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ABSTRACT
We report the realization of a two-dimensional analog of the archetypical metal-organic framework UiO-66 as a Langmuir mono-

layer, constructed from preformed metal oxo clusters and amphiphilic terephthalic acid ligands at the air–water interface.

Structural changes of the metal oxo clusters in aqueous solution were elucidated to clarify their role in interfacial self-assembly

at the water surface. Langmuir balance studies demonstrated that self-assembly with specifically designed organic linkers pro-

ceeds through a coordination-driven process. The resulting films were characterized by complementary techniques to determine

their morphology, thickness, and composition. Based on these findings, a packing model of the monolayer was proposed. Finally,

we extended this coordination-driven self-assembly strategy beyond aqueous systems to form, for the first time, monolayers at the

air–N, N-dimethylformamide interface.

1 | Introduction

Efforts devoted by scientists in the late 20th century toward crys-
tal engineering sparked the discovery of metal–organic frame-
works (MOFs), an exceptional class of crystalline materials
with unparalleled physical properties including high porosity
and large surface area, as well as tunable architectures [1].
The accumulation of knowledge and a revival of interest among
chemists in designing materials with meticulous control on their
molecular architecture subsequently laid the foundation for retic-
ular chemistry, enabling the systematic synthesis of a vast array
of MOF structures. This breakthrough facilitated their rapid tran-
sition from the laboratory to the market, with several commercial
products employing MOFs in applications ranging from gas stor-
age to separation [2–4]. Nevertheless, their full potential remains
constrained by technical bottlenecks primarily attributed to the

poor utilization of metal sites, limited accessible surface area, and
limited mass transport within MOFs [5, 6]. To tackle these chal-
lenges, MOFs can be size-tuned to 0D, 1D, or two-dimensional
(2D) supramolecular architectures while maintaining crystallin-
ity. Among them, 2D MOF nanosheets are an interesting class of
materials due to their milder reaction conditions and more con-
trollable synthesis approach, and properties that differ from bulk
analogs [7]. 2D MOFs comprise a single layer or multiple layers
of such hybrid nanosheets stacked in one direction. Such a lay-
ered structure enables 2D MOFs to enhance the accessibility of
active metal sites, resulting in higher catalytic activity [8–10],
improved porosity and specific surface area [11], and better elec-
trical conductivity compared to their bulk analogs [12, 13].

The inorganic nodes of MOFs are typically constructed using
mono- to tetravalent metal cations. Recently, there has been
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significant interest in MOFs featuring tetravalent cations, partic-
ularly with group 4 metals (Zr4+, Hf4+) due to their remarkable
chemical and hydrothermal stability, structural tunability, and
biocompatibility [14–16]. Notable examples include UiO-66
and MOF-808; which are constructed from Zr6O4(OH)4 second-
ary building units (SBUs), where an octahedral zirconium oxo
cluster core is connected to polytopic benzene carboxylate linkers
to generate rigid 3D structures [17, 18]. Group 4 metal oxo
clusters are discrete molecular compounds [19]. The simplest
example is a Zr6 cluster capped with carboxylate ligands,
Zr6O4(OH)4(OOCR)12 (Scheme 1A). The Zr6O4(OH)4

12+ core
consists of six zirconium and eight μ3-oxygen atoms in an octa-
hedral arrangement, stabilized by twelve surrounding carboxyl-
ate ligands. Notably, Zr6 clusters can dimerize to form Zr12
clusters if the capping carboxylate ligands lack branching at
the α-carbon (Figure 1A) [20, 21]. Because of the lanthanide con-
traction, hafnium closely mimics zirconium in size and chemis-
try, giving rise to isostructural clusters and MOFs [19, 22].
Typically, MOFs are synthesized from metal precursors where
metal oxo clusters form in situ before coordinating with organic
ligands [23]. Lately, preformed metal oxo clusters have been used
as SBUs in MOF synthesis to reach better morphological control
and improved synthetic procedures [24]. Several Zr [15, 25–30],
Hf [31, 32], and even mixed Zr-Hf [31] that could not be obtained
through conventional solvothermal synthesis have been synthe-
sized starting frommetal oxo clusters as SBUs. Although all these
syntheses involved either mechanochemical or solvo(hydro)ther-
mal methods, starting from clusters does not necessarily require
harsh reaction conditions such as high temperatures or toxic sol-
vents like N, N-dimethylformamide (DMF). To date, most of the
Zr/Hf-based 2D MOFs and metal–organic layers are synthesized
from metal chlorides through bottom-up solvothermal synthesis
[11, 33–41]. Top-down strategies for fabricating Hf-based 2D
MOFs have also been explored [42]. Methods exploiting
surfactant-mediated pseudoassembly to produce ultrathin 2D

MOF nanosheets have also been reported, wherein the coordina-
tion ability of surfactants is utilized to weaken the interlayer
interactions [43]. Zr oxo clusters have also been utilized as pre-
cursors for the seeded growth of UiO-66 membranes at room
temperature [44]. However, despite the advances, metal oxo clus-
ters have not been explicitly utilized as metal sources for synthe-
sizing the highly desirable group 4 2D MOFs or metal–organic
coordination networks (MOCNs).

One of the most widely used bottom-up approaches for synthe-
sizing 2D MOFs and MOCNs is the interface-assisted method,
where metal ions or clusters react with organic linkers at
liquid–liquid, liquid–solid, or liquid–gas interfaces [45]. At the
air–water interface, the Langmuir–Blodgett (LB) technique pro-
vides a confined 2D space for assembling ultrathin MOF nano-
sheets. The resulting layers can be transferred onto substrates for
characterization and applications [46, 47]. The LB method has
been used to produce several 2D MOFs or MOCNs, but mostly
with metal ions rather than multinuclear clusters as inorganic
nodes [48–51].

Herein, we report the first synthesis of a group 4 2DMOCN at the
air–water interface, using tailor-made metal oxo cluster SBUs,
achieved under mild, room temperature conditions. We target
the 2D analog of UiO-66, where the well-known terephthalic acid
links Zr6 SBUs. To confine the growth of 2DMOCN at the surface,
we designed a series of amphiphilic terephthalates with hydropho-
bic alkyl chains and hydrophilic carboxylate groups (Scheme 1B),
which can readily form rigid monolayers at the surface of aqueous
solutions containing low concentrations of clusters (Scheme 1C).
The 2D MOCN monolayers were systematically investigated with
the Langmuir balance method and Brewster angle microscopy
(BAM). By combining findings from several techniques, including
X-ray photoelectron spectroscopy (XPS), time-of-flight secondary
ion mass spectrometry (ToF-SIMS), cryogenic scanning transmis-
sion electron microscopy (cryo-STEM), ellipsometry, atomic force

SCHEME 1 | (A) Structure of M6-acetate cluster (M6O4(OH)4(OOCR)12), where the M6O8H4 core is capped with twelve acetate ligands, M= Zr/Hf.

Cyan atoms represent zirconium or hafnium, all other atoms follow conventional CPK coloring. (B) Structure of synthesized amphiphilic terephthalates.

(C) Schematic model of 2D MOCN at the air–water interface.
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microscopy (AFM), and X-ray reflectivity (XRR), we elucidated the
structure of the 2D MOCN. Furthermore, we advanced the
Langmuir monolayer technique beyond aqueous systems by har-
nessing coordination-driven self-assembly to form, for the first
time, Langmuir monolayers at the air–DMF interface.

2 | Results and Discussion

2.1 | Synthesis of Clusters and Amphiphiles

In this work, we aim to construct a two-component monolayer in
which an amphiphilic ligand is spread at the air–water interface,
while the second component, Zr12 orHf12metal oxo clusters, is
introduced from the aqueous subphase. Achieving this assembly
requires the synthesis of tailor-made amphiphiles and clusters.
We synthesized Zr12- and Hf12-acetate clusters from their
respective metal alkoxides according to our previous reports
[20]. Pair distribution function (PDF) analysis verified the cluster
structure (Figure 1B and Figure S1), consisting of two M6O8 cores
connected through four intercluster bridging acetates. Inspired
by the well-known MOF linker 1,4-benzenedicarboxylic acid
(BDC), we developed amphiphilic derivatives that retain the car-
boxylate coordination sites while incorporating hydrophobic alkyl
chains to promote monolayer formation at the air–water interface.
Accordingly, we synthesized six amphiphilic terephthalates
starting from 2,3-dihydroxyterephthalic acid (Scheme 2). First,
the carboxylic acid groups were protected through esterification.
Subsequent alkylation of both hydroxyl groups with alkyl halides
yielded the methyl ester derivatives of the desired amphiphiles.

Further saponification in basic conditions restored the carboxylate
functionality that can be further exploited to coordinate with clus-
ters. Among the synthesized amphiphiles, two possessed fluori-
nated aliphatic chains (6, 7) to facilitate XPS measurements. All
synthesized molecules were characterized with 1H, 13C, 19F
NMR, and high-resolution mass spectrometry (HR-MS) (see sup-
porting information).

2.2 | Cluster Stability in Water

Unlike conventional MOCN formation through the Langmuir
method, which typically employs simple metal ions as the sub-
phase species, our approach utilizes preformed metal oxo clus-
ters. To ensure the structural integrity of these clusters under
the experimental conditions, we evaluated their behavior in
water. The clusters were readily soluble in water at 10 mM

FIGURE 1 | (A) The crystal structure ofHf12-acetate cluster. Hydrogen atoms are omitted for clarity. Blue atoms represent hafnium, all other atoms

follow conventional CPK coloring. (B) PDF fit for synthesized Hf12-acetate cluster in solid-state with its crystal structure. See Table S1 for refined

parameters. (C) Structure model of μ2-oxo-bridged Hf12-formate cluster fragmented from the crystal structure of Zr36-formate. (D) PDF fit for

10 mM aqueous solution of Hf12-acetate cluster with the structure model of μ2-oxo-bridged Hf12-formate. See Table S2 for refined parameters.

SCHEME 2 | Synthetic route of amphiphilic terephthalic acids. (a)

H2SO4, methanol, reflux, overnight. (b) 1-haloalkane, K2CO3, DMF,

85∘C, 3–12 h. (c) KOH, THF/water, reflux, 3–12 h.
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concentration, forming a homogeneous acidic solution (pH 3.77).
The carboxylate ligands on the cluster can be exchanged with
hydroxylates and water molecules according to several reported
Zr-based MOFs [52–54]. Hydroxylate ligands can also act as
intercluster bridging ligands that connect two Zr6 monomers
[55]. Such ligand-dependent speciation is observed in literature.
In the absence of carboxylates, at low pH, Zr(IV) predominantly
exists as a tetrameric species - [Zr4(OH)8(OH2)16]

8+ in water, fea-
turing a square Zr4 core stabilized by eight bridging μ2-OH
ligands [56]. A stepwise increase in acetic acid concentration
and pH cause the Zr4 species to undergo a structural rearrange-
ment to form a hexanuclear cluster in water [57]. To verify the
structural integrity of our M12 clusters in water, we performed
PDF analysis in aqueous solutions. We selectedHf12 clusters for
core characterization due to the higher atomic number and con-
sequently, a higher contrast for X-ray scattering. Surprisingly, the
cluster structure changed in water, specifically in the intercluster
atomic distances, without altering intra-Hf6 distances (Figure
S2). To elucidate the structural changes in detail, we fitted the
experimental data with various models. The best fit was obtained
with aHf12 structure extracted from the larger structure of Zr36-
formate (CCDC 2002902), where two Hf6 monomers are linked
through μ2-oxo bridges, with Rw= 0.20 (Figure 1C,D) [58]. The
PDF data showed good agreement with other oxo-bridged Hf12
structure models (Figure S3). Dimerization of Zr6 units through
oxo bridges has been reported for Zr6-acetate clusters incubated
in water at 60°C [59]. When the inter-cluster bridging acetates
were replaced with oxo-bridges, the Hf6 monomer units come
closer, thereby shortening the inter-cluster Hf–Hf distances, as
revealed by PDF analysis. Such oxo-bridgedM12 clusters can also
act as metal nodes in MOFs [42, 60–62], even with terephthalate
linkers forming hexagonal close-packed (hcp)M12-UiO-66 [63, 64].
We observed the same structural transformation to oxo-bridged
clusters when PDF measurements were performed immediately
after dissolution or after incubation at room temperature for up

to 48 h (Figure S4). We further expanded the PDF analysis to exam-
ine the effect of pH and various modulators on cluster structure.
Interestingly, the proposed structure remained stable across a
pH range of 1–4, despite the presence of concentrated acetic acid,
formic acid, or hydrochloric acid (Figure S5). The cluster structure
was slightly different below pH 1.

2.3 | Langmuir Monolayer Studies

The interfacial self-assembly properties of amphiphilic tereph-
thalates on pure water and aqueous solution of Zr12/Hf12 ace-
tate clusters were studied using the Langmuir balance technique.
2,3-Dioctyloxyterephthalic acid (3) failed to form stable mono-
layers on pure water as evidenced by the absence of surface pres-
sure increase upon compression (Figure 2A). In contrast, when
the subphase was supplemented with a low concentration of oxo
clusters (i.e., 10 μM), the terephthalate derivative formed a stable
Langmuir monolayer, displaying a collapse pressure as high as
40 mNm−1. The formation of a stable Langmuir monolayer
exclusively in the presence of oxo clusters in the subphase
strongly supports a mechanism involving ligand exchange,
whereby acetate ligands are displaced by terephthalate amphi-
philes to enable robust self-assembly. Monolayer formation
was further studied by means of BAM. The lack of contrast
on micrographs of terephthalate acquired on pure water con-
firmed its inability to form monolayers at the interface
(Figure 2B–D). The presence of zirconium or hafnium acetate
clusters in the subphase led to the spontaneous formation of a
monolayer even before barrier compression as evidenced by
the presence of bright islands, further confirming a ligand
exchange-driven assembly mechanism (Figure 2E–G). Subsequent
compression brought the monolayer islands closer together
until they merged and eventually covered the whole inter-
facial area.

FIGURE 2 | (A) Surface pressure-area compression isotherms of 3 on pure water and on aqueous solutions containing 10 μM of Zr12 or Hf12

acetate. BAM micrographs of a monolayer of 3 on pure water (B–D), and on a 10 μM Zr12-acetate aqueous solution (E–G), before compression

(B, E), at the isotherm takeoff (F), and at a surface pressure of π= 20mNm−1 (G). Scale bar: 100 μm.
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Similar to 3, the propyl analog (2) did not form a monolayer on
water but, instead, formed monolayers on cluster solutions
(Figure S7). Interestingly, longer aliphatic chain-substituted
terephthalic acids, such as 2,3-didodecyloxyterephthalic acid
(4) and 2,3-dioctadecyloxyterephthalic acid (5), were amphiphilic
enough to form stable monolayers at the air–water interface.
Nonetheless, both also formed rigid self-assembled monolayers
on cluster solutions (Figures S8 and S9). Finally, we evaluated
the effect of hydrophobic fluorinated analogs. Both 2,3-bis((5-
fluoropentyl)oxy)terephthalic acid (6) and 2,3-bis(4,4,4-trifluor-
obutoxy)terephthalic acid (7) could not form monolayers on
water but formed monolayers on cluster solutions (Figure
S10 and S11).

BAM measurements showed that the monolayer morphology on
cluster solutions was similar for all the studied amphiphiles.
However, slight differences were observed in the Langmuir iso-
therms, which can be further analyzed using various parameters.
From a typical Langmuir isotherm, characteristic values can be
extracted to better explain the self-assembly process such as lim-
iting molecular area (Alimit), collapse pressure, slope, and static
elastic modulus (εs) (Figures S12 and S13 and Table S5).
Remarkably, the slopes of fluorinated terephthalates were lower
than those of their alkylated counterpart, indicating the forma-
tion of less rigid layers. They also showed larger molecular areas.
The limiting molecular areas were in the range of 60–110 Å2/tere-
phthalate. The broad range can be attributed to the shape of the
isotherm and varying slope.

2.4 | Monolayer Characterization

Themonomolecular layer of 3 prepared on both Zr12-acetate and
Hf12-acetate was transferred at a surface pressure of 25mNm−1

onto solid substrates (i.e., highly oriented pyrolytic graphite-
HOPG and silicon/silicon dioxide coated with octadecyltrichlor-
osilane-OTS) through the Langmuir–Schaefer (LS) method.
Contact angle measurements carried out on layers transferred
to OTS-coated-Si substrates showed a static contact angle of
86.6∘, which is consistently lower than that of the unmodified
substrate (110.6∘). This confirmed the successful transfer of the
monolayer (Figures S14 and S15). In addition to monolayer trans-
fer, multilayer films were also deposited using the LB method to
obtain thicker samples suitable for ToF-SIMS. Ten layers of
3-Zr12 and 3-Hf12 were deposited on mica substrate at a surface
pressure of 25 mNm−1.

The incorporation of Zr12 clusters into the monolayer was stud-
ied by XPS (Figure 3A,B and Figure S16). The Zr3d region exhib-
ited two peaks corresponding to Zr3d5/2 and Zr3d3/2 located at
182.7 and 185 eV, respectively [65, 66]. Deconvolution of the
C1s spectrum revealed peaks assigned to carbonyl carbon
(C═O) at 288.8 eV, Zr─O─C at 286.0 eV, and aliphatic C─C at
284.3 eV. The C═O signal could originate from either the acetate
ligands on the cluster or amphiphile 3. To confirm the presence
of amphiphiles in the monolayer, XPS analysis was also per-
formed on a monolayer of fluorine-containing terephthalate 7,
prepared on Zr12-acetate clusters and transferred onto HOPG
at a surface pressure of 25 mNm−1. Both zirconium and fluorine

FIGURE 3 | X-ray photoelectron spectra of the monolayer of 3 prepared on Zr12-acetate, transferred on HOPG substrate. Both (A) Zr3d and (B) C1s

spectra are shown. C1s spectrum is deconvoluted into contributions corresponding to carbon atoms in different chemical environments, including

aliphatic/aromatic carbon, C–O-containing species, carbonyl carbon, and carbon atoms associated with Zr–O–C environments. (C) ToF-SIMS negative

ion mode spectra of 3-Zr12 transferred on mica substrate, with UiO-66 provided as a reference. (D,E) Shows the spatial distribution of ZrO3H
− and the

amphiphile 3 fragment, respectively. Scale bar= 100 μm; MC=maximum counts.
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signals were detected, confirming the co-existence of the clusters
and amphiphilic molecules within the monolayer structure
(Figure S18). The Zr/F ratio was 70:30. However, it should be
noted that when covered with a monolayer, the substrate is more
hydrophilic, leading to the retention of residual subphase drop-
lets, which may account for an elevated Zr signal. This suggests
that the actual Zr/F ratio is likely less than the observed ratio.
Zr–O–Zr, Zr–O–C, and carboxylate oxygens were also detected
after deconvoluting O1s spectra (Figure S17) [66]. Similar results
were obtained for 3-Hf12monolayer, with the Hf4f region show-
ing Hf4f7/2 and Hf4f5/2 peaks at 17.3 and 19.0 eV, along with anal-
ogous C1s and O1s signals (Figure S19).

To verify the chemical composition and spatial distribution of the
monolayer, ToF-SIMS analyses were performed. The amphiphile
3 alone, drop-cast on a Si wafer, exhibited both pseudomolecular
ions and characteristic fragment ions (Figure S20). Due to exten-
sive ionization and fragmentation inherent to the technique, a
multilayer film of 3-Zr12 on mica was analyzed instead of a
monolayer, as monolayers typically yield low signal intensity
owing to the limited amount of analyte within the probing depth.
Although species containing both the cluster and amphiphile
together could not be detected due to the extensive fragmentation
during the analysis, fragments corresponding to individual com-
ponents were readily observed. As a control, UiO-66 bulk MOF
synthesized from ZrOCl2⋅8H2O was also drop-cast and analyzed
[67]. Notably, zirconium oxo cores appeared as (ZrO2)nH

+ and
(ZrO2)nOH

− in positive and negative ion modes, respectively
(Figures 3C and S21). For UiO-66, the dominant zirconium
oxo fragments correspond to n≤ 6, in agreement with the
Zr6O4(OH)4 node, while higher n-species are strongly suppressed
in intensity. In contrast, the MOCN sample exhibited intense sig-
nals with n values up to 12, consistent with the presence of
dimeric Zr12 cluster nodes in aqueous solution and in the mono-
layer, as evidenced by PDF analysis. The presence of amphiphile
3 on the monolayer was identified through characteristic frag-
ment ions at m/z= 108.02 (2-hydroxyphenolate radical) and
152.02 (2,3-dihydroxybenzoate radical), see Figure 3C. The

ToF-SIMS ion images of ZrO3H
− and amphiphile 3 fragment

ion at m/z= 108.02 confirm a homogeneous distribution of both
zirconium oxo cluster nodes and amphiphiles across the mono-
layer, see Figure 3D,E. Analogously, the 3-Hf12 layers exhibited
hafnium oxo fragments appearing as (HfO2)nH

+ and
(HfO2)nOH

− in the positive and negative ion modes, respectively
(Figures S22 and S23). Signals with n values up to 12 were
observed, consistent with the presence of dimeric Hf12 cluster
nodes, and the corresponding ToF-SIMS ion images confirm a
homogeneous lateral distribution of both hafnium oxo clusters
and amphiphile 3 across the layer.

Low-dose, cryo-STEM was employed to analyze the morphology
of the monolayer. The 3-Zr12monolayer sheets were transferred
onto lacey carbon copper TEM grids using the LS method. The
illumination and imaging conditions were carefully optimized to
enable high-resolution imaging of the monolayer regions. The
collection angle of the high-angle annular dark-field (HAADF)
detector yielded the prominent atomic number-sensitive image
contrast. As shown in Figure 4A, several regions of the mono-
layer are suspended across the vacuum windows of the lacey car-
bon grid, confirming the free-standing nature of the film. The
cryo-STEM HAADF imaging was complemented by spectrum
imaging (SI) using the dedicated SuperX energy-dispersive
X-ray spectroscopy (EDS) module of the STEM instrument.
The Zr-Lα, O-Kα, and C-Kα signal maps (Figure 4B–E) evidenced
the spatial distribution of Zr, O, and C within the monolayer
films. The Zr Lα-map traces the spatial distribution of the oxo
cluster nodes, while the C Kα-line maps highlight the organic
linkers and contributions from the amorphous carbon support.
The O Kα-line signal reflects oxygen atoms present in both the
nodes and linkers. The correlation of these elemental maps con-
firms the uniform coverage of the 3–Zr12 monolayer across the
imaged region. To assess the periodic nature of the layers,
atomic-resolution imaging was attempted (Figure 4F). Owing
to the high electron-beam sensitivity of the material, even
low-dose conditions (<10 pA probe current, 5 ms dwell time,
1k × 1k resolution) led to rapid degradation of the monolayers

FIGURE 4 | Spectrum image analyses of a representative specimen region. (A) High-angle annular dark-field (HAADF) STEMmicrograph of 3-Zr12

monolayer. The dark gray areas correspond to the amorphous lacey carbon support, while the black regions represent the vacuum windows in the foil.

Yellow arrows highlight the free-standing (suspended over the windows) 3-Zr12 monolayer sheet, whereas the blue arrows mark regions of the lacey

carbon covered by the monolayer. (B–D) Elemental maps extracted from the spectrum image: (B) O-Kα, (C) Zr-Lα, and (D) C-Kα. Scale bar: 500 nm.

(E) EDX spectrum acquired from the entire imaged area. (F) HAADFmicrograph of a monolayer region recorded at higher magnification under damage-

free conditions (pixel size 130 pm, 1k × 1k resolution, 5 μs dwell time, <10 pA probe current), revealing the quasiperiodic nature of the sheet. Encircled

regions highlight repeating structural motifs with characteristic dimensions of 4–5 nm.
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at magnifications above 755,000× (Figure S24). As a result, imag-
ing was limited to pixel sizes no smaller than 130 pm, preventing
fast Fourier transform (FFT) evaluation and precluding unam-
biguous crystallographic analysis. Nevertheless, HAADF images
acquired at the highest achievable damage-free resolution reveal
quasi-periodic contrast along the monolayer sheets (Figure 4F).
The observed repeating features have characteristic length scales
of approximately 4–5 nm and were consistently detected across
multiple cryo-STEM sessions and independent monolayer
specimens.

The thickness of the layers was evaluated with ellipsometry.
A 20-min UV/ozone treatment of silicon wafers formed a native
oxide layer of 1.8 nm, which is in good agreement with the liter-
ature [68]. Subsequent treatment with OTS yielded a second layer
with a thickness of 2.7 nm. Considering that a fully stretched OTS
molecule is 2.64 nm long [69], the observed thickness suggests a
well-ordered surface modification. Finally, LS transfer of a
3-Zr12 or 3-Hf12 monolayer onto the OTS-coated silicon wafer
increased the total thickness by approximately 3.1± 0.3 nm or
2.8± 0.2 nm, respectively, as determined using the Cauchy
model, see Figures S25, S26 and Table S6. The refractive index
of the monolayer, determined from fitting, was 1.4± 0.1, which
is consistent with literature values reported for UiO-66 [70].
Consistent with ellipsometry measurements, AFM images

confirmed that the monolayer has a thickness of approximately
3 nm (Figure 5A and Figure S27). A zoomed-in micrograph
reveals surface features of the monolayer, showing a roughness
of up to 1.5 nm (Figure 5B). To gain insight into the monolayer
structure at the interface prior to transfer, we performed synchro-
tron XRR measurements (Figure 5C). The monolayer of 3 on
10 μM Zr12-acetate subphase at a surface pressure of
10 mNm−1 can be described by a simple single-layer model, with
a thickness of 11.41± 0.16 Å and an average scattering length
density (SLD) of 18.85± 0.28 × 10−6 Å−2. Importantly, the thick-
ness obtained from XRR corresponds only to the portion of the
monolayer protruding above the aqueous subphase, while the
model does not fully capture contributions from the cluster core
extending into the water. Similar underestimations of thickness
for submerged or partially buried features have been reported in
XRR studies of nanoparticle monolayers [71–73]. Nonetheless,
the average SLD reflects contributions from the Zr12 cluster,
terephthalate linker, and octyl chains (See Figure S28 and
Table S7 for detailed calculations). The method of average
SLD has previously been applied to azobenzene glycolipids,
where the relatively low contrast compared to phospholipids pre-
vented clear resolution of distinct boundaries between the head
and tail regions [74]. In addition, the cluster-containing subphase
exhibits a slightly higher SLD (10.18± 0.03 × 10−6 Å−2) compared

FIGURE 5 | (A) AFMmicrograph of the 3-Zr12monolayer transferred onto an OTS-coated silicon wafer. (B) Magnified view of a selected region. The

overlaid lines in both images indicate the positions of the line profiles shown below, highlighting the height variations across the monolayer. (C) X-ray

reflectivity curve and fit of 3-Zr12 monolayer on 10 μM Zr12-acetate subphase at a surface pressure of 10 mN m−1. The corresponding depth profile is

shown in (D). (E) Molecular dimensions of oxo-bridged Zr12 cluster node and amphiphile 3. (F) Side view and (G) top view of the proposed packing

model for the monolayer.
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to pure water, reflecting the contribution of dissolved cluster
units. The depth profile of the SLD and fitting parameters are
given in Figure 5D and Table S8, respectively.

Combining the compositional information obtained from PDF,
XPS, and ToF-SIMS, and with the height analysis from ellipsom-
etry, AFM, and reflectivity, we propose a packing model for the
self-assembled MOCN monolayer (Figure 5F,G). The structure
model was derived from hcp-UiO-66, where oxo-bridged Zr12
cluster nodes are connected through terephthalate linkers
[64]. Unlike Zr6-UiO-66, a single layer of hcp-UiO-66 can be con-
fined within a plane as a monolayer. The long aliphatic chains
protrude outward from the interface, while the planar hcp-UiO-
66 layer forms the observed monolayer. Each Zr12 node is
coordinated to six terephthalate linkers, corresponding to a the-
oretical molecular area of 67 Å2 per linker. This value aligns
closely with the limiting molecular areas (Alimit) of 62.2 and
60.1 Å2/terephthalate observed for 2-Zr12 and 2-Hf12, respec-
tively, in Langmuir monolayer studies, which further confirms
the structure model. While our investigations at the air–water
interface revealed the coordination-driven nature of monolayer
self-assembly, the spontaneous monolayer formation immedi-
ately after spreading the amphiphile suggests a distinct kinetics
governing the assembly process. As all our experimental results
are consistent with monolayer formation being driven primarily
by coordination rather than amphiphilic self-assembly, we
sought to evaluate whether such monolayers could also form
at the surface of an organic solvent with reduced polarity.
This system offers a contrasting environment to assess the gen-
erality of the coordination-driven assembly process.

2.5 | Monolayers on DMF

DMF is a critical solvent in the synthesis of group 4 MOFs due to
its ability to coordinate with metal centers, hydrolyze to regulate
the acidity of the reaction medium, and direct the assembly of the
framework structures [75, 76]. The formation and stabilization of
Zr6 SBUs have been demonstrated in DMF at room temperature
[77]. Given that bulk UiO-66 crystallizes and remains insoluble
in DMF, a monomolecular layer of a similar system is also
expected to remain stable in DMF. Here, we extended our
Langmuir monolayer experiments—originally performed on
water to DMF, which is an unusual medium for Langmuir stud-
ies. Although Langmuir monolayers on nonaqueous subphases
are extremely rare, a few reports exist. For example, iron oxide
nanoparticle monolayers were formed at the air–dimethylsulfox-
ide (DMSO) interface through drop-casting method [78]. The
classic criterion for the formation of a Langmuir monolayer is
that the amphiphile should be insoluble or sparingly soluble
in the subphase [79]. The insolubility ensures that the amphi-
phile is confined at the air–liquid interface. When amphiphiles
are too soluble, they tend to dissolve into the bulk, preventing
monolayer formation under equilibrium conditions. We found
that our amphiphile 3 is highly soluble in DMF, with solubility
exceeding 100 g L−1.

Coordination-driven self-assembly demonstrated above can be
used to “lock” soluble amphiphiles at the interface before they
diffuse into the subphase. The strategy relies on the kinetics
of coordination being faster than the kinetics of dissolution.
Tuccitto et al. demonstrated that Co2+ ions can prevent the

hydrolysis of diiminic ligand to dialdehydic compound and sub-
sequent dissolution into the aqueous subphase [80]. In their
study, diimine amphiphiles formed monolayers at the air–water
interface but progressively hydrolyzed into dialdehydes, decreas-
ing the surface pressure. Coordination with Ni2+ stabilized the
imine functionalities and effectively trapped the ligands at the
interface. Nickel coordination can also suppress the slower dis-
solution of amphiphilic cyanoferrate complexes by forming sta-
ble 2D networks [81]. Herein, we report the first example of a
Langmuir monolayer formed at the air–DMF interface using
an amphiphile soluble in DMF.

PDF analysis of a 10mM solution of Hf12-acetate clusters in an
80:20 DMF/water mixture revealed the same oxo-bridged dimeric
Hf12 structure as observed in pure water, confirming that the
presence of a high concentration of DMF does not alter the clus-
ter structure (Figure S29). Langmuir monolayer studies were per-
formed at the air–DMF interface using the Langmuir balance
method. 10 μM solution of Zr12-acetate cluster in DMF (with
0.06% water) served as the subphase, while the amphiphile 3
was spread at the interface as a solution in THF/diethyl ether
(1:4, 1 mgmL−1). The surface pressure-area isotherm measured
is shown in Figure 6A. The shape of the isotherm closely resem-
bles that obtained at the air–water interface. However, the col-
lapse pressure was reduced to approximately one-quarter of the
value observed on water, which can be attributed to the lower
surface tension of DMF (37.1 mNm−1 at 20 ∘C) compared to
water (72.8 mNm−1 at 20 ∘C) [82]. Moreover, a 3–4-fold decrease
in the apparent molecular area per terephthalate unit was
observed, indicating partial dissolution of the amphiphile into
the DMF subphase. A comparable phenomenon was reported
by Tuccitto et al., who observed that 64%–75% of the amphiphile
hydrolyzed and dissolved into the subphase without coordinating
to metal ions [80]. Despite this solubility, a fraction of the amphi-
phile is locked at the interface due to coordination with Zr12 oxo
clusters, resulting in the formation of a stable interfacial
monolayer.

BAM was used to image the monolayers at the air–DMF inter-
face. Considering the refractive index of DMF (1.43 at 20∘C), the
Brewster angle was adjusted to 55∘ (See Figure S30). The resulting
BAMmicrographs (Figure 6B,C) revealed rigid monolayers, com-
parable to those obtained at the air–water interface. The mono-
layers were subsequently transferred onto OTS-coated Si wafers
using the LS method at a surface pressure of 5 mN m−1.
Successful transfer was confirmed by contact angle measure-
ments (Figure S31), after which the deposited monolayers were
subjected to compositional and height analyses. XPS spectra of
the Zr3d, C1s, and O1s regions were consistent with those
obtained for monolayers prepared at the air–water interface.
Importantly, no signals were detected in the 390–405 eV range,
confirming the absence of N1s contributions and indicating that
no residual DMF remained in the monolayer (Figures 6D and
S32). Further confirmation of the monolayer composition was
obtained from ToF-SIMS measurements, which identified char-
acteristic Zr12 nodes (Figure S33). Finally, AFM and ellipsome-
try revealed a layer thickness of approximately 3 nm, in good
agreement with the thickness observed for monolayers formed
at the air–water interface (Figures 6E, and S34, Table S10).
Collectively, these results demonstrate that monolayers formed
at the air–DMF interface adopt a structural model analogous
to those prepared at the air–water interface.
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Both DMF and water are known to coordinate to Zr6 oxo clusters
through oxygen atoms, effectively acting as ligands. For instance,
milling of Zr6-methacrylate cluster with DMF results in the for-
mation of Zr6O4(OH)4(OMc)12(DMF)4 crystals [27]. Likewise,
numerous Zr6 clusters have been reported with water in the
coordination shell [83–86]. In addition to coordination, both
DMF and water are capable of forming hydrogen bonds with
the Zr-OH of the bulk UiO-66 node [87]. Given that the mono-
layer structure closely resembles a 2D analog of hcp-UiO-66,
we propose that similar interactions between the subphase
and the 2D framework—either via coordination or hydrogen
bonding—stabilize the monolayer at both air–water and air–
DMF interface.

An analogy can be drawn between the solvothermal synthesis of
MOFs and the interfacial formation of 2D MOCNs. In conven-
tional solvothermal synthesis, zirconium precursors and tereph-
thalic acid linkers are dissolved in DMF in the presence of
modulators (e.g., acetic acid, formic acid, or hydrochloric acid).
Upon heating, this homogeneous solution yields bulk UiO-66
crystallites, which are insoluble in DMF. Similarly, when pre-
formed Zr12 SBUs are dissolved in DMF and amphiphilic tere-
phthalate ligands are spread at the liquid interface, coordination
leads to the formation of a 2D UiO-66-type sheet. The hydropho-
bic alkyl chains on the ligands inhibit out-of-plane growth, thus
confining crystallization to a monolayer at the interface. Acetate
ligands of Zr12 exchanged with oxo bridges get released into the
solution, and may act as modulators. While the bulk MOF

formed under solvothermal conditions represents a thermody-
namic product, the interfacial monolayer is considered a kinetic
product stabilized by spatial constraints and amphiphilic
interactions.

3 | Conclusion

We investigated the speciation behavior of Zr12- and Hf12-ace-
tate clusters in aqueous media, revealing that intercluster bridg-
ing carboxylates undergo exchange with oxo-bridges. The
resulting oxo-bridged Zr12 clusters act as SBUs of hcp-UiO-66,
enabling the formation of the first 2D metal–organic coordina-
tion network consisting of a single sheet of hcp-UiO-66 at the
air–water interface. This also represents the first example of a
Langmuir monolayer incorporating metal oxo clusters, rather
than single metal ions. The monolayers were successfully trans-
ferred onto various solid substrates using Langmuir–Blodgett and
Langmuir–Schaefer techniques, preserving their structural integ-
rity. We further extended the methodology to DMF, reporting the
first Langmuir monolayer formed at the air–DMF interface. The
behavior on DMF revealed the coordination-driven self-assembly
nature of the monolayer, drawing a clear analogy to the solvo-
thermal synthesis of UiO-66. While the latter yields thermody-
namic bulk crystallites, the interfacial monolayer represents a
kinetic product stabilized by amphiphilic surface confinement.
These findings offer a foundation for the interfacial fabrication
of 2D MOF-like networks using preformed oxo clusters and open

FIGURE 6 | (A) Surface pressure-area compression isotherm and (B,C) BAM micrographs of the monolayer of 3 on 10 μM Zr12-acetate solution in

DMF, recorded at the isotherm takeoff (B), and at a surface pressure of π= 5mNm−1 (C). Scale bar: 100 μm. (D) X-ray photoelectron spectra (Zr3d

region) of 3-Zr12 monolayer formed at the air–DMF interface, transferred on OTS-coated silicon wafer. (E) AFM micrograph of the 3-Zr12 monolayer

transferred from the air–DMF interface onto an OTS-coated silicon wafer, with corresponding height analysis.
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new directions in the design of self-assembled monolayers, with
future efforts aimed at enhancing intrinsic stability to enable
more definitive structural characterization and broaden potential
applications.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: PDF fit for synthesized Hf12-
acetate and Zr12-acetate clusters in solid-state with their crystal struc-
tures. See Table S1 for refined parameters. Supporting Fig. S2: PDF
fit for 10 mM aqueous solution of Hf12-acetate and Zr12-acetate clusters
with their crystal structures. See Table S2 for refined parameters.
Supporting Fig. S3: PDF fit for 10 mM aqueous solution ofHf12-acetate
cluster with different structure models extracted from the crystal struc-
tures of zirconium analogs.S13–S15 See Table S2 for refined parameters.
Supporting Fig. S4: PDFs of a 10 mM aqueous Hf12–acetate solution
measured immediately after dissolution and after 48 hours, fitted using
the μ2-oxo-bridged Hf12–formate structural model. Refined parameters
are given in Table S3. Supporting Fig. S5: PDF for 10 mM aqueous solu-
tion of Hf12-acetate cluster with different concentrations of acetic acid,
formic acid, or hydrochloric acid. The pH of the final solution and the
goodness of fit (Rw) after fitting with Hf12-formate from Hf36 structure
model are also mentioned. See Table S4 for refined parameters.
Supporting Fig. S6: BAM micrographs of a monolayer of 3 on a 10
μM Hf12-acetate aqueous solution (A–C), before compression (A), at
the isotherm takeoff (B), and at a surface pressure of π=20 mN m-1

(C). Scale bar: 100 μm. Supporting Fig. S7: (A) Surface pressure-area
compression isotherms of 2 on pure water and on aqueous solutions con-
taining 10 μM of Zr12 orHf12 acetate. BAMmicrographs of a monolayer
of 2 on pure water (B), on a 10 μM Zr12-acetate aqueous solution (C–E),
and on a 10 μMHf12-acetate aqueous solution (F–I), before compression
(B, C, F), at the isotherm takeoff (D, G), and at a surface pressure of π=20
mN m-1 (E, I). Scale bar: 100 μm. Supporting Fig. S8: (A) Surface pres-
sure-area compression isotherms of 4 on pure water and on aqueous sol-
utions containing 10 μM of Zr12 orHf12 acetate. BAM micrographs of a
monolayer of 4 on pure water (B-D), on a 10 μM Zr12-acetate aqueous
solution (E-G), and on a 10 μM Hf12-acetate aqueous solution (H-J),
before compression (B, E, H), at the isotherm takeoff (C, F, I), and at
a surface pressure of π=20 mN m-1 (D, G, J). Scale bar: 100 μm.
Supporting Fig. S9: (A) Surface pressure-area compression isotherms
of 5 on pure water and on aqueous solutions containing 10 μM of
Zr12-acetate. BAM micrographs of a monolayer of 5 on pure water
(B-D), and on a 10 μM Zr12-acetate aqueous solution (E-G), before com-
pression (B, E), at the isotherm takeoff (C, F), and at a surface pressure of
π=20 mNm-1 (D, G). Scale bar: 100 μm. Supporting Fig. S10: (A) Surface
pressure-area compression isotherms of 6 on pure water and on aqueous
solutions containing 10 μM-acetate. BAM micrographs of a monolayer of
6 on pure water (A), and on a 10 μM Zr12-acetate aqueous solution (C–E),
before compression (B, C), at the isotherm takeoff (D), and at a surface
pressure of π=20 mN m-1 (E). Scale bar: 100 μm. Supporting Fig. S11:
(A) Surface pressure-area compression isotherms of 7 on pure water and
on aqueous solutions containing 10 μM-acetate. BAM micrographs of a
monolayer of 7 on pure water (B), and on a 10 μM Zr12-acetate aqueous
solution (C–E), before compression (B, C), at the isotherm takeoff (D),
and at a surface pressure of π=20 mN m-1 (E). Scale bar: 100 μm.
Supporting Fig. S12: Parameters of a typical Langmuir isotherm.
Supporting Fig. S13: Molecular areas (A), collapse pressure (B), slope
(C) and static elastic modulus (D) of different amphiphiles (2-7) on a
10 μM Zr12-acetate aqueous solution. Static elastic modulus is defined
as the negative of first derivative of the Langmuir isotherm.
Supporting Fig. S14: Water-droplet based contact angle measurements
on OTS-coated Si wafer before (A) and after (B) 3-Zr12 monolayer trans-
fer. Supporting Fig. S15: Water-droplet based contact angle measure-
ments on OTS-coated Si wafer before (A) and after (B) 3-Hf12
monolayer transfer. Supporting Fig. S16: X-ray photoelectron survey
spectra of the monolayer of 3 prepared on Zr12-acetate, transferred on
HOPG substrate. Supporting Fig. S17: O1s XPS of the monolayer of
3 prepared on Zr12-acetate, transferred on HOPG substrate. The O1s
spectrum is deconvoluted into contributions corresponding to oxygen
atoms in different chemical environments. Supporting Fig. S18:

(A) Zr3d, (B) F1s, (C) O1s, and (D) C1s X-ray photoelectron spectra of the
monolayer of 7 prepared on Zr12-acetate, transferred on HOPG substrate.
The O1s and C1s spectra are deconvoluted into contributions correspond-
ing to oxygen and carbon atoms in different chemical environments,
respectively. Supporting Fig. S19: (A) Survey spectra, (B) Hf7f,
(C) O1s, and (D) C1s X-ray photoelectron spectra of the monolayer of
3 prepared on Hf12-acetate, transferred on OTS-coated silicon wafer.
The O1s and C1s spectra are deconvoluted into contributions correspond-
ing to oxygen and carbon atoms in different chemical environments,
respectively. Supporting Fig. S20: ToF-SIMS positive (yellow) and neg-
ative (blue) ion mode spectra of 3 on silicon wafer. Supporting Fig. S21:
ToF-SIMS positive ion mode spectra of 3-Zr12 transferred on mica sub-
strate, with UiO-66 provided as a reference. Supporting Fig. S22:
(A) ToF-SIMS negative ion mode spectra of 3-Hf12 transferred on mica
substrate. B and C show the spatial distribution of HfO3H

− and the amphi-
phile 3 fragment, respectively. Scale bar = 100 μm; MC = maximum
counts. Supporting Fig. S23: ToF-SIMS positive ion mode spectra of
3-Hf12 transferred on mica substrate. Supporting Fig. S24: HAADF
STEM micrograph illustrating electron-beam-induced damage in the
3–Zr12 monolayer. The image was acquired at higher magnification
(pixel size 91 pm, 1k × 1k resolution, 5 μs dwell time, <10 pA probe cur-
rent) compared to damage-free imaging conditions. Despite the identical
probe current, the increased electron dose density leads to structural
decomposition of the monolayer. Beam-damaged regions are indicated
by arrows. Supporting Fig. S25: Ellipsometric measurements of (A) bare
silicon wafer with native silicon oxide layer, (B) octadecyltrichlorosilane
(OTS) modified silicon wafer, and (C) monolayer of 3 prepared on Zr12-
acetate, transferred on OTS-coated Si wafer. The thickness of layers is
provided in Table S6 . Supporting Fig. S26: Ellipsometric measurements
of 3-Hf12 monolayer, transferred on OTS-coated Si wafer. The thickness
of layers is provided in Table S6. Supporting Fig. S27: (A) AFM micro-
graph of the 3-Hf12monolayer transferred onto an HOPG. (B) Magnified
view of a selected region. The overlaid lines in both images indicate the
positions of the line profiles shown below, highlighting the height var-
iations across the monolayer. Supporting Fig. S28: Schematic illustra-
tion of the different regions of the monolayer contributing to the
overall scattering length density. Supporting Fig. S29: PDFs of 10
mM solution of Hf12-acetate cluster in DMF-water (80:20) mixture mea-
sured immediately after dissolution and after 48 hours, fitted with the
μ2-oxo-bridged Hf12–formate structural model. Refined parameters are
given in Table S9. Supporting Fig. S30: Brewster angle micrograph of
the air–pure DMF interface, taken at the Brewster angle (55°). Scale
bar: 100 μm. Supporting Fig. S31: Water-droplet based contact angle
measurements on OTS-coated Si wafer before (A) and after (B) 3-Zr12
monolayer transfer from the air–DMF interface. Supporting Fig. S32:
(A) Survey, and (B) O1s X-ray photoelectron survey spectra of the mono-
layer of 3-Zr12 monolayer formed at the air-DMF interface, transferred
on OTS-coated silicon wafer. In (C), no signals were detected in the 390–
405 eV range, confirming the absence of N1s contributions and thus indi-
cating that no residual DMF remains in the monolayer. Supporting Fig.
S33: ToF-SIMS (A) positive and (B) negative ion mode spectra of 3-Zr12
multilayers formed at the air-DMF interface and transferred onto mica
substrate. Supporting Fig. S34: Ellipsometric measurements of 3-Zr12
monolayer formed at the air-DMF interface, transferred onto OTS-coated
silicon wafer. The thickness of layers is provided in Table S10.
Supporting Table S1: Refined parameters for the PDF fit of synthesized
Hf12-acetate and Zr12-acetate clusters in solid-state with their crystal
structures, M = Hf/Zr. Supporting Table S2: Refined parameters for
10 mM aqueous solution of Hf12-acetate and Zr12-acetate clusters after
fitting with different crystal structures. Supporting Table S3: Refined
parameters for the PDF fit of 10 mM aqueous solution of Hf12-acetate
cluster measured immediately after dissolution and after 48 hours, fitted
using the μ2-oxo-bridged Hf12–formate structural model. Supporting
Table S4: Refined parameters for 10 mM aqueous solution of Hf12-
acetate cluster with different concentrations of acetic acid, formic acid,
or hydrochloric acid after fitting with Hf12-formate from Hf36 structure
model. Supporting Table S5: Parameters obtained from Langmuir iso-
therms for different amphiphiles on Zr12/Hf12-acetate solutions. Area
(A) values are expressed in Å2/molecule. Supporting Table S6: Thick-
ness of the layers obtained from ellipsometry. Supporting Table S7:
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Calculated and experimental scattering length densities of individual
components of the 3-Zr12monolayer. Supporting Table S8: Parameters
determined by fitting the X-ray reflectivity curve. Supporting Table S9:
Refined parameters for the PDF fit of 10 mM solution of Hf12-acetate
cluster in DMF-water (80:20) mixture measured immediately after disso-
lution and after 48 hours, fitted using the μ2-oxo-bridged Hf12–formate
structural model. Supporting Table S10: Thickness of the layers
obtained from ellipsometry.
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