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ABSTRACT: Atomically precise cluster crystals, with constituent
units composed of tens to hundreds of atoms, are important for the
construction of miniaturized solid-state devices. Understanding the
mechanical characteristics of such crystals is crucial for these
applications. In this study, we focused on the nanomechanical
properties of crystals of two isomorphic copper nanoclusters
(Cu4L4), protected by ortho-carborane-9-thiol, Cu4(oCBT)4, and
meta-carborane-9-thiol, Cu4(mCBT)4. These two clusters possess
identical square planar Cu4 cores embedded in butterfly-shaped
Cu4S4 staples. Load−displacement measurements indicated that
the crystals of Cu4(oCBT)4 (hardness of ∼534.31 MPa) were
harder than those of Cu4(mCBT)4 (hardness of ∼335.49 MPa).
Despite their lower density, crystals of Cu4(oCBT)4 demonstrated
increased hardness, owing to the presence of locked slanted layers that efficiently interacted with each other through various short
contact supramolecular interactions. During indentation studies, multiple “pop-in” events were observed for the crystals of both
clusters, suggesting the dislocation of molecular layers within the crystal lattice. Dynamic mechanical analysis conducted at different
loading frequencies indicated that crystals of Cu4(oCBT)4 have a higher storage modulus than Cu4(mCBT)4. Both the crystals are
thermally robust, as evident from thermogravimetric analysis and attenuated total reflection-IR analysis. Using density functional
theory, we calculated Young’s modulus (Er) for both crystals at 1 and 2% strain and found that the high-density isomorph had a
lower Er, consistent with experimental data showing Er of Cu4(oCBT)4 and Cu4(mCBT)4 to be 9.79 and 8.54 GPa, respectively.
These findings highlight the significant role of subtle structural differences in governing the nanomechanical behavior of isomorphic
cluster crystals, paving the way for their rational design in advanced solid-state device applications.

■ INTRODUCTION
Atomically precise metal nanoclusters, particularly those
composed of coinage metals, are a fascinating class of
nanomaterials, well-known for their unique and finely tunable
properties at the atomic scale.1−3 These nanoclusters exhibit
quantum behavior, manifested by discrete electron energy
levels and size-dependent optical properties, similar to
molecules, due to their small size and precise atomic structure.4

Nanoclusters, typically made up of a few to several tens of
atoms, display unique electrical,5−8 optical,9,10 magnetic,11−13

and catalytic14−16 properties that significantly distinguish them
from both bulk materials and larger nanoparticles. These
properties of nanoclusters make them ideal for various
applications, ranging from highly efficient catalysts for chemical
reactions to ultrasensitive sensors17 and novel electronic
devices.18 Furthermore, atomically precise nanoclusters offer
tunability in structure and properties that are hard to achieve
with larger nanoparticles and/or bulk materials.

Nanoclusters can be synthesized by mixing metal salts and
ligands in precise molar ratios, followed by the reduction of

metal ions using appropriate reducing agents in compatible
solvents.19−21 By precisely controlling the number and nature
of atoms within the nanoclusters, we can fine-tune their
properties for specific applications. Ligands play an essential
role in defining the properties of nanoclusters, and several
types of ligands have been used to synthesize metal
nanoclusters, such as phosphines,22,23 organic thiols,24,25

alkynes,26,27 proteins,28,29 and carboranethiols.30−32 Carbor-
anethiol-protected metal clusters exhibit exceptional stability
due to the thermally and chemically robust nature of carborane
scaffolds. Structural stability is an essential characteristic for
clusters to be used in nanodevices, and copper nanoclusters
protected by carboranethiols represent one of the suitable
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materials for electronics and other applications owing to their
unique optical and catalytic properties and stability when
exposed to elevated temperatures.33

The physical, chemical, and mechanical properties of
molecular crystals are intricately linked to their crystal
structures, intermolecular interactions, and molecular orienta-
tions in the crystal.34−40 To study the mechanical properties of
molecular materials, such as active pharmaceutical ingre-
dients,35,41 metal−organic frameworks (MOFs),42−44 and
perovskites,45,46 depth-sensing techniques are commonly
employed. Molecular crystals tend to be very soft or prone
to fracturing under stress, necessitating extremely small loads
to study their mechanical properties. Therefore, nano-
indentation is the most appropriate technique for investigating
the mechanical behavior of such materials.35 In nano-
indentation, a sharp indenter tip is pressed into the surface
of the material, leading to localized deformation, while the
material’s response to the applied load is recorded. Nano-
clusters can act as building blocks for self-assembled solids,
which can be precisely tuned at the atomic level by modifying
the nanoclusters that constitute these structures. These self-
assembled solids can be classified as molecular crystals,
characterized by an ordered arrangement of nanoclusters
with molecule-like properties.47 Understanding the mechanical
properties of nanocluster crystals is paramount for their use in
nanoelectronic devices, although such studies are rare.
Previous investigations have employed nanoindentation to
explore the mechanical properties of Ag29 and Ag40/46
nanocluster crystals.47,48 Nanoindentation experiments provide
valuable insights into the hardness, elastic modulus, stiffness,
and plastic deformation traits of the investigated material.
These insights are instrumental in establishing structure−
property relationships in nanoclusters.34−36

Here, we present the nanoindentation studies of crystals of
Cu4 nanoclusters protected by ortho-carborane-9-thiol (oCBT)
and meta-carborane-9-thiol (mCBT) to understand their
mechanical properties under different static and dynamic
loading conditions. The exceptional thermal stability and
unique optical properties of Cu4 nanoclusters prompted us to
study their mechanical properties to find possible applica-
tions.33 We performed various tests under load-controlled and
displacement-controlled conditions and performed dynamical
mechanical analyses, which are discussed in detail in
subsequent sections. Our results suggest that Cu4 nanoclusters
protected by carboranethiol ligands have hardness and elastic
modulus comparable to MOFs and organic crystals, making
them more suitable for solid-state nanodevices and various
other applications.

■ EXPERIMENTAL METHODS
Chemicals. The oCBT and mCBT were synthesized following the

established procedures described in the literature.49,50 Copper iodide
(CuI) and sodium borohydride (NaBH4, 98%) were obtained from
Aldrich Chemicals. 1,2-Bis(diphenylphosphino)ethane (DPPE) was
purchased from Rankem Chemicals. Solvent-grade dichloromethane
(DCM), acetone, acetonitrile, and methanol were procured from
Rankem and Finar India. All chemicals used in this study were
commercially available and used without further purification.
Synthesis of [Cu18(DPPE)6H16]2+ Nanocluster. The

[Cu18(DPPE)6H16]2+ cluster, denoted as (Cu18), was synthesized
following the established procedure described in the literature.51

Initially, a mixture of 95 mg (0.49 mM) of CuI and 120 mg (0.03
mM) of DPPE was prepared under an argon atmosphere and
dissolved in 15 mL of acetonitrile. After a reaction time of 30 min, the

resulting white complex was subjected to reduction by the direct
addition of 180−185 mg of NaBH4 powder. The reduction process
was allowed to proceed for an additional 1 h with stirring at 750 rpm
and room temperature. Subsequently, an orange-colored precipitate
was observed, indicating the successful formation of the Cu18 cluster.
The reaction mixture was stirred for 6 h to isolate the desired product.
Following this, the mixture was subjected to centrifugation, which
resulted in the formation of an orange solid. The solid was washed
three times using 5 mL of acetonitrile and methanol to remove any
residual starting materials. Finally, the Cu18 cluster, appearing as a
dark orange-colored compound, was extracted using dichloromethane
(DCM) for subsequent use in the LEIST reaction. The yield of the
Cu18 cluster was approximately 75% relative to that of the
corresponding copper precursor.
Synthesis of Cu4(oCBT)4 and Cu4(mCBT)4 Clusters.

Cu4(oCBT)4. The synthesis was done precisely as described in the
literature.33 Briefly, ∼50 mg of the purified Cu18 nanocluster was
dissolved in 15 mL of dichloromethane (DCM) and reacted with 40
mg of oCBT at room temperature. After a reaction time of 2 h, the
solution, initially yellowish in color, transformed, forming white
precipitates. These white precipitates exhibited a vibrant green
emission when subjected to a 365 nm UV lamp. The reaction was
allowed to proceed for 5 h until completion. Subsequently, the
microcrystalline white precipitates were thoroughly washed multiple
times with methanol and DCM to eliminate any unreacted ligands
present in excess. This white precipitate was soluble in acetone and
was further purified by crystallization.

Cu4(mCBT)4. The synthesis of Cu4(mCBT)4 followed the same
steps as above, but the ligand used was mCBT. The as-formed
Cu4(mCBT)4 clusters were soluble in DCM. The reaction solvents
were removed using rotavapor, and the solid white product that
formed showed a green luminescence under a 365 nm UV lamp.
Crystallization of Cu4(oCBT)4 and Cu4(mCBT)4. Cu4(oCBT)4.

The Cu4(oCBT)4 cluster is soluble only in acetone. Around 40 mg of
the as-prepared cluster was dissolved in 2 mL of acetone. 2 mL of
DCM (antisolvent) was added and mixed well with the cluster
solution. A glass slide was kept to provide a substrate for
crystallization. The solution was kept undisturbed in a 4 °C fridge.
After 5−7 days, hexagonal crystals of Cu4(oCBT)4 were obtained,
characterized by single-crystal X-ray diffraction (SC-XRD).

Cu4(mCBT)4. Around 40 mg of the as-prepared Cu4(mCBT)4
cluster was dissolved in 2 mL of DCM, and 1.5:1 (v/v) acetone
and toluene (antisolvent) were mixed. A glass slide was kept to
provide a substrate for crystallization. The solution was kept
undisturbed in a 4 °C fridge. After 5−7 days, hundreds of
parallelepiped crystals of Cu4(mCBT)4 were obtained, characterized
by SC-XRD.

The crystals grown on the glass slides were directly used for
nanoindentation experiments without any additional treatment.
Characterization. UV−Visible Spectroscopy. UV−vis absorption

spectra of the clusters in their respective solution were recorded using
a PerkinElmer Lambda 25 spectrophotometer in the 200−1100 nm
wavelength range. The slit width used for the measurement is 1 nm.
The cuvettes used had a thickness of 10 mm (path length).
Measurements were conducted using solutions of Cu4(oCBT)4 in
acetone and Cu4(mCBT)4 in dichloromethane.

SC-XRD (Face Indexing). SC-XRD data collection of Cu4 clusters
was performed with a Bruker D8 VENTURE single-crystal X-ray
diffractometer equipped with a graphite monochromatic Mo (Kα) (λ
= 0.71073 Å) radiation and a PHOTON 100 CMOS detector. The
data collection for both crystals was performed at 296 K. Face
indexing was carried out by capturing a video of the crystals on the
goniometer, and the faces were indexed using APEX software.

We did not conduct postindentation crystal structure analysis for
crystals 1 and 2 because of the highly localized nature of the
deformation caused by nanoindentation, which has minimal impact
on the overall crystal structure. The indentation process can alter the
structure in a small region at the indentation tip, known as the plastic
zone, but probing this tiny volume would require specialized in situ
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SC-XRD facilities. Instead, we investigated structural changes within
the plastic region through computational studies.

Photoluminescence Spectroscopy. Photoluminescence spectra
were measured using Horiba Jobin Nanolog spectrometer by applying
a 3 nm bandpass filter having a resolution bandwidth of 5 nm. The
Nanolog instrument has a 450 W xenon-arc lamp source, double
monochromator with gratings, associated reflective optics, and a CCD
detector. Solid samples were used for photoluminescence measure-
ments as the samples show crystallization-induced luminescence.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectros-
copy (XPS) was conducted using an Omicron Nanotechnology ESCA
probe TPD spectrometer equipped with a polychromatic dual X-ray
source of Mg Kα (hν = 1253.6 eV) and Al Kα (hν = 1486.6 eV). Al
Kα was used for the measurements of both crystals, which were drop-
cast onto sample grids. The binding energies of all spectral regions
were calibrated relative to the C 1s peak at 284.8 eV. The survey
spectrum was acquired by using a pass energy of 50 eV with a step size
of 0.5 eV. High-resolution scans for all elements were recorded at a
pass energy of 20 eV and a step size of 0.08 eV to ensure precise peak
resolution. Additionally, Cu LMM Auger spectra were collected for
both samples to determine the oxidation state of copper in the
nanocluster. These spectra were obtained by using a pass energy of 20
eV and a step size of 0.08 eV.

Attenuated Total Reflectance Infrared Spectroscopy. A Perki-
nElmer attenuated total reflectance infrared (ATR-IR) spectrometer
was used to analyze the crystalline samples. Temperature-dependent
chemical stability was assessed on heat-treated crystals that were
heated to 150 °C. Measurements were taken just after heating the
crystals at 30, 50, 80, 100, and 150 °C.

Thermogravimetric Analysis. Thermogravimetric measurements
of about 5 mg of cluster sample in an alumina crucible were
performed using NETZSCH STA 449 F3 Jupiter instruments
equipped with Proteus-6.1.0 software. The measurements for both
samples were performed under a nitrogen atmosphere at a flow rate of
20 mL/min in the temperature range of 30−700 °C with a heating
rate of 10 °C/min.

Optical Microscopic Images. Optical microscopic images of the
crystal were collected at different magnifications using a LEICA
optical microscope equipped with LAS V4.8 software. A UV light
(365 nm) was used to record luminescence images of the crystals.

Nanoindentation Measurements. The nanoindentation experi-
ments were performed by using a Hysitron TI Premier nano-
mechanical testing instrument. We used a Berkovich indenter with a
radius of 150 nm for nanomechanical measurements. Before the
measurements, the nanoindenter was calibrated using a quartz crystal
with a hardness value of 9.25 GPa. Indentation loads of 500, 1000,
and 5000 μN were used with a trapezoidal load function. Among
several different load functions used commonly in nanoindentation
measurements, the trapezoidal load function is used commonly
because of the linear loading segment, which ensures that the force is
applied at a controlled rate. Also, molecular crystals can exhibit time-
dependent behavior due to their softer and more ductile nature
compared to metal and ceramic materials. The hold period in the
trapezoidal load function allows time for any creep or time-dependent
deformations to stabilize. This ensures that the unloading segment
reflects only the elastic recovery, which leads to more accurate
measurements of the hardness and elastic modulus. The unloading
phase in the trapezoidal function is used to extract the elastic
properties of the material by using gradual unloading of the
nanoindenter from the sample. This gives an accurate load−
displacement curve, which is important for analyzing the material’s
elastic modulus. All of these points also ensure that the data obtained
are reproducible across multiple tests, making comparisons more
reliable.52,53

In situ scanning probe microscopy (SPM) was used to examine the
surface topographies before and after indentation. The Er and H were
calculated by applying the Oliver and Pharr method, which used the
initial part of the unloading segment of the load−displacement curve.
Five crystals were indented in each sample. All measurements were

performed at 25 ± 2 °C in a temperature-controlled room maintained
by air conditioning.

Nano Dynamic Mechanical Analysis Measurements. Dynamic
mechanical analysis (DMA) was conducted in a load-controlled
frequency sweep mode. An oscillating dynamic load of 10 μN was
applied on top of a static load of 500 μN over a frequency range of
10−200 Hz. The storage modulus, loss modulus, and damping factors
were determined by applying a sinusoidal force signal and recording
the resulting displacement response.
Computational Details. First-principles density functional theory

calculations were performed using the Vienna Ab initio Simulation
Package (VASP)54−57 to study the mechanical properties of
carboranethiol-protected nanoclusters Cu4(oCBT)4 and
Cu4(mCBT)4. The interaction between the core and valence electrons
was modeled using a projected augmented wave (PAW)58,59 potential,
and exchange and correlation energy was treated using the Perdew−
Burke−Ernzerhof (PBE) functional for a generalized gradient
approximation (GGA).60 Grimme’s DFT-D3 scheme was employed
to account for the effect of dispersion interactions.61 The energy
cutoff for the plane wave basis was set to 520 eV, and a 1 × 1 × 1 k-
point grid centered at the Γ point was used in sampling Brillouin zone
integration. A Fermi−Dirac function of width kBT = 0.05 eV was
employed to smear the discontinuity in occupation numbers of states
near the Fermi level. The crystal structures of Cu4(oCBT)4 and
Cu4(mCBT)4 are hexagonal and monoclinic, and they belong to the
space groups P3121 and P21/c, respectively. Structural optimization
was carried out with the convergence threshold of energy and forces
set to 10−8 eV and 10−3 eV/Å, respectively. Our estimates of lattice
parameters and their experimental values are tabulated in Table S2. It
is observed that they are less than the experimental values by 1−4%,
which is in contrast to the expected trend from using GGA. This is
attributed to the presence of solvents such as DCM, toluene, and
acetone in the experimental samples. Since we plan to compare the
properties of these two systems, these errors (being similar for both)
will introduce systematic errors. However, the comparative trend
should be reliable.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Cu4 Nanoclusters.

Isomorphic Cu4 nanoclusters protected by ortho and meta-
carborane-9-thiol were synthesized according to our previously
published study,33 and herein, we discuss some essential
structural features relevant to this investigation. Figure 1a
shows a schematic of the synthesis of Cu4 nanoclusters using
the ligand-exchange-induced structural transformation
(LEIST) method. A detailed LEIST synthesis procedure is
provided in the Experimental Methods. Cu4(oCBT)4 crystal-
lizes as transparent hexagon-shaped crystals (referred to as 1),
while Cu4(mCBT)4 crystallizes as parallelepiped crystals
(referred to as 2). Figure 1b,c shows optical microscopic
images of the respective crystals under daylight and ultraviolet
light.

The UV−vis optical absorption spectra of both nanoclusters
exhibited a single absorption band around 275 nm (Figure S1).
Emission spectra revealed characteristic emission bands
peaking at 520 nm for Cu4(oCBT)4 (1) and 532 nm for
Cu4(mCBT)4 (2) (Figure S2). Both nanoclusters displayed
green photoluminescence under ultraviolet light, as shown in
Figure 1b,c. The chemical purity of the samples was confirmed
by using X-ray photoelectron spectroscopy (XPS) and ATR-IR
spectroscopy. XPS survey spectra for 1 and 2 (Figures S3 and
S4, respectively) confirmed the presence of the expected
elements. High-resolution XPS scans were conducted for all of
the key elements in both samples. In each case, the sulfur (S)
peak corresponds to the metal-bound thiolate state. The Cu
2p3/2 peak appeared at 931.6 eV for nanocluster 1 and at 931.3
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eV for nanocluster 2. The absence of satellite peaks indicates
that copper is in the +1 or 0 oxidation state. The oxidation
state of Cu was further verified via a high-resolution scan of the
Cu LMM Auger peak (Figures S3 and S4, insets), with peaks
centered at approximately 915.5 and 915.4 eV for nanoclusters
1 and 2, respectively, consistent with the Cu1+ oxidation
state.62

The thermal stability of the nanoclusters was assessed using
TGA, and these have been discussed previously.33 Clusters 1
and 2 are stable up to 380 and 370 °C, respectively. As an
example, we present the data corresponding to cluster 2 in
Supporting Figure S5. The mass loss of ∼65.59% at 371.3 °C is
assigned to the desorption of two carboranethiolate units and
two carborane units, leaving behind Cu2S as the residue. The

decomposition pathway of nanocluster 1 remains unclear,
potentially due to the hypergolic activity of o-carborane
moieties,30 preventing the determination of the decomposition
products. However, as the present study is independent of the
nature of the decomposition products and high-temperature
events, we did not pursue this aspect further. To further assess
chemical stability at elevated temperatures, ATR-IR spectros-
copy was performed on both samples. Spectra were recorded at
30, 50, 80, 100, and 150 °C to monitor any potential structural
changes. No significant variations in the IR spectra were
detected across this temperature range, confirming that both
the nanoclusters retain their structural integrity under thermal
treatment (Supporting Figures S6 and S7). These results
underline the resilience of the nanoclusters under controlled
heating conditions and provide insights into their potential
applications in thermally demanding environments.
Structural Features of Cu4 Nanoclusters. SC-XRD

reveals that both clusters have nearly square planar cores of
four Cu atoms with the average Cu−Cu distance of 2.6 Å. The
carboranethiols are attached to the square planar metal core
through μ2 sulfide linkages. The face indexing of the crystals
was performed to identify the exposed planes of the crystals
available for indentation. Finely shaped crystals were selected
for face indexing. The indices of all of the crystal faces of 1 and
2 are shown in Figures S8 and S9, respectively. The
indentation experiments were carried out on (001̅) and
(100) surfaces of 1 and 2, respectively (marked in Figure 1d,e).

Figure 2a,b represents the extended packing configurations
of nanoclusters 1 and 2 as viewed along the a- and b-axes,
respectively. These figures also highlight the crystallographic
planes where nanoindentation measurements were conducted.
Figures 2a and S10 show that, in the extended packing
structure of nanocluster 1, the clusters are arranged in slanted
layers. The metallic cores are aligned linearly along a plane;
however, the intercluster interactions predominantly occur
along the slanted planes. Notably, each cluster is rotated by
120° along the c-axis (as observed from the a-axis perspective),
compared to the cluster in the layer immediately above it, as
shown in Figure S10a. Furthermore, the precise orientation of
the cluster in the initial layer repeats in the fourth layer,
demonstrating that nanocluster 1 exhibits an ···ABCABC···
arrangement, as shown in Figures 2a and S10b.

In contrast, nanocluster 2 showcases a configuration where
the clusters are organized in straight, parallel planes with
intercluster interactions predominantly in the same plane, as
shown in Figure 2b. Each cluster is rotated 180° along the b-
axis (as viewed from the b-axis perspective) relative to the
cluster in the layer above it, as illustrated in Figure S11a. When
inspected from the b-axis, the exact orientation of the cluster in
the first layer reappears in the third layer, following a complete

Figure 1. (a) Schematic representation of the synthesis of
Cu4(oCBT)4 and Cu4(mCBT)4 from the Cu18 nanocluster through
a LEIST reaction. Microscopic images of (b) Cu4(oCBT)4 and (c)
Cu4(mCBT)4 single crystals under daylight and UV light. Labels 1
and 2 indicate the crystals of Cu4(oCBT)4 and Cu4(mCBT)4,
respectively. The indented planes in these crystals are facing the
reader. Scale bar: 1000 μm. Crystal parameters and the indented
surfaces of the crystals of (d) Cu4(oCBT)4 and (e) Cu4(mCBT)4.
Color codes: orange: copper, yellow: sulfur, pink: boron, black:
carbon, and white: hydrogen.

Figure 2. Extended supramolecular packing of (a) Cu4(oCBT)4 (1) and (b) Cu4(mCBT)4 (2) along the marked indentation planes. The ···
ABCABC··· and ···ABAB··· packings of 1 and 2 are shown.
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360° rotation. This pattern indicates that nanocluster 2 is
arranged in an ···ABAB··· fashion within its crystal lattice, as
depicted in Figures 2b and S11b. Remarkably, the adjacent
clusters exhibit a mirror-image symmetry when observed along
the a-axis (Figure S11c,d).
Nanoindentation Studies on Crystals of Cu4 Nano-

clusters. The mechanical properties of the Cu4 crystals were
investigated by using a Hysitron TI 950 Triboindenter
equipped with a 150 nm Berkovich tip. Before the measure-
ments, the nanoindenter was calibrated using a quartz crystal
with a hardness value of 9.25 GPa. Crystals 1 and 2 were
directly grown onto a glass slide, and nanoindentation was
performed on the single crystals as-prepared, i.e., without any
additional treatment. While the literature suggests cleaving of
the crystals before indentation measurements to reduce surface
roughness, it was not feasible for this study due to the small
size of the crystals. Moreover, the crystals were not subjected
to solvent washing to avoid increasing surface roughness.39

Indentation was performed on the (001̅) plane for cluster 1
and on the (100) plane for cluster 2. These specific planes
were chosen since they are naturally exposed after crystal
growth, while other planes remained inaccessible due to the
dimensions of the crystals. Five crystals were indented for each
sample with five indentations per crystal, to ensure a
reproducible load−displacement response.

Quasi-static measurements were performed initially where
the indenter is loaded onto the crystals smoothly without any
frequency, while the dynamic measurements were done with
frequency changes from 10 to 220 Hz. Load-controlled
nanoindentation measurements were conducted by using
loads of 500, 1000, and 5000 μN to assess the durability of
the material under stress. Different loads were chosen to gain
insight into the elastic properties of the material as a function
of the load. A trapezoidal load function was employed for all
measurements, characterized by varying loading rates. This was
achieved by adjusting the loading−holding−unloading times to
5−10−5, 20−10−20, and 50−20−50 s, respectively. Similarly,
displacement-controlled experiments were performed at 100,
300, and 500 nm depths, with displacement functions of 20−
10−20 s. Stress relaxation, creep behavior, and dynamic
mechanical analysis were performed to understand the time-
dependent mechanical behavior of the crystals, which is
discussed in more detail in the next section.

Mechanical Properties of Cu4 Nanoclusters. At first,
load-controlled nanoindentation studies were performed on
both crystals at a fixed load of 500 μN with a trapezoidal load
function of 5−10−5 s. The load−displacement curve (shown
in Figure 3a) illustrates that the crystals of 1 and 2 exhibit
displacements of approximately 175 and 225 nm, respectively,
for the applied load of 500 μN. The difference in displace-
ments suggests that the crystals of 2 are less stiff than those of
1. Crystals 1 and 2 also show residual displacements (strain
present in the system after the removal of stress) of 100 and
170 nm, respectively. The load-controlled indentation
measurements, with a load of 500 μN, were also performed
at different load functions of 20−10−20 and 50−20−50,
presented in Figure S12a,b, respectively. The load-controlled
indentations were also carried out at higher loads of 1000 and
5000 μN at three different load functions of 5−10−5, 20−10−
20, and 50−20−50, as shown in Figure S13. These
measurements consistently indicate that crystal 2 is undergoing
a larger displacement than crystal 1 for a given maximum load.

Similarly, displacement-controlled nanoindentation studies
were performed at fixed displacements of 100, 300, and 500
nm. Figure 3b indicates the load−displacement curve obtained
for a 300 nm constant displacement, and it indicates that the
crystals of 1 need a higher load of 1200 μN, while crystals of 2
require only 700 μN to attain the same displacement. Figure
S14 presents the load−displacement curves for 100 and 500
nm constant displacements, showing similar results. The
difference in response between these two types of crystals
can be attributed to the different arrangements of molecular
planes in the crystals, shown in Figure 2a,b. In the case of 2,
the planes are arranged perpendicular to the indentation
direction, making them more susceptible to plastic deforma-
tion. Conversely, the planes of 1 are slanted relative to the
indentation direction, and the clusters may be packed more
effectively at the local deformation scale, rendering them more
resistant to deformation.35 Similarly, the molecular arrange-
ment-dependent mechanical response was also observed in
crystals of omeprazole,63 Ag29 nanocluster,47 and in the
cocrystals of glutaric acid and caffeine.64

We observed significant kinks in the measured load−
displacement curves of both crystals, represented by arrows in
Figure 3a,b. These kinks are called “pop-ins” and are
characteristic of molecular crystals. They occur due to the
slipping or breaking of crystal planes. Among the two crystals,

Figure 3. (a) Load−displacement curves of both crystals under a fixed load of 500 μN using a load function of 5−10−5 s. The inset shows the
schematic packing diagram of Cu4(oCBT)4 (top) and Cu4(mCBT)4 (bottom). The differently oriented rectangles represent the clusters. (b)
Load−displacement curves with a fixed displacement of 300 nm. Arrows indicate pop-in events occurring during nanoindentation experiments.
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2 shows more of these pop-ins than 1. The molecular planes of
2 tend to easily break or slip as they are perpendicular to the
indentation direction, leading to “pop-in” events, while the
slanted molecular planes of 1 are resistant to pop-ins as they
can slide reasonably smoothly in the direction of indentation.
Anisotropic molecular crystals exhibit similar direction-
dependent mechanical behavior due to the arrangement of
lattice planes.40,64 However, we could not access other crystal
planes for our studies due to the difficulty of manipulating tiny
crystals.

While most organic crystals can be characterized by their
structural and optical properties, certain molecular crystals
exhibit additional rheological characteristics such as creep,
stress relaxation, and viscoelasticity, depending on the specific
molecular structure and the applied load. Understanding these
rheological properties is essential for their application in
polymer science, materials engineering, and pharmaceuti-
cals.47,48 Therefore, a comprehensive set of load and
displacement-controlled tests were conducted to probe the
rheological behavior of both the crystals. In order to study the
creep behavior, the load was increased from 0 to 500 μN in 1 s
and then held for another 30 s, and the displacement was
measured. Figure 4a indicates the displacement vs time curve
(creep behavior) of crystals 1 and 2. When a force of 500 μN
was applied to crystals 1 and 2 in 1 s, they showed the
characteristic displacement of 150 and 250 nm, respectively. In
typical creep measurements, the initial prominent displacement
peak represents the occurrence of primary creep, followed by
secondary and tertiary creeps. The primary creep starts rapidly
and slows with time, while secondary creep shows a uniform
increase in displacement while holding the load. Tertiary creep
has an increased creep rate and sets in when the material

breaks or ruptures. The secondary and tertiary creeps are
usually found in materials like polymers, ceramics, concrete,
and construction materials, especially at elevated temper-
atures.65,66 Both crystals show primary creep with large initial
displacement, as indicated in Figure 4a. However, there are no
signs of secondary or tertiary creeps as the displacement
remains constant for the entire time the indenter tip is held in
position. This indicates that the crystals resist continuous
deformation and are stable under stress.

Similarly, stress relaxation tests were also performed to
investigate the relaxation behavior of the crystals. In these tests,
a displacement of 100 nm was applied in 1 second and held for
another 30 s. The resulting change in the stress over time was
measured. Figure 4c represents the stress relaxation curve,
where both crystals showed a decrease in load with time,
indicating that the clusters rearrange in the crystal structure to
gradually reduce their internal stress over time under a
constant applied load. These provide insights into the time-
dependent mechanical behavior of crystals 1 and 2. The load−
displacement plots obtained from creep and stress relaxation
tests (Figure 4b,d) demonstrated a higher residual displace-
ment in the case of crystal 2, which provided evidence for the
reduced hardness of 2 compared to that of 1. The insets in
Figure 4b,d indicate the planes on which the indentations were
carried out.

Multiple indentation tests were performed on the crystals of
both nanoclusters to accurately assess their nanomechanical
behavior. The load−displacement curves collected at various
indentation loads, as shown in Figure S15, demonstrate
reproducibility across the tests. These curves were sub-
sequently used to determine the reduced modulus (Er) and
hardness (H) of the crystals. Figures S16 and S17 present a

Figure 4. (a) Creep behavior as a function of time and (b) their corresponding load−displacement curves of Cu4(oCBT)4 and Cu4(mCBT)4
crystals with an applied load of 500 μN. (c) Stress relaxation curves and (d) their corresponding load−displacement curves for Cu4(oCBT)4 and
Cu4(mCBT)4 crystals with a fixed displacement of 100 nm. Variation of (e) Young’s modulus (Er) and (f) hardness (H) at different loading rates
for Cu4(oCBT)4 and Cu4(mCBT)4 crystals. Insets in panels (b, c) show the plane of indentation in both the crystals.
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statistical analysis of the data for clusters 1 and 2, respectively.
The mean Er values were 9.79 ± 0.98 GPa for cluster 1 and
8.54 ± 0.73 GPa for cluster 2, while the corresponding
hardness values were 534.31 ± 82.48 and 335.49 ± 68.68 MPa,
respectively. The histograms illustrate the distribution of Er
and H values for the crystals, with overlaid Gaussian fits that
suggest a normal distribution pattern. This Gaussian
distribution supports the reliability and consistency of the
measurements, validating the reproducibility of the nano-
mechanical properties observed across the data set. We have
compiled the Er and H values of various nanoclusters studied
to date, in Table 1, to illustrate the range of these mechanical
properties across different nanoclusters.

Both crystals, like viscoelastic materials, manifest stress
relaxation behavior over a holding time (Figure 4c). However,
this behavior was not very pronounced in the creep vs time
plot (Figure 4a), indicating that the material gradually released
its internal stresses when exposed to a constant applied load
while avoiding significant and continuous deformation.
Materials such as elastomers and thermosetting polymers
display this behavior characterized by stress relaxation without
significant creep. Elastomers quickly adapt to deformed states
and revert to their original form upon removal of the
deforming force, thus exhibiting stress relaxation. Similarly,
thermosetting polymers resist flow and permanent deformation
under sustained loads due to their rigid cross-linked network,
allowing them to demonstrate stress relaxation while
preventing significant creep.67−69

Stress reduction in molecular crystals can have various
mechanisms, such as readjustment or rearrangement within the
crystal lattices through molecular rotations and acoustic
vibrations, leading to decreased overall stress.47,70,71 As for
viscoelastic materials, the stress is proportional to the strain
rate. Hence, indentation tests were performed at different
loading rates to quantify the relationship between stress and
the loading rate on the crystals (Figures S12−S14). The values
of Er and H at various loading rates are depicted in Figure 4e,f.
It is noted from Figure 4e that for both 1 and 2, the value of
Young’s modulus (Er) decreases with an increase in the loading
rate until 100 μN/s and remains constant after that. An
interesting behavior was observed for the crystals of 2 at lower
loading rates, where the Er value was initially higher than that
of 1. This behavior can be explained by analyzing the stress
relaxation plot. At lower loading rates, the crystals undergo
gradual deformation, allowing the clusters within the crystal to
reorganize and adjust their orientations to relieve the stress
faster, as evident in the stress relaxation plot (Figure 4c). This
results in a higher apparent Er. However, as the loading rate
increases, the available time for molecular or structural
reorganization within the lattice decreases. Consequently, the

crystal’s ability to fully adapt to the applied stress is limited,
leading to a reduced apparent Er.

Figure 4f represents the variation of hardness with loading
rate and measures plastic deformation occurring in the crystal.
The crystals of 2 show a gradual decrease in hardness with an
increase in loading rate. However, crystals of 1 show an
increase in hardness with respect to the loading rate, which can
be explained by the favorable arrangement/orientation of
crystal planes to resist plastic deformation. As presented in
Figure 2a,b, the crystal planes are arranged slanting in 1 while
perpendicular to the indentation direction in the case of 2. In
the crystals of 2, with an increase in loading rate, the hardness
decreases as the clusters have less time to relax and resist the
incoming stress at a higher loading rate. However, in the case
of 1, the planes must slide along the adjacent planes, possibly
leading to friction due to intercluster interactions, which
increases as the loading rate increases. Hence, the indenter
experiences more resistance from the crystal as the loading rate
increases.

To understand the strain-hardening effect of the crystals, we
indented the same region four times. Figure S18 shows the
indentation-induced hardness in the crystals of both
compounds 1 and 2. Initial indentations on crystals can
induce stresses in the material, and these stresses may undergo
relaxation and redistribution with each subsequent indentation,
leading to variations in the measured indentation depth.47

Figure S18a shows the behavior of the crystals of 1, and Figure
S18b shows the behavior of the crystals of 2 under repeated
indentations. The crystals of cluster 1 show an increase in
hardness with repeated indentations, which is typically
observed for molecular crystals that exhibit strain-hardening
effects. In the case of 2, the hardness increases with repeated
indentation, but in the fourth indentation, we observed that
the hardness dropped suddenly and was almost equal to that of
the first indentation, as it traces the first curve closely,
indicating that 2 (observed to be softer among the isomorphs)
exhibits a gradual degradation effect. In contrast, 1 (harder
among the isomorphs) shows a sudden change in hardness,
suggesting that crystals of 1 become harder under stress, while
there is a gradual increase in hardness of crystals of 2, along
with a sudden decrease in hardness, which may be due to
sudden failure of molecular layers due to previous indentations.

Figures S19 and S20 illustrate the atomic force microscopy
topography and surface features of samples 1 and 2,
respectively, after indentation. In crystal 1 (Figure S19),
three triangular indentations are visible within a 10.000 μm
scan with height variations from 0 to 157.9 nm. The lateral and
vertical distances across indentation 2 are 1.47975 μm and
2.74226 nm, with roughness values of Ra = 29.5845 nm and Rq
= 33.7117 nm. In crystal 2 (Figure S20), five indentations were

Table 1. Measured Hardness and Young’s Modulus in Single Crystals of Isomorphic Cu4 Nanoclusters along with Other
Nanoclusters Studied to Date1

cluster crystal system ρ (g cm−3) H (MPa) Er (GPa) ref

[Ag46(2,5-DMBT)24(PPh3)8]2+ trigonal 1.322 168.10 ± 25.52 2.27 ± 0.25 47
cocrystals of [Ag46(2,5-DMBT)24(PPh3)8]2+and [Ag40(2,4-DMBT)24(PPh3)8]3+ monoclinic 1.497 166.70 ± 28.02 2.73 ± 0.51 47
[Ag29(1,3-BDT)12(PPh3)4]3− cubic 2.11 282.19 ± 53.33 5.66 ± 0.44 48
[Ag29(1,3-BDT)12(PPh3)4]3− trigonal 2.04 498.15 ± 23.61 7.53 ± 0.41 48
Cu4(oCBT)4 trigonal 1.428 534.31 ± 82.48 9.79 ± 0.98 this work
Cu4(mCBT)4 monoclinic 1.442 335.49 ± 68.68 8.54 ± 0.73 this work

1(Abbreviations: 2,5-DMBT�2,5-dimethylbenzenethiol, 2,4-DMBT�2,4-dimethylbenzenethiol, 1,3-BDT�1,3-benzenedithiol, and PPh3�
triphenylphosphine).
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performed within a 20.000 μm scan, with height variations
from 0 to 1029.2 nm. The profile across indentation 1 has
lateral and vertical distances of 3.51379 and 23.0089 nm and
roughness values of Ra = 90.8734 nm and Rq = 106.799 nm,
respectively. These findings suggest that crystal 2 has a rougher
surface and potentially more variable indentation response,
indicating differences in surface resilience and mechanical
properties between the two crystal samples.
Dynamic Mechanical Analysis (DMA) of Isomorphic

Cu4 Nanoclusters. From the results of the quasi-static
nanoindentation experiments, such as creep and stress
relaxation behaviors discussed in the previous sections, it can
be inferred that the crystals possess time-dependent properties.
These results prompted us to conduct dynamic mechanical
analysis tests at the same length scale. The different viscoelastic
properties like storage modulus (G′), loss modulus (G″), and
tan δ are plotted as a function of frequency, as shown in Figure
5a−c, respectively. The storage modulus quantifies the energy
stored within the system, while the loss modulus characterizes
the energy dissipated or lost. tan δ (Damping or loss factor)
represents the phase shift between the applied stress and the
resulting displacement and is the ratio between the loss and
storage moduli. Figure 5a shows that the storage modulus for
both crystals has no apparent frequency dependency, as the
storage modulus values remain almost constant at all of the
frequencies measured and are consistent with the higher mean

value of modulus obtained from quasi-static indentation. The
loss modulus plot, Figure 5b, on the other hand, shows that the
softer crystal 2 is more sensitive to frequency change than is 1.

Similarly, the low or almost negligible values of tan δ, as
shown in Figure 5c, confirm that the crystals of both 1 and 2
exhibit very low energy dissipation and minimal phase lag
between the applied stress and resulting strain. In other words,
the crystals are highly elastic. These crystals can be used for
applications like crystal optics, precision measurement instru-
ments and machinery, mechanical resonators, and nano-
mechanical instruments, where damping of vibrations is
essential.72,73

Structural Features Leading to Observed Mechanical
Response. In our study, we find that crystals of 1 are harder
than those of 2, even though 2 has a density (1.442 g/cm3)
higher than that of 1 (1.428 g/cm3). So, the mechanical
properties of the nanocluster crystals are governed by other
factors like the arrangement of clusters in the crystal with
respect to indentation direction, interactions between the
nanoclusters in the crystal, the relaxation modes of the clusters
under stress, the characteristics of the ligands protecting the
metal nanoclusters, and so on.

We examined the intercluster interactions within cluster
crystals to elucidate their mechanical properties. Unlike Sugi et
al.’s findings, our crystals lacked π···π interactions.47 Instead,
the interactions in crystals 1 and 2 include S···H−C, B−H···

Figure 5. Frequency-dependent variations of (a) storage modulus, (b) loss modulus, and (c) tan delta (δ) observed through dynamic mechanical
measurements of Cu4(oCBT)4 and Cu4(mCBT)4 crystals.

Figure 6. Unit cell supramolecular packing (as viewed along the b-axis) of (a) Cu4(oCBT)4 and (b) Cu4(mCBT)4 crystals along the b-axis.
Different short contact intermolecular interactions of (c) Cu4(oCBT)4 and (d) Cu4(mCBT)4 clusters along with their interatomic distances. The
colored dotted lines indicate intercluster interactions as follows: pink: S···H−C interaction, green: B−H···H−B and B···H, B interactions, blue: C−
H···B(B) and B−H···B(B) interactions.
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H−B, C−H···B(B), and C−H···S, B−H···S, B−H···H−B, B−
H···B, B−H···B(B), as shown in Figure 6a,b, respectively.
These interactions contribute to the distinct mechanical
responses of each crystal. The distances of each interaction
are shown in the insets of Figure 6 as well as tabulated in Table
S1 in the Supporting Information. These interactions are very
weak interaction but still are responsible for the mechanical
properties observed in both the crystals. In 1, the interactions
are along the slant planes of the crystal, which slides along
smoothly when indentation is carried out at lower loading rates
while providing friction as the loading rate increases. However,
the interactions in 2 are along the crystal planes and are
perpendicular to the indentation direction. These planes
cannot slide upon each other and hence have lesser stiffness
than 1.

Further, DFT calculations were conducted to understand
the response of the crystals to the applied stress. Specific
details of the calculations are summarized in the Experimental
Methods. Young’s modulus (Er) of 1 along [hkl] = [001̅] and 2
along [100] were estimated using the stress−strain method.
Initially, a set of four distorted configurations corresponding to
strains of ±1 and ±2% along the c-axis (which lies along Ẑ) of
1 was generated. Clamping the structure along the strained
direction, atomic positions, and the rest of the lattice
parameters were allowed to relax. The stress σzz developed in
the optimized structures was calculated, and its variation with
strain εzz was used to estimate Young’s modulus, E001. This
exercise was repeated for 2, but with a strain applied along the
a-axis (which lies along x̂), and E100 was estimated from σxx
and εxx (Figure 7a,b). The linear nature of the plots in Figure
7a,b, indicates elastic behavior of the material within the
applied strain range. The slopes of the linear fits represent the
material’s elastic moduli, and our estimates of E001 and E100 are

summarized in Table S3. It is clear that the E100 of 2 is lower
than the E001 of 1, despite 2 having a higher density, aligning
with our experimental findings. However, the bare elastic
moduli calculated from stresses in the unrelaxed strained
structures exhibit the opposite trend, as expected from their
relative densities (Table S3). This suggests that the atomic
rearrangement in 2 occurs at a larger scale than in 1 during
structural optimization.

We trace the movement of atoms during optimization of
structures corresponding to 1% applied strain for both crystals
(Figure 7c,d). In Cu4(oCBT)4, the H atoms attached to the
CBT cage exhibit weak displacements toward the voids (Figure
7c). The square planar Cu4 nanoclusters inside the crystal are
arranged nearly perpendicular to the ab plane and lie along the
direction of applied strain (Figure S21a). Examination of an
isolated unit of Cu4(oCBT)4 reveals that during structural
optimization, this arrangement causes two of the oCBTs
attached to adjacent vertices of the Cu nanocluster to roll
inward and two others to roll outward. This effectively leads to
the motion shown in Figure S21b. It is found that the degree of
internal rearrangement in Cu4(mCBT)4 is higher than that in
Cu4(oCBT)4. Besides this, we observe the directional and
collective translational motion of atoms in the bc plane of
Cu4(mCBT)4 in some regions at different scales (Figure 7d). A
cross section taken along the a-axis in the system shows that
this is possible due to the nearly linear arrangement of mCBT
attached to the Cu nanoclusters along the a direction (Figure
S22), with gaps between them along both c and b directions,
which allow for easy movement under strain. Our results
explain the unexpected trend in Young’s modulus observed in
experiments and uncover the structural mechanisms of the
mechanical response of these crystals. They suggest that these
crystals are highly flexible,74 somewhat akin to MOFs.

Figure 7. Stress vs strain curve is plotted for (a) Cu4(oCBT)4 and (b) Cu4(mCBT)4. Stress varies linearly with strain, and the slope of the curve
gives the value of Young’s modulus. Atomic rearrangement inside the lattice during structural optimization in (c) Cu4(oCBT)4 and (d)
Cu4(mCBT)4. All displacements greater than 0.01 Å were incorporated and scaled up by a factor of 10 for better visualization.
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Additional investigations of these systems are underway in our
laboratory.

Our previous work on the mechanical characteristics of
nanocluster crystals has been expanded upon in this article.
Together, these investigations demonstrate the distinct
mechanical properties of nanocluster crystals and emphasize
their enormous potential for a wide range of applications.
These discoveries could be used to investigate the effects of
ligands, dopant atoms, and environmental variables, such as
temperature, on the mechanical properties of other relevant
nanocluster materials. We successfully conducted nano-
indentation studies on a specific plane for both the crystals.
Attempts to explore additional planes were unsuccessful.

■ CONCLUSIONS
In conclusion, this study has provided valuable insights into the
mechanical behavior of isomorphic crystals composed of
tetranuclear copper clusters protected by isomeric carbor-
anethiol ligands as investigated through nanoindentation
experiments. Despite their closely related molecular structures,
Cu4 nanoclusters protected by ortho-carboranethiol exhibit
superior rigidity and hardness compared to their meta-
carboranethiol isomeric analogue. Notably, multiple “pop-in”
events, particularly observed for the Cu4(mCBT)4 cluster,
suggest the translocation of lattice planes within the crystals
upon loading. Additionally, dynamic mechanical studies have
shed light on the storage moduli of these crystals. DFT
calculations provide insights into the atomic dynamics under
external stresses, elucidating the relaxation pathways governing
the enhanced hardness observed within the low-density
isomorph. Our findings indicate the critical role played by
the orientation of lattice planes relative to the direction of the
applied load and the interactions among clusters in
determining the observed mechanical properties. These
insights emphasize the precision in atomic arrangement within
this class of copper clusters, characterized by exceptional
stability, well-defined structures, and unprecedented control
over their properties. These materials have the potential to
significantly contribute to the forefront of modern materials
science and nanotechnology, thus presenting a promising
avenue for a broad range of applications.
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