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Crystalline framework materials that incorporate both inorganic
and organic moieties are currently attracting considerable attention
because their enormous chemical and structural diversity offers
opportunities for creating many technologically relevant properties.'
Much of the emphasis to date has been on nanoporous metal—organic
frameworks (MOFs), which are targeted for gas separation and
storage, ion exchange, catalysis, and sensing applications.” As has
been highlighted in a recent article,’ dense inorganic—organic
hybrid frameworks have revealed a multitude of physical phenom-
ena that are traditionally associated with purely inorganic or organic
materials; these properties include photoluminescence, ferromag-
netism, electronic conductivity, and nonlinear optical behavior.
Notably, the dense hybrid systems often incorporate infinite
inorganic connectivity, such as metal —oxygen—metal (M—O—M)
arrays, that provide the topological characteristics required for
certain types of physical properties.

Although a plethora of published examples of new hybrid
framework materials with fascinating properties is now available,
reports concerning their mechanical behavior are few. Knowledge
of their ability to withstand elastic and plastic deformation is critical
for applications envisaged for this new class of materials. Studies
on the mechanical responses of nanoporous hybrid frameworks have
started to emerge, motivated by their rapid developments toward
practical applications.* The mechanical properties of dense hybrids,
however, have remained unexplored until recently, when we
published the first comprehensive study of the anisotropic mechan-
ical properties of two copper phosphonoacetate polymorphs:
Cu,; 5(H,0)(O;PCH,CO,)—the first is a three-dimensional coordina-
tion polymer and the other is a layered material with interlayer
hydrogen bonding.” Their single crystals exhibit strikingly aniso-
tropic mechanical responses that can be correlated to details of their
crystal structures. Our findings indicate significantly higher elastic
moduli along directions dominated by inorganic chains or sheets,
while lower stiffnesses are prevalent along directions where the
organic ligands form the primary linkages. What is not yet clear is
whether it is possible to control and direct anisotropic mechanical
behavior through the use of organic building blocks of varying
rigidity and without affecting the M—O—M inorganic connectivity.
Resolving this issue can improve our fundamental understanding
of how the mechanical properties of dense inorganic—organic hybrid
systems are governed by their underlying framework architectures.
However, it is not possible to investigate these effects through
nanoindentation of purely inorganic and organic single crystals.®

Here we show that the combination of organic multifunctional
ligands of difterent rigidities can potentially be exploited to control
the degree of mechanical anisotropy in a given crystallographic
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orientation. Our approach is to study the deformation characteristics
of cerium oxalate—formate: Ce(C,04)(HCO,) [1],” a lanthanide mixed-
ligand hybrid which crystallizes with an orthorhombic crystal structure,
as previously reported by Romero et al.® The three basic building
blocks are the inorganic M—O—M chains and the two organic bridging
ligands, namely the oxalate (C,0,>7) and the formate (HCOO™) ions,
which are effectively oriented perpendicular to one another (Figure
1). It is also recognized that oxalate is structurally more rigid than
formate.® This unique architecture provided us with an interesting
opportunity to decouple the mechanical responses along the three
primary axes by means of nanoindentation experiments and atomic
force microscopy (AFM). Comparison of the elastic and plastic
deformation characteristics as a function of the single-crystal orientation
enables us to access the contribution associated with stiff versus
compliant basic building blocks.

Compound 1 is a 3-D hybrid framework (Figure 1), and the
dimensionality of its inorganic and organic connectivity are 1-D
and 2-D, respectively. The 1-D inorganic chain consists of
9-coordinated cerium polyhedra that share faces to form infinite
zigzag chains along the (100) direction. To form the 2-D organic
connectivity, cerium chains are bridged by formate ligands along
the (010) direction to form infinite 2-D layers; adjacent layers are
then bridged by the oxalate ligands along the (001) direction to
produce a 3-D framework structure.

(a) (b) (100)
w formate
I-45 um
: \ oxalate
& ~200pm T (oo1)
pase ~50 ym

@c OH @0 @c

(c) (010)

- - =)
formate

oxalate Ce-0-Ce zig-zag chain
{100}

Figure 1. Crystal structure of the Ce(C,04)(HCO,) hybrid framework. (a)
Typical single crystal morphology (habit) and its low index faces. (b—d)
Views perpendicular to the (100), (010), and (001) planes, respectively,
i.e. normal to the orientation of the nanoindenter axis.
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Figure 2. Results obtained from a sharp Berkovich (tetrahedral) nanoin-
denter showing the typical load—displacement (P—h) curves obtained from
the three main crystallographic orientations. The inset shows the elastic
(Young’s) moduli data plotted as a function of surface penetration depths.
The error bars correspond to standard deviations on at least 10 separate
indents.

Table 1. Anisotropies of the Mechanical Properties of
Ce(C,04)(HCO,) from Nanoindentation Experiments Using a
Berkovich Tip, As a Function of Crystallographic Orientation

crystal facet
mechanical properties? (001) (010) (100)
Young’s modulus, E (GPa) 782 +£2.5 43.0+ 1.4 51.8+2.8

hardness, H (GPa) 455£0.14 394+£0.06 4.11%£0.07

“All errors correspond to standard deviations on more than 10
indents.

Measurements of the directional-dependent mechanical properties
of 1 were performed using a dynamic mode depth-sensing nanoin-
denter.” Tests were carried out at constant strain rate (0.05 s™') to
a maximum surface penetration depth of 500 nm, with diamond
indenters of two different geometries: (a) Berkovich or three-sided
pyramid (tip radius ~100 nm) and (b) a spherical tip (10 #m radius).
In all cases, the indenter axes were aligned normal to the (100)-,
(010)-, and (001)-oriented facets (Figure 1a), i.e. corresponding to
the three primary axes of the orthorhombic unit cell.

We first consider the elastic deformation characteristics. What
is immediately evident is that the load—displacement curve (Figure
2) is unique to each of the crystal facets. In particular, the maximum
load sustained at full penetration depth and the degree of elastic
strain recovery (at 100% unloading) are strongly dependent upon
the crystallographic orientation. Such responses are direct evidence
of highly anisotropic mechanical behavior. The Young’s modulus
(E) as a function of surface penetration depth (#), as presented in
the inset of Figure 1, can be determined from the load—displacement
data by applying the method of Oliver and Pharr.'® The averaged
moduli for the (001)-, (010)-, and (100)-oriented facets, measured
for depths of 50 to 500 nm, are listed in Table 1. The ratio of elastic
moduli for the three orthogonal orientations was found to be E 1)/
Eo10/E100)= 1.82:1.00:1.20, which indicates a significant change
in stiffness of greater than 80%.

We were struck by the observation that there is a straightforward
correlation between the measured elastic anisotropy and the underlying
chemical bonding. The (001)-oriented facet is clearly the stiffest (E o)
~78 GPa), due to the fact that rigid oxalate ligands constitute both
bis-monodentate and bis-bidentate linkages that are oriented ap-
proximately parallel to the c-axis (see Figure 1c). We emphasize that

this configuration coincides with the nanoindenter loading direction
(i.e., down the c-axis), giving rise to a higher resistance against elastic
deformation. The (010)-oriented facet, in comparison, exhibits the
lowest stiffness (Ei0) ~43 GPa) since the bis-monodentate formate
ligand, the more compliant building block within this framework,
provides the primary linkages down the b-axis (see Figure 1b). These
results also indicate that the oxalate ligands are clearly less effective
against elastic strain when the loading axis is oriented normal to their
planes. Notably, and in contrast to our recent findings,? the highest
stiffness in 1 is not detected along the direction containing the
M—0O—M inorganic chains. There are two factors that may give rise
to this. First, the intermediate stiffness measured on the (100)-oriented
facet (Eq100) ~52 GPa) can partly be attributed to the Ce—O—Ce chains
that zigzag down the g-axis, as defined by an angle of ~132° between
the Ce--+Ce metal centers (Figure 1d). We expect that an angle
approaching ~180°, instead, would confer a higher stiffness under
compression. Second, the high connectivity of the 9-coordination
polyhedra is geometrically more compliant than that of the rigid
4-coordinated tetrahedra and 6-coordinated octahedra that constitute
the inorganic chains in the copper phosphonoacetate hybrids studied
previously.’
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Figure 3. Typical load—displacement (P—h) curves obtained from spherical
nanoindentation. The displacement burst or “pop-in” is generally associated
with the onset of plastic deformation.>®? The inset depicts the stress—strain
curves derived from the P—h data.”

We now turn to the plastic deformation characteristics. Plastic
anisotropy is clearly illustrated by comparing the hardnesses (H)
of the three orthogonal crystal facets (Table 1). We emphasize that
the hardness of an indented crystal facet indicates its resistance
against plastic flow. Specifically, it can be seen that Ho1) > H(100)
> Ho10), in which the (001)-oriented facet appears to be the hardest
and the maximum change in hardness is ~15%.

To elucidate the underlying plastic mechanisms, we now consider
the spherical-tipped nanoindentation data (Figure 3). The strain field
induced by a large curvature is less localized, and this delays the
onset of plasticity allowing the elastic—plastic transition to be
captured.'' Consequently, maximum loads of greater than a factor
of 2 may develop during loading, although this is accompanied by
substantial elastic recovery upon unloading. To illustrate this further,
Figure 4 presents the AFM height topology of residual indents made
on the (001) facets, using the two different nanoindenter tip
geometries. The extent of elastic recovery experienced by the (010)-
oriented plane was found to be unusually high, in which the elastic
portion of the indentation work (W,)) can easily surpass 90% (see
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Figure 4. AFM height topology of the residual indents to a maximum
depth of 500 nm on the (001)-oriented facet, under a (a) Berkovich and (b)
spherical indenter. Their corresponding cross-sectional profiles along the
designated paths are plotted on the right.

Table S2 for full data’). Since the geometry of a spherical tip is
not self-similar, the contact strain generated is constantly changing
as a function of penetration depth. Such load—displacement data
can be clearly represented as an indentation stress—strain curve,’
as shown in the inset of Figure 3. The yield pressure (P,) denotes
the critical stress that corresponds to the onset of plastic deformation
(i.e., point of deviation from Hookean linearity). We note that the
(001)-oriented facet exhibits the highest yield pressure (~2 GPa),
while those corresponding to the (100)- and (010)-oriented planes
are relatively lower at ~1.4 and ~1.2 GPa, respectively. In terms
of the yielding response, we obtained Py o1) > Py 100) > Py 010)
consistent with Tabor’s relation H = C -P,,'z whereby the hardness
scales with the yield pressure (the proportionality constant C varies
with the crystal facets due to single crystal anisotropy).

It is certainly worth noting that the shape of the stress—strain
(P vs al/R) curves (Figure 3 inset) indicates the type of strain-
hardening response that dominates in each crystallographic orienta-
tion. The (001) plane exhibits a power-law hardening behavior (i.e.,
of the form P,, o< (a/R)", where n is the strain exponent) that is
commonly associated with dislocation entanglement. In contrast,
the (100)- and (010)-oriented planes both show a perfectly plastic
response, with a plateau at ~2 GPa. Here, the absence of strain
hardening response highlights the lack of dislocation interactions.
The different strain hardening behavior can also be correlated to
the extent of pile-up developed around the indents (see Figure S47).
Beyond the elastic limit, it is always challenging to make any direct
correlations between the crystal structure and the observed plastic
behavior.®'? At this stage, we reason that the rigid oxalate ligands
down the c-axis are also contributing toward the greater hardness,
yield pressure, and strain-hardening response detected in the (001)-
oriented face. This may partly be attributed to the fact that the two
slip systems present in an orthorhombic crystal system, viz. {010}
(100) and {010} (001),"* are both orthogonal to the indented (001)
plane. It is now part of our future plans to understand the detailed
plastic deformation mechanisms of crystalline hybrid systems by
studying the dislocation activities in the plastic zone using transmis-
sion electron microscopy (TEM).

In conclusion, this study has brought us one step closer toward
understanding the complex structure—mechanical property relation-
ships in crystalline hybrid framework materials. We have demon-
strated that the directional compressive strain generated by the
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diamond indenter tip offers a unique means to establish the
anisotropic deformation characteristics in the elastic and plastic
domains. This study presents the first conclusive evidence that the
crystal orientation dominated by inorganic chains is not necessarily
more robust from the mechanical properties standpoint. Evidently,
rigid organic bridging ligands (e.g., oxalate), when strategically
oriented, can give rise to greater stiffness and hardness properties
and hence influence the degree of mechanical anisotropy. On this
basis, and in view of the diverse structural and chemical variability
of hybrids, we anticipate that there exists a vast opportunity to
“design” mechanical properties, potentially via a crystal engineering
approach.'® Our results clearly reveal the fundamental relationships
between the nature of chemical bonding and the anisotropic
mechanical responses of dense hybrid frameworks.
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