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ABSTRACT: Metal-organic framework (MOF) materials have shown promise in many
applications, ranging from gas storage to absorption and catalysis. Because of the high porosity
and low density of many MOFs, densification methods such as pelletization and extrusion are
needed for practical use and for commercialization of MOF materials. Therefore, it is important to
elucidate the mechanical properties of MOFs and to develop methods of further enhancing their
mechanical strength. Here we demonstrate the influence of phase purity and the presence of a pore-
reinforcing component on elastic modulus and yield stress of NU-1000 MOFs through
nanoindentation methods and finite-element simulation. Three types of NU-1000 single crystals
were compared: phase-pure NU-1000 prepared with biphenyl-4-carboxylic acid as a modulator
(NU-1000-bip), NU-1000 prepared with benzoic acid as a modulator (NU-1000-ben), which
results in an additional, denser impurity phase of NU-901, and NU-1000-bip whose mesopores
were infiltrated with silica (S10x(OH),@NU-1000) by nanocasting methods. By maintaining phase
purity and minimizing defects, the elastic modulus could be enhanced by nearly an order of
magnitude: phase-pure NU-1000-bip crystals exhibited an elastic modulus of 20 GPa whereas the
value for NU-1000-ben crystals was only 3 GPa. The introduction of silica into the mesopores of
NU-1000-bip did not strongly affect the measured elastic modulus, but significantly increased the

load at failure from 2000 uN to 30004000 uN.



1. INTRODUCTION

Metal—organic frameworks (MOFs) are a class of porous materials composed of metal ions or
oxo-metal clusters and organic “linker” molecules.! In MOFs, the organic linkers act as the
bridging ligands that connect numerous metal ion/oxo-metal cluster nodes, forming a periodic,
porous structure. Many MOFs feature high surface areas and uniform pore structures. Additionally,
due to the extraordinary flexibility in the choice of building blocks, the number of possible MOF
materials with different topologies and pore dimensions is very large. Over 88,000 different
structures have been reported in the MOF-subset of the Cambridge Structural Database, among
which more than 8,000 are porous,’ with pore diameters up to 9.8 nm, pore volumes reaching 5.0
cm’/g, and BET surface areas as high as 7839 m?/g.%!'' Because of their structural and
compositional diversity, MOFs have shown promise in many applications, including gas storage,
chemical separation, catalysis, and sensors.!>!8

However, for practical use and commercialization of MOFs, it may be necessary to densify
and pelletize these high porosity, low density materials in processes that require high pressures.
Therefore, in addition to their chemical properties, the mechanical properties of MOFs are another
important criterion to assess whether a MOF is suitable for practical applications. Understanding
the behavior of MOF materials under mechanical stress can facilitate the design and screening of
robust MOFs for specific purposes. A few publications reported the influence of external pressure
on certain chemical and structural properties of MOFs, such as phase transitions,!” bond
breakage,?® and pore structure collapse.?!??> Additionally, Moghadam et al. studied the structure-
mechanical property relationships for 3,385 MOFs using high-throughput molecular mechanics
calculations.?® However, direct studies of the mechanical properties of MOFs remain challenging

because many MOF materials consist of particles smaller than 1 pm, which makes them hard to



manipulate and characterize by traditional mechanical testing methods.?*° To date, studies on the
mechanical properties of MOFs have been mainly performed on thin-film coatings and single
crystals through traditional nanoindentation techniques.?%-?° Recently, an atomic force microscopy
(AFM)-based nanoindentation technique was applied to MOFs.?? With this method, mechanical
data could be acquired for MOFs with even smaller particle sizes (< 500 nm).>° Elastic moduli and

hardness values of some typical MOF materials are summarized in Table 1.

Table 1. Elastic modulus and hardness of some MOF materials determined by nanoindentation.?

MOF form Young’s modulus hardness indenter tip
(GPa) (GPa)

HKUST-1 thin film?¢ 9.3 0.23+0.04 Berkovich

thin film?’ 3.5+£25 0.17+0.16 Berkovich

ZIF-8 single crystal®® 3.2+0.1 0.50 +0.02 Berkovich

single crystal’® ~3 ~0.5 AFM-based

IRMOF-1  single crystal® 27+1.0 0.058 +0.026 Berkovich

Ui0-66 nanoparticle?* 22-45 N.A. AFM-based

Ui0-67  single crystal®! 20.0 1.27 Berkovich

aThis table shows a selection of the most common MOF materials whose mechanical properties have been
investigated. These properties can be modulated by manipulating the species of clusters and linkers. For example,
when the zirconium atoms in the clusters of UiO-66 are substituted for hafnium, the elastic modulus increases from
22-45 to 30-60 GPa, because the Hf~O bond is stronger than the Zr-O bond.?* By incorporating more sterically bulky

linkers, the elastic modulus of ZIF MOFs can be increased from 3 to 10 GPa.?®

Tan et al. reported a map of elastic modulus vs. hardness for major classes of materials,

including metals, ceramics, polymers, and hybrid framework materials.*? From their results, MOFs

4



mostly exhibit elastic moduli in the 1-30 GPa range and hardness values in the 0.02—-2 GPa range.
One interesting finding in their research is that the MOF region in the map overlaps with the
intersection of regions for polymers, metals, and ceramics, indicating the potential of MOFs to
substitute for traditional materials when specific properties are preferred, such as ordered structure
or large porosity. Notably, as organic—inorganic hybrid materials, MOFs do not have intrinsically
high mechanical strength compared to other well-known porous materials consisting of inorganic
building units. For example, the elastic moduli of silicalite-1 and ZSM-5 are 40 GPa and 57 GPa,
respectively, larger than those of the MOFs listed in Table 1.3> Additionally, many other types of
dense organic-inorganic hybrid materials can also outperform MOFs in terms of elastic modulus
and hardness. For example, copper phosphonoacetate and cerium oxalate-formate hybrid materials
show elastic moduli as high as 90 GPa and 78 GPa, respectively.?*3* However, MOFs have their
unique structural advantages, including very low density, high surface area, uniform and ordered
pores, all of which are attractive for many purposes. Therefore, elucidation of the mechanical
properties of MOF materials is important for paving the way for their future commercialization.

The functionality of MOFs relies to a large extent on their open pore structures and unsaturated
clusters.?>-3 In other words, high porosity and low connectivity between clusters and linkers are
desired for a MOF material to be competitive. However, these properties also result in low density
and possibly lower stability, which compromise the mechanical properties of MOFs.** One
possible approach to address these competing tendencies is to introduce reinforcing components
into the pores of MOFs while still leaving enough open space or maintaining the clusters
unsaturated. To date, very few papers have been published regarding this topic.

Robison et al. reported a method to enhance the bulk modulus of NU-901 at the expense of

increasing the connectivity of the clusters from 8 to 10 (still leaving 2 unsaturated sites for each



cluster).?> Malonzo et al. and Zhao et al. reported the partial filling of the pores of NU-1000 with
amorphous silica, titania, or polymer, which maintained 48-77% of its original porosity.*!
However, the mechanical properties were not studied after introducing the reinforcing phases.

NU-1000 is a relatively thermally stable, mesoporous MOF, which consists of oxo-zirconium
clusters (“Zre”  clusters, [Zre(u3-O)a(u3-OH)4(OH)4(OH2)4]¥) and  1,3,6,8-tetrakis(p-
benzoate)pyrene (TBAPy*) linkers.** The Zrs clusters are in the shape of an octahedron with each
triangular face capped with u3-O or u3-OH groups.** This rigid structure with high symmetry
endows NU-1000 with superior chemical and thermal stabilities compared to many other MOFs.*
Another advantage of NU-1000 is the unsaturated nature of the Zrs clusters, in which only eight
out of the twelve edges in the Zrs-octahedron are connected with linkers.* The unoccupied sites
in the Zre clusters make NU-1000 a good substrate for further modifications, which extends its
application range in catalysis, CO, adsorption, and remediation of toxins,!”: 38 45-46

In earlier studies of NU-1000, another phase, NU-901 was typically present as an impurity at
a fraction of ~20% on the basis of a single-crystal X-ray diffraction analysis.* NU-1000 and NU-
901 are both composed of Zrs clusters with 8-fold connectivity by the TBAPy* linkers. However,
their structures differ topologically.*” The Zrs clusters in NU-1000 are aligned at an angle of 60°
relative to each other, whereas they are positioned parallel to each other in NU-901. This topology
change reduces the largest pore size from 3.1 nm in NU-1000 to 1.2 nm in NU-901 and increases
the density of the MOF. The presence of an NU-901 impurity also alters the morphology of NU-
1000 particles and can result in twinning. The NU-901 phase is typically present at mid-length of
the NU-1000 particles.*® The key for the achievement of phase-pure MOFs was later found to be
the use of appropriate modulators.*’*° Modulators are molecules that usually have the same

functional group as the linkers but only on one side (monodentates). They adjust the reaction



kinetics via capping the clusters at the beginning and slowly releasing them to connect with the
linkers. The equilibrium between the modulator-capped clusters and linkers regulates the MOF
crystal growth.>® The inclusion of an NU-901 phase can be inhibited by replacing benzoic acid as
a modulator by larger biphenyl-4-carboxylic acid molecules, which causes stronger steric
interactions between the capped metal clusters during their assembly.*® As a result, the rotation of

the C—C bond and Zrs clusters is prevented, avoiding the formation of the NU-901 phase (Figure

1.
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Figure 1. Structures of (a) NU-1000 and (b) NU-901. Both MOFs are composed of Zrs clusters and TBAPy* linkers.
However, the clusters in NU-1000 are aligned at 60° relatively to each other whereas in NU-901 all clusters are aligned
in parallel. In addition, NU-1000 has two types of pores (3.1 nm and 1.1 nm), but NU-901 only has one type (1.2 nm).
Color code: Zr (blue); red (oxygen); C (grey); H (white). (c) Scheme showing the formation of NU-901 inside NU-
1000 using benzoic acid as the modulator and the prevention of NU-901 forming with biphenyl-4-carboxylic acid as

the modulator. Part (c) was adapted with permission from ref. 45, Copyright (2017), American Chemical Society.

Here we compare the effects of phase purity and an internal reinforcing phase on mechanical
properties of NU-1000 by nanoindentation and finite-element simulation. Three types of NU-1000
single crystals were compared: phase-pure NU-1000 prepared with biphenyl-4-carboxylic acid as
a modulator (NU-1000-bip), NU-1000 prepared with benzoic acid as a modulator (NU-1000-ben),
which results in an additional, denser impurity phase of NU-901, and NU-1000-bip whose

mesopores were infiltrated with silica (SiO(OH),@NU-1000) by nanocasting methods. These last
8



materials have previously been applied to provide thermal stabilization for Zrs clusters for high-
temperature applications.*!*4? 46: 31 This comparison provides insight into the effects of non-

intentional and intentional secondary phases on the mechanical properties of NU-1000.

2. EXPERIMENTAL METHODS

2.1. Materials. Chemicals used in this study were obtained from the following sources: 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (HsTBAPy) synthesized by the Hupp and Farha groups at
Northwestern University via a previously reported method;*3 ethanol (anhydrous, 200 proof) from
Pharmco-AAPER; N, N-diethylformamide (DEF, certified ACS, 99.9%), acetone (certified ACS,
99.7%) from Fisher Chemical; tetramethyl orthosilicate (98%), methanol (>99.8%), hydrochloric
acid (ACS reagent, 37%), zirconium(IV) chloride (> 99.9%) from Sigma-Aldrich; biphenyl-4-
carboxylic acid (98%) from Alfa Aesar; sodium hydroxide (99%) from Riedel-de Haén. Deionized
water was used in all syntheses after purification to a minimum resistivity of 18.2 MQ-'cm with a
Milli-Q PLUS reagent-grade water system.

2.2. Synthesis of NU-1000. Two types of NU-1000 were used in this study, each synthesized with
a different modulator. The NU-1000 synthesized using benzoic acid as modulator was denoted as
NU-1000-ben. The synthesis of NU-1000-ben followed a previously reported method.** The NU-
1000 synthesized using biphenyl-4-carboxylic acid was denoted as NU-1000-bip. NU-1000-bip
was synthesized as follows. Biphenyl-4-carboxylic acid (6.343 g, 32.00 mmol) and ZrCls (139.8
mg, 0.60 mmol) were added into 16 mL of N, N-diethylformamide (DEF) and heated at 100 °C for
1 h. The Zrs clusters capped with biphenyl-4-carboxylic acid were obtained in this process. To
prepare the linker suspension, HyTBAPy acid (100 mg, 0.15 mmol) was suspended in 1.5 mL of

DEF using sonication for better dispersion. An amount of 14.6 pL (0.015 mmol) of 1 M NaOH



was then added to the linker suspension. The linker suspension was finally added to the suspension
of the Zrs clusters. The mixture was heated at 100 °C for 48 h and then cooled down to room
temperature. It was centrifuged at 9,000 rpm for 10 min, the supernatant was discarded, and the
precipitate was dissolved with fresh DEF. This washing step was repeated twice. After the final
washing step, the precipitate was suspended in 16 mL of fresh DEF. This suspension was mixed
with 1 mL of 8 M HCI solution, which was then heated at 80 °C for 20 h. The reaction mixture
was cooled to room temperature and centrifuged at 9,000 rpm for 10 min. The precipitate was
washed three times with DEF and three times with acetone. Particles were left to dry overnight
under air. This synthesis produced particles with lengths up to 10 um. When the amounts of all
synthesis components were cut in half, particles with lengths up to 2.5 pm were formed. The phase-
pure NU-1000 is denoted as NU-1000-bip in the following text. Composition of NU-1000-ben:
Z110C146H114057, composition of NU-1000-bip: Zr1.0Ci30H1130s54, theoretical composition for
both: Zr1.0C14.7H10.00s 3.

2.3. Synthesis of SiOx(OH),@NU-1000. Silica-infiltrated NU-1000 was synthesized following a
published method.*! Volumes of 100 uL of deionized water and 180 pL of methanol were added
into 600 pL of tetramethyl orthosilicate (TMOS). The mixture was sonicated for 10 min and then
added to 30 mg of activated NU-1000. The infiltration of TMOS into NU-1000 was allowed to
proceed for 24 h hours for batches with particle sizes up to 2.5 pm and 40, 80 or 100 h for batches
with particle sizes up to 10 pm. The infiltrated MOF was then washed twice with methanol to
remove any TMOS remaining on the external surface of the NU-1000 particles. The mixture was
heated at 50 °C for 5 min to dry, and then exposed to HCI vapor for 24 h at room temperature in
order to induce the condensation of TMOS. The mixture was then heated at 80 °C for 24 h. The

resulting product was denoted as SiO.(OH),@NU-1000.
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2.4. Preparation of segregated dispersed particles for mechanical testing. A spatula tip of NU-
1000 or SiO(OH),@NU-1000 particles was dispersed in 2 mL of acetone. The mixture was
sonicated for 10 min. One drop of the dispersion was added onto a silicon wafer (0.5 cm x 0.5 cm).
After the acetone evaporated, isolated individual particles were present on the silicon wafer. The
silicon wafer was then attached to an SEM stub with Super Glue.

2.5. Characterization methods. FT-IR spectra were obtained in transmission mode on a Nicolet
Magna 760 IR spectrometer, using powdered samples compressed between a pair of NaCl
windows. Powder X-ray diffraction patterns were collected using a PANalytical X Pert Pro
diffractometer. The X-rays were generated with a Co anode (Ka radiation, A = 1.789 A) which
operated at 45 kV accelerating voltage, 40 mA emission current. 'H nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Ascend AV-500 spectrometer at room temperature.
Nitrogen sorption experiments were performed on a Quantachrome Autosorb-iQ2 analyzer using
ultrahigh purity grade nitrogen adsorptive. All samples were degassed under dynamic vacuum
(0.003 mTorr) at 120 °C for 12 h before analyses. Brunauer—Emmett—Teller (BET) surface areas
were evaluated from the adsorption isotherms in the relative pressure range 0.01—0.20. Scanning
electron microscopy (SEM) was performed on a JEOL-6500 field emission scanning electron
microscope with an accelerating voltage of 5.0 kV. Scanning electron microscopy combined with
energy-dispersive X-ray spectroscopy (SEM-EDS) was conducted on a JEOL JXA-8900 electron
probe microanalyzer with an Ultradry-SDD detector and an accelerating voltage of 15.0 kV to 20
kV. All samples were coated with a 50 A platinum film prior to SEM imaging or a 70 A carbon
film for EDS analyses. Transmission electron microscopy (TEM) measurements were obtained
using a FEI Tecnai T12 transmission electron microscope with an accelerating voltage of 120 kV

and a LaBs filament. Samples were sonicated for 5 min in ethanol and then deposited onto carbon
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film-coated copper grids. Scanning transmission electron microscopy—energy dispersive X-ray
spectroscopy (STEM-EDS) was performed using an FEI Tecnai G2 field-emission S/TEM
operating at an accelerating voltage of 80 kV. Samples were loaded onto 300-mesh lacey
carbon/Cu TEM grids by drop-casting a dilute suspension of each sample in acetone. High-angle
annular dark field (HAADF) images were collected on an E. A. Fischione annular detector using
an inner collection semi-angle of 25.5 mrad. Energy-dispersive X-ray spectroscopy (EDS) spectra
were obtained using the ChemiSTEM EDX spectrometer. EDS maps were collected while
rastering the beam over the sample, which minimized beam damage. A probe current of ~0.8 nA
was used, and maps were collected over a minimum of 5 min. Data were analyzed using ESPRIT
software (version 1.9.4). Thermogravimetric analysis (TGA) was performed on a TA Instruments
Q500 TGA i1n air with a heating rate of 5 °C/min to estimate the Zr content in the samples from
the residual mass (ZrO;). The analyses of carbon and hydrogen content in the samples were carried
out by Atlantic Microlab, Norcross, GA.

2.6. Nanoindentation. The mounted sample was placed in a Hysitron PI88 in situ nanoindenter
(Bruker Nano Surfaces, Minneapolis, MN) equipped with an xR low load transducer and a 20 um
diameter diamond flat punch probe. A minimum of three in sifu compression experiments were
conducted in an FEI Helios G4 UX FIB/SEM (Thermo Fisher Scientific) operated at 2 kV. The
indenter was operated in displacement control mode with a displacement rate of 15 nm/s.

2.7. Finite element analysis. Compression along the flat face of the hexagonal cross section of
the particles produces a non-uniform stress state in the particle. To quantify the average properties
in the cross section, finite element modeling was performed using Abaqus/Standard (Dassault
Systems). A two-dimensional regular hexagonal planar cross section (height of 1 pm for NU-1000-

bip, height of 2 um for NU-1000-ben) was compressed using CPS3 plane stress nodes. Although
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the bulk of the material in the experiments is not expected to be strictly in a plane stress condition,
the Poisson’s ratio is expected to be low, making this a reasonable approximation. Only the initial
loading of the MOF particles was modeled to approximate the elastic properties. These models
assumed a dense, elastically isotropic material. The elastic modulus input was varied to produce
load—displacement curves for the elastic region of the loading (Figure S2). Each modulus
corresponds to a characteristic measured stiffness in the elastic regime; the stiffness (slope of the
load—displacement curve) was determined for each simulation to prepare a calibration curve
(Figure S3) relating the stiffness and the elastic modulus, as known from the simulation. The
elastic portion of each experiment was then fit with a line to measure the stiffness (slope) and used
in the calibration curve to determine the elastic modulus.

Once elastic properties were determined, isotropic plastic properties were added to the model. The
starting guess for the yield stress was the average stress in the particle, as determined from the
elastic simulation, at the end of the linear elastic loading regime. To model the plasticity as elastic—
perfectly plastic, a table of yield stress was input with a work hardening rates of 0.5 GPa for NU-
1000-bip and 0.05 GPa for NU-1000-ben. In a similar manner to the elastic case, several
simulations were run, this time varying the yield stress of the particle. Rather than having a
characteristic stiffness, different yield stresses have characteristic failure loads (Figure S4). The
characteristic load was determined by the intersection of a line fitting the elastic regime and a line
fitting the linear response of the plastic behavior and plotted against the known yield stress to make
another calibration curve (Figure S5). The same process was applied to the experimental data to

infer the yield stress of the material.

3. RESULTS AND DISCUSSION
3.1. Structure and composition of the NU-1000 and SiO.(OH),@NU-1000 materials
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Whereas NU-1000-ben contains NU-901 as an impurity phase, this impurity was eliminated in
NU-1000-bip by changing the modulator from benzoic acid to biphenyl-4-carboxylic acid during
the synthesis. The structural differences between these two materials were previously reported.*®
Structural and compositional properties of the NU-1000-ben and NU-1000-bip materials used here
were characterized by multiple methods, including SEM (Figure S1), N> sorption (Figure S6,
Table S1), XRD (Figure S7), TGA and CHN analysis (Figure S8). The morphology of NU-1000
particles changed as the impurity phase was removed. Webber et al. had previously shown that
NU-1000-ben was denser near the middle of the particles, which resulted in TEM phase contrast
that was not seen in NU-1000-bip (Figure S1a, b).*® Here, SEM images revealed that NU-1000-
ben crystals are narrower at mid-length and usually display twinning on the external surface of the
rods, whereas phase-pure NU-1000 crystals have a straight rod shape with a hexagonal cross-
section and smoother surfaces (Figure Sl¢, d). NU-1000-ben and NU-1000-bip both exhibited
high surface areas and porosity (Figure S6a, Table S1). Although the powder XRD patterns of
these samples in the low-angle region (Figure S7) could not distinguish between the NU-1000 and
NU-901 phases, the N> sorption isotherms showed clear differences in the micropore and mesopore
regions (Figure Sé6a). The isotherm for NU-1000-bip showed the features of both micropores
(relative pressure P/Py < 0.1) and mesopores (P/Py > 0.5), which are also apparent in the pore size
distribution curve (Figure S6b). The peak at 1.2 nm corresponds to the smaller, triangular
micropores and the peak at 2.7 nm corresponds to the larger hexagonal mesopores (see Figure 1).
The isotherm for NU-ben indicates a greater N> volume adsorbed at low relative pressure and a
slightly lower volume at high relative pressure; in addition, the peak at 2.7 nm is reduced in
intensity compared to that at 1.2 nm. Compared to NU-1000-bip, NU-1000-ben contains a larger

fraction of micropores due to the NU-901 impurity phase, which only has micropores. On the basis
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of the change in micropore fraction, the fraction of NU-901 in NU-1000-ben was estimated to be
about 20%, consistent with the value reported from single crystal analysis (see Table S1).3

Because MOF materials are highly porous, it was hypothesized that with extra reinforcing
material introduced into their pores, the overall mechanical properties of the material could be
enhanced. The feasibility of introducing different materials into the pores of MOFs has been
reported elsewhere.*> 3! In this study, TMOS was introduced into the pores of NU-1000 after
extensive washing with DEF and acetone, which ensured that either benzoic acid or biphenyl-4-
carboxylic acid modulators were almost completely removed from the MOF particles (Figure S9).
This was followed by hydrolysis and condensation of TMOS by exposing the infiltrated particles
to HCI vapor. The infiltration of TMOS into the pores was facilitated by capillary forces (NU-
1000 was preheated under vacuum to evacuate the air and water from the pores). After the
infiltration process, the material was washed with methanol to remove any remaining TMOS from
the external surface of the NU-1000 particles. Because the materials were dried at a relatively low
temperature of 60 °C, the embedded silica still contained a large fraction of hydroxyl groups.
Therefore, the reinforcing material formed inside the pores was denoted as SiO.(OH),, and the
whole material was denoted as SiO(OH),@NU-1000. To focus on the role of the reinforcing phase
on mechanical properties without influence from any NU-901 phase impurity, the introduction of
Si0x(OH), was only performed on NU-1000-bip in this study.

Structural details of SiO.(OH),@NU-1000-ben were reported in our previous publication (the
structure was referred to as SiO@NU-1000).*! It was observed that after the infiltration of silica
into NU-1000-ben, the specific surface area, pore volume, and pore diameter decreased (from 2064

to 901 m?/g, 1.44 to 0.55 cm?/g, and 2.7 to 2.2 nm, respectively), indicating the presence of silica
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inside the pores of NU-1000-ben. In addition, silica was found to occupy mainly the 3.1 nm
mesopores on the basis of gas sorption and difference envelope density analyses.

The textural characteristics of the SiO.(OH),@NU-1000-bip system were similar to those
observed for Si0,(OH),@NU-1000-ben, confirming the incorporation of silica in the pores of NU-
1000-bip. After infiltration with silica, the specific surface area of NU-1000-bip decreased from
1905 to 1292 m?/g and the pore volume from 1.19 to 0.73 c¢cm’/g (Table S1). The pore size
distribution curve calculated from N> sorption measurements (Figures 2a and S10) showed a
significant decrease in intensity for the larger mesopores with a shift from 2.7 to 2.3 nm, while the
peak at 1.2 nm corresponding to the small micropores maintained its position. These results
indicated that the introduced silica mainly occupied the larger mesopores, similar to what was
reported for SiO(OH),@NU-1000-ben. At this point it is not known how the silica interacts with
the oxozirconium clusters. A possible binding site for silica in NU-1000 would be the —OH groups
on the zirconium oxide clusters to form Si—O—Zr bonds. Corresponding Si—O—Zr vibrations would
exhibit IR signals in the 963-980 cm' range.’>>* While no IR peaks were observed for
Si0,(OH),@NU-1000-bip in this range (Figure S11), the possibility of silica—oxozirconium
cluster interactions cannot be excluded, given the relatively high silica:Zr ratio in these materials
(Table S2).

Changes in the XRD patterns of NU-1000-bip and silica infiltrated NU-1000-bip (Figure 2b)
also paralleled observations for SiO(OH),@NU-1000-ben. Major peaks of NU-1000 were still
observed after the infiltration except for the (100) peak at 3°. The (100) planes in NU-1000 cut
through the larger hexagonal mesopores and the decreased intensity of this peak for the

S10,(OH),@NU-1000-bip sample results from the reduction in electron contrast as the hexagonal
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pores are partially filled with silica. Other peaks are broadened after infiltration of NU-1000-bip

with silica.
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Figure 2. (a) DFT pore size distributions of NU-1000-bip and SiOx(OH)y@NU-1000-bip samples. Pore size
distributions were calculated by NLDFT using a slit pore model. (b) XRD patterns of NU-1000-bip and
Si0x(OH),@NU-1000-bip materials. The inset in (b) illustrates the (100) plane in NU-1000.
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In contrast, the distribution of silica throughout individual SiO.(OH),@NU-1000-bip and
Si0,(OH),@NU-1000-ben particles differed, as revealed by STEM-EDS maps. While Si was
distributed uniformly throughout SiO.(OH),@NU-1000-bip particles (Figure S12b), the Si
concentration near the middle of SiO,(OH),@NU-1000-ben particles typically deviated from the
remaining areas of the particles (Figure S12a). This behavior supported the location of the NU-
901 phase impurity in SiO«(OH),@NU-1000-ben and the absence of such an impurity in
S10,(OH),@NU-1000-bip. No external silica crust was observed in either sample.

For mechanical testing, we aimed to use the largest possible particles of NU-1000-bip and
S10,(OH),@NU-1000-bip. For NU-1000 particles up to 2.5 pm in length, an infiltration time of
24 h was suitable to achieve efficient infiltration with a silica scaffold.*! However, in the present
study, for the application of the silica infiltration method to the more defect-free NU-1000-bip
material, the influence of infiltration time on composite structure was re-evaluated, considering
the facts that: (1) unlike NU-1000-ben, NU-1000-bip contains purely the NU-1000 phase, so the
fraction of 3.1 nm pores is larger; and (2) larger NU-1000 particles (~10 um in length) would be
expected to require a longer time for diffusion of TMOS through the particle. Three different
infiltration times were investigated: 40, 80, and 100 h, and the extent of infiltration was evaluated
by comparing characteristic FT-IR absorptions of silica to those of NU-1000 (Figure S11a).

In the FT-IR spectra, peaks at 1417 and 1100 cm™! correspond to the asymmetric vibration of
COO and stretching vibrations of Si—O-Si, respectively. The COO" peak is representative of the
presence of TBAPy* linkers, and Si—O-Si indicates the presence of silica. Because the number of
linkers did not change during the infiltration process, the peak area ratio of v(si-o-siy/V(coo-) 1s an
indication of the relative content of silicain SiO.(OH),@NU-1000-bip. These ratios were 1.4, 1.6,

and 1.7 for samples infiltrated for 40, 80, and 100 h, indicating that more silica was introduced
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with longer infiltration time. This result was consistent with SEM-EDS data, which revealed
increasing Si/Zre ratios from 23, 29, and 34 for the NU-1000-bip samples infiltrated with TMOS
for 40 h, 80 h, and 100 h (Table S2). It is noted that in a previous study of infiltrating smaller
particles of modified NU-1000 with silica, the Si/Zre ratio surpassed 50.46 Therefore, the Si/Zrs
ratio in this study might be further increased with infiltration times longer than 100 h. The
S10,(OH),@NU-1000-bip-100h material which contained the largest amount of silica was selected
for mechanical testing, considering that it should show the greatest impact of the secondary phase
on mechanical properties.

SEM images confirmed that the morphology of NU-1000-bip was maintained even after long
infiltration with TMOS in the SiO(OH),@NU-1000-bip-100h particles (Figure 3a, b). Rod-
shaped particles were still observed with no evidence for any extraneous silica particles formed on
the outside if the infiltrated particles, which was ensured by the washing process to remove any
remaining TMOS after the infiltration process. Further evidence for the absence of an external
silica layer around the NU-1000 was provided by contrast analysis of a TEM image of

Si0,(OH),@NU-1000-bip-100h (Figure 3c).

Figure 3. SEM images of (a) NU-1000-bip and (b) SiOx(OH),@NU-1000-bip-100h. (c) TEM image of

SiO.(OH),@NU-1000-bip-100h.
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To investigate the mechanical properties of the NU-1000 and the SiO.(OH),@NU-1000
particles, it is important to keep them separated as single particles in order to prevent particle
stacking which would complicate the mechanical analysis. To obtain highly dispersed particles on
a substrate, small amounts of NU-1000 or SiO.(OH),@NU-1000 materials were dispersed in
acetone. After sonication, the dispersion was dropped onto silicon wafers. Separate, well-dispersed
particles were left on the silicon substrate after the acetone evaporated (Figure 4). The average
dimensions (length/width) of the particles were measured to be 9.5 + 0.5 um/ 2.3 + 0.3 um for NU-
1000-ben, 10.5 £ 2.0 um/ 1.1 £ 0.2 um for NU-1000-bip, and 10.8 £ 1.8 um/ 1.1 £ 0.2 pum for

S10,(OH),@NU-1000-bip-100h (6 separate rods were measured for each sample).

Figure 4. SEM images of (a) NU-1000-ben, (b) NU-1000-bip, and (c) SiOx(OH),@NU-1000-bip-100h particles.

3.2. Mechanical testing of NU-1000 and SiOx(OH),@NU-1000

In a linear elastic material, the initial load-displacement response is expected to be linear. At
the beginning of a compression test, there is occasionally a non-linear “foot” prior to the linear
response due to a small misalignment between the indenter probe and the sample, such that the
full contact area is not established all at once, leading to a variable loading slope. After the linear
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loading response, a deviation from linearity typically indicates some type of permanent
deformation, such as plastic deformation or fracture.

NU-1000 and SiO(OH),@NU-1000-bip particles were compressed under the indenter. The
height of the particles decreased from 1.2 to 0.5 um for NU-1000-bip, 1.1 to 0.5 pm for
S10,(OH),@NU-1000-bip-100h, and 2.0 to 1.2 um for NU-1000-ben (Figure 5). None of the three
particles fractured under compression, implying their good fracture resistance in the direction

parallel to the hexagonal cross-section.

Figure 5. SEM images of NU-1000-bip, SiO-(OH),@NU-1000-bip-100h, and NU-1000-ben particles before
compression (a, ¢, €) and after compression (b, d, f) under the indenter. Small extraneous particles seen around the
indented particle in (f) were also present on the precursor sample in (e). They were not identified and are not believed

to influence the measurements. The scale bar in all images corresponds to 2 um.

The compressive load—displacement curves of each particle can be seen in Figure 6a. To
qualitatively compare the three materials, one can compare the slope of the loading curve, or the
loading stiffness, after contact has been established. The loading stiffness of the NU-1000-bip and

S10,(OH),@NU-1000-bip are comparable, both exceeding the loading stiffness of NU-1000-ben.
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The point of deviation from linearity, which will be considered the point of failure, was determined
by inspection of the load-displacement response. The point of failure for the three materials is
significantly different. NU-1000-bip fails at approximately 2000 uN, approximately 4 times higher
than the phase-impure NU-1000-ben. In contrast, the phase-pure, silica-infiltrated material
(S10x(OH),@NU-1000-bip ) fails at loads 50—-100% higher than the non-infiltrated NU-1000-bip,
between 3000 and 4000 pN. At these loads, some structural failure occurs. Although the
deformation mechanism is not presently known, it is likely linked to pore collapse within the
structure. Here, pore collapse is defined broadly, and more investigation is needed to determine
the relative contribution of organic ligament bending versus fracture or catastrophic pore collapse.
This would also explain why the load-displacement curve of Si0,(OH),@NU-1000-bip does not
exhibit a load drop until later; in this case, the coating of silica on the interior of the pores carries
a fraction of the load, allowing the material to elastically deform until a higher load is reached, at
which the embedded silica, too, would fail, causing a decrease in the measured stiffness. Of note
is that “nominal strain to failure”, or the indenter displacement divided by the particle height at the
point of failure, is approximately equal (~0.1) for both NU-1000-bip and NU-1000-ben, again
indicating that this is the maximum possible strain that the framework structure of the MOF can

undergo prior to pore collapse, and thus indicating a reduced measured stiffness.
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Figure 6. (a) Load—displacement curves for the compression of NU-1000-bip (red), NU-1000-ben (blue), and
Si0:(OH),@NU-1000-bip (black). NU-1000-bip and SiO.(OH),@NU-1000-bip have significantly higher stiffness
than NU-1000-ben. (b) Load—displacement curves from (a) plotted on a smaller scale. Overlaid are the simulated load—
displacement curves from finite element modeling (FEM) assuming elastic moduli (E) of 20 GPa (purple) and 3 GPa

(green). (c) Load—displacement curves from (b) incorporating an elastic—perfectly plastic solution using a yield stress,

6y, of 2.5 GPa for NU-1000-bip and 300 MPa for NU-1000-ben.
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3.3. Finite element simulation

In an effort to quantify the effective elastic modulus of NU-1000 and SiO(OH),@NU-1000
materials, the loading of a hexagonal planar section of material was simulated in Abaqus/Standard.
The load-displacement output of the simulation is overlaid on the experimental load-displacement
curves in Figure 6. A displacement offset was added to the simulation output to partially overcome
the initial increase in slope due to the establishment of full contact with the particle. Now, rather
than comparing the apparent stiffness of the particles, it is possible to compare the effective loading
modulus. Using the range of simulations performed and the calibration curve method described
above, one can infer the elastic modulus from each test. Doing so determines an average elastic
modulus of 21 GPa for NU-1000-bip with a standard deviation of 3.7 GPa. It should be noted that
the standard deviation is high, partially due to the limited number of experiments performed.
Additionally, the average elastic modulus of SiO(OH),@NU-1000-bip was calculated to be 19
GPa with a standard deviation of 3.9 GPa. Load—displacement data from simulations with
corresponding elastic moduli overlaid can be seen in Figure 6b. Because the loading slopes are so
similar with large standard deviations, the elastic moduli of the two materials cannot presently be
distinguished. In contrast, the average elastic modulus of NU-1000-ben was calculated to be 3.2
GPa with a standard deviation of 0.7 GPa. The load—displacement response from simulation with
this elastic modulus also qualitatively compares to that of NU-1000-ben (Figure 6b); this elastic
modulus is well within the range of previously recorded values.?® 3* Note that the slope of the
loading curve in compression experiments is typically lower than the elastic modulus. The
effective elastic moduli that are simulated with this method are therefore expected to be lower
bounds for the true effective elastic moduli. Here, the elastic modulus of NU-1000-bip is higher

than the values measured via Berkovich nanoindentation of ZIF single crystals (3—9 GPa) or
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HKUST-1 thin films (9.3 GPa).?% 28 DFT calculations have determined the elastic modulus of
IRMOF-1 to be ~21 GPa.?® However, a more suitable comparison may be between experiments
with a similar loading state (simple compression), rather than sharp tip indentation. One such
comparison can be made to the in situ compression of UiO-type MOFs, which also contain Zrs
clusters; the unloading moduli of UiO-type MOFs were measured to be 20-80 GPa,>* in better
agreement with the modulus inferred from the compression and modeling reported here. The
higher modulus of UiO-type MOFs likely results from their higher connectivity of the linkers to
the Zrs clusters, e.g., 12 for Ui0-66 and UiO-67 compared to 8 for NU-1000.

In addition to the determination of the elastic moduli of the particles, the simulations were also
able to elucidate the distribution of stress within the particles at the point of load excursion/failure
(Figure 7). As expected, high stresses are observed at the top and bottom vertices of the hexagon.
However, the stresses are very low toward the other vertices which are not under direct loading.
More importantly, the stresses are not limited merely to the volume between the top and bottom
vertices, but they exhibit some lateral spread, confirming that stress should not be assumed to be
the load divided by the area in contact with the indenter tip. The point of deviation from linearity,
which will be considered the point of failure, was determined by inspection of the load—
displacement response. At the point of failure in NU-1000-bip, the von Mises stress within the
bulk of the particle is on the order of 2.5 GPa, whereas the von Mises stress at failure for NU-
1000-ben is much lower, on the order of 300 MPa. As noted earlier, at this stress, some structural
failure occurs. Although the deformation mechanism is not presently known, it is likely linked to
pore collapse within the structure. Again, pore collapse is defined broadly here until future

investigations into detailed failure mechanisms can be conducted. The internal stresses at the point
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of failure provide a convenient initial estimate for the yield/failure stress in additional simulations

using an elastic—perfectly plastic model.

a
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75%) (Avg: 75%)

.106e-07 +7.600e-04
.68le-03 +6.967e-04
.255e-03 +6.335e-04
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.405e-03 +5.06%e-04
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Figure 7. (a) The shape of the stress distribution at the point of failure assuming isotropic elasticity. Colors correspond
to stress contours for (b) NU-1000-bip and (c) NU-1000-ben. Stresses are von Mises stresses with units of TPa. Bulk

stress at failure is approximately 2.5 GPa for NU-1000-bip and 300 MPa for NU-1000-ben.

In an elastic—plastic model, the material first undergoes elastic deformation, as in the previous
simulations, but begins to yield once the material reaches its yield stress. The slope of the load—
displacement curve post-failure was very low in some cases, which implies elastic—perfectly
plastic behavior. To be perfectly plastic means that no work hardening occurs, i.e., no additional
stress is required to continue to deform the yielded material. To implement this in Abaqus requires
a low slope for the plastic behavior; this was chosen arbitrarily to be 0.5 GPa for NU-1000-bip and
0.05 GPa for NU-1000-ben. A factor of 2 difference in work hardening rate results in minute
changes in the stresses in the particle.

As stated previously, the stress in the particle at the point of failure from the purely elastic
simulations was used as an initial estimate for the yield stress in the elastic—plastic simulations.

Again, several simulations were performed in the vicinity of this yield stress to create a curve
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relating the characteristic failure load and the known yield stress. The results of the simulations
allow the yield/failure stress to be calculated as 2.45 + 0.07 GPa for NU-1000-bip, nearly an order
of magnitude higher than the 298 + 22 MPa of NU-1000-ben. The load—displacement results from
the corresponding simulations matched remarkably well with the experimentally measured load—
displacement behavior for NU-1000-bip, as seen in Figure 6¢. The simulation matches less well
for NU-1000-ben, which may be partly due to the NU-901 phase impurities disrupting the
structure. Of note is that the simulated load—displacement response corresponding to NU-1000-
bip has a non-zero slope post-failure. This differs from what one might expect for an elastic—
perfectly plastic material, but it can be explained by examining the stress distribution within the
particle seen in Figure 8. Three distinct zones can be seen in the particle: (1) red, corresponding
to fully yielded material; (2) green, corresponding to material that is elastically strained; (3) blue,
corresponding to material that has undergone minimal deformation. The non-zero loading slope
post-failure is a result of the particle geometry; even after some of the material has yielded, there
is other material further from the center that continues to deform elastically, resulting in a non-

zero loading slope after yield.
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Figure 8. (a) The shape of the stress distribution at the point of failure assuming elastic—perfectly plastic behavior.
Colors correspond to stress contours for (b) NU-1000-bip and (¢) NU-1000-ben. Stresses are von Mises stresses with

units of TPa. Yield stresses are 2.5 GPa and 300 MPa for NU-1000-bip and NU-1000-ben, respectively.

The hardness values of common MOFs have been reported to be in the range of 170-1300
MPa (Table 1). Converting these values of hardness to flow stresses using a Tabor factor
(constraint factor) of 3 implies flow stress on the order of 60-430 MPa.>® These values are difficult
to compare to the failure stresses from the compression tests in this study because of a difference
in stress state. The stress state underneath a Berkovich indent is triaxial and spatially dependent,
whereas uniaxial compression is expected to create a more homogeneous stress state. In addition,
the Tabor factor assumes a constrained medium, an assumption which is difficult to confirm in a
porous material such as a MOF. The uniaxial tests performed in this study are expected to be, in
an idealized structure (Figure 1a), along the edge of a hexagonal structure connected by equilateral
triangles, which are typically considered to be a strong shape. In order to deform the walls of the
hexagonal pore of NU-1000, the highly conjugated, stiff linkers would likely need to bend. If they
were to bend away from the hexagonal pore, they would bend into the equilateral triangle structure.

Overall, there is minimal room for them to bend into the triangle structure before strongly
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interacting with other deforming linkers. Altogether, the structure of the phase-pure NU-1000-bip
allows for high mechanical strength. In contrast, the NU-901 phase in NU-1000-ben weakens the
structure due to its easy deformability, resulting in a material with effective elastic modulus and
yield/failure stress nearly an order of magnitude lower than the phase-pure material. Ultimately,
the silica-infiltrated particles had similar elastic modulus as the phase-pure NU-1000-bip, but were
able to withstand significantly higher loads and, therefore, represent the strongest form of the NU-

1000 MOF.

4. CONCLUSION

The mechanical properties of phase-pure NU-1000, NU-901-containing NU-1000, and silica
reinforced NU-1000 were investigated. As the NU-901 phase impurity in NU-1000 was removed
through applying a different modulator, the particle morphology changed to a more uniform
structure with a smoother surface, the effective elastic modulus increased from 3 GPa (NU-1000-
ben) to 20 GPa (NU-1000-bip), and the yield/failure stress was increased from 300 MPa to 2.5
GPa. These results suggest that a uniform structure might be important for MOF materials to be
robust. Silica reinforcement in the mesopores of NU-1000 (SiO.(OH),@NU-1000) was found to
increase the load at failure from 2000 puN to 3000-4000 uN. This result implies a possible
modification method to escalate the mechanical properties of MOFs. This method might also be

applicable to other MOF materials to enhance their mechanical properties.
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