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ABSTRACT: The mechanical properties of individual nano-
crystals and small micron-sized single crystals of metal—
organic frameworks (MOFs), hitherto, cannot be measured
directly by employing the conventional instrumented nano-
indentation approach. Here we propose the application of
atomic force microscopy (AFM)-based nanoindentation
technique, equipped with a calibrated diamond cube-corner
indenter tip to quantify the Young’s modulus, hardness,
adhesion energy, and interfacial and fracture strengths of a
zeolitic imidazolate framework (ZIF-8) porous material. We
use ZIF-8 as a model MOF system to develop AFM
nanoindentation leveraging the concept of unloading strain
rate, enabling us to critically assess the practicality and

m “
Tmm D

Atomic Force Microscopic (AFM) nancindentation

[ 1

Failure mechanisms of ‘Young's modulus & Hardness

both sub-micron and micren crystals
(1) Sub-micron ZIF-8 crystals
; 1 Tamo N . =
Fracture (e.g. bond breakage) Unloading Strain Rate D=l @‘% -;(?\_,‘,‘ 3 e
Interfacial slippage (100) S P LT
o= -

Porosity collapse

MOF framework densification ‘ Diift Rate (.9, Creep) D

(2) Micron ZIF-8 crystals

technical limitations of AFM to achieve quantitative measurements of fine-scale MOF crystals. We demonstrate the advantages of
using a high unloading strain rate (¢ > 60 s™!) to yield reliable force—displacement data in the few 4N load range, corresponding
to a shallow indentation depth of ~10s nm. We found that the Young’s moduli (~3—4 GPa) determined by AFM
nanoindentation of the nanocrystals (<500 nm) and micron-sized crystals (~2 pm) are in agreement with magnitudes derived
previously from other techniques, namely instrumented nanoindentation and Brillouin spectroscopy (however, these methods
requiring large 100-um sized crystals) and also in line with density functional theory predictions of an idealized ZIF-8 crystal.
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adhesion and interfacial sliding, fracture

1. INTRODUCTION

Accurate characterization of the mechanical properties of
emergent functional materials, such as metal—organic frame-
works (MOFs), is central toward the engineering of practical
applications." ™ MOFs are crystalline hybrid compounds,
constructed from the self-assembly of metal clusters and
organic linkers to yield porous framework structures exhibiting
tunable physical and chemical properties.”® Several topical
families of MOF materials are under intense study, encompass-
ing zeolitic imidazolate frameworks (ZIFs),® zirconium-based
UiOs” and MIL-140s,® a vast variety of carboxylate-based
MOFs (e.g, MILs,” HKUST-1,' and MOF-74s),"" and
isoreticular frameworks (IRMOFs)."> There is considerable
interest in the development of high-performance MOFs
targeting gas separations and sequestration applications,ls'14
with more recent emphasis shifting toward technological device
applications in optoelectronics, low-k dielectrics, chemical
sensors, and energy converters.">~"”

Design, fabrication, and deployment of the foregoing
applications will depend on the availability of comprehensive
mechanical properties information, plus a detailed under-
standing of MOF mechanics, which remains lacking in the
literature.”'® There is, however, a growing body of work
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adopting theoretical methodologies, such as density functional
theory (DFT), to compute the full set of elastic constants of an
ideal MOF crystallg_22 and, by implementation of group
theory,™ to enable systematic studies of the structural flexibility
of MOFs. Likewise, molecular dynamics (MD)**** and DFT*°
calculations have been used to interrogate the possible
mechanisms that could be accommodating (irreversible) plastic
deformation beyond the elastic regime. On the contrary,
experimental methods for studying the mechanical properties of
MOF crystals are far less established. To measure the Young’s
modulus (E) and hardness (H) properties, the MOF and
crystal engineering community thus far has relied on the
instrumented nanoindentation technique (for example, see refs
27-32), which requires access to a “large” single crystal of at
least ~100 ym across.”” In practice, many of the interesting and
important MOF materials can only be synthesized as small
microcrystals or nanoparticles but often not as large single
crystals,”* such fine crystalline samples are not appropriate for
mechanical characterization using the instrumented nano-
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Figure 1. (a) Scanning electron microscope (SEM) images of a polycrystalline thin-film coating prepared by drop casting of uniform ZIF-8
nanocrystals. (b) X-ray diffraction pattern of the drop-cast ZIF-8 film, matching all the simulated (hkl) Bragg peaks of an ideal ZIF-8 structure.
Intense diffraction attributed to the {110} crystallographic planes. (c) AFM height topography acquired using an imaging silicon tip (Tap300AL-G).
Contour maps revealing the crystallographic orientation of the nanosized crystals, where the {110}-oriented rhombic facets are prevalent and with
the occasional detection of the {100} square facets. (d) Crystal habits of ZIF-8 crystal, where in this study the majority consisted of rhombic
dodecahedron with exposed {110}-oriented facets, indexed on the basis of the crystal facets measured via AFM imaging technique (depicted in panel
c). Porous crystalline framework architecture of ZIF-8, where the purple tetrahedron represents the ZnN, coordination environment bridged by the
2-methylimidazolate (mIM) organic linkages; (far right) the yellow surfaces designate the solvent accessible volume (porosity) in a cubic unit cell of

ZIF-8 viewed down the [100]- and [110]-axes, respectively.

indenter described above. For situations where only submicron
crystals are achievable, nanoindentation experiments have been
attempted on um-thick polycrystalline MOF films and
coatings,”>*° but these results are less quantitative because
the indentation measurements are affected by the bulk substrate
underneath (causing E and H values to artificially rise with
indentation depth, see for example ref 37). Nanoscratch
experiments have also been demonstrated for the character-
ization of the adhesion behavior of polycrystalline MOF films,
again the data obtained so far are semiquantitative.”>*”

While atomic force microscopy (AFM)-based nanoindenta-
tion method is frequently used to study the mechanical
behavior of soft solids, for example, polymers, hydrogels, and
biological samples,*”*" the applicability of AFM nanoindenta-
tion to the field of MOF-type materials has not yet been
demonstrated. Given the capability of the AFM instrument to
control a significantly smaller indentation load (force sensitivity
<0.05 nN), shallower indentation depth (displacement
sensitivity < 0.05 nm)," and effective contact volume, this
combination will offer us the unique opportunity to probe local

mechanical properties of small crystals and thin-film samples
previously inaccessible via the “standard” instrumented nano-
indentation approach. Although some of the “standard”
approaches have nanoscale sensitivity, in practice it is not
feasible to perform nanoindentation as subtle as AFM, whose
load sensitivity is on the picoNewton (pN) level AFM
nanoindentation also enables high-resolution 3D imaging to
map the surface height topography and provides in situ
quantification of the shape of the residual indents. However,
quantitative interpretation of the AFM nanoindentation data is
not straightforward because the instrumental- and sample-
related conditions could impact the precision of the force—
displacement measurements to different extents. Among the
foreseeable challenges are (i) distorted force—displacement
curve and erroneous contact area might be the result of a
blunt/damaged tip combined with the intrinsic compliance of
the AFM cantilever probe; (ii) a smooth and flat sample surface
is important for accurate contact area determination (the same
condition applies to instrumented nanoindentation but at a
different length scale); (iii) an AFM probe with a larger tip
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Figure 2. (a) Pyramidal geometry of the cube-corner indenter tip. (b) AFM height topography of a sample of ZIF-8 thin film imaged by the Bruker
PDNISP indenter probe, which later served as the input data for the blind tip estimation algorithm. (c) Height topography image of the indenter tip
geometry, showing an example reconstruction obtained using the Villarrubia algorithm. (d) Radius of the diamond indenter apex was monitored at
different stages of the indentation study, where it was determined that Ry, is ~50 + 10 nm (see Supporting Information, Figure S2).

angle (e.g., a cube-corner) is generally used for indentation but
at the expense of reduced resolution in 3D imaging; (iv)
indentation-triggered effects, such as “pile-up” and “sink-in” at
the periphery of the indenter (also encountered in standard
nanoindentation),*® creep/viscoelasticity and adhesion inter-
actions during indenter unloading,** could affect the quality and
reproducibility of the data.

In this paper, we present the first use of AFM nano-
indentation to accomplish quantitative characterization of the
mechanical properties of ZIF-8 [Zn(mIM)2, mIM 2-
methylimidazolate],’ which features a porous sodalite frame-
work architecture (Figure 1). We have performed accurate
measurements on the submicron (<500 nm) and isolated
micron-sized (~1—2 ym) crystals of ZIF-8, whose averaged size
is about 1000-times smaller”>** than those quantifiable utilizing
the established instrumented nanoindentation approach. By
monitoring the strain rates of the AFM indenter tip during the
indentation process, we demonstrate the strategy to determine
reliable Young’s modulus and hardness values using very small
crystal samples. Furthermore, we elucidated the effects of
adhesion forces developing at the tip-to-sample interface and
explained the failure modes and estimated fracture strengths
underpinning the ZIF-8 crystals.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Nanocrystals of ZIF-8. The submicron sized
crystals of ZIF-8 used in this study were typically 300 to 500 nm in
diameter, as characterized in Figure 1 and in Supporting Information
(Figure S1). Such ZIF-8 nanocrystals were synthesized by dissolving
4.5 mmol of zinc nitrate hexahydrate (Zn(NO;),-6H,0, 98%, Sigma-
Aldrich) and 13.5 mmol 2-methylimidazole (98%, Sigma-Aldrich) in
60 mL of methanol, respectively. The precursors were sonicated until
the solutes were completely dissolved, then combined and heated in an
oven at 40 °C for 1 h, resulting in the formation of a white colloidal
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suspension comprising ZIF-8 nanocrystals. Sonication of the mixture
solution was avoided to prevent growth of ZIF-8 clusters; likewise,
increasing the reaction time might lead to the formation of unwanted
polycrystalline aggregates. Nanocrystals were isolated by centrifugation
at 8000 rpm for 10 min, and then the clear solution was removed
before redispersing the extracted ZIF-8 in fresh methanol. The
washing step was repeated three times to ensure the complete removal
of excess reactants.

ZIF-8 nanocrystals were used to prepare a concentrated suspension
in methanol (~5 mL), which was then drop casted onto a dust-free
glass substrate held inclined at ~10—20° to the vertical direction.
Using this approach, we achieved a polycrystalline thin film of ZIF-8
(Figure 1a) with a nominal thickness of ~2 ym and a root—mean—
square (rms) roughness of ~30 nm (measured by a noncontact optical
profilometer, Alicona InfiniteFocus). Figure 1b shows the X-ray
diffraction pattern obtained from the drop-cast thin film, confirming
the high crystallinity and phase purity of the ZIF-8 nanocrystals.

2.2. Synthesis of Micron Crystals of ZIF-8. The micron-sized
crystals of ZIF-8 employed in this study had a mean diameter of ~1-2
pum, synthesized using a solvothermal method. Two precursor
solutions were prepared by dissolving 1.34 g (4 mmol) of zinc nitrate
hexahydrate and 0.334 g (4 mmol) of 2-methylimidazole in 40 mL of
methanol, respectively. A mixture of 80 mL was obtained by
combining the two precursor solutions, which was then left (without
stirring) for 24 h at room temperature. The product comprising
micron-sized ZIF-8 crystals was washed several times with methanol,
centrifuged, and then dried overnight in a vacuum oven at 90 °C.

2.3. AFM Nanoindentation Using a Diamond-Tipped Canti-
lever Probe. AFM nanoindentation experiments were performed
using the Veeco Dimension 3100 instrument operating under the
indentation mode, equipped with a Bruker PDNISP probe. The AFM
probe consists of a 350 ym long stainless steel cantilever, at the end of
which mounted a cube-corner diamond indenter tip. Its spring
constant and contact sensitivity have been calibrated by the
manufacturer, and given as 152.285 N/m and 256.6 nm/volt,
respectively.
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Establishing the accurate geometry of the indenter tip is extremely
important for enabling quantitative measurements of the fine-scale
mechanical properties. Herein to ascertain the actual geometry of the
diamond tip, we have adopted the blind tip estimation algorithm
developed by Villarrubia,* which has been validated by experiments.*’
We applied this algorithm as implemented in the Gwyddion
software;*” see further details described in Supporting Information
(Figures S2 and S3). Figure 2 shows the geometry estimated for the
cube-corner indenter used in this study: front angle ZADB =
58.2422°; back angle ZCDB = 35.1542°; side angle ZCEF = 49.1985°.
On the basis of the indenter tip geometry established above, the
equivalent conical angle 260 was found to be 91.4667°, with which the
nominal contact area as a function of the indentation depth, A(h), can
be determined.

2.4. AFM Nanoindentation Methodology and P-h Data
Analysis. The AFM nanoindentation measurements yield a set of
indenter load-vs-displacement (P-h) curves, from which the mechan-
ical properties particularly the Young’s modulus (E) and hardness (H)
can be quantified. In this study, we adopted the Oliver and Pharr (OP)
method*® (see Supporting Information S9), which is applicable to the
cube-corner indenter geometry. Our approach, therefore, is different
from the common methods typically implemented for the analysis of
AFM nanoindentation data, namely the Hertz, JKR (Johnson—
Kendall—Roberts), and DMT (Derjaguin—Muller—Toporov) contact
models," which simplified the analysis assuming a spherical-tip
indenter geometry. The aforementioned methods (OP included) share
certain limitations: first, they assume an isotropic material response50
and disregard the effects of pile-up or sink-in;”’ second, they disregard
any time-dependent deformation mechanisms such as creep or
viscoelastic effects.

Importantly, herein we demonstrate that unloading strain rate of the
indenter tip, & is a leading parameter to control during AFM
nanoindentation of compliant materials to allow reliable measurements
of the Young’s modulus of nano- and micron-sized ZIF-8 crystals.
Moreover, we show that the loading and unloading strain rates can be
tuned by varying the AFM scan rate (V) and the cantilever probe
deflection () in the Veeco Dimension 3100 AFM we used for this
study (since this is a basic AFM setup, our proposed approach will be
easily adapted to other more sophisticated systems). The strain rate at
the maximum indentation depth can be determined from é = P/P, .
(see detailed explanations in Supporting Information $3),%" coinciding
with the initial point when the indenter starts to unload. By applying
this AFM nanoindentation methodology, we have measured the local
mechanical properties of MOF crystals over a wide range of unloading
strain rates. In the meantime, to address the influence of adhesion
forces on mechanical properties measurement, we also develop an
improved method that successfully reduces the deviations of the
Young’s moduli of micron-sized ZIF-8. First attempts in the fine-scale
characterization of fracture mechanism as well as interfacial strength
between ZIF-8 polycrystals have been undertaken by virtue of the
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superior sensitivity conferred by the AFM-based nanoindentation
approach.

3. NANOSCALE MECHANICAL PROPERTIES OF ZIF-8

3.1. AFM Nanoindentation of ZIF-8 Nanocrystals. We
performed AFM nanoindentation experiments in accordance
with the strain-rate controlled approach outlined to study thin
film samples (Figure 1) prepared via drop casting of
(submicron sized) ZIF-8 nanocrystals. We have accomplished
indentation measurements with a surface penetration depth (h)
ranging from 10—80 nm, corresponding to an applied load (P)
of between 0.3 uN and 15 uN. Figure 3a shows a set of
representative P-h curves for indentation depths of just ~10—
30 nm onto the top facets of the individual nanocrystals, whose
size is about 300—S00 nm. These shallow indentations lie
within the recommended 10% rule of the sample thickness,*”
vis-a-vis the size of the rhombic dodecahedron nanocrystals of
ZIF-8, so as to avoid any substrate effects. Figure 3b shows the
relatively deeper P-h indentation curves, for a surface
penetration depth of up to h,, ~ 60 nm. We found that
direct 3-D mapping of the residual indents using AFM
topographic imaging was not attainable for the shallow
indentation measurements described above because of two
factors: (i) the large elastic recovery upon tip unloading is
clearly evident in Figure 3a where hg,,; < 10 nm, and (ii) the 50
nm tip radius (Rﬁp) of the diamond cube-corner probe (Figure
2d) is not sufficiently sharp for imaging the very shallow
residual indents (~few nm) after elastic recovery because hg,,
< Ry

Wg established that, as shown in Figure 4, there are two
primary AFM instrument parameters controlling the inden-
tation strain rate (&), specifically: the scan rate of the cantilever
probe (V is speed of indenter spanning the load-unload motion
of the piezo-electronics), and its preset vertical deflection (5) of
the cantilever tip. In this work, we could control the load-
unload strain rates (¢ = P/P) of the probe for each individual
indentation test (Figure S4 in Supporting Information). It can
be seen in Figure 4a and b that a high unloading strain rate
approaching 140 s™' could be achieved by raising the scan rate
V to ~1 Hz, while reducing the cantilever deflection 6 to under
10s nm. There is a reasonably good control over the unloading
strain rates of the AFM indenter; for example, Figure 4c shows
the upward trend of & with different preset scan rates, whereas
an inversed scaling relation can be observed in Figure 4d with
respect to the cantilever deflection of varying scan rates.

DOI: 10.1021/acsami.7b13402
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Figure 4. (a) Unloading strain rate (&) of the AFM indenter probe as a function of the cantilever scan rate V. (b) & as a function of the cantilever
deflection 6. Data plotted in panels a and b were obtained from a total of 72 measurements conducted on individual ZIF-8 nanocrystals like those
depicted in Figure 1. Selected data highlighting the effects of increasing (c) the cantilever deflection from S to 30 nm, and (d) the scan rate between
0.1 and 1 Hz. (e) Contour plot of all 72 indention experiments, showing the combined effects of different scan rate and cantilever deflection, i
which the red region marks the desired strain rates for overcoming the creep effects upon unloading of the indenter tip.

Together, our results reveal that optimal combinations of V and
0 parameters do exist, as presented in the contour plot of
Figure 4e. In essence, when indenting soft materials or

compliant interfaces, we should maximize the unloading strain
rates to yield a & high enough to surpass any unwanted creep
effects (to be elucidated below) as well as to prevent extensive

39843 DOI: 10.1021/acsami.7b13402

ACS Appl. Mater. Interfaces 2017, 9, 39839—39854



ACS Applied Materials & Interfaces

Research Article

(B 213 T8

30
(a) O
27 4
= 24 & —_ 8 Eqnax = Eprogy
P =
214, . O 41
w w
g 184 ., -
3154 °
g ] . 0 ————t
€ 124 60 80 100 120 140
£ . . -1
2 gl ' @l defdt ()
=] i . o
£ gl e 0 v e Emi=3150Pe
.. % o e .
Y B A A TR N S
0 T T T T T T
0 20 40 60 80 100 120 140

Unloading strain rate, de/dt (s™)

27 1

NN
- b
1 L
.

18 4 »

s 0 R S S
12 0 10 20 30 40 50 60
Py (NM)

Young's modulus, E (GPa)
o

0 10 20 30 40 50 60
Maximum indentation depth, h,,,, (nm)

Figure 5. (a) Young’s modulus, E, plotted as a function of the (initial) unloading strain rate of the indenter tip, where a higher unloading strain rate
stabilizes the magnitude of the measured moduli coinciding with the literature value for ZIF-8 (the green line is the literature value,** assuming an
isotropic polycrystalline ZIF-8 sample). The inset compares the AFM results against the reported upper bound E(,oy; and the lower bound Ey;,;; of a
ZIF-8 single crystal, arising from the effects of elastic anisotropy. (b) Variation of E plotted as a function of the maximum indentation depth.

fracture of porous framework that will result in an erroneous
contact area attributed to distorted P-h curves (see SS in
Supporting Information). In this study, we demonstrate that by
maintaining a high unloading strain rate (Figure 4), it is
possible to alleviate the negative-gradient test segment of
unloading curves when measuring small-sized ZIF-8 crystals.

We have determined the Young’s modulus (E) of the ZIF-8
nanocrystals by analyzing the individual P-h curves using the
equations set forth in Supporting Information S9. The results
we obtained from a total of 72 indentation experiments are
plotted in Figure 5, allowing us to understand the effects that
the unloading strain rate (¢) or the maximum indentation
depth (h,,,,) might have on the quantified values of E. In fact,
the Young’s modulus of ZIF-8 is well-established in the
literature, both using instrumented nanoindentation method of
a significantly larger ~150 ym crystal (E(;o) = 3.2 GPa)*® and
by Brillouin spectroscopy technique validated by density
functional theory (E(;;0y & 3 GPa and Eygy = 3.15 GPa, the
latter is the Voigt-Reuss-Hill averaged value for a polycrystalline
ZIF-8 sample). The cubic symmetry of ZIF-8 also exhibits
elastic anisotropy, where E,,, ~ 3.8 GPa and E_;, ® 2.8 GPa
corresponding to the Young’s moduli of the {100}- and {111}-
oriented crystal facets, respectively (readers should consult ref
44 about the source of elastic anisotropy and associated
mechanisms).

In light of this, we have chosen ZIF-8 as a “model system” to
develop the AFM nanoindentation technique based on the
concept of unloading strain rate to critically assess the feasibility
and technical limits of this AFM approach and to understand its
applicability to probe fine-scale MOF crystals. Notably, it can
be seen in Figure Sa that when the applied £ is exceeding ~60
7!, the measured E values start to converge toward the known
literature value of ~3 GPa. In contrast, it is evident that there
are major overestimations (up to 900%) of the elastic moduli
when the & is slower than 25 s™'. Particularly, we found that
when & < 3 57, the incipient unloading curves began to develop
a negative-gradient segment indicating that the creep rate is
becoming significantly higher than the indenter unloading rate
(Figure S6 in Supporting Information); notably when creep
dominates the initial unloading stage this will result in a
spuriously high Young’s modulus value. The adverse effects of
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creep deformation to AFM nanoindentation measurements are
well recognized in viscoelastic solids and polymers.”***

As shown in Figure 5b akin to instrumented nanoindentation
data, the results of Young’s modulus acquired from the AFM
nanoindentation method can also be presented as a function of
the maximum indentation depth, that is, h,,,,, determined at the
point of indenter unloading. Although a reasonable agreement
to the literature value (E &~ 3 GPa) can be attained when h,,,, is
much deeper than ~30 nm, we observed that the correlation to
the unloading strain rate is more superior (Figure Sa). This is
because the unloading strain rate is a more versatile parameter
to be tuned when indenting compliant materials susceptible to
creep deformation (such as an aggregate of MOF nanocrystals),
where & can be varied to obtain a consistently high value (>60
s7') across a range of indentation depths.

The hardness (H) property of the ZIF-8 nanocrystals can be
obtained by definition: H = P,,,/A o Because the contact
area established under the maximum load is determined only by
the maximum indentation depth (h,,,) of the loading test
segment, hardness derived from AFM nanoindentation is
thereby independent of the unloading strain rate. The hardness
results are given in Figure 6, showing a convergence toward the
literature value for indentation depths of much greater than
~30 nm. This is a remarkable improvement given that the
reported hardness (H ~ S00 MPa) required the use of a
considerably larger single crystal (150 pm) of ZIF-8, whose
results were averaged over a depth of 100—1000 nm.**
Significantly, in this work, we have indented nanocrystals
(300—500 nm), which are about 1000-times smaller and yet we
have established comparable H values for an indentation depth
of between ~30 and 80 nm. The rapid rise in hardness values
for depths below ~30 nm might be linked to the indentation
size effects,>*° evidenced also in instrumented indentation
studies’” (but typically detected at <200 nm, see Figure 6
inset).

For the first time, the AFM approach has offered us the
unique opportunity to selectively indent individual submicron
sized MOF crystals, hitherto, not possible utilizing an
instrumented (standard) nanoindenter setup that will require
the preparation of a considerably larger crystal size, of at least
~100 pm.*”*® We show that direct quantification of the AFM
nanoindentation data is possible to achieve reliable measure-

DOI: 10.1021/acsami.7b13402
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Figure 6. Variation of the hardness of ZIF 8 single crystals as a
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AFM measurements on nanocrystals of ZIF-8 (size <500 nm), while
red triangles are results for micron-sized crystals (~1—2 um), for a
total of 97 and 18 indentation experiments, respectively. The green
dotted line designates the averaged hardness value reported by ref 28,
but note that this value was obtained using a much larger (~150 ym)
single crystal of ZIF-8 to enable testing using a standard instrumented
nanoindenter.

ments of E and H values, consistent with instrumented
nanoindentation tests but requiring only crystals that are
about 1000-times smaller. There are other advantages for using
AFM-based nanoindentation to study MOF mechanics: the
load sensitivity of the AFM is about three orders of magnitude
better than that of an instrumented nanoindenter,” hence
enabling precise deformation of pliant porous structures such as
MOFs. Moreover, because the translation stages of instru-
mented indenters are screw-driven, their spatial positioning
accuracy is limited to ~1 pm, thereby not suitable to accurately
locate and probe standalone nanoparticles and submicron scale
crystals.

It is worth emphasizing that successful AFM nanoindentation
of submicron crystals (nanocrystals) will depend on several
factors: (a) high surface roughness of polycrystalline films and
coatings could affect the stability of the indentation measure-
ment; therefore, minimum sample roughness is desirable to
avoid any error in contact area determination; (b) accurate
calibration of the indenter geometry and tip radius is crucially
important to prevent erroneous results when analyzing the
Young’s modulus and hardness based on the P-h curves. (c)
High unloading strain rates are necessary to overcome time-
dependent deformation, such as creep effects, that may lead to
spurious stiffness values.

3.2. AFM Nanoindentation of Micron-Sized ZIF-8
Crystals. We conducted AFM nanoindentation on isolated
single crystals of ZIF-8, specifically on the {110}-oriented
facets, whose lateral dimensions are about 1—2 um as depicted
in Figure 7a—c. To put this work into context, while the
submicron crystals concerned are about 10-times bigger than
the nanocrystals we measured, notably they are at least 100-
times smaller than that of a ZIF-8 single crystal previously
quantifiable via instrumented nanoindentation technique.*®
Figure 7d presents the representative P-h data measured by
AFM approach, demonstrating the indentation of 16 individual

micron-sized ZIF-8 crystals. It can be seen that the surface
penetration depths were approximately 20—90 nm (satisfying
the 10% depth rule, mitigating substrate effects®?), correspond-
ing to indentation loads measured in the few uN levels. It is
worth noting that there is no sign of sample movement by
comparing the positions of crystals before and after the
indentation process because crystals are well attached on the
substrate after evaporation of solvent and thus immobilized for
indentation under AFM. Otherwise, the corresponding force
curves will exhibit abnormal behavior, such as “pop-in”
phenomenon, if crystals are not securely mounted onto
substrate. This finding also reflects the advantage of AFM
nanoindentation whose loading increment is on the pN level,
thereby allowing direct probing of small crystal samples
prepared via drop casting.

3.2.1. Young’s Modulus and Hardness Quantification. The
basic methodology we applied to derive the magnitudes of the
Young’s modulus (E) and hardness (H) properties of micron-
sized crystals based on the measured P-h data is identical to the
one implemented for analyzing the nanocrystal counterparts.
The results of E and H properties obtained as a function of
unloading strain rate and indentation depth are plotted in
Figure 7e and Figure 6, respectively. The Young’s modulus
determined is in fact Eg;q), which is in good agreement with
the literature value of ~3 GPa (via instrumented nano-
indentation of a larger 150 um crystal, Brillouin scattering and
DFT calculations™). Unlike AFM nanoindentation of the
nanocrystals (see Figure Sa) that exhibits a strong dependence
toward the unloading strain rate (ideally & > 60 s™'), in the case
of micron-sized crystals, we observed no direct correlation
between E and the & parameter (Figure 7e) because of the
absence of interparticle sliding prevalent in a polycrystalline
sample. Indeed, our results suggest that a ~10 nm deep indent
is sufficient to yield a reliable E value. This finding shows that
AFM nanoindentation can be developed into an excellent
mechanical characterization tool for probing few-micrometer
sized MOF crystals and other nanostructured compounds,
which cannot be directly measured by instrumented nano-
indentation approach. Furthermore, as shown in Figure 6, the
hardness values determined are consistent with the literature
(H ~ 500 MPa, obtained from a large ZIF-8 crystal),” albeit
with a stronger dependence on the indentation depth. The clear
advantage here, however, is the ability to quantify hardness by
employing a MOF crystal whose dimension is 100-times
smaller than the minimum size®® previously required to enable
reliable nanoindentation measurements.

3.2.2. Contact Adhesion Forces at the Nanoscale. In this
section, we shall consider the additional effects due to contact
adhesion forces at the nanometer length scale, established
between the indenter tip and crystal surface during the
unloading stage of tip withdrawal (from h,,,, to hg,,). Herein,
we implemented the adhesion contact model proposed by
Sirghi and Rossi,” who demonstrated that the total interaction
force at unloading which accounts for both elastic and adhesive
interactions, can be expressed as

2E tan 0 ) 8 tan @
P=———xXx(h-h - X —
(1 _ V2)7T ( ﬁnal) yadhesmn 7 cos O

X (h - hﬁnal) (1)

where ¥,qnesion iS termed the thermodynamic work of adhesion®”
developed between the indenter and the sample surface in
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Figure 7. (a) SEM image of an isolated micron-sized single crystal of ZIF-8 used in the AFM nanoindentation study. (b, c) AFM topographic images
showing the residual indent on the (110)-oriented crystal facets. This sample corresponds to the P-h curve of indent #4 shown in panel d. (d)
Representative P-h curves of indentation measurements performed on 16 individual crystals, where the numbers in brackets correspond to the
maximum indentation depths (in nm). The insets show three examples of unloading data with the adhesion segments (negative load), which are
fitted using the adhesion model in eq 1. (¢) Young’s modulus as a function of the unloading strain rate, in which each data point was determined
from an individual single crystal whose sample # is matching the P-h curve in panel d. The green dotted line indicates the literature value of E,g),

based on ref 44.

contact. More details are presented in the Supporting
Information S7.

We applied eq 1 together with the measured P-h data (Figure
7d) to solve for the magnitudes of ¥,gpesion- FOr example, we
have analyzed the values of ¥, gnesion fOr these selected indents:
#3, #9, #10, #11, and #16, all of which exhibit a negative load in
their unloading test segments (see Figure 7d insets) signifying
the effects of adhesion interactions. The insets of Figure 8a and
b show the values determined for the thermodynamic work of
adhesion; first by letting ¥.ghesion to be a constant (ie.,
independent of depth),” and, subsequently we propose the

39846

use of ¥ dnesion that scales linearly with the surface penetration
depth such that y,4p.40n o 1. We found that the latter approach
results in a more realistic response demonstrating the local
variation of adhesion interactions (~J/m?) with respect to the
indenter position s during tip unloading, see Figure 8b inset.
The magnitudes of the thermodynamic work of adhesion
determined are broadly found in the range of ~0.4—3.3 J/m?,
whereby its precise value is dependent on the local nature of
the indenter-to-surface contact. Interestingly by comparison to
the situation where there is no indenter interaction, the “free”
surface energy (7,) of ZIF-8 has been estimated by DFT to be
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43, and by assuming as a linear function of indentation depth. Bottom panels: (c, d) plots of dW,/ds as a function of the tip withdrawal distance from
the maximum indenter penetration depth. The indentation numbers # correspond to the P-h curves in Figure 7d.

~0.28 J/m%*° Not surprisingly, the thermodynamic works of
adhesion we obtained are markedly higher than those found on
soft polymers (with low Young’s modulus and hardness), for
example, polydimethylsiloxane, PDMS (V,qnesion is 0.095 J/m?*
and E ~ 2 MPa)* and for a polyimide interface whose ¥,gpesion
~ 0.11 J/m2.%

Upon indenter unloading, it follows that the release of the
energy of adhesion W, (negative sign) can be determined from

W, = =7, dhesionAcontact ()

where A .. i the indenter-to-sample surface contact area.
The relation for an equivalent conical indenter with an
included angle of 26 is given by

7 tan 0 2

contact = contact (3)

cos 0

Adhesion energies determined based on the assumptions of
either a constant ¥,gpesion OF @ linear correlation of ¥,ghesion are
presented in Figure 8a and b, respectively. The difference
between the two approaches becomes even clearer when we

39847

compare their first derivatives, that is, the slope dW,/ds, as
demonstrated in the matching Figure 8c and d. Taking the
linear correlation of ¥4y We detected variation in adhesion
energy that can be used to elucidate the salient nature of the
indenter-to-surface contacts as illustrated in Figure 8d inset,
where (i) the elastic work (W,;) > plastic work (W) for P-h
curves featuring a predominantly elastic recovery (e.g., indents
#3, 16), whereas (i) W, < W, for an elastic-plastic dominated
response experienced in the unloading test segment (e.g,
indents #9, 10, 11).

3.3. Quantitative Measurements of Interfacial Sliding
and Fracture Strengths. We show in Figure 7e that the
Young’s modulus (E) corrected for adhesion interaction has a
relatively lower magnitude than the ones derived using the
standard OP method. We found that when the adhesion forces
are hindering the unloading process, the magnitude of E
determined may be overestimated by as much as ~1—2 GPa; by
correcting for the influence of adhesion, we show that this
discrepancy could be addressed. The Young’s moduli
determined, that is, data points in Figure 7e, with and without
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Figure 9. (a) Example of a 270 nm deep indent on the polycrystalline film comprising submicron crystals of ZIF-8, where pop-ins can be associated
with the interfacial sliding of adjacent nanocrystals occurring in the periphery of the indenter. (b) AFM topographic scans corresponding to the 3-D
height images in panels c and e, height mapping was achieved using the indenter probe. (d) AFM amplitude image revealing the pyramidal-shape of

the residual indents.

considering the contribution from adhesion forces are
compared in Table S1 in the Supporting Information.

We show that the AFM nanoindentation method can be
adapted to quantify the interfacial mechanical properties of a
polycrystalline thin-film material, comprising a compact
“coating” of MOF nanocrystals as shown in Figure lc. The
cube-corner AFM diamond probe can be used to generate
significantly deeper indentations, for example, with k., > 100
nm to be able to measure the collective response of a
polycrystalline film. Figure 9 shows the residual impression
obtained from a 270 nm deep indentation experiment, it is clear
that the response measured here could no longer be associated
with that of a single crystal alone. The P-h curve reveals a
distinctive “pop-in” effect’’ that can be attributed to the
interfacial sliding or interparticle slippage of adjacent
polycrystalline aggregates attributable to shear-induced glide.

We found that such interfacial deformation on a polycrystal-
line film can yield a much larger surface penetration depth,
achieved even with a relatively small indentation load. To
illustrate this effect, at the equivalent P, of 12 yN, a 60 nm
indentation depth was detected without slip (see Figure 3b for
a single-crystal response) compared to the 270 nm deep indent
in Figure 9a associated with a deformation dominated by
polycrystalline sliding. Of course, if there is a substantial
polycrystalline interfacial contribution to the overall indentation
process, it is important to note that the hardness calculated
from H = P,,,/A_  ntace Will become erroneously low because the
contact area becomes significantly larger from interfacial sliding
combined with pop-in deformation.

Here we demonstrate the characterization of the interfacial
sliding effects occurring at the grain boundary interface of
adjacent polycrystals, when the cube-corner AFM probe was
used to indent the polycrystalline film fabricated by drop
casting technique. Figure 10a shows three example experiments
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in which the impressions of the residual indents are visible; we
reasoned that the deformation mode associated with interfacial
sliding of polycrystals can be represented by the schematic in
the bottom panel of Figure 10b in which shear-induced sliding
and compaction of the nanocrystals will accommodate the large
penetration of the tip. Figure 10c and d present the scenario
whereby the load—displacement curves of indents PI and P2
indicate a final penetration depth of ~200 nm, but the
maximum load of the former indent was relatively lower.
Intriguingly, while the maximum load of indent P3 was ~7 uN
resembling that of indent PI, its maximum indentation depth
was nearly three-times lower. Our data, therefore, revealed that
the exact nature of the sliding deformation underpinning a
polycrystalline film (constituting MOF nanocrystals) is a
complex phenomenon, which may be triggered by a small
external load of an order of just several uN. Irregularity
detected in the P-h curve can be analyzed by comparing it to
the ideal function (without pop-in), with the form of P(h) =
Al* + Bh, given by the red curves in Figure 10c—e. This
approach can be used to pinpoint the critical depth (h*) at
which an interfacial sliding deformation occurs, see highlighted
regions marked in Figure 10f—h. We found h* to be ranging
from ~50—80 nm for the polycrystalline film of ZIF-8, which
indicates that grain-boundary slippage can be triggered by an
indentation depth not exceeding 1/3 of the size of the smallest
individual nanocrystals (~300 nm).

The application of AFM nanoindentation can be extended to
characterize the mechanical failure modes of polycrystalline
ZIF-8 nanocrystals, the results of which are summarized in
Figure 11. Pile-up and sink-in phenomena can be observed in
Figures 11a and b, which we have confirmed by tracking the
evolution of the surface topography before and after each
indentation measurement. It can be seen that the deformation
behavior is complex, and this will be dependent upon the
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Figure 10. (a) AFM scans showing three residual indents on the polycrystalline film comprising ZIF-8 nanocrystals. (b) Schematic (top to bottom)
illustrating the common sink-in or pile-up deformations against the grain-boundary sliding of polycrystals occurring under the indenter tip. (c—e)
Force—displacement curves comparing the measured data to the idealized P-h curve in accordance with the relation P(h) = Ah* + Bh, where A and B
are curve fitting coefficients. The indent numbering P# corresponds to the ones denoted in panel a. (f—h) Pop-in/sink-in phenomenon where the

first major slip events are highlighted, identified by tracking the sharp decline in the contact stiffness, dP/dh.

modulus and hardness values measured in the experiment.”
We have determined the corresponding critical stresses for the
four distinctive failure modes A—D and plotted them as a
failure map in Figure 11h. It can be seen that Mode A due to
grain boundary slippage could occur at a relatively shallow
penetration depth of under ~10 nm, while Mode B is linked to
polycrystalline fracture where a failure strength of up to 1 GPa
has been determined. Mode C indicates the accumulated

interfacial strength at the grain boundary between adjacent
crystals and the local packing pattern in the vicinity of the
indenter tip (Figure 11c,d). The representative failure modes
are presented in Figure 11le and f. For instance, the first hump
of the loading curve of the indent PS in Figure 11d was due to
the combined effects of crystal fracture and crystal slippage, as
evidenced by the AFM image and height profiles in Figure 11b.

These failure modes could lead to reduction in the Young
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Figure 11. AFM nanoindentation on the polycrystalline ZIF-8 nanocrystals in the form of a thin-film coating: (a) interfacial slippage-dominant
indentation, where the contour map and profiles show the displacement of the surrounding nanocrystals. (b) Crystal facture-dominant indentation,
where the contour map and profiles show the fragmentation of a crystal and subsequent slippage. (c, d) Force—displacement curves comparing the
measured data to the idealized P-h curve in accordance with the relation P(h) = Ah* + Bh, where A and B are curve fitting coefficients. Interfacial
slippage and crystal fracture are highlighted, identified by tracking the sharp decline in the contact stiffness, dP/dh. (e) Force—displacement curves
(indents P6—8 are in Supporting Information: Figures $10—S11). (f) Schematic illustrations of the proposed dominant failure modes. (g) Critical
loads that resulted in interfacial slip and crystal fracture modes, and, (h) the corresponding stresses of the different failure modes. Note that the open
symbols in panels g and h correspond to the data extracted from indents marked P4—P8 in panel e.

compaction of porous materials during indentation, while

Mode D suggests the continuous buckling of bonds along the

indentation direction but without complete pore collapse

(resembling the buckling response of highly aligned carbon

.6
nanotubes under compression®).

Likewise, AFM nanoindentation can be used to study failure
modes of individual micron-sized ZIF-8 crystals as shown in
Figure 12. We observed that the cube-corner diamond indenter
(Figure 2) can cause brittle fracture as illustrated for the
example of “Crystal A” in Figure 12a and b; this is not
surprising because: (i) the pointy tip geometry generates a large
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Figure 12. Failure modes of micron-sized crystals of ZIF-8 induced by AFM nanoindentation. (a) AFM topography scans of (a) the micron-sized
crystal “A” with the top (110) facet before indentation test, and (b) postindentation leading to crystal fracture. (c) P-h curve of crystal A, revealing
the three different failure modes. (d) Representative P-h curves showing the four failure modes identified in ZIF-8. (e, f) Fracture loads and fracture
strengths obtained by indenting 40 individual samples of micron-sized ZIF-8 crystals, in which the four failure modes are color coded. (g) Proposed
failure modes normal to the indented {110}-oriented crystal facets. The red arrow designates the position of the indenter axis relative to the local
crystal structure of ZIF-8. The yellow surfaces represent the porosity (solvent accessible volume) of one cubic unit cell.

stress concentration onto an unconstrained crystal surface to
initiate cracking, and (ii) MOFs I — III — IV indicating the
corresponding failure loads of each mode. We have performed
this type of failure measurements on a total of 40 ym-sized
crystals to pinpoint their failure modes, whose results are
collated in Figure 12e. These data, in fact, can be better
represented as failure strength (o), see Figure 12f, calculated by
dividing the individual failure load by its corresponding contact
area, o¢ = Pf/Acontact'

Figure 12f shows that the majority of the failure events have
been detected at under 6, &~ 600 MPa, which we designated as

39851

the “yield strength” of ZIF 8, collectively for Modes I, III, and
IV. In fact, the failure strength of Mode-I is lower at under
~400 MPa. In contrast, Mode-II extends to significantly higher
strengths of exceeding 2 GPa. We reasoned that the failure
mechanisms of the different modes could be explained by
considering the local alignment of the indenter axis, in relation
to the underlying framework structure of the ZIF-8 crystal. The
four plausible failure mechanisms are depicted in Figure 12g, in
which the local indenter axis is pointing normal to the {110}-
oriented facets. We suggest that Mode-I and IV are linked to
the rupturing of mIM organic linkages via shearing of the ZnN,

DOI: 10.1021/acsami.7b13402
ACS Appl. Mater. Interfaces 2017, 9, 39839—39854



ACS Applied Materials & Interfaces

Research Article

coordination clusters,’* a failure mechanism that can be
activated at a relatively low level of stress. Mode-II could be
explained by buckling of the mIM organic linkages triggering
pore collapse, thereby resulting in detection of a distinctive
peak load. Mode-III may be associated with breakage of the
ZnN,—mIM~—ZnN, coordination linkages, followed by sequen-
tial pore collapse and material densification (akin to a
collapsing foam),** thus causing a sharp rise in indentation
force. Nonetheless, confirmation of the precise failure
mechanism warrants the application of theoretical approaches,
such as large-scale molecular dynamics simulations (see recent
examples, refs 24 and 65) that are beyond the scope of the
current work. Conversely, the failure strengths measured in our
study will be useful for the validation of theoretical models as a
follow on to this research.

4. CONCLUSIONS

We have demonstrated, for the first time, the efficacy of the
AFM nanoindentation approach to achieve quantitative
measurements on the fine-scale crystals of a prototypical
MOF material: ZIF-8. The primary results are summarized
below.

e We have established general AFM nanoindentation
methodologies applicable to individual MOF nanocryst-
als (~300—500 nm) and isolated micron-sized MOF
crystals (~1—2 pm), which to date cannot be
characterized accurately using the standard instrumented
nanoindenter techniques, because of the very small
crystal size.

e AFM nanoindentation enables us to conduct force (few
uN) versus displacement (10s nm) measurements at a
significantly higher resolution, from which to derive
quantitative mechanical properties such as the Young’s
modulus and hardness properties. Moreover, AFM allows
direct imaging of the residual indent to study surface
deformation right after the application of load.

e Importantly, we elucidate how the combination of the
AFM instrument parameters, specifically the probe scan
rate and the cantilever deflection can be tuned to
maximize the unloading strain rate (¢). We found that
£>60 s™! is necessary to surpass the effects of creep
deformation (e.g, in ZIF-8) upon unloading of a
compliant sample to enable accurate determination of
the contact stiffness (and subsequently the derived
Young’s modulus).

o The high sensitivity of the AFM force transducers (pN)
enables the characterization of adhesive force interactions
between the indenter tip and the MOF crystal, with
which we determined the thermodynamic work of
adhesion is of the order of a few J/m*

o We demonstrate that the AFM indenter probe can be
used to induce grain-boundary interfacial sliding of a
polycrystalline MOF film to investigate the pop-in and
slippage phenomena.

e We show how AFM nanoindentation can be employed
to probe the local failure modes of micron-sized MOF
crystals and to enable quantitative measurements of
fracture strengths of tiny crystals.

e The methodologies described in this study are applicable
to the fine-scale mechanical characterization of other
porous MOFs, 3-D framework crystals, 2-D nanosheet
materials, and polycrystalline films. For example, we are

currently extending this AFM nanoindentation technique
to quantify the mechanical properties of 2-D nanosheets
of CuBDC,”® HKUST-1 crystals and monoliths, covalent
organic frameworks (COFs),%” and a number of MOF-
polymer nanocomposites,(’g’69 the results of which will be
the subject of forthcoming publications.
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