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ABSTRACT: The ability for organic surface chemistry to
influence the properties of inorganic nanomaterials is appreciated
in some instances but is poorly understood in terms of mechanical
behavior. Here we demonstrate that the global mechanical
strength of a silver nanoplate can be modulated according to the
local binding enthalpy of its surface ligands. A continuum-based
core−shell model for nanoplate deformation shows that the
interior of a particle retains bulk-like properties while the surface
shell has yield strength values that depend on surface chemistry.
Electron diffraction experiments reveal that, relative to the core,
atoms at the nanoplate surface undergo lattice expansion and
disordering directly related to the coordinating strength of the
surface ligand. As a result, plastic deformation of the shell is more
difficult, leading to an enhancement of the global mechanical strength of the plate. These results demonstrate a size-dependent
coupling between chemistry and mechanics at the nanoscale.
KEYWORDS: nanoplate, surface chemistry, nanomechanics, chemomechanics, electron microscopy, ligand exchange

Nanoscience is built on the principle that unique
properties arise at small length scales. Such
phenomena can develop from a wide variety of

factors including quantum confinement, changing reactivity, or
an increased proportion of surface atoms. For example, optical
properties arise in quantum dots from size-dependent coupling
between photons and excitons, while catalytic behavior can be
explained by the coupling of crystal size/shape and surface
energy.1−6 It is well-known that the mechanical behavior of
inorganic materials is also heavily size-dependent,7 where the
elastic deformation of a structure has a power law dependence
on material thickness. This implies that, for sufficiently small
systems, mechanical behavior may couple to other physical
factors whose influence would be trivial for materials at
macroscopic scales.
Although historically the identity of surface ligands on

nanomaterials has been considered mostly in the context of
colloidal stability and functionalization,8,9 there is a growing
appreciation for the ability of ligands to influence or even
dictate certain properties. For example, it has been observed
that surface ligands can change the photoluminescent perform-
ance of quantum dots (QDs) and noble metal nanoclusters by
eliminating surface traps and reducing nonradiative relaxation
pathways.10−12 It has also been shown that exchanging ligand
chemistries can change the crystallographic phase of thin gold

nanosheets and modulate interatomic distances in metal
nanoparticles and nanoclusters.13−21 Although additional
scholarly work over the past several decades has shown that
the chemistry of surface ligands can have a major impact on the
bonding and atomic structure at inorganic surfaces, the
connection between these processes and global mechanical
response remains underexplored and poorly understood.
The physical consequences of organic ligand adsorption to

metal surfaces have been investigated primarily by two
scientific communities�molecular sensing and surface science.
The former studies the bending of microcantilevers in response
to adsorbate binding�an effect attributed to changes in
surface stress, or the work required to elastically stretch a
surface. This understanding derives from a continuum-scale
perspective that, by definition, does not include the details of
atomic reorganization and chemisorption.22−34 The latter
community experimentally probes angstrom-level shifts in
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atomic positions in bare and decorated surfaces, but generally
does not connect these processes to the global mechanical
properties of a material.35−43 Understanding ligand-driven
mechanics in inorganic structures at the nanoscale represents
an opportunity to reconcile the observations made in each of
the previously described fields since nanoscience is uniquely
positioned in an intermediate size regime between the atomic
and macroscale.

RESULTS AND DISCUSSION
In this work we show that the chemistry of surface ligand
adsorption, a ubiquitous phenomenon in colloidal nanoscience,
controls the global mechanical properties of nanoparticles with
at least one dimension below ∼20 nm. This effect arises from
the ability of a surface-bound molecule to alter the sign and
magnitude of intrinsic surface stress in a nanocrystal.
Nanoscale systems are ideal for interrogating this phenomen-
on, as the role of surface chemistry is enhanced due to the
increased ratio of surface-like to bulk-like atoms.44−47 It is
observed that nanoplates bound by strongly interacting ligands
display a greater mechanical strength than their counterparts
with weakly interacting ligands (Figure 1). We show that this
shift in mechanical properties is a direct consequence of the
surface stress induced by the atomic disordering of surface
atoms upon ligand interaction. These results challenge the
conventional depiction of nanoparticles as static, rigid objects
and instead demonstrates their ability to be mechanically
transformed via surface chemistry.

Deformation of Ultrathin Nanoplates Elucidates
Chemo-Mechanical Coupling. To explore the impact of
surface ligand chemistry on nanoscale mechanical behavior, we
optimized the synthesis of ultrahigh aspect ratio triangular
silver nanoplates of ∼8 nm in thickness and hundreds of
nanometers on-edge (Figure 1b−c). Previous work has
demonstrated that nanoplates of these dimensions are
extraordinarily flexible and can be plastically deformed over
small spherical template particles in a controllable manner
(Figure 2a, Table S1).48 Transmission electron microscopy
(TEM) can be used to observe this deformation through the
appearance of bend contours, the dimensions of which can be
used to extract effective mechanical constants (Figure 2b).48

Figure 1. Control of silver nanoplate mechanical behavior with
surface chemistry. (a) Inorganic surfaces are often decorated with
small molecule ligands (L) that can present a variety of different
binding chemistries. (b) Weakly binding ligands have less impact
on the atomic lattice at the surface, resulting in a nanoplate that
displays low mechanical strength. (c) Ligands that bind more
strongly to the silver surface induce atomic distortions that result
in an increase in the global mechanical strength of the nanoplate.
Atoms are colored with a gray-to-blue gradient indicating the
gradual departure from bulk-like behavior of a surface cross
section.

Figure 2. TEM-based investigation of silver nanoplate deformation
as a function of surface ligand chemistry. (a) Thin silver
nanoplates are readily deformable over small spherical template
particles, generating a distinctive bend contour in TEM images,
the diameter of which correlates to the lateral extent of the
deformation. (b,c) Nanoplates can be decorated with a wide range
of commonly used ligands of increasing bond strength, resulting in
an increase in the bend contour diameter for a single template
particle size. Ligand molecules: I - citrate, II - pyrrolidone, III -
bis(p-sulfonatophenyl)phenylphosphine (BSPP), IV - carboxylic
acid terminated oligo(ethylene)glycol thiol (PEG-SH), and V -
adamandtyl substituted n-heterocyclic carbene (NHC). (d) Ligand
bond enthalpy versus average bend contour diameter reveals a
proportional relationship that holds true for several template
particle sizes, 10−30 nm. The tabulation of these data is available
in the Supporting Information.
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Indeed, Ag is a good candidate material for these studies due to
its ductility and low cohesive energy.49,50 In this experimental
geometry, an increasing bend contour size indicates nanoplates
of increasing mechanical strength. As such, these bend
contours allow for a high-throughput and convenient method
to screen the coupling of surface ligand chemistries to
nanoparticle mechanics.
As synthesized, the nanoplates are capped with a weakly

bound citrate ligand that can undergo facile exchange reactions
with stronger binding ligands. This feature was exploited to
generate a library of nanoplates decorated with various surface
chemistries (Figure 2c). The ligands used in this study will be
subsequently referred to by their surface-coordinating moiety:
carboxylate (I), pyrrolidone (II, monomer of PVP), phosphine
(III), thiol (IV, PEG-SH), and carbene (V, NHC). We have
included exact chemical details for all ligands used in this
study, including salts and counterions, in the Methods section
of this manuscript. Interestingly, when plastically deformed
over spherical template particles, the diameter of bend
contours increases with the interaction strength of the
nanoplate surface ligand.43,51−54 This trend was consistent

across hundreds of TEM measurements (Figures 2c, d, S1−S2,
Table S2). While the ligands shown represent a library of
commonly used species and their subunits (Figure 2c), we
additionally performed experiments with identical R groups
(pentane) while varying only the surface coordinating group
(carboxylate, amine, thiol, Figures S3−S4). These data also
demonstrated an increase in bend contour size with ligand−
surface interaction strength. Additionally, changing the
substrate composition as well as template particle composition
and surface chemistry does not impact the observed behavior
(Figures S5−S6). These results are to be expected due to the
trivial influence of the changing Hamaker constant on the
overall van der Waals interaction, and small interaction area
between the template particle and the nanoplate, respec-
tively.48 Since a larger bend contour size indicates a nanoplate
with greater mechanical strength, we can conclude from these
data that some property of the surface chemistry couples to the
mechanical behavior of the inorganic particle. This observation
is corroborated by AFM characterization, which illustrates
topographically that the lateral extent of the bend contour is
directly related to the ligand binding strength (Figure S7).

Figure 3. Core−shell modeling of ligand-decorated nanoplates. (a) Silver nanoplates can be understood as a core−shell structure, where
surface (shell) atoms have mechanical properties that are susceptible to surface chemistry influences. (b) This is experimentally supported
by TEM bend contour measurements demonstrating that thinner nanoplates (with a greater fraction of surface atoms) are more sensitive to
changes in the ligand chemistry. (c) A continuum mechanics model for plate deformation allows for the fitting of experimental bend
contours to extract mechanical constants for the surface (blue data points) compared to the plate as a whole (black data points). (d)
Calculation of surface yield stress values by comparing the total strain energy of the core−shell plate to its van der Waals attraction to a
substrate.
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These observations are consistent with recent work that
demonstrated cantilever deflection as a function of adsorbate
interaction strength.32

To determine the role that ligand coordination plays on
nanoplate mechanics, we considered several potential
influences. For instance, it has been previously shown that
submonolayer coverage of ligands on metal surfaces can induce
surface stresses as a result of lateral side-chain interac-
tions.24,30,55−57 Therefore, we quantified the packing densities
of each ligand studied using inductively coupled plasma (ICP)
mass spectrometry (MS) to determine the concentration of
silver nanoplates and thermogravimetric analysis (TGA) to
measure ligand molecule concentrations. These data were used
to calculate an areal footprint specific to each surface
chemistry: 3.4 ± 0.1, 4.9 ± 0.4, 3.0 ± 0.2, and 3.9 ± 0.1
molecules/nm2 for carboxylate, pyrrolidone, phosphine, and
thiol ligands, respectively (Figures S8, S9, Table S3, Scheme
S1); carbene functionalized particles could not be generated in
high enough quantities for TGA analysis, therefore yielding no
density information. These measured surface densities are
consistent with the maximum observed for similar com-
pounds,53 allowing us to conclude that none of the ligand
chemistries result in submonolayer coverage. Furthermore,
these measurements only varied in magnitude by at most 60%
and lacked any trend following the observed mechanical
behavior, suggesting that ligand density alone cannot explain
the increased nanoplate strength. We then examined the
influence that ligand side-chain interactions might play in
dense monolayers by functionalizing plates with molecules that
have the same surface coordinating group but varying
substituents. For plates modified with thiol-based ligands
having variable alkyl, ethylene glycol, or crown-ether moieties,
there was no statistical difference in bend contour diameters,
indicating no effect on nanoplate mechanics (Figure S10). This
finding is significant, as side chains bearing these chemistries
experience different van der Waals interactions.53,58 We note
that thiol ligands with variable alkyl and ethylene glycol lengths
will have similar surface packing behavior and density, but the
packing enthalpy will increase with chain length.53 These data
demonstrate that there is no effect on nanoplate mechanics
based solely on the interactions due to side chain packing or
side chain length. Additionally, we expect that the thiol ligand
bearing the crown ether moiety will have a larger packing
footprint than the former group of ligands due to steric
hindrance from the bulky ring. However, in this case, the
observed mechanical behavior is again the same. In a more
extreme case, experiments performed where nanoplates are
decorated with a long polymer of pyrrolidone, PVP29,
demonstrated the same bend contour sizes as the pyrrolidone
monomer (Table S2). From these data, we conclude that, in
the regime of full monolayer coverage, neither ligand−ligand
interactions nor ligand density are appreciable factors in
dictating nanoplate mechanics. As a result, we focus on the role
of the coordinating strength of the surface ligand.
A Core−Shell Model for Ligand-Mediated Mechanical

Behavior. Based on the experimental data, it is apparent that a
local atomic interaction at the ligand−nanoplate interface
results in mutable global mechanical behavior. This suggests
that the ligand-decorated nanoplate may be interpreted as a
core−shell structure, where interior core atoms display bulk-
like mechanical constants and exterior surface atoms display
mechanical properties that are ligand-dependent (Figure 3).
Since previous experiments demonstrated side chain compo-

sition had no impact on mechanical behavior, we approximate
the shell to consist only of the first few atomic layers of silver
atoms at the nanoplate surface.42 It should be noted that this
approximation is likely invalid in cases of sparse ligand
decoration on a metal surface wherein factors such as side
chain interactions would become more influential to the overall
behavior of the system. If the core−shell geometry is a valid
interpretation of the system, then the mechanical response to
surface chemistry should be size dependent, i.e. changing the
thickness of the nanoplate does not change the surface atom-
ligand interaction but does change the relative fraction of core
atoms. To test this, nanoplates of different thicknesses were
synthesized and plastically deformed over template particles for
the cases of carboxylate and thiol ligand chemistries (Figure
3b). For each nanoplate thickness, the general trend with
changing surface chemistry holds true: thiol-capped nanoplates
produce a larger bend contour than their carboxylate-capped
counterparts. However, the magnitude of the effect increases as
nanoplates become thinner, indicating that surface atoms
bound by strong ligands produce shells that are mechanically
stronger than the bulk-like core. As expected, the data show an
asymptotic behavior as nanoplate thickness increases and
demonstrate that beyond a thickness of 20 nm the effect of the
ligand-dependent shell is rendered negligible. These findings
also clearly demonstrate that this behavior is truly a nanoscale
effect, brought about by the unique environment of the surface
and its outsized influence on the overall behavior of the system.
To gain further insight into how the shell atoms modulate

the effective mechanical behavior of the entire nanostructure,
we modified an analytical model developed in our previous
work that compares the strain energy of a plate against its van
der Waals attraction to a substrate.48 More specifically, a
radially symmetric solution to the Kirchhoff−Love equations
for the deformation of a plate was modified to account for both
plastic deformation and a core−shell geometry (see Supporting
Information); the core is assigned the bulk properties of Ag,
and the shell has mechanical constants that are allowed to vary
in order to match the observed bend contour dimensions. This
analysis shows that experimentally consistent bend contours
can only be generated in the model if the yield stress of the
shell material (not the elastic modulus) increases with ligand
binding strength,48 adopting values ranging from 234 to 315
MPa (Figure 3c−d), which is significantly higher than the bulk
yield stress of silver, 54 MPa (see Supporting Information).
This accounts for a difference in the overall yield stress of the
plate of 72 to 80 MPa, even for a particle consisting of dozens
of atomic layers in thickness (∼9 nm, Figure 3c, d). While it is
probable that the Young’s modulus is also affected by ligand
chemistry and size effects,26,59 the contribution from elastic
deformation is negligible under the existing experimental
conditions, accounting for <10% of the overall strain energy in
the system. Consequently, this demonstrates that chemo-
mechanical coupling at the surface of an inorganic nanostruc-
ture is size dependent and dominated by changes to the
effective yield stress of surface atoms.
Characterizing Lattice Distortions at the Ligand−

Surface Interface. It is well appreciated that ligand binding
to inorganic surfaces results in atomic restructuring and
changes to surface stress.42 Most bare metal surfaces
experience both in- and out-of-plane lattice contraction due
to under-coordination and are defined to be under an intrinsic
tensile surface stress. Adsorption of surface ligands relaxes this
surface stress due to atomic reorganization. For interactions of
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increasing strength, this reorganization involves lattice
expansion and the introduction of surface compressive stresses
and can even remove atoms from the material.42 These surface
effects not only impact the primary surface atoms but also

cause distortions propagating inward two to four atomic layers
(Figure 4).42 To probe this effect, we collected selected area
electron diffraction (SAED) data of undeformed single
nanoplates before and after ligand exchange (Figures 4b,

Figure 4. Ligand mediated atomic distortion and mechanical behavior of distorted Ag surfaces. (a) Upon decoration with a strongly binding
thiol ligand (I:IV ligand exchange), atoms in the silver nanoplate lattice expand and are distorted from their original positions. (b)
Correlated, single particle TEM measurements demonstrate the transformation in lattice spacing that occurs in undeformed nanoplates
upon exchange from carboxylate to thiol surface chemistry. Black bars represent lattice spacing compared to bulk silver for carboxylate
capped plates, and red bars show the lattice expanded after exchange with thiol ligands. Blue data points represent the Δfwhm of peaks in
SAED data both before and after ligand exchange, showing that, for most individual plates, the silver lattice becomes distorted in addition to
expanding. These observations are further confirmed by (c) bulk XRD data showing a peak shifting and broadening corresponding to lattice
expansion and distortion, respectively, upon ligand exchange. (d) Correlated TEM imaging after successive ligand exchange reveals an
increase in bend contour size, shown in a colored outline overlaid with the original carboxylate (I) TEM image. (e) MD simulation
snapshots showing initial and final structures of the Ag slab model for a pristine Ag (111) surface and two of several disordered structures
(others are shown in the SI). (f) A plot of the average ΔZ of the topmost 32 atoms located in the area of the applied force, plotted as a
function of simulation time. See Supporting Information for further details.
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S11, Table S4). Since surface atoms make up a non-negligible
percentage of thin nanoplates (≥10%), lattice measurements
from electron diffraction patterns for an entire particle should
show deviations from the expected value if large surface
reorganizations exist. Correlated lattice measurements were
obtained for nine individual nanoplates capped first with
carboxylate ligands (black) and then exchanged to thiol ligands
(red, Figure 4b). On average, carboxylate-capped nanoplates
exhibited a lattice contraction of 6.7%. This value is consistent
with minor relaxation of surface stress by a weakly bound
physiosorbed ligand since bare metal surfaces are known to
have lattice contractions of up to 15%, resulting in tensile
surface stresses of approximately 4 N m−1.35,40,42 Once
exchanged with thiol ligands, the nanoplates have an average
lattice expansion of 11.8%, which is in good agreement with
literature studies that have seen thiol-mediated expansions of
up to 19% and resulting compressive surface stresses of −5 N
m−1.15,39 While the orientation of the electron beam with
respect to the nanoplate in SAED measurements can only
capture the in-plane lattice distortions, out-of-plane stresses of
the same direction and magnitude are known to occur and are
consistent with our results.42 Importantly, analysis of the full
width at half-maximum (fwhm) of the SAED peaks reveals
broadening for most of the particles studied, indicating a
disordering of the surface atoms that is concomitant with the
lattice expansion driven by ligand binding (Figure 4b). These
single-particle data are corroborated by bulk X-ray diffraction
(XRD) measurements of nanoplates assembled into [111]-
oriented films, which also show peak shifting and broadening
in thiol-capped samples corresponding to lattice expansion and
surface atom disordering (Figures 4c, S12). We note that while
there have been many studies on inorganic surface
reconstructions as a function of surface molecular interactions,
these are usually performed on ultraclean bare metal surfaces.
In addition, the nanoplates used in this work are bound
predominantly by {111} facets, which are the lowest energy
and most densely packed in FCC crystals and therefore
experience minimal driving force for reconstructing at room
temperature. Directly measuring surface reconstructions on
colloidal nanoparticles is challenging, and the data presented
showing lattice distortion for two extreme cases (weakly
binding carboxylate and strongly binding thiol ligands, Figure
4b) exist close to the limit of quantitation of the techniques
employed. Although it is possible that changing the binding
strength and the denticity of the surface ligands will induce
different surface reconstructions, this is unlikely for FCC {111}
and is not indicated by our data, given the resolution
limitations of our measurements. Disambiguating these
variables is nontrivial and is a topic for future investigations
into this phenomenon.
Role of Surface Disorder in Material Strength. These

experiments establish that, before being deformed, nanoplates
with strongly bound ligands consist of a “shell” of surface
atoms that are expanded and disordered relative to the core
and/or nanoplates with more weakly bound ligands.
Separately, a continuum mechanics model has shown that
the increased overall strength of a nanoplate can only be
explained by increases to the yield stress of the shell. Because
plastic deformation typically occurs through atom or
dislocation motion along preferred crystallographic directions
called slip systems, we hypothesize that the mechanism of
ligand-dependent nanoplate mechanics arises from the
disruption of slip planes due to ligand-induced disordering of

surface metal atoms. Indeed, previous literature has demon-
strated that amorphous metallic glasses formed via ultrafast
cooling have increased yield stresses compared to their
crystalline counterparts due to disrupted deformation
modes.60,61 To determine if ligand-induced disorder can
diminish mechanical compliance, we performed molecular
dynamics (MD) simulations to understand the relationship
between surface disorder and yield strength. We constructed
models of a disordered surface from a high-temperature
melting and quenching procedure (see Methods) that was
repeated using varying temperature conditions to sample a
range of possible disordered atomic configurations. We
simulated particle deformation by applying a constant external
force to the bottom of the Ag slab along the slip plane (Figure
4e). The average position change in the z coordinate of the
topmost atoms in the projected region of the applied external
force was monitored over the course of the MD simulations
(Figure 4f). If the applied force cannot induce movement of
the atoms along the slip plane, then the material is more
mechanically stiff, resulting in a larger bend contour diameter
measured in experiments. While atoms readily move along the
slip plane when the force is applied to the ordered Ag (111)
surface model, there is very little movement of surface atoms
when the same external force is applied to the disordered Ag
surface models (Figure 4e, f). These findings support the
notion that ligand-induced surface disorder inhibits plastic
deformation along slip systems.
Changing Nanoplate Shape with Surface Chemistry.

Another important facet of this observation is the potential to
utilize ligand chemistry to dynamically change the shape of a
nanostructure (Figure 4d). To demonstrate this, a correlated
single-particle TEM analysis was performed on template-
deformed nanoplates that were sequentially incubated in
solutions of increasingly strong ligands and imaged after each
iteration (Figure 4d). As expected, the bend contour size
increased after each progressive step of the ligand exchange as
the nanoplates became less mechanically compliant, corre-
sponding to a change in the physical shape of a nanoplate as a
function of ligand chemistry alone (Figures 4d, S13). This
observation was consistent across several different examples of
bend contours and demonstrates that surface chemistry can be
a powerful tool for dynamic structural control of inorganic
nanomaterials.

CONCLUSIONS
This work links atomic-scale ligand-surface interactions with
global mesoscale changes in the mechanical properties of a
material. Nanoscale objects, which reside at an intermediate
regime between these length scales, are particularly sensitive to
these effects and are therefore distinctly situated to study this
phenomenon. These results also show that ligand-based
chemomechanical coupling is a size-dependent nanoscale
property, occurring only for structures whose proportion of
surface atoms is sufficiently high, ∼10%. Our findings are
striking, since colloidal nanomaterials have been stabilized by
surface ligands for decades without a complete understanding
of the mechanical consequences of this interaction. The
traditional notion of nanoparticles as rigid, static objects must
therefore be re-evaluated, as their ability to reshape
dynamically upon changes in their surface chemistry is evident.
These fundamental results will further impact the interpreta-
tion of experiments on the immense array of inorganic
materials that have properties sensitive to surface structure.
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METHODS
Chemicals and Materials. All chemicals were used as purchased

with no further purification or processing. Trisodium citrate
(Na3C6H5O7·2H2O, 99.0% ACS Reagent), silver nitrate (AgNO3,
99.9999% trace metals basis), hydrogen peroxide (H2O2, 30% w/w in
water ACS reagent with inhibitor), sodium borohydride (NaBH4,
99.99% trace metals basis), L-ascorbic acid (C6H8O6, 99.0% bioXtra),
hydrochloric acid (HCl, >99.999%), nitric acid (HNO3, >99.999%),
deuterium oxide (D2O, 99.9%), 2-pyrrolidone (C4H7NO, ≥99%),
Silver standard for ICP (1000 mg/mL, TraceCert), Holmium
standard for ICP (1000 mg/mL, TraceCert), Indium standard for
ICP (1000 mg/mL, TraceCert), 1,3-Bis(1-adamantyl)imidazolium
tetrafluoroborate (C23H33BF4N2, 97%), and potassium tert-butoxide
solution (KOtBu, 1.0 M in THF) were purchased from Sigma-Aldrich.
Acetonitrile (C2H3N, ChromAR) was purchased from Macron. The
thiol molecules used for ligand studies, HS-Cx-(PEG)y-COOH (x =
6,11, y = 3,6) and 12-Crown-4-CH2-O-CH2-SH were purchased from
Prochimia Surfaces. Bis(p-sulfonatophenyl)phenylphosphine dihy-
drate dipotassium salt (BSPP, >97%) was purchased from Strem
Chemicals, Inc. Oleic acid capped iron oxide nanospheres (15 nm) in
chloroform were purchased from Ocean NanoTech.
Preparation of Ag Nanoplates. Silver nanoplates were prepared

by modification of previously published protocols.62,63 Seeds were
prepared in an aqua regia-cleaned scintillation vial by combining fresh
nanopure water (20 mL), trisodium citrate (1.2 mL, 75 mM), AgNO3
(0.020 mL, 100 mM), and H2O2 (0.048 mL, 30% w/w) under
vigorous stirring. To this, a freshly prepared solution of NaBH4 (0.120
mL, 100 mM) was injected, and the reaction progressed over a 30 min
as the solution turned from yellow to blue. The nanoprism seeds were
stored on a benchtop at room temperature. To grow thin, high aspect
ratio nanoplates, an aqua-regia cleaned scintillation vial in an ice bath,
fresh nanopure water (10 mL), acetonitrile (5 mL), trisodium citrate
(0.200 mL, 75 mM), and ascorbic acid (0.100 mL, 100 mM) were
added under vigorous stirring. Meanwhile, an aliquot of the previously
prepared seeds was subjected to centrifugation (10 min, 20133 rcf) to
remove unreacted precursors. After the spin cycle, the supernatant
was removed and the pelleted nanoprisms were concentrated 5× via
resuspension in fresh nanopure water. These concentrated nanoplate
seeds were immediately added to the reaction vial (0.035 mL), after
which AgNO3 (0.120 mL, 100 mM) was injected. This slow growth
reaction proceeded to stir vigorously in the ice bath for approximately
2 h, yielding a pale blue solution, before being moved to the
refrigerator. After growth overnight, large thin silver nanoplates had
visibly settled out of solution as a gray precipitate. Upon disturbing
the precipitate, the solution appeared to be blue with a gray
pearlescent quality, indicating the presence of the large, light
scattering nanoplates. Thicker nanoplates were achieved by adding
less trisodium citrate to the growth solution. This provides less
passivation of the (111) triangular faces and allows for more growth
to occur along the thickness dimension. Thinner nanoprisms were
achieved by adding less seed particles to the standard growth solution.
Ligand Exchange of Nanoplates. Grown nanoplates are

natively capped with citrate ligands. To exchange citrate more
strongly binding ligands for, a solution of the new ligand (0.100 mM
final concentration) was added to nanoplates. This mixture was then
subjected to constant agitation at 4 °C overnight before use.
Nanoplates used immediately following this step are denoted “as-
exchanged.” Ex situ ligand exchange was performed when citrate-
capped nanoplates were already deformed over template particles on
TEM grids, by incubating the TEM sample in a solution of the new
ligand (0.100 mM) for 4 h.
Preparation of N-Heterocylic Carbene. The preparation of the

NHC ligand was performed following a published protocol.64 The
NHC precursor used for this study, 1,3-Bis(1-adamantyl)imidazolium
tetrafluoroborate, was evacuated on a Schlenk line for an hour. Using
a molar excess of a strong base, KOtBu, the precursor was
deprotonated over a dry ice/EtOAc bath (−78 °C). This was then
used as an NHC ligand stock solution, where ex situ ligand exchange
was performed with citrate-capped nanoplates. It should be noted that

the subsequent ligand exchange occurs in the presence of
deprotonation products including potassium salts.
Preparation of TEM and AFM Samples. Iron oxide nano-

spheres (0.001 mL) were freshly diluted into toluene (15 mL). Grown
nanoplates were spun down (1 min) with a tabletop centrifuge,
supernatant was removed, and the nanoplates were resuspended with
an equal volume of nanopure water. To prepare a TEM sample,
diluted iron nanoparticles (0.0035 mL) were drop cast onto a TEM
grid and dried. Then, washed nanoplates (0.0065 mL) were drop cast
onto the same grid and dried under vacuum. All BF, DF, and SAED
TEM data were obtained with a JEOL 1230 High Contrast TEM
operated at 80 kV. Size analysis from TEM images was done using
ImageJ. To prepare AFM samples, diluted iron nanoparticles (0.015
mL) were drop cast onto a mica disc and dried under vacuum
followed by washed nanoplates (0.030 mL). All AFM data were
obtained with a Park NX20 AFM using tapping mode.
TGA Experiments. TGA analysis was performed using a Mettler

Toledo/DSC 3+ system. A 30 mL volume of as-synthesized or as-
exchanged nanoplates were rinsed and concentrated by centrifugation
to remove excess ligands. The concentrated nanoplates were then
placed in a heated TGA pan to remove excess moisture before
analysis. To analyze the mass of ligands in the sample, the TGA
proceeded in three stages: a heating ramp from room temperature to
120 °C at 20 °C/min, where the temperature was held for 10 min,
and finally a heating ramp to 1000 °C at 10 °C/min. This resulted in a
mass loss around 350 °C corresponding to the decomposition of
organic molecules. This absolute mass loss was used to calculate the
number of ligand molecules in 1 mL of nanoplate solution. For each
ligand, three separate TGA analyses were performed and averaged to
account for any experimental heterogeneity in nanoplate preparation
and subsequent ligand exchange.
ICP-MS Experiments. The ICP-MS protocol used here was

adapted from previous literature.65 All analyses were carried out on a
PerkinElmer NexION 300 ICP-MS using an argon flow. Ag nanoplate
samples were digested using aqua regia solution prepared by mixing
HCl and HNO3 in a 3:1 ratio. This aqua regia was diluted with water
to 5% and used as a matrix for the ICP-MS solutions. Digested
nanoplates were diluted 2000× by volume for analysis. The
concentration of silver in digested nanoplate samples was determined
by comparison to a five point standard curve comprised of known Ag
concentrations prepared from an ICP silver standard: 1, 5, 10, 20, 30
ppb. The standard solutions were measured five times while the
unknown samples were measured three times and averaged. A flush
was performed in between each of the sample measurements, and a
blank was measured before and after all measurements were taken to
ensure the validity of the measurements.
NMR Experiments. All NMR experiments were carried out using

a Bruker 500 MHz NMR spectrometer. Validation of valeric acid
exchange was performed following a previously published method.66

Grown nanoplates capped with citrate ligands were exchanged with
valeric acid (0.500 mM final concentration) followed by pH
neutralization. Ligand exchange was then repeated with DTT
(0.100 mM final concentration) to remove ligands from previous
exchange. Nanoplates are then subjected to centrifugation to isolate
the supernatant, which was then analyzed with NMR. Peaks
corresponding to DTT and valeric acid were observed. Peaks
corresponding to citrate were not observed, suggesting complete
ligand exchange with valeric acid prior to the DTT exchange. To
verify exchange between trisodium citrate and pyrrolidone, citrate-
capped nanoparticles were synthesized in D2O (100 mL scale) and
subsequently washed and concentrated. This sample was then
analyzed with NMR, and peaks corresponding to citrate were
observed. This same process was repeated for nanoplates that had
been exchanged for pyrrolidone. Pyrrolidone peaks were observed in
the sample along with trace citrate peaks. The difference in intensity
was used to determine the relative concentration of the ligands, and
therefore the exchange completion.
XRD Experiments. Nanoprism synthesis and ligand exchange was

performed as previously described. Particles were then suspended in
rough monolayers at an air−water interface, transferred via
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Langmuir−Schaefer direct contact to glass XRD substrates, and dried
for 1 h. These samples were then analyzed using an XRD Rigaku
SmartLab II device with a Copper K-alpha 1 radiation source.
Samples were scanned using powder/film XRD settings, covering 30−
100 degrees, a step rate of 0.01 degrees, and a rate of 10 degrees per
minute. Rigaku SmartLab software was used to assign Ag lattice peak
values. Origin software was used to fit Lorentzian curves to raw XRD
data to acquire peak positions and full-width half-max values.
MD Simulation Methods. All molecular dynamics (MD)

simulations were performed with the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS, 12 Dec 2018)67 to
investigate the relationship between surface disorder and mechanical
compliance. The employed interatomic potential was a ReaxFF force
field68,69 using a Ag parameter set developed by Dulong et al.70 All
MD simulations were performed in the NVT ensemble, where a
Nose−Hoover thermostat71 was applied to maintain the desired
temperature of the system (thermostat settings for each simulation are
described below). A time step of 0.25 fs was used for the time
integration of the Verlet equations of motion, unless otherwise noted.

For the pristine Ag surface, a (9 × 9) Ag (111) surface slab model
with 10 layers was used as the simulation cell with periodic boundary
conditions applied along the x and y directions. The unit cell
dimensions were (26.38 Å, 26.38 Å, 43.93 Å) and (90°, 90°, 120°).
The structure was equilibrated for 24.9 ps at a temperature of 300 K
with the bottom two layers fixed in their bulk positions. The
simulation time was determined by monitoring the system temper-
ature and potential energy for convergence.

We applied a simulated annealing process to generate pseudodi-
sordered surface structures that mimic the surface disorder induced by
adsorbed ligands. Disordered structures were generated by melting
the surface at different temperatures (1750, 1800, 1900, and 2000 K),
where a temperature damping parameter of 0.25 fs was used to bring
the system to equilibration at the temperature set point (taking 21.3,
20.6, 24.4, and 28.6 ps, respectively). We then quenched the melted
surfaces to 300 K using a temperature damping parameter of 25 fs for
the Ag (111) crystal system, which equilibrated after 120.0, 124.1,
122.5, and 99.4 ps, respectively (Figure S15). These structures are
named Disordered 1−4, respectively. The experimental character-
ization suggests that lattice distortions caused by the ligand impact the
first four atomic layers (Figure 4), so the bottom two layers of the
surface were fixed allowing only eight layers to melt into a disordered
structure.

To investigate the mechanical properties of different Ag systems, a
constant external force of (−4.40 x, 2.54 y, 7.18 z) kcal mol−1 Å−1

aligned to the (111) slip plane was applied on a 4 × 4 domain of the
bottom two layers for 4 ps at 300 K. The remaining Ag atoms in the
bottom two layers were fixed. A smaller time step of 0.05 fs was
employed to resolve the equation of motion in the presence of a high
external force. The movement of the Ag atoms caused by the external
force was compared in the different surface models to determine
whether defects in the surface suppress atom motion and increase the
yield strength, which correlates to decreased mechanical compliance.
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