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ABSTRACT: Understanding and characterizing the mechanical
behavior of colloidal nanocrystal (NC) assemblies are important
for developing nanocrystalline materials with exceptional mechan-
ical properties for robust electronic, thermoelectric, photovoltaic,
and optoelectronic devices. However, the limited ranges of Young’s
modulus, hardness, and fracture toughness (≲1−10 GPa, ≲50−
500 MPa, and ≲10−50 kPa m1/2, respectively) in as-synthesized
NC assemblies present challenges for their mechanical stability and
therefore their practical applications. In this work, we demonstrate
using a combination of nanoindentation measurements and coarse-
grained modeling that the mechanical response of assemblies of as-
synthesized NCs is governed by the van der Waals interactions of
the organic surface ligands. More importantly, we report
tremendous ∼60× enhancements in Young’s modulus and hardness and an ∼80× enhancement in fracture toughness of CdSe
NC assemblies through a simple inorganic Sn2S64− ligand exchange process. Moreover, our observation of softening in
nanocrystalline materials with decreasing CdSe NC diameter is consistent with atomistic simulations.
KEYWORDS: nanocrystal, inorganic ligands, mechanical properties, coarse-grained model, atomistic molecular dynamics

The mechanical behavior of nanocrystalline materials,
which are characterized by numerous grain boundaries,

has been extensively studied over the past ∼25 years due to
their superior properties compared to conventional polycrystal-
line materials.1−6 Using electrodeposition,7 inert gas con-
densation,8 mechanical alloying/milling,9 crystallization from
amorphous alloys,10 and intense plastic deformation,11

researchers have synthesized nanocrystalline materials that
surpass conventional polycrystalline materials in terms of
fracture toughness,12 strength and hardness,1 and mechanical/
thermal stability.2 Despite their efficacy, these techniques often
present challenges in controlling interface structure, grain size
distribution, and impurity levels within the nanocrystalline
materials. Consequently, a comprehensive understanding of
mechanical properties in nanocrystalline materials and the
ability to design them pose significant hurdles.
Colloidal nanocrystals (NCs) have well-controlled sizes and

shapes, faceted boundaries, and surface chemistry,13,14 making
them an intriguing platform for mechanical property studies on
nanocrystalline materials. The mechanical characteristics of
colloidal NCs are also of practical importance, as these
materials are being considered for applications such as
photovoltaics,15−18 thermoelectrics,18−20 transistors,18,21 and
optoelectronics.18,22 Successfully implementing colloidal NCs
in these applications will require appropriate mechanical

properties alongside their more studied electrical, optical,
and thermal properties. Comprehension and manipulation of
NC assembly mechanical properties are consequently both
critical and underinvestigated.
The mechanical properties of as-synthesized colloidal NCs

are generally poor and fall within a narrow range of ≲1−10
GPa and ≲50−500 MPa for Young’s modulus and hardness,
respectively.23 More recent measurements24,25 indicate a
fracture toughness of ∼50 kPa m1/2 for organic ligand capped
NC assemblies, reflecting their brittle nature. Researchers have
developed several approaches to improve the mechanical
robustness of colloidal NC assemblies, including ligand
removal,26 ligand cross-linking,27,28 organic ligand exchange,29

and NC ordering.30,31 Nevertheless, these techniques are either
limited to certain types of NC systems or only result in
marginal improvements.
In this work, we report up to 60× enhancements in both

Young’s modulus and hardness and an 80× enhancement in
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fracture toughness for CdSe NC assemblies that have had their
organic ligands between adjacent NCs replaced with a thin tin
disulfide layer. We create this thin tin disulfide layer through
the utilization of inorganic metal chalcogenide complex
(MCC) ligands that were originally developed to improve
charge transport in NC assemblies.32 In a recent study,33 it was
discovered that MCC ligands undergo spontaneous dissocia-
tion, forming an amorphous passivation layer that acts as a
bridge between adjacent NCs. We use nanoindentation to
measure the Young’s modulus, hardness, and fracture tough-
ness. To gain insights into our data, we utilize a combination of
coarse-grained modeling, atomistic molecular dynamics, and
density functional theory simulations. These integrated
experimental measurements and computational models in-
dicate that the replacement of the organic ligands with
inorganic tin disulfide leads to covalent NC−NC interfaces
that significantly improves mechanical properties.
We synthesized monodisperse CdSe NCs with diameters

ranging from 3.5 to 7.0 nm and CdS magic-sized clusters
(MSCs, diameter ∼1.5 nm) with organic oleic acid (OA)
ligands and inorganic Sn2S64− ligands using modified literature
recipes.32,34−36 We characterized the NCs using a range of
imaging techniques, including transmission electron micros-
copy (TEM), scanning transmission electron microscopy
(STEM), and scanning electron microscopy (SEM). TEM
(Figure 1a and Figure S1) and high-magnification high-angle
annular dark-field (HAADF) STEM images (Figure 1g)
indicated a space between neighboring NC cores, which is
attributed to the presence of an organic ligand shell
encompassing the NC surface. As schematically illustrated in
Figure 1b and demonstrated in the literature,37,38 these OA
ligands are believed to partially interdigitate due to ligand−
ligand attractions. On the other hand, CdSe-Sn2S64− NCs have
very small interparticle spacings, as shown in the HAADF
STEM images (Figure 1d,h) and schematically illustrated in
Figure 1e (where interparticle spacing denotes the distance
from the edge of one NC core to the edge of the adjacent NC
core). This very small interparticle spacing is a result of the
ligand exchange with the much smaller Sn2S64− ligand, and the
subsequent/spontaneous room-temperature dissociation of
Sn2S64− into amorphous tin disulfide.33 Notably, in the case
of inorganic ligands, CdSe NCs are bridged by a thin SnSx
layer, but not sintered, as high-resolution HAADF STEM
images show no sign of lattice merging of neighboring NCs
(Figure 1h and Figure S5a). This is further supported by the
invariant grain size determined from XRD (Figure S8) and
similar excitonic peaks from UV/vis spectra (Figure S6) of
organic and inorganic ligand capped CdSe NC films.
Additional UV−vis spectra (Figure S2) show that CdS-OA
MSCs possess an excitonic absorption peak of 410 nm, which
allows us to specify an effective diameter of ∼1.5 nm for the
MSC as based on empirical sizing curves of CdS NCs.39 As a
comparison, 3.5 and 7 nm CdSe-OA NCs show excitonic
absorption peaks of ∼534 and ∼655 nm, respectively (Figures
S2 and S6).
Smooth films were successfully prepared by drop-casting and

subsequently drying concentrated solutions of NC and MSC.
Cross-sectional SEM images of OA (Figure 1c)- and Sn2S64−

(Figure 1f)-capped 3.5 nm CdSe NC films demonstrate that
these films have a thickness of ∼3 μm. Local elemental
mapping (Figure S5) on inorganic ligand capped 7 nm CdSe
NC films reveals a coating of tin and sulfur on the CdSe NC
cores. We also collected larger area EDS spectra of both types

of CdSe NC films (Figure S4a,b), which indicate the presence
of OA and SnSx on the CdSe NC surface for organic and
inorganic ligand capped CdSe NC films, respectively. An
additional EDS analysis of inorganic ligand films without NCs
(Figure S4c) exhibits a Sn:S atomic ratio of ∼1:2.4. This is
further complemented by inductively coupled plasma mass
spectroscopy (ICP-MS, Table S6), which indicates that the
Sn:S atomic ratio is 1:2 for our CdSe NCs with inorganic
ligands. The ICP-MS data also show that our CdSe NCs are
metal-rich and the concentrations of amorphous SnS2 are
generally low and inversely proportional to CdSe NC
diameters. The low concentration of SnS2 is also evidenced
by XRD (Figure S8) and TGA (Figure S7), which do not show
SnS2 XRD peaks and undergo only a ∼ 6% mass loss when
heated to 350° C.
Our analysis of the nanoindentation results suggests that the

Young’s modulus and hardness of NC and MSC assemblies
can be significantly enhanced by a factor of up to 60 by
exchanging the original OA ligands with inorganic Sn2S64−

ligands. Specifically, the schematics in Figure 2a,b illustrate the
nanoindentation behavior of CdSe-OA and CdSe-Sn2S64− NC
assemblies, respectively. Representative load−displacement
curves and SEM images of clean indents on the CdSe-OA
and CdSe-Sn2S64− NC assemblies are shown in Figure 2c,d,
respectively. Consistent with previous measurements on

Figure 1. Characterizations of CdSe nanocrystals (NCs) with oleic
acid (OA) ligands and Sn2S64− ligands; (a) TEM image showing a
submonolayer of 3.5 nm NCs with OA ligands; (b) schematic
depiction of interdigitated organic ligands on adjacent NCs; (c) cross-
sectional SEM image of a sample film consisting of OA-capped NCs;
(d) low-resolution HAADF STEM image showing a submonolayer of
3.5 nm Sn2S64−-capped NCs; (e) schematic representation of 3.5 nm
NCs that are bridged by a few atomic layers of amorphous SnS2; (f)
cross-sectional SEM image of a sample film consisting of Sn2S64−-
capped NCs; high-resolution HAADF STEM images displaying
submonolayers of (g) 3.5 nm OA-capped NCs and (h) 3.5 nm
Sn2S64−-capped NCs.
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analogous materials,30 our data (Figure 2e) confirm that OA-
capped NC assemblies with diameters ranging from 3.5 to 7.0
nm exhibit a narrow range of Young’s modulus (0.3−1.3 GPa)
and hardness (20−60 MPa). In contrast, CdSe-Sn2S64− NC
assemblies of various core sizes (3.5−7.0 nm) exhibit a much
larger Young’s modulus (18−38 GPa) and hardness (1.5−2.5
GPa). Both OA- and Sn2S64-capped NC assemblies exhibit an
increased Young’s modulus and hardness as the NC diameter
increases. This trend of increasing Young’s modulus and
hardness with NC diameter has been previously observed for
organically capped NCs.31,40 Our previous work31 indicates
that the size dependence of mechanical properties in OA-
capped NC assemblies originates from varied ligand−ligand
interactions as the NC diameter changes. In the case of
Sn2S64−-capped NC assemblies, we hypothesize that grain
boundary activity accounts for the size dependence in Young’s
modulus and hardness. We note that our samples did exhibit
microscale film cracking; however, the distance (∼100 μm)
between cracks is much larger than the nanoindent size (∼1
μm). Consequently, our measurements should not be
impacted by these cracks (Figure S3).
Nanoindentation experimental data when combined with

energy analysis41 allow us to derive the fracture toughness of
the CdSe NC assemblies (Figure 2e and Section IIb of the
Supporting Information). Specifically, we find that CdSe-OA
NC assemblies exhibit fracture toughnesses of ∼10−47 kPa
m1/2, which is in the same magnitude as previous measure-
ments25 on 7 nm PbS-OA NC superlattices. These low fracture
toughnesses reveal the brittle nature of NC assemblies with
organic ligands. The extremely low fracture toughness
originates from the weak intermolecular forces between the
adjacent organic ligands as well as poor ligand interdigitation
that lowers the energy dissipation before fracture. On the other
hand, after inorganic ligand functionalization, the fracture
toughness of CdSe-Sn2S64− NC assemblies increase to ∼420−
940 kPa m1/2 (up to ∼80× enhancement greater than CdSe-
OA NC assemblies). This tremendous improvement is largely
due to replacing the van der Waals interactions of organic

ligands with covalent interfacial bonds that significantly
increase the energy dissipation before material failure.
To further understand the size dependence of Young’s

modulus and hardness, we employ the coarse-grained model
developed in our previous work31 to simulate the mechanical
properties of organic ligand capped NC assemblies. As
schematically demonstrated in Figure 3a, an NC pair includes
two neighboring NCs and two ligand shells that overlap as a
result of partial ligand interdigitation. The interparticle
attraction between adjacent NCs in the CdSe-OA system
arises from three primary contributors: the ligand−ligand van
der Waals (vdW) interactions, dipole−dipole interactions
between the cores, and the core−core vdW interactions.
Figure S9 demonstrates that the ligand−ligand interaction
surpasses both the core−core vdW interaction and the dipole−
dipole interaction, highlighting the dominant influence of
ligand−ligand vdW attraction on the mechanical response of
the CdSe-OA system.
We then created face-centered-cubic (FCC) NC periodic

assemblies of different diameters with their corresponding
pairwise potentials (Figure 3a). This assumption of FCC
packing for OA-capped CdSe NCs is reasonable, as FCC is the
most frequently observed packing structure for OA-capped
NCs.30,42 The mechanical properties of the constructed NC
assembly were determined by its stress−strain relation, as
detailed in Section III of the Supporting Information.
Specifically, as illustrated in Figure 3b, we applied tensile
strain to the NC assembly along the ⟨100⟩ direction until
structure failure. Representative stress−strain curves are shown
in Figure 3c.
The effectiveness of our coarse-grained model is demon-

strated in Figure 3d,e, where the experimental data align well
with the model in both magnitude and trend. Through our
combined measurements and modeling, we establish the
ligand−ligand interaction as the principal factor governing
the mechanical strength of OA-capped NC assemblies. This
conclusion agrees with previous molecular dynamics simu-
lations.43 We also evaluate the bulk modulus, shear modulus,

Figure 2. Nanoindentation results on CdSe-OA NC and CdSe-Sn2S64− NC thin films. Schematic illustrations of behaviors of (a) CdSe-OA NC thin
films and (b) CdSe-Sn2S64− NC thin films during the nanoindentation tests (to better illustrate the difference in mechanical response, the
nanoindentation tips are not drawn to scale). Representative force−displacement curves of (c) OA-capped NC thin films and (d) Sn2S64−-capped
NC thin films, respectively. The insets of (c) and (d) show the SEM images of representative indents for OA-capped NC and Sn2S64−-capped NC
thin films, respectively. (e) Comparison of Young’s modulus, hardness, and fracture toughness of CdSe NC and CdS MSC assemblies that are
functionalized with OA ligands and Sn2S64− ligands, respectively.
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yield strength, and Poisson ratio of OA-capped NC assemblies
using the coarse-grained model, as shown in Table S1. We
computed toughness by integrating stress−strain curves (Table
S2). The exceptionally low yield strength (i.e., 7.9 MPa for 3.5
nm OA-capped CdSe NC) and toughness (i.e., 0.18 MJ/m3 for
3.5 nm OA-capped CdSe NC) demonstrate the brittle nature
of these CdSe-OA NC assemblies. According to classical
mechanics theory,44 the hardness of a material can be
calculated as Y × N, where Y represents yield strength and
N is a fitting constant. We determine that N is ∼2.5 based
upon a satisfactory fit to our experimental measurements
(Figure 3e). Previous works44,45 have derived a N value of 2 for
polymers. It is not surprising that organically capped NC
assemblies exhibit behavior similar to polymers, as their
mechanical properties largely depend on molecular ligand
interactions.
Unlike organically capped CdSe NC assemblies, tin disulfide

bridged CdSe NC assemblies possess significantly enhanced
mechanical properties (Figure 2e). Specifically, our measured
Young’s modulus of 40 GPa for inorganic ligand capped 7 nm

CdSe NCs is consistent with the bulk Young’s modulus of
wurtzite CdSe (40.4 GPa).46 Inorganically capped CdSe NC
films of smaller core sizes (<7 nm) exhibit a reduced modulus,
which can be potentially attributed to grain boundaries and/or
nanoporosity. Additional calculations performed in Section IIIc
of the Supporting Information reveal that the interaction
energies resulting from vdW and electrostatic interactions
between the NC cores are considerably smaller than the
dissociation energy of covalent bonds. This finding strongly
suggests that the primary source of mechanical enhancement in
Sn2S64−-capped NC assemblies originates from the covalent
nature of the chemical bonds formed within the system.
Next, we studied nanocrystalline CdSe using atomistic

molecular dynamics (MD) simulations (Section IV of the
Supporting Information) as a proxy for understanding our data
on CdSe-Sn2S64− NC assemblies. We do not explicitly include
the Sn−S interfacial layer in our model due to a lack of
appropriate potentials for describing covalent interactions
among Cd, Se, Sn, and S. In addition, the interfacial Sn−S
phase is ultrathin and not clearly distinguishable from the
CdSe boundaries (Figure 1h). Hence, while not ideal, a
simplified MD model describing nanocrystalline CdSe is
potentially insightful. We created nanocrystalline CdSe of
average grain size ranging from 1.2 to 7.2 nm. Unlike the FCC
packing used in our organically capped NC simulations, the
nanograins in these simulations are randomly packed. Figure
4a shows a representative snap short of 6 nm nanocrystalline
CdSe. The model is then subjected to strain until failure to
derive stress−strain curves (Figure 4c).
The Young’s modulus derived from the stress−strain curves

increases with larger grain sizes, which agrees with experiments
(Figure 4d). However, there is an offset between these two sets
of results, which could be due to neglect of interfacial S and Sn
atoms and/or neglect of defects (e.g., nanovoids) in the model.
We tried different strain rates (109/s and 108/s) in our MD
simulations, and this had only a minor effect on the stress−
strain curves (Figure S13). Further, we determined the yield
strength of nanocrystalline CdSe from the stress−strain curves.
Nanocrystalline CdSe shows a softening with smaller grain
sizes in our atomistic MD simulations (Figure S14). The
derived yield strength was further converted into hardness
through the classical relationship H = Y × N. The converted
hardness matches with experimental results (Figure 4e) with
an N value of 0.8. Such a small N might be ascribed to the
presence of nanoporosity as in earlier work,44,45 which
indicated an N value of 1 for porous materials. The simulated
von Mises stress distributions at various strains, as depicted in
Figure 4b and Figure S15, reveals the presence of stress
concentration at grain boundaries, which indicates that grain
boundary activity (i.e., grain sliding) governs the plastic
deformation. This phenomenon elucidates the observed
softening of nanocrystalline CdSe with reduced grain sizes,
as grain boundary activity facilitates plastic deformation
processes. Moreover, the observation of crack opening in all
nanocrystalline CdSe models, as shown in Figure S15, signifies
that intergranular fracture is the dominant fracture mode.
Lastly, we compute the toughness, which is defined by the area
under the stress−strain curve and listed in Table S4. The
toughness of nanocrystalline CdSe increased significantly once
the organic ligands were removed. This tremendous increase is
a result of increased energy dissipation from the grain
boundary activity when nanocrystalline CdSe is plastically
deformed.

Figure 3. Analysis of Young’s modulus and hardness of OA-capped
NC assemblies determined with coarse-grained modeling that is based
upon a NC pair potential. (a) Top: illustration of two interacting
CdSe NCs, consisting of a NC core and an organic ligand shell. The
ligand shells partially overlap within a volume denoted as Voverlap; the
CdSe NC cores possess permanent dipoles (blue arrows shown on
NC cores) attributed to the spontaneous polarization of the CdSe
wurtzite lattice. Bottom: construction of a three-dimensional face-
centered-cubic (FCC) model using the NC pair potential. (b)
Application of tensile stress along the ⟨100⟩ lattice direction of the
FCC model, with the corresponding strain recorded to generate the
stress−strain curves illustrated in (c). (d) Dependence of Young’s
modulus on the NC core diameter (3.5−7.0 nm), including results
obtained from our coarse-grained model (triangles). The red
diamonds correspond to OA-capped CdS MSC assemblies. (e)
Variation of hardness of NC film assemblies in relation to NC
diameter along with simulated results from our coarse-grained model.
The red diamonds in (e) correspond to OA-capped CdS MSC
assemblies.
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We further utilized density functional theory (DFT)
simulations to understand how the interfacial bonds are
related to the mechanical properties of CdSe-SnS2 NC
assemblies (Section V of the Supporting Information and
Figure S16).47 As shown in Figure 4d, the DFT simulation
results and experimental results for Young’s modulus of CdS
MSC-SnS2 are in reasonable agreement (21 and 19 GPa,
respectively). Additional DFT simulations suggest that bulk
amorphous SnS2 and a CdSe wurtzite lattice exhibit Young’s
moduli of 63 and 41 GPa, respectively. This indicates that the
CdSe/SnS2 interface is the mechanical weak point. We did not
attempt DFT simulations on larger NC core diameters due to
their extremely high computational cost.
Our DFT results can be combined with the analytical model

proposed by Gao et al.48 to derive the hardness of the CdSe/
SnS2 structure (Section VI of the Supporting Information). As
indicated in Figure 4e, the DFT model yields the right order of
magnitude but overestimates hardness by ∼50%. This variance
could be potentially attributed to omission of plastic
deformation mechanisms (such as bending and rotation)
beyond the bond breaking described in Gao’s model.
Additionally, DFT simulations reveal that adjusting the core
size and ligand composition also leads to changes in the
Young’s modulus and hardness of SnSx-capped CdSe NCs, as
shown in Figure S17. Other important mechanical properties
are also calculated and listed in Table S5.
Finally, to compare this inorganic ligand exchange approach

with other literature approaches, we summarize enhancement
ratios for Young’s modulus and hardness in Figure 5. We

define the enhancement ratio as the post-treatment property
divided by the original property of the as-synthesized NCs with
organic ligands (a version of Figure 5 that uses absolute values
is available as Figure S18 in the Supporting Information). It
can be seen that the inorganic ligand exchange approach
exhibits significantly larger enhancement ratios than that
achieved with plasma treatment,26 organic ligand exchange,29

ligand cross-linking,27,28 and NC ordering.30,31 Moreover, the
inorganic MCC ligand exchange can be applied to a variety of
semiconductor and noble-metal NCs, which presents a greater
potential for mechanically robust devices based upon semi-
conductor NCs and noble-metal NCs.
In summary, we reported more than 60-fold enhancements

of Young’s modulus, hardness, and fracture toughness of
colloidal NCs with inorganic functionalization. We first
demonstrated that the presence of weak ligand−ligand vdW
interactions within organically capped NC assemblies leads to
poor mechanical properties. We then verified this using a
coarse-grained model. We further showed that inorganically
connected NC assemblies feature strong covalent interactions
and thereby lead to large mechanical reinforcement. It is
important to highlight that inorganic functionalization
represents a versatile method to enhance the mechanical
properties of colloidal NCs. Unlike alternative methods
involving etching or annealing, inorganic functionalization
offers distinct advantages, particularly for semiconductor NCs
and noble-metal NCs. We further performed atomistic
simulations upon inorganically capped NC assemblies to
understand the role of boundaries in determining their
mechanical properties. We expect that our study will stimulate
further research in the mechanical properties of colloidal NC
systems employing alternative inorganic chemistry.49−51 The
colloidal chemistry approach demonstrated in this study
enables the preparation of nanocrystalline materials with
precise control over their shape, size, and interfaces, thereby
offering immense potential for fundamental studies and the
exploration of distinctive mechanical properties. The develop-
ment of robust nanocrystalline thin films through solution
processing holds great promise for various mechanical coating
applications.52

Figure 4. Atomistic modeling of nanocrystalline CdSe based on
molecular dynamics and density functional theory, along with their
experimental comparison. (a) Visualization of a 6 nm nanocrystalline
CdSe material generated through atomistic molecular dynamics
simulation. The interior Cd and Se atoms are denoted in green, while
the Cd and Se atoms at the boundary are indicated in gray. (b) von
Mises stress distribution within the 6 nm nanocrystalline CdSe shown
in (a) under a tensile strain of 5%, which reveals a stress concentration
at the boundaries. (c) Stress−strain plots of nanocrystalline CdSe
with varying grain sizes subjected to a tensile strain at a rate of 109/s.
(d) Young’s modulus and (e) hardness of CdSe-Sn2S64− NC and
MSC thin film assemblies as a function of NC diameter. The
diamonds shown in (d) and (e) are CdS MSC with Sn2S64− ligands.

Figure 5. Comparison of Young’s moduli and hardness enhancement
ratios for this work (inorganic ligand exchange) relative to those of
other approaches in the literature.
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