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Abstract

Two-dimensional (2D) metal-organic frameworks (MOFs) are often subjected to

mechanical loading in their applications, and the in-plane elastic modulus E; is a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

critical material property needed to understand and predict the mechanical behaviors
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of 2D MOFs for improved mechanical reliability and strain engineering of their
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functional properties. However, the E} of 2D MOFs are largely unknown, even for
those with widely used coordination linkers like 1,4-benzenedicarboxylate (BDC),
because of the challenges in in-plane mechanical testing imposed by both the extreme
dimensionality and the high sensitivity of 2D MOFs to external factors (e.g., e-beams)
due to their hybrid organic-inorganic nature. Here we employ atomic force
microscopy (AFM) stretching suspended thin membranes to measure E; of three

structurally related, BDC-coordinated MOFs. The 2D Zn3(BDC);(H,0),-4(DMF)
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(DMF = N,N-Dimethylformamide) has an E} of 11.2 + 2.5 GPa, much lower thar o oo
that of its 3D analog, (DMA),[Zn3;(BDC),-1.5H,0] (DMA = dimethylammonium) (E|
= 25.9 + 6.3 GPa), owing to the absence of interlayer covalent bonding. However, a
2D Mn analog, Mn3(BDC);-4(DMF), exhibits enhanced in-plane stiffness (E}, = 25.5
+ 4.9 GPa), likely originating from the strengthened coordination at the nodes. We
further compare 2D MOFs to other 2D materials and widely-used engineering
material systems using a density vs. E; Ashby plot. Our results provide
indispensable insights into the structure-mechanical-property relationship of 2D

MOFs to guide material engineering/selection.
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Introduction DOI: 10.1039/D6NR00361C

Metal-organic frameworks (MOFs) are a family of porous crystalline materials
that combine metal ions with coordinated organic ligands to form complex structures
enabling huge potential in a wide range of applications, including gas storage,
catalysis, and chemical separations.'* The tremendous chemical space available to
these materials, together with the solution processability, allows for facile design of
MOF structures with tailored functionality.’ The success of two-dimensional (2D)
materials further inspired the engineering of MOFs into 2D layered compounds to
relax the structural constraints and expand the functional property and architectural
design space.®® Integration of MOFs and other low-dimensional materials into novel
heterostructures via clean van der Waals (vdW) interfaces is thus possible and has
resulted in new promising applications.® ° Hence, interlayer interfaces become a new

playground for tuning material properties (e.g., intercalation, sliding).®

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In all these applications, 2D MOFs are often subjected to mechanical loading
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during device fabrication and operations,'®!?> such as compression, dilation,

(cc)

stretching, bending, twisting, efc., where elastic modulus E is a critical mechanical
property needed to understand and predict the mechanical behaviors of 2D MOFs in
order to mitigate mechanical failure and improve the mechanical reliability of
MOF-based applications. Moreover, mechanical strain can also be harnessed to
enhance the functional performance of 2D MOFs or to tailor the properties of the
materials interfacing with 2D MOFs.% 13- 14 Knowing E of 2D MOFs is the first step

to achieve precisely controlled strain engineering. The abundant chemistry involving
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hybrid organic-inorganic bonds, which differ from those in conventional Mmat&Hgfg"*""0**"

such as metals, ceramics, and polymers,'® 15 further calls for the exploration of the
structure-property relationships of 2D MOFs regarding their mechanical behavior.
Because of both the fundamental importance and practical need, significant
efforts have been devoted to studying the mechanical properties of 3D MOFs,!0: 1
mainly utilizing small-scale mechanical techniques like instrumented nanoindentation
and atomic force microscopy (AFM) due to the small sample size, though the
mechanical study still significantly lags behind other functional property studies of
these materials. Such small-scale techniques are applicable to study the out-of-plane
(i.e., perpendicular to the basal planes of the molecular sheets) mechanical properties
of 2D MOFs, owing to the layered structure. However, evaluating the in-plane
mechanical properties is more challenging. First, directly applying nanoindentation or
AFM-based indentation techniques along the in-plane directions violates the
assumptions of analysis methods due to the in-plane vs. out-of-plane mechanical
anisotropy of these materials.'® 7 Although many studies still employed these
indentation techniques neglecting this fact to probe the in-plane directions,!? 18-20 the
reported results are questionable. Second, the small sample size and high
susceptibility to damage from other factors in the test (e.g., electron beams or
humidity) render many in-plane testing techniques widely used in 2D materials not
feasible for 2D MOFs. Because of these challenges, only a handful of reliable reports
about the in-plane mechanical property of 2D MOFs are available in the literature to

date,?!2 despite that in-plane is the main loading directions for 2D MOFs in practical
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applications owing to the layered structure. While 2D MOFs and the corresponding ”°" 0*¢1
3D counterparts can share the same metal-organic bonds and connection architecture
in-plane,® where the metal-organic-ligand architecture, rather than the weak van der
Waals (vdW) interface (as in the out-of-plane direction), is still the main load carrier,
it remains unclear how the transition of the structure from 3D to 2D will affect the
in-plane elastic modulus E). This is largely due to the lack of direct comparison of
the in-plane elastic moduli of 2D and 3D MOFs. This knowledge gap hinders our
ability to leverage the abundant structure-mechanical-property study of the 3D
MOFs!%12 for designing 2D analogs. Furthermore, although it is common to substitute
the metal ions in the MOF structure while maintaining the coordination ligands and
topology.® the influence of such modification on E} of 2D MOFs is still elusive.
Here, we measure E; of 2D MOF coordinated by the 1,4-benzenedicarboxylate

(BDC) linker. This is one of the most widely used organic linkers in MOF

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

chemistry.?’ Its rigid and linear geometry supports predictable coordination

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 3:06:08 PM.

environments and reproducible framework topologies,”?® which have enabled the

(cc)

development of numerous benchmark MOF systems such as MOF-52° and UiO-66.3°
Therefore, BDC-based frameworks provide a structurally reliable and broadly
representative platform for probing the intrinsic mechanical behavior of layered
MOFs and establishing insights that are transferable to other 2D coordination polymer
systems.?® However, to date, the mechanical properties of 2D MOFs based on BDC
linker have not been investigated.'!

We use AFM stretching suspended thin 2D MOF membranes to measure their
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E\. This method has been used to reliably quantify E; of various 2D material

including 2D materials with hybrid bonds3* 3¢ or coordinated polymers3” similar to 2D
MOFs. We first compare E; of 2D MOF Zn;(BDC);(H,0),-4(DMF) (DMF =
N,N-Dimethylformamide) to its 3D analog, (DMA),[Zn;(BDC),-1.5H,0] (DMA =
dimethylammonium), to uncover the impact of structural transition from 3D to 2D on
the elastic property. Furthermore, we replace Zn with Mn in the 2D MOF while
maintaining the same framework connectivity to examine the effects of metal ions on
the elastic modulus. These measurements, together with the comparison with other
relevant layered materials and classical materials widely adopted in engineering
applications, provide indispensable insights into the in-plane
structure-mechanical-property relationship of 2D MOFs and materials selection for

applications.

Experimental Section

Materials Synthesis. All MOF materials were synthesized by solution-based
methods and characterized by single crystal and powder X-ray diffraction (XRD) to
confirm the success of synthesis (Figs. 1 and 2, and Supporting Information (SI) —
Section 1). All the chemicals were purchased from Sigma-Aldrich and used as
received  without any further purification. Briefly, for 3D MOF,
(DMA),[Zn;(BDC),4-1.5H,0] (abbreviated as 3D-Zn-MOF below), 0.07 mmol
terephthalic acid were dissolved in 3 mL DMF and 1 mL ethanol in a 20 ml glass vial

under heating (150 °C hot plate temperature indication). Then, 0.07 mmol of
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Zn(NO3),-6H,0 and three drops of concentrated nitric acid were added. Thé Hedting™°" 0>
decomposed DMF into DMA, which served as counter cations to stabilize and charge
balance the structure. The solution was then kept at 85 °C overnight in an isothermal
oven, yielding colorless crystals upon cooling to room temperature. This growth
method was then slightly modified to produce 2D MOF, Zn3;(BDC);(H,0),-4(DMF)
(abbreviated as 2D-Zn-MOF below). In this case, 0.07 mmol terephthalic acid were
dissolved in 6 mL DMF and 1 mL ethanol under sonication. After adding one drop of
nitric acid and 0.07 mmol Zn(NO3),-6H,0, the mixture was heated at 85 °C in an
isothermal oven overnight to yield transparent crystals. The synthesis of 2D
Mn3;(BDC);-4(DMF) (abbreviated as 2D-Mn-MOF below) followed a published
protocol.?®

AFM Stretching Suspended MOF Membranes. The AFM experiments were

conducted following our reported protocol.>> 3% Briefly, thin MOF membranes were

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mechanically exfoliated via scotch tape* and transferred to freshly cleaned SiO,/Si
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wafer with patterned holes inside a Nj-filled glovebox. The exfoliation is very
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straightforward for 2D MOFs owing to the weak interlayer interfaces in the crystals
(Figs. 1C). We found that the 3D-Zn-MOF can also be exfoliated by this method,
producing thin membranes with crystal orientations similar to 2D-Zn-MOF, probably
because the interlayer bonds are not that strong and the density of the bonds are not
high (see Fig. 1F). However, such interlayer bonds are still much stronger than the
vdW interactions in 2D-Zn-MOF, which results in a much lower yielding rate of

successful transfer of 3D-Zn-MOF than the 2D version.
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All AFM measurements are performed using an Asylum MFP-3D Infinity AFN/"ON 00501

(Asylum Research, Oxford Instruments, CA) with AC240TS (Olympus) probes under
dry air flow. Before the AFM measurements, the deflection sensitivity of the AFM
cantilever is calibrated by recording the indentation force curve of the cantilever on
clean silicon surface. The spring constant k. of the AFM cantilever is then calibrated
by fitting the first free resonance peak of the cantilever to the simple harmonic
oscillator equation*! to measure the power spectral density of the thermal noise
fluctuations in air.#> The indentation rate was kept at 100 nm/s to avoid
high-rate-induced noise.>> The membranes with hysteresis or sliding features in the
loading and unloading curves are excluded. At least 10 membranes from two distinct

crystals were measured for each type of MOF tested here.

Results and Discussion

Targeting the synthesis of 2D MOFs, we selected Zn-based analogs on BDC
ligands, which are extensively explored. The 2D-Zn-MOF and the 2D-Mn-MOF have
been reported in literature before,% 43 as well as the framework of the 3D-Zn-MOF.#
However, the reported structure of the latter, does not have the correct formula
necessary for a charge balanced structure. Hence, in this work, we synthesized and
characterized the material by XRD to identify the correct structure and formula, given
their importance for understanding underlying structure-property relationships,
especially given the ultra-fine nature of the targeted mechanical properties. We note

that, in this work, we use the 2D and 3D notation to refer to the degree of
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coordination of the MOF.#5 In a 2D MOF, coordination bonds will span ackoss°twg/ ™" 0001
directions forming layers, which would not be connected through coordination bonds,

rather through weak interactions. In a 3D MOF, coordination bonds extend in all three

spatial directions. Therefore, the use of the terms 2D and 3D MOF does not refer to
exfoliated single-layer frameworks. The flakes used in the mechanical studies contain

multiple layers of the corresponding 2D and 3D MOFs (see below in the mechanical

test part), not a single constituent layer of the materials.

By adjusting the reaction conditions, we managed to synthesize a 2D and a 3D
Zn-based frameworks. Starting with the structure of the 2D-Zn-MOF, it was
determined by single-crystal X-ray diffraction (SC-XRD) studies that the material
crystalized in the centrosymmetric space group P2;/c with the formula
C36H44N4O15Zn3. The secondary building unit of the structure features a trinuclear

metallic cluster consisting of three Zn?" cations, four terephthalic acid (BDC)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

molecules and two water molecules. The Zn?* cations are vertically aligned across the
y alig

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 3:06:08 PM.

layer and connected through the carboxylate groups of BDC. The central Zn?* cation

(cc)

is in centrosymmetric octahedral coordination with six oxygen atoms derived from six
different carboxylate groups, whereas the two terminal Zn>' cations have a
coordination number of 4 instead of 6 where three oxygen atoms derived from three
carboxylate groups are coordinated to the Zn?" cation and the metal node is
terminated with one water molecule (Fig. 1A). The structure is completed with two
DMEF solvent molecules that hydrogen bonded to each of the terminal water molecules

of the metal nodes at a distance of 1.75A, giving rise to the layered 2D framework
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with an overall formula of Zny(BDC);(H,0), 4(DMF) shown in (Figs. 1B, C}? By 0N

examining the bonding scheme of the metal clusters, it was found that Zn-O bond
length ranges from 2.035 A to 2.204 A for the central octahedron, whereas Zn-O bond
lengths in the terminal tetrahedra were found to be 1.940 A, 1.944 A, 1.967 A, and
2.009 A. While the distance between adjacent Zn?* cations within the same trinuclear
metal cluster is 3.249 A, Zn metal clusters lie at a distance of 10.41 A measured
between the central Zn cations of the clusters. Moreover, the 2D layers are stacked
across the bc-plane, with a closest distance of 4.62 A between the terminating water
molecules of the metal cluster, while DMF molecules lie between the layers and
connect them through hydrogen bonding.

Shifting the focus to the 3D structure, it was shown from SC-XRD that the
material crystallized in the c-centered monoclinic C2/c space group having a twofold
rotation axis perpendicular to two glide planes with the formula C3;¢H3,N,0;75Zn;.
The structure features the same metal cluster as the 2D material discussed above with
the exception of replacing the two terminal water molecules with one monodentate
terephthalic acid (BDC) molecule bridging between the layers forming a 3D
framework (Figs. 1E, 1F). Consequently, the metal cluster of this structure consists of
three Zn?" cations with two different coordination modes similar to the 2D structure in
which the central cation is coordinated to six oxygen atoms of six different BDC
molecules that are shared with other Zn?" cations forming an octahedron, whereas the
two terminal metal cations are coordinated to four oxygens derived from four BDC

molecules forming tetrahedra and connecting the metal nodes across the three

10
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dimensions with two disordered protonated DMA molecules inside the cavity forihifig™°""0**'
a 3D framework with overall formula (DMA),[Zn3(BDC)4-1.5H,0] (Fig. 1D). In
terms of bonding scheme, Zn-O bond lengths for the central and terminal clusters are
almost identical to those of the 2D structure. Specifically, Zn-O bond length of the
central octahedron ranges from 2.037 A to 2.244 A while the bond lengths of the two
terminal tetrahedra are 1.947 A, 1.965 A, 1.976 A, and 1.985 A. Furthermore, the
interatomic distances between the metal centers are also similar to those of the 2D
structure, where the distance between the central and terminal Zn2* cations is 3.266 A,
and the distance between the closest terminal metal cations of two different metal
clusters is 10.36 A.

Notably, the 2D-Zn-MOF and 2D-Mn-MOF share an almost identical structure3®
(Figs. 1C and S1B), except that 2D-Zn-MOF contains some H,O molecules in the

cavities while 2D-Mn-MOF does not (see the chemical formula in the synthesis part).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Powder XRD (PXRD) measurements were used to confirm phase purity (Fig. 2),
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revealing that the calculated and experimental PXRD patterns are identical.
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Fig. 3 illustrates the distinct coordination environments of the three employed
MOF herein: 2D-Zn-MOF, 3D-Zn-MOF, and 2D-Mn-MOF. The two Zn-based MOFs
share structural similarities but differ primarily in their terminal ligands. In
2D-Zn-MOF, aqua ligands (H,O) serve as terminal linkers, while the Zn?* centers in
3D-Zn-MOF coordinate exclusively with BDC linkers, which bridge adjacent layers
covalently (Figs. 3A and B). Consequently, the layers of 2D-Zn-MOF, though
terminated by aqua ligands, are held together by vdW interactions, yielding a

11
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two-dimensional architecture with weak interlayer interactions. In contrast, tir€'18}
of 3D-Zn-MOF are covalently interconnected through BDC linkers, giving rise to a
fully three-dimensional framework (Fig. 3B). The 2D-Mn-MOF presents a markedly
different structural motif at the coordination nodes. It is built around a trinuclear metal
cluster in which all three Mn?* centers are six-coordinate, yet with differentiated
ligand environments. The central Mn?* octahedron is coordinated exclusively by six
BDC linkers, whereas each of the two terminal Mn?* octahedra coordinates with three
BDC linkers and two DMF molecules, with the latter acting as terminal ligands that
enforce layer separation and stabilization through vdW interactions (Fig. 3C).

Thin flakes of MOF transferred to the patterned silicon wafer was first identified
by an optical microscope (e.g., Figs. 4B, S2A and S2E). The flakes were then imaged
by tapping mode AFM (Figs. 4C, S2B and S2F) to measure the thickness of the
membrane and precisely position the AFM tip to the center of the membrane for
nanomechanical test as illustrated in Fig. 4A. Membranes with a thickness between 10
to 30 nm (Figs. 4C (inset), S2D and S2H) were selected for test because (1) the flake
is sufficiently thick to ensure any softening effects due to potential interlayer sliding
will be saturated and the measured E| represents the values of the bulk crystals,? 3>
46 as further confirmed by no clear thickness dependence of E| in the tested range
(Fig. S3); and (2) the flake is thin enough such that the widely used analysis model is
still applicable.3!- 3% 47 As the AFM tip stretched the center of the membrane in Z
direction, the applied force F and the total moving distance of the piezo in the
vertical direction Zpjezo were collected. The membrane’s actual deformation § is

12
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. DOI: 10.1039/D6NR00361C
then determined as: /

6 = Zpiezo — Otip (D
where 6ty = F/k. represents the deflection of the AFM tip.

Under such loading condition, the deformation of the suspended MOF membrane
can be modeled as an isotropic continuous circular membrane with fixed edges and a
point load in the center,* 48 whose F —§& curve is described by Equation (2)
below:34 39. 46

F—Fo = |32 ] (6 — 80) + 037 m(8 — 80) + LEL(6 — 60, @)

where t and a are the thickness and radius of the membrane, respectively; o3”

represents the pre-tension in the membrane due to transfer; Fyand &, indicate the
actual contact point when the AFM tip starts to stretch the membrane; and
q= 1/(1.05 — 0.15v — 0.16v?) with v being the Poisson’s ratio of the material.

Here, we take v = 0.3, which is commonly accepted for hybrid organic-inorganic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

framework materials like MOFs and hybrid organic-inorganic perovskites (HOIPs).!*
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33.49 The first term represents the bending of the membrane while the 2™ term is the
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mechanical response of a membrane with pretension. The last term arises from the
in-plane stretching of the membrane. The experimentally obtained F—§ data is
fitted to Equation (2) with Ej, Fo, 03P and &, taken as fitting parameters to extract
E, values. Representative data (Figs. 4D, S2C and S2G) demonstrates excellent
agreement between the experimental results and the model, confirming the
appropriateness of the model used here.

Figs. SA-C show the histograms of the measured E} for each MOF tested, which

13
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generally follows a Gaussian distribution. Fig. 5D summarizes the mean valtied’and ®°" %**'

standard deviation of the data. E} of 3D-Zn-MOF is 25.9 + 6.3 GPa, which falls in
the range of reported E values of 3D MOFs.!% 12 In comparison, 2D-Zn-MOF
exhibits a much lower E; (11.2 4+ 2.5 GPa). Although 3D-Zn-MOF has slightly
lower amount of H,O in the structure, more small molecules filling the porous
structure in MOF typically gives higher stiffness.’® The observed significant reduction
in E} is thus unlikely due to the variation in H,O, but rather arises from the loss of
continuous load-bearing connectivity because of the elimination of covalent bonding
between the layers (Figs. 1C, F), as found in HOIPs,"> a similar family of materials.
In 3D-Zn-MOF, terephthalate linkers integrate adjacent MOF layers into an extended,
crosslinked network that efficiently suppresses interlayer slip and distortion of the
porous structure. This topological continuity enhances long-range stress transfer,
leading to a high effective in-plane stiffness. Upon dimensional reduction to a 2D
layered configuration, the absence of vertical bridging linkers can have two softening
effects. First, it relaxes some deformation restrictions of the in-plane MOF structure.
This relaxation can introduce additional rotational degrees of freedom at the
coordination nodes, activating architectural “soft modes” that allow the porous
framework to be further deformed, similar to the softening effects arising from
distorting the octahedra and the puckered structure in 2D HOIPs* and black
phosphorous,’! respectively. Second, eliminating the interlayer linkers permits sliding
between adjacent layers upon mechanical loading, which can also reduce the in-plane

stiffness, as suggested by prior studies on 2D materials.’? 33 35 This further implies
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that tuning the interlayer interactions, e.g., by engineering the molecular chenisfry ™" 0**"
and structure of the organic ligands,* via intercalation chemistry,’? or through
environmental factors like temperature3® 33 that affect the interacting forces, can
effectively tune E| of 2D MOFs, as suggested by our recent studies of 2D HOIPs.?*:
46,49

The metal ions are essential components of the coordination nodes in MOF
structures and have been widely used to tailor the functional properties of MOF while
maintaining a similar porous structure.® Surprisingly, although the unconnected 2D
layered structure is retained (Fig. S1), replacing Zn by Mn greatly increases E} to
25.5 + 4.9 GPa, which is almost as stiff as 3D-Zn-MOF. This is unlikely due to the
absence of H,O in the 2D-Mn-MOF because inclusion of small molecules into the
porous structure should increase E|,>° which contradicts our observation. Similarly,

the observed trend is probably not because of the interfaces since the interlayer

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

interaction strength should be comparable owing to the same interfacial chemistry

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 3:06:08 PM.

consisting of BDC ligands.

(cc)

We attributed the change in E; to the deformability of the framework
architecture arising from the node coordination difference. Distortion of architectural
features plays crucial role in dictating the elastic modulus of 2D materials as shown in
black phosphorous and 2D HOIPs. The distortion of the porous MOF structure should
be significantly affected by the nodes. In the tested MOF here, the nodes are formed
by metal atoms coordinated to the oxygen atoms in the BDC ligands. In

2D-Mn-MOF, the node is formed by three joint Mn-O octahedra (Figs. 3C and S1A),

15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00361c

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 3:06:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Page 16 of 33

View Article Online
1039/D6NR00361C

while in 2D-Zn-MOF, it constitutes with one Zn-O octahedron connected Witht\
Zn-0 tetrahedra (Figs. 1A and 3A). This reduced coordination with BDC links makes
the framework weaker and more deformable, and hence results in the structural
softness. Tuning the fine features of the connection topology near the coordination
nodes can be another effective route to engineer E} of 2D MOFs.

We put the tested materials in this study into a density vs. E, Ashby plot,
together with other relevant 2D materials and material categories commonly used in
engineering applications (Fig. 6). Density and Young’s modulus are two widely
considered properties when one selects materials for applications. Owing to the
molecular pores in their structure, MOFs are famous for their relative low density
compared to other condensed solids. The results from our study and earlier 2D MOFs
measured by proper methods allow us to estimate the boundaries for 2D MOFs on this
plot. As shown in Fig. 6, 2D MOFs reside closer to polymers, natural materials (e.g.,
wood) and other hybrid materials (e.g., HOIPs), featuring much lower density and E
than metal and ceramics, as a result of the inclusion of organic components and
porous structures. The hybrid bonding nature and the structural softness mentioned
earlier separate 2D MOFs from conventional 2D materials which have strong, pure
inorganic strong bonds in-plane and no/little architectural flexibility under mechanical
loading. Because of the similar hybrid bonding nature and structural softness (enabled
by distortion of the metal-halide octahedra in HOIPs*%), E; of 2D HOIPs and 2D
MOFs are roughly in the same range, similar to their out-of-plane moduli'> 34,
However, the absence of porous structure in 2D HOIPs give them slightly higher

16


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00361c

Page 17 of 33 Nanoscale

View Article Online

density than 2D MOFs. In comparison, the other 2D family of coordinated pORyiigts] N 001
i.e., the covalent-organic frameworks (COFs),3”> 55 3¢ are much stiffer, due to the
strong covalent bonds that constitute the framework and lack of structural distortion at
the nodes owing to the lack of more deformable metal-coordination structures. The
absence of heavy metal elements in COFs further reduces their density compared to
2D MOFs. However, the metal elements bestow many functional properties upon 2D
MOFs,® which will be challenging to engineer into COFs. Generally speaking, 2D
MOFs provide material options covering the blank area in the material design space
(Fig. 6) that balances softness (flexibility), functionality, and light weight to meet

application needs.

Conclusions

In conclusion, we employed AFM stretching suspended thin MOF membranes

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and measured E| of three structurally related, BDC-coordinated MOFs. 3D-Zn-MOF

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 3:06:08 PM.

exhibits an E} of 25.9 = 6.3 GPa, which drops to 11.2 &+ 2.5GPa in 2D-Zn-MOF. We

(cc)

attributed the in-plane stiffness reduction to the absence of interlayer covalent
bonding, which not only relaxes the in-plane deformation constraints of the MOF but
also allows sliding at the interlayer interfaces. In contrast, 2D-Mn-MOF, coordinated
by the same BDC linker into a similar topology to 2D-Zn-MOF, shows higher E
(25.5 £ 4.9 GPa). A careful examination of the crystal structure suggests that the
enhanced stiffness in 2D-Mn-MOF than 2D-Zn-MOF is likely due to the coordination

differences at the node that affect the deformability of the framework architecture. We
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further constructed an Ashby plot of density vs. E summarizing the major cafégdrigs "o 0>
of 2D materials and other widely used engineering material systems to guide a general
material selection. 2D MOFs offer material options that fill the blank area in the
material design space, balancing softness, functionality, and light weight. Our results
unveil the critical roles of interlayer interactions and structural deformability in
dictating the in-plane stiffness of 2D MOFs, through which the mechanical behavior
of 2D MOFs can be tailored leveraging the abundant chemical options available to

these materials.
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Figures

(A)

(D)

Figure 1. Crystal Structure of the Zn MOFs tested in this study: Top: 2D
Zn3(BDC)3(H,0),-4(DMF); (A) The inorganic part of the material and projection of
the crystal structure along (B) a-axis and (C) b-axis. Bottom: 3D
(DMA),[Zn;(BDC)4-1.5H,0]; (D) The inorganic part of the material and projection of
the crystal structure along (E) a-axis and (F) b-axis.
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Figure 2. PXRD spectra of tested MOFs: (A) 3D-Zn-MOF, (B) 2D-Zn-MOF, and
(C) 2D-Mn-MOF. The red spectra are calculated from the solved single-crystal
structures of the MOFs.
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Figure 3. Metal node coordination environment for: (A) 2D-Zn-MOF, (B)
3D-Zn-MOF, and (C) 2D-Mn-MOF.
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Figure 4. Measuring E; of suspended MOF membranes by AFM: (A)

Schematics illustrating AFM stretching suspended thin MOF membranes to extract
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E,. (B) representative optical image showing thin MOF membranes (2D-Ma-MQFE
here) transferred on the hole-patterned silicon wafer. (C) the tapping mode AFM
amplitude image of the region marked by the dashed box in (B). The amplitude image
gives a better visualization of the suspended region. The inset is the height profile
along the dashed line in (C), showing the thickness of the flake. (D) The
experimentally obtained F — § curve fitted by Equation (2).
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Figure 5. Measured in-plane elastic moduli of MOFs tested here: (A), (B) and (C)
are histograms of the measured elastic moduli data points for 3D-Zn-MOF,
2D-Zn-MOF, and 2D-Mn-MOF, respectively. The histograms are fitted by normal
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distributions. (D) mean values and standard deviation of the elastic moduli data

measured for each MOF tested here.
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Figure 6. Ashby plot of density vs. E; with tested MOFs, other related 2D

materials and main materials used in engineering applications. The ranges for

[{ec

natural materials, polymers, metals and ceramics are adapted from Ref. °7. The ranges
for 2D HOIPs are estimated based on Refs.?> 3% 46 The material data points marked

here and the corresponding references are summarized in Table S10.
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- Details about materials synthesis and x-ray diffraction of the materials investigated,
additional AFM images and representative F vs. § curves, and a summary table of density
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Deposition Numbers 2522895-2522896 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via the joint Cambridge Crystallographic Data
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