent sized
bulky dendritic ligands on NC surfaces, where NC-dendrimer
hybrids have a larger overall size (core + ligand), thus the
overall size of the hybrids must be considered as opposed to
just the inorganic core.
Surface coating with a dendritic ligand would create a large
organic coating that introduces softness and could mask the
physical properties such as the size and shape of the NCs in
dried ﬁlms similar to the use of surface charge and a solvent
with long screening length.30 For simplicity, the softness is
quantiﬁed as the eﬀective length of the ligand divided by the
sum of the eﬀective ligand length and NC core radius, and the
values are expressed in (%) by multiplying them by 100 (Table
S1). The eﬀective ligand length itself is derived from
transmission electron microscopy (TEM) images of corresponding single component self-assembled SLs by dividing the
NC edge-to-edge distance by two (Table S1).
These hybrids can be used to dope a NC SL with NCs of
diﬀering size or shape, as the ligands on the NC surfaces create
hybrids of similar dimensions. By doing so, the NC size and
shape can be masked, and as a result, the NC size and shape
and SL architecture can be decoupled from one another. Here
we demonstrate the use of bulky ligands to overcome the NC
size and shape diﬀerence, achieving NC core size and shape
substitutional doping. Large, monodisperse dendritic ligands
can enable this phenomenon, as they introduce thick organic
shells on NC surfaces and increase the overall size of hybrids
(Figure 1). Therefore, it is possible to dope a SL of larger
inorganic core NCs coated with a smaller organic shell with
smaller NCs coated with a larger organic ligand, and vice versa,

demonstrating that the NC core size similarity is no longer a
strict requirement. Interestingly, what appears to be a random
doping at low dopant concentration (<10%) reveals an
underlying order at higher dopant concentrations (>10%),
where the positions of dopant and host NCs display positional
preference while still maintaining excellent overall SL ordering.
Such structures are identical to single component SLs in terms
of overall ﬁlm crystallinity. However, an intermediate state
appears between the binary and the single component SLs,
characterized by individual NC positional order. These
structural features are observed both with same and diﬀerent
sized NCs assemblies. The use of large ligands was found to
overcome the shape diﬀerence of NCs as well. The mix of
similarly sized spherical and cubic NCs, once they are coated
with dendritic ligands, can co-assemble into crystalline SLs,
avoiding the need of inorganic core shape similarity.

RESULTS AND DISCUSSION
To explore the NC doping concept further, we ﬁrst chose three
diﬀerent sizes of oleylamine-coated Au NCs: 5.2 ± 0.5 nm, 7.6
± 0.5 nm, and 10.2 ± 0.6 nm (Table S1). When considered
separately, they form ordered single component SLs, but do
not form substitutionally doped ﬁlms upon mixing, as
highlighted in Figure S1 and Table S1, entries 1−6. To
increase the stability of Au NCs during the self-assembly
process and avoid ligand related unfavorable interaction, the
native ligand oleylamine was replaced with the small and the
large dendrimers 1 and 2 (Figure 2) that have identical surface
binding disulﬁde and terminal dodecyl groups but are diﬀerent
in their size due to a diﬀerent number of branches.31

Figure 2. Structures of dendritic 1−3 and alkyl chain ligands 4−6.

As a preliminary study, self-assembly of six sample
combinations were studied by the well-developed liquid−air
interface method using diethylene glycol as a subphase.32 First,
TEM analysis of self-assembled monolayers from single
component NC solutions (Figure S1) gave information
about the size of the inorganic core and an eﬀective length
of each ligand (interparticle separation divided by two) on
diﬀerent sized NCs.31 This information was used to deduce the
overall eﬀective size of each NC-dendrimer hybrid. Second,
self-assembly of binary mixtures were systematically evaluated,
using the library of diﬀerent sized NCs coated with either small
dendrimer 1 or large dendrimer 2. We targeted the selfassembled monolayer due to its simplicity compared to
multilayers and studied the possibility of all four major selfassembly motifs: substitutional doping, phase separation,
mixed but disordered phases, and binary nanocrystal SLs
(BNSLs). Depending on the mixing pair, the emerging motifs
were identiﬁed (Table S2).
Successful NC substitutional doping was observed when 5.2
± 0.5 nm Au NCs coated with large dendrimer 2 (denoted

Figure 1. Schematic representation of the inorganic core and
whole NC dimensions for diﬀerent sized (a) spherical NCs and (b)
spherical and cubic NCs where a similar overall size can be
achieved using bulky ligands as well as schematic representation of
self-assembled monolayers of (c) single component SL, (d)
substitutional doping, (e) size substitutional doping, and (f)
shape substitutional doping in NC SLs.
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Figure 3. TEM micrographs of self-assembled structures obtained from binary mixtures of 5.2 ± 0.5 nm Au@2 and 7.6 ± 0.5 nm Au@1 (a)
9:1 ratio, (b) 1:9 ratio, (c) 1:1 ratio. Scale bars are 100 nm, upper and lower right insets are SAED and FFT patterns, respectively. (d)
Particle tracking from (c), where 5.2 nm Au@2 are falsely colored red and 7.6 nm Au@1 are falsely colored green, (e) higher magniﬁcation
of (d), (f) all of the NCs drawn at the same size, (g) image (f) with only the 5.2 ± 0.5 nm NCs, and (h) a randomly chosen fraction of the
particles in (f). Upper right insets in (e, g, and h) are FFT patterns.

Au@2) were mixed with 7.6 ± 0.5 nm Au@1, as shown in
Figure 3a−c. Excellent doping was obtained for tested ratios of
9:1, 1:9, and 1:1, where the crystallinity of the SL is
maintained, as highlighted by the associated small-angle
selected area electron diﬀraction (SAED) and fast Fourier
transform (FFT) patterns. Substitutional doping is observed
for the closest size of the hybrid taking the core and the ligand
layer into account, that is, 10.6 and 11.1 nm, corresponding to
a maximized whole particle diameter ratio of 0.96 (Table S2).
The order of substitution was analyzed in the sample with a 1:1
ratio by particle tracking analysis, an example of which is fully
described in Figure S3, comparing the number of neighbors of
both species, as shown in Figures 3d−h and S4.33 To track the
NCs, each NC was initially made to be the same size,
highlighted by Figure 3d,e, where the small NCs are falsely
colored red and the large NCs are falsely colored green. When
the NCs are adjusted to be equivalent sizes, the SL that they
form is shown in Figure 3f. The small NCs have 3.0 large
neighbors on average, while the large NCs only have 1.3 large
neighbors (Figure S4). Such a diﬀerence is indicative of a

nonrandom distribution with a preference for small-to-large
NC pairing, which is highlighted by Figure 3g, where a
hexagonal honeycomb pattern is apparent once the large NCs
are removed from the SL. Comparing the SL positions of the
small NCs in Figure 3g to the pattern of a random distribution
of positions in the equivalent lattice in Figure 3h, it is clear that
this doping is not random.
Bilayer ﬁlms of this example maintain this doping
phenomenon, as shown in Figure 4a. Substitutional doping
was also observed when 7.6 ± 0.5 nm Au@2 was mixed with
10.2 ± 0.6 nm Au@1 (Figure 4b), with overall sizes of 13.2
and 12.7 nm, respectively. However, despite the very similar
overall eﬀective size (whole particle diameter ratio of 0.96),
disordered phases and self-separation motifs were also
observed (Figure 4c, Table S2). This is most likely due to
the ability of the larger dendritic ligand 2 to overcome NC−
NC interactions compared to the smaller ligand 1. As shown
previously, as the NC size increases, larger ligands are eﬀective
at maintaining interparticle spacing.31 This can be quantiﬁed
by NC softness (%), deﬁned as the length of the ligand divided
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Figure 4. TEM micrographs of (a) bilayer of 5.2 ± 0.5 nm Au@2 and 7.6 ± 0.5 nm Au@1, (b) and (c) 5.2 ± 0.5 nm Au@2 and 7.6 ± 0.5 nm
Au@2, (d) and (e) 7.6 ± 0.5 nm Au@2 and 10.2 ± 0.6 nm Au@1, (f) 5.2 ± 0.5 nm Au@2 and 10.2 ± 0.6 nm Au@2, and (g) and (h) 5.2 ±
0.5 nm Au@2 and 6.1 ± 0.5 nm Au@1. Scale bar in (a) is 50 nm, and in (b−h) 100 nm. FFT patterns of every image are shown in the insets.

Figure 5. TEM micrographs of size or shape substitutional doping structures obtained from binary mixtures of (a) 7.6 ± 0.5 nm Au@2 and
9.5 ± 0.8 nm Mn0.08Zn0.33Fe2.59O4@4, (b) and (c) 6.6 ± 0.4 nm Au@2 and 8.9 ± 0.8 nm Mn0.08Zn0.33Fe2.59O4@4, (d) 10.2 ± 0.6 nm Au@2
and 9.5 ± 0.8 nm Mn0.08Zn0.33Fe2.59O4@4, and (e−g) EDX chemical mapping of doped SLs obtained with 6.6 ± 0.4 nm Au@2 and 8.9 ± 0.8
nm Mn0.08Zn0.33Fe2.59O4. Scale bars in (a, b, d−h) are 100 nm, in (c) 200 nm, and in (e−g) 50 nm. FFT patterns for (a−d) are shown in the
insets.

coated with 1 and mixed with 7.6 ± 0.5 nm Au@2 to conﬁrm
that both NC softness and whole particle sizes are key
components to successfully doping a SL. As shown in Figure
4g, substitutional doping is also observed in this SL, which is
consistent with previous examples as the NC softness of these
particles is 39.2% and 42.4%, respectively, and the whole
particle size ratio is 0.95 (Tables S1 and S2). This highlights
that both high NC softness and whole particle sizes are
essential parameters toward a successful substitutional doping.
This ﬁnding is supported by the fact that doping can also be
observed in a mixture comprising 5.2 ± 0.5 and 7.6 ± 0.5 nm

by the sum of the ligand length and NC core radius and the
value expressed as (%) by multiplying by 100 (Table S1). For
7.6 ± 0.5 nm Au@2 and 10.2 ± 0.6 nm Au@1, the NC
softness is 42.4% and 19.7%, respectively, as shown in Table
S1. With a signiﬁcantly smaller softness, 10.2 ± 0.6 nm Au@1
is less likely to accommodate the size mismatch in the SL than
7.6 ± 0.5 nm Au@2, giving rise to self-separation motifs in the
ﬁlm. By comparison, successful doping throughout the ﬁlm is
observed from a mixture of 5.2 ± 0.5 nm Au@2 and 7.6 ± 0.5
nm Au@1, with a NC softness of 50.9% and 31.5%,
respectively. An additional NC size of 6.1 ± 0.5 nm was
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as well as the presence of the sulﬁde-based ligand 2 on the Au
NCs. Figure 5d represents a control example obtained by
mixing relatively similarly sized inorganic NCs coated with
diﬀerent sized ligands. 10.2 ± 0.5 nm Au@2 is mixed with
ligand 4 coated 9.5 ± 0.8 nm Mn0.08Zn0.33Fe2.59O4 NCs.
Regardless of the large diﬀerence in ligand size, the assembly
maintains large-scale ordering, as also seen in Figures 5d and
S9. Such a result is explained by the presence of large, yet
ﬂexible ligands on the Au NC surfaces that produce softer NCs
(33.8%), causing a decrease of the lattice strain while
maintaining the overall NC size ratio of 0.84. However, the
tendency toward the clustering of Mn0.08Zn0.33Fe2.59O4 NCs is
also obvious (Figures 5d and S9). In these SLs, a large portion
of NCs seems to group into small clusters (>3 NCs side by
side), a phenomenon that may be explained by the
combination of factors such as a diﬀerence in ligand size and
the magnetic dipole−dipole interaction between
Mn0.08Zn0.33Fe2.59O4 NCs.
To study the eﬀect of NC shape, experiments using 9.5 ±
0.8 nm (side) cubic Pt NCs as building blocks to dope
spherical NC SLs revealed substitutional doping that is
independent of the shape of the components, where the
cubic NCs occupy random positions in close packed hexagonal
SLs. Figures 6a, 7a, and S11 show close packed single layer SLs

NCs both coated with larger dendrimer 2, as shown in Figure
4d. However, this sample showed only a moderate doping and
mostly consisted of the self-separated domains (Figure 4e).
The whole particle diameter ratio of 0.80 is signiﬁcantly
smaller, demonstrating the required balance that has to be
found in between NC softness and whole size matching, in
order to yield SL formation along the whole ﬁlm. Other binary
mixtures have revealed either self-separation between smaller
and larger NCs domains, such as in Figure S4a, mixed but
disordered layers (Table S2, Figures 4c and S4b), or in some
cases, when the NC overall eﬀective sizes and their local
concentration were suitable, more complex binary SL domains
that are isostructural to CaCu5 were formed (Figures 4f,h and
S4d and S5).
Interestingly, doping, binary SLs, or even mixed, but
disordered phases were predominantly observed in the
mixtures where at least one NC sample was coated with larger
dendrimer 2. In mixtures where both NC samples were coated
with smaller dendrimer 1, only self-separation occurs. This
observation bolsters the importance of a thick monodisperse
organic shell which can overcome the size irregularity during
the self-assembly and improve the quality of the ﬁlm
crystallinity.34,35
For the systems studied in this work, successful doping is
observed only when the host NCs have a softness of higher or
equal to 31.5% (Table S1) as well as an eﬀective whole particle
diameter ratio of at least 0.78 (Table S2). For cases where the
whole particle diameter ratio was >0.78, but the NC softness of
the host lattice was <31.5%, self-separation was observed.
Similarly, doping was not detected in mixtures where the
softness is >31.5%, but eﬀective overall diameter ratio is <0.78
(Table S2). This leads us to believe that to predict successful
substitutional doping with NCs of diﬀering inorganic core
sizes, both factors need to be taken into account.
To further explore the possible guidelines for substitutional
doping, investigations into using NCs with diﬀerent inorganic
materials as well as NCs with diﬀerent shapes were conducted.
Experiments using NCs made with diﬀerent inorganic
materials and coated with octadecylphosphonic acid 4 showed
that substitutional doping takes place even when the ligand
architecture is diﬀerent, as long as the end-group of the ligands
is similar in nature. For example, the doping of large dendron 2
coated 6.6 ± 0.4 nm Au NC SL with 8.9 ± 0.8 nm manganese
zinc ferrite, Mn0.08Zn0.33Fe2.59O4 NCs was successful (Figure
5b,c) only when the native ligand, oleic acid 6, was replaced
with octadecylphosphonic acid 4. When the oleic acid coated
Mn0.08Zn0.33Fe2.59O4 NCs were mixed with dendron coated
NCs, negligible doping and mostly a self-separation was
observed (Figure S7), revealing that the nature of the ligand
end groups may also have an inﬂuence on doping and the
diﬀerence between end-groups might cause NC selfsegregation. However, more research is needed to explore
the role of ligand end-groups and its inﬂuence on NC mixing
energy.
Figure 5 shows the TEM images of SLs obtained from the
combination of octadecylphosphonic acid 4 coated 9.5 ± 0.8
nm Mn0.08Zn0.33Fe2.59O4 and large dendron 2 coated 7.6 ± 0.5
nm Au as well as single (Figure 5b) and multilayer (Figure 5c)
SLs of ligand 4 coated 8.9 ± 0.8 nm Mn0.08Zn0.33Fe2.59O4
doped 6.6 ± 0.4 nm Au. The successful substitutional doping
in the latter example was studied by energy dispersive X-ray
spectroscopy (EDX) mapping shown in Figures 5e−g and S8.
The results conﬁrm the presence of both NC types in the SLs

Figure 6. (a) TEM micrograph of a doped SL obtained from 10.2
± 0.6 nm Au@3 and 9.5 ± 0.8 nm Pt cubes@3 and (b) its particle
tracking analysis where all particles are falsely colored red. (c) All
particles as spheres, where Pt cube positions are represented with
green spheres and Au sphere positions are represented with red
spheres. (d) A software generated example for a random
arrangement within the SL. Scale bars are 100 nm, and FFT
pattern is shown in (a) as an inset.

where lattice sites are randomly occupied by either smaller
dendron 3 (Figures 6a and S11) or larger dendron 2 coated
(Figure 7a) spherical 10.2 ± 0.6 nm Au and smaller dendron 3
coated 9.5 ± 0.8 nm (side) cubic Pt NCs.

Figure 7. Structural diversity in doped SLs obtained from the
mixture of 10.2 ± 0.6 nmAu@2 and 9.5 ± 0.8 nm Pt cubes@3.
TEM micrographs of low- (a) and high-resolution (inset in a)
close-packed single layer, close packed bilayer (b), and AB-type
binary (c) SLs are shown. FFTs are provided as insets. Scale bars
are 100 nm.
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redispersed in 20 mL of hexane, precipitated twice more by using 120
mL of ethanol, and centrifuged at 8000 rpm for 3 min. The particles
were stored in hexane for further use.
To synthesize the 7.6 nm Au NCs, 100 mg HAuCl4·3H2O was
dissolved in 20 mL of octadecene and 1 mL of Olam under a ﬂow of
nitrogen with magnetic stirring. Then, 30 mg of the 5.2 nm Au NCs
suspended in hexane were injected into the solution as seeds for
growth. The mixture was kept at 60 °C for 2 h, and then puriﬁed three
times by adding 120 mL of ethanol and centrifuging at 8000 rpm for 2
min after the reaction cools to room temperature. The washed Au
NCs were stored in hexane for further use. The synthesis of the 10.2
nm Au NCs followed the same recipe as described above but used 7.6
nm Au NPs as seeds instead.
Synthesis of Pt Cubes. Pt nanocubes were prepared according to
the literature procedure.38
Synthesis of Mn0.08Zn0.33Fe2.59O4 (MZF) NCs. MZF NCs used
in this study were synthesized following reported procedures.23 Mn
(II) acetylacetonate (3 mmol), zinc(II) acetylacetonate (6 mmol),
iron(III) acetylacetonate (12 mmol), oleic acid (100 mmol),
oleylamine (112 mmol), and 1-octadecene (72 mL) were mixed in
a 250 mL ﬂask. The reaction mixture was heated to 110 °C and kept
under vacuum for 2 h. Then, the temperature was increased to 300 °C
at a rate of 11 °C/min. After 2 h, the reaction mixture is cooled down
to the room temperature, and zinc ferrite NCs are precipitated by
adding isopropanol. Manganese zinc ferrite NCs were redispersed in
hexane and washed further using isopropanol three times. The ratio
between zinc and iron is measured by inductive coupling plasmaoptical emission spectrometry (ICP-OES) performed on a Spectro
Genesis spectrometer with a concentric nebulizer.
Ligand Exchange on MZF NCs with Octadecane Phosphonic Acid. To a stirred solution of MZF NCs (10 mg) in
chloroform (10 mL) was added octadecane phosphonic acid (10 mg),
and the resulting solution was stirred overnight at 35 °C. MZF NCs
were precipitated out of solution using methanol (30 mL). After
centrifugation, the NCs were redispersed in chloroform. This
procedure was repeated 2−3 times to ensure the complete removal
of any unbound or replaced ligand.
Ligand Exchange on Au and Pt NCs with Dendrons. Ligand
exchange on the oleic acid capped metal (Pt, Au) NCs was performed
by mixing 1 mL of NCs (10 mg/mL) in hexanes with the 1 mL
chloroform solution (10 mg/mL) of dendritic ligand. To ensure the
complete exchange, the resulting solution was stirred for 2 h
(overnight at 35 °C, for Pt NCs). The reaction was stopped by
precipitation of the NCs with excess methanol, and the NCs were
collected by centrifugation. The solid (NCs) was collected and
redispersed in chloroform. This procedure was repeated 3 times to
ensure the complete removal of any unbound organic molecules.
Self-Assembly of NCs. NC self-assembly was performed on
liquid−air interface using previously described methods.31,32 A few
drops of dendronized NCs in hexanes (concentration 5−10 mg/mL)
was cast onto a diethylene glycol surface placed into 1.5 cm2 × 1.0 cm
deep Teﬂon well. The system was covered immediately with a glass
(microscope slide) to slow the solvent evaporation and left until
hexane layer evaporated. Once the hexane evaporated, the ﬂoating
NC ﬁlm was transferred onto TEM grids by scooping up sections of it
from below. Residual diethylene glycol was removed from TEM grid
by placing it in a high-vacuum chamber before imaging by TEM.
Electron Microscopy. TEM micrographs were collected using a
JEOL 1400 microscope operated at 120 kV. The TEM was calibrated
using a MAG*I*CAL TEM calibration standard.
2D EDX Chemical Mapping Measurements. 2D EDX chemical
mapping measurements were performed using a FEI Talos F200X
transmission electron microscope, equipped with a high-brightness
ﬁeld emission gun (X-FEG) and a Super-X G2 EDX detector
operated at 200 kV. Images and elemental EDX maps were acquired
using Bruker Esprit analytical and imaging software in scanning
transmission mode. Elemental EDX maps of 802 × 801 pixels were
acquired with a 15 min acquisition time to get a good signal-to-noise
ratio.

Particle tracking analysis (Figure 6b−d) of the doped SL
shown in Figure 6a reveals that the cubes have on average 2.3
cubes as neighbors and the spheres have on average 2.6 cubes
as neighbors, as shown in Figure S12. This small diﬀerence
indicates a very small or negligible positional preference. Thus,
the positions of cubic NCs within the SLs are very close to
random, indicating almost complete masking of the diﬀerences
in the interactions between the diﬀerent NCs.
Interestingly, when 10.2 ± 0.6 nm Au@2 NC is mixed with
9.5 ± 0.8 nm Pt cubes@3, the observed doped SLs reveal two
distinctly diﬀerent self-assembled motifs: hexagonal-close
packed doped single (Figure 7a)36 and bilayers (Figure 7b),
as well as cubic AB type binary structures shown in Figure 7c.
Successful doping is observed in all of those domains.
Compared to the smaller dendron coated Au NC systems
(Figures 6a and S10a,b), the use of larger dendron 2 coated Au
NCs (Figure 7a−c) seems to improve the overall ﬁlm
crystallinity. This can be again attributed to the NC softness
factor, which is 51.0% for Au@2 and 27.5% for Au@3 when
the Au NCs are 10.2 ± 0.6 nm. When hosting 9.5 ± 0.8 nm Pt
cubes@3, the larger ligand can mask the NC shape and
accommodate cubic NCs more eﬀectively than a ligand of
similar architecture but smaller size. The presence of diﬀerent
self-assembly motifs within the same sample is probably due to
the conﬁnement eﬀect caused by a ﬁlm thickness.37

CONCLUSIONS
In conclusion, we report that substitutional doping can be
achieved with diﬀerent sized or shaped inorganic NCs when
the surfaces are modiﬁed using ligands that are large enough to
be able to mask the size and shape diﬀerences as well as match
the overall eﬀective size and the shape of the NCs.
Experiments reveal the trend that ligands with longer eﬀective
length, also described as having high softness, minimize the
self-separation and increase the chance of successful doping, to
a certain extent. Furthermore, the experiments have shown that
at high dopant concentrations, the substitution is not always
fully random but that diﬀerent amounts of order are possible,
oﬀering an additional route to control the microstructure.
Further research is needed to elucidate other possible factors
that may contribute to enabling or hindering the formation of
substitutionally doped two-dimensional (2D) and threedimensional structures. We expect this technique to show
promise in many areas, as its versatility oﬀers the opportunity
to combine properties of multiple NCs into metamaterials.
METHODS
Materials. 1-Octadecene (technical grade, 90%), manganese(II)
acetylacetonate, zinc(II) acetylacetonate (≥98%), and iron(III)
acetylacetonate (99+%) was purchased from Acros Organics.
Trioctylphosphine (97%), benzyl ether (98%), oleic acid (technical
grade, 90%), and oleylamine (technical grade, 70%) were purchased
from Sigma-Aldrich. All of the chemicals were used as received.
Solvents were ACS grade or higher.
Synthesis of Au NCs. Au NCs used in this study were synthesized
following reported procedures.31 To synthesize the 5.2 nm Au NCs,
200 mg of HAuCl4·3H2O was dissolved in 10 mL of tetralin and 10
mL of oleylamine (Olam) under a ﬂow nitrogen with magnetic
stirring. Then, a mixture containing 90 mg of borane tert-butylamine
(TBAB) dissolved in 1 mL of tetralin and 1 mL of oleylamine was
injected into the HAuCl4 solution. The solution turned deep red
immediately, and the reaction was kept at room temperature for 2 h.
Then, acetone (120 mL) was added to the reaction, and the mixture
was centrifuged at 8000 rpm for 3 min. The collected Au NCs were
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