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The uncontrolled assembly of Al(i) octahedra makes the synthesis of related two-dimensional (2D) com-
pounds unpredictable, thus limiting their potential applications. In contrast to traditional synthesis
methods, we propose a stepwise synthetic approach based on aluminum molecular rings. By fine-tuning
the angle of the coordination unit and direction of anchoring modulation, a zero-dimensional (0D) alumi-
num molecular ring (ALOC-196) can be successfully preserved as a unique building block, allowing for the
construction of a targeted 2D configuration (ALOC-197). Notably, the weak interlayer interactions facilitate
its further exfoliation process. Moreover, compared to bulk crystals, nanosheets produced through liquid-
phase exfoliation exhibit enhanced third-order nonlinear optical (NLO) properties. This coordination-
driven self-assembly strategy shows promise in expanding the structural diversity and functionality of
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Introduction

Two-dimensional (2D) nanomaterials (graphene, black phos-
phorus, hexagonal boron nitride, etc.) have demonstrated con-
siderable promise across diverse fields, including opto-
electronics, photonics, and bioimaging, due to their unique
physical, chemical, and electronic properties."* In recent
times, the emergence of crystalline 2D materials such as
metal-organic frameworks (MOFs), covalent organic frame-
works, and hydrogen-bonded organic frameworks has aroused
significant interest.>'° Notably, these materials not only main-
tain the advantages of traditional 2D inorganic materials but
also offer a highly adaptable platform for specific functional
applications. In addition, precise control over the exfoliation
of these crystalline materials into nanosheets is a crucial
method for effectively harnessing their functional
applications.'*™° In general, exfoliated nanosheets have unique
advantages over bulk crystalline materials, such as enhanced
electrical conductivity, fast electron mobility, highly exposed
active sites and ultra-high specific surface areas. However, exfo-
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liation requires the material to possess an inherent stability
that allows it to endure the rigorous exfoliation process.
Consequently, despite the abundance of available 2D crystalline
structures, there are still certain challenges present.

Aluminum-related compounds, renowned for their excellent
stability and natural abundance, have undoubtedly emerged as
promising representative materials."’>' Notably, precise
manipulation of the weak interaction between the layers
within the 2D structure plays a pivotal role in effectively strip-
ping the structure. So far, most of the aluminum-based frame-
works reported in the literature have been presented as three-
dimensional (3D) structures.”>”>® However, achieving precise
control over the synthesis of 2D aluminum-based frameworks
remains challenging, and only a few examples have been
reported.>®7°

Based on our previous work on aluminum molecular
rings,”® we have implemented a coordination-driven self-
assembly strategy using discrete aluminum molecular rings as
a secondary building unit (SBU) to create a novel aluminum
molecular ring-based layer (Scheme 1). Typically, the utiliz-
ation of linkers at the para-position like isonicotinic acid
ligands leads to the formation of 3D aluminum-based
frameworks.>** Bearing this in mind, we adjusted the angle
of the N coordination site and chose nicotinic acid (NA) as the
linker to isolate individual aluminum molecular rings of
AlOC-196, which were then utilized as an SBU to form the
layered AIOC-197. This marks the first instance of an alumi-
num molecular ring-based layer. Furthermore, its ability to
exfoliate into 2D nanosheets is attributed to the controlled
weak interactions and inherent stability (Scheme 1). In com-
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Scheme 1 Schematic diagram showing the stepwise designed syn-
thesis of the layer compound based on the aluminum molecular ring
and the liquid phase exfoliation for nanosheets.

parison to bulk crystal materials, nanosheets showed improved
third-order nonlinear reverse saturation absorption (RSA)
response.

Results and discussion

Reviewing past investigations on 2D aluminum-based frame-
works, the inorganic SBU is typically limited to {AlOs} units or
1D chains (Fig. 1, Table S1t). Notably, in 2010, Riekel et al.
employed the hydrothermal method to create the 2D Al-MOF
MIL-129, featuring a 1D chain as the SBU.?® This chain-type
SBU was also observed in the classic CAU-11 and CAU-15 devel-
oped by the Stock group.”®*® In addition, they contributed the
typical {AlO¢} SBU configuration in CAU-20.>” More recently,
Zhang presented the formation of layers using planar por-
phyrin ligands and {AlOg} units.>® Nevertheless, the construc-

Typical SBUs of 2D AI-MOFs in previous work

(a) MIL-129 (b) CAU-11 (c) CAU-20
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tion of 2D aluminum-based frameworks remains a significant
challenge. On the one hand, inhibiting the 3D growth of the
framework and directing it to form a 2D structure requires
high adaptability tunability of the metal center and organic
ligands. On the other hand, the inherent synthesis difficulties
make it easy to obtain thermodynamically favorable products
with simple structural types, which leads to some challenges
in enriching the structural diversity of SBUs.

Building on our previous studies on aluminum molecular
rings, we have demonstrated that the cluster core of aluminum
rings can be retained even after functional ligand modifi-
cations. Utilizing this as the SBU could potentially allow for
the manipulation of higher-dimensional MOFs by adjusting
the linker while accurately retaining the SBU configuration,
thereby mitigating the complexity in design to some extent.
Additionally, incorporating aluminum molecular rings with
multiple coordination sites into frameworks can facilitate
modulation interactions to adapt to the 2D configuration.
Based on the above considerations, the nicotinic acid was
chosen as the ligand for constructing an additional coordi-
nation site on the aluminum ring. Most importantly, a distinct
distortion angle between the -N atomic site and the carboxylic
acid site within the nicotinic acid ligand is pivotal for achiev-
ing the layer assembly.

Given the significant challenge posed by the facile hydro-
lysis of aluminum(im) in synthesis, the organic aluminum salt
(aluminum isopropoxide, Al(O'Pr);) and organic phase solvent
(propanol) have been selected. Furthermore, prolonging the
synthesis time has also contributed to the crystallization.
Colourless  crystals of  H[Alg(NA);,(p-OH),(OPr")g(Cl)]-4
(C3H,0H)(H,0), namely AlOC-196, were isolated through the
solvothermal reaction of Al(O'Pr);, and nicotinic acid ligand in
propanol at 100 °C. Single crystal X-ray diffraction analysis

This work

(d) AI-TCPP (e) AlIOC-197

Fig. 1 Comparison diagram of typical SBU units in 2D Al-MOF in previous work and this work. (a) Crystal structure of MIL-129 with 1D chain as
SBU.%5 (b) Crystal structure of CAU-11 with 1D chain as SBU.2% Reproduced from ref. 28 with permission from American Chemical Society, Copyright
2014. (c) Crystal structure of CAU-20 with {AlOg} as SBU.%” (d) Crystal structure of Al-TCPP with {AlOg} as SBU.>° (e) The crystal structure of
AlOC-197 constructed with aluminum molecular ring in this work. Color code: green/blue/sky blue is Al light blue is Cu, red is O, blue is N, black/

gray is C, and brown is Cl (the H atoms are omitted for clarity).
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showed that AIOC-196 crystallized in the P2,/c space group
(Fig. S1t). As shown in Fig. 2a, the eight-membered ring
AlOC-196 was composed of eight hexa-coordinate AI** ions, 12
deprotonated nicotinic acid ligands, 8 deprotonated propanol
molecules, and 4 bridged hydroxyl groups. The cluster core
can be seen as 4 groups of edge shared {Al,} units (Fig. S27)
bridged by 4 hydroxyl groups in a common vertex manner and
the inner diameter of the cluster is about 5.8 A. Each group of
the 12 deprotonated nicotinic acid ligands is located at two
bipolar and equatorial positions of the molecular ring, respect-
ively. From the side view, the outer diameter of AIOC-196
reaches 21.3 A and the thickness is about 11.2 A (Fig. 2a). It is
noteworthy that upon meticulous examination of the 3D stack-
ing mode of AlIOC-196, a conspicuous spatial separation is dis-
cerned between adjacent aluminum molecular rings (Fig. S37).
Interestingly, nicotinic acid ligands on adjacent -clusters
exhibit a notable tendency to align in a “head-to-head” orien-
tation, with the distance between N-N measured about 9.6 A
(Fig. 2a). This unoccupied site suggests the potential for
anchoring metal ions, which facilitates the targeted expansion
of discrete aluminum molecular rings into a 2D configuration.

For the purpose of effectively anchoring the free -N site in
nicotinic acid linker, the metal copper ion was chosen owing
to its commendable nitrophilicity (Fig. 2b). Thus, the metal
salt of cuprous chloride (CuCl) was introduced during syn-
thesis through the one-step method.

Also, triethylamine was included as an alkaline regulator to
facilitate crystallization and serve as a template for modulating

(@)

2134
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the spacing between layers. Single crystal X-ray diffraction ana-
lysis revealed that the 2D configuration of blocky crystal
AlOC-197 (Fig. 2b, Table S2%) crystallized in the P2,/c space
group with the molecular formula [AlgCu"Cu'Cl,(NA),(p-
OH),(OPr")g(Cl)]-10(H,0). Different from the traditional SBUs
in aluminum-based MOFs (discrete metal nodes or 1D chain),
2D network AlIOC-197 consists of aluminum molecular rings
{Alg} as SBUs connected copper-halide cluster {Cu,Cl,}
through nicotinic acid ligands (Fig. 2b). Notably, the construc-
tion unit of {Alg} is consistent with the isolated rings of
AlOC-196. And the nodes of the copper-halide clusters
{Cu,Cl,} generated in situ act as “bridges” to directional
anchors the {Alg} rings, demonstrating the feasibility of the
coordination-driven self-assembly strategy. As shown in
Fig. 2b, the problem of the distribution of Cu/Cl occupancy on
the crystallography is mainly attributed to the partial defects
of the crystal itself. Since the 2D structure is induced by weak
interlayer interactions, it may usually lead to disordered stack-
ing between layers and trigger crystal defects, which makes it
difficult to obtain single crystals of good quality (Fig. $41).*® In
the unit of {Cu,Cl,}, the valence states of the Cu ions at the
sides and in the middle are +1 and +2, respectively (Fig. 2b).
Cu(u) was attributed to partial oxidation during synthesis. This
valence configuration was also confirmed by bond valence
sum analysis (Table S31) and the X-ray photoelectron spec-
troscopy (XPS) results (Fig. 3b). Moreover, the Cu-Cl bond
length in the range of 2.2 A to 2.9 A may be caused by Jahn-
Teller effect, which is consistent with the oxidation results of

= YT —

Oxygenophilic Nitrophilic

{Alg} SBU Linker

{Cu,Cl,} SBU

O
2D AlOC-197

Coordination-Driven Self-Assembly

Fig. 2 Coordination-driven self-assembly from 0D aluminum molecular ring AlLOC-196 to 2D network AlOC-197. (a) The top view, side view, and
stacking view of the ALOC-196 cluster. (b) Assembly process and stacking view of 2D AlOC-197 based on AlOC-196 as SBU. Color code: green is Al,
light blue is Cu, red is O, blue is N, black is C, and brown is Cl. (The H atoms are omitted for clarity.)
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(a) Schematic illustration of the liquid phase exfoliation from bulk MOF crystals to AlOC-197 nanosheets. (b) X-ray photoelectron spectra of

AlOC-197. (c) Chemical stability tests of AlOC-197, the PXRD patterns of samples treated in different pH conditions. (d) OA Z-scan curves of the as-
synthesized AlOC-197 bulk crystals and AlOC-197 nanosheets under ns excitation. Inset: The SEM image of bulk crystal AlOC-197 (left) and the TEM
image of its nanosheets (right). (e) AFM image of the AlOC-197 nanosheets. (f) The statistical analysis of the heights of AlOC-197 nanosheets deter-
mined by AFM. (g) OA Z-scan curves of the AlLOC-197 nanosheets at different optical powers.

the valence state.®” All Cl ions are bridging in AlIOC-197. The
Cu-N bond length was within the normal range of about 2.1 A.
As depicted in Fig. 2b, the Cu"CulCl, clusters effectively
anchor specific positions, inducing the originally discrete
aluminum ring to self-adaptively twist, thereby modulating the
positions of nicotinic acid ligands and further reducing the N-
N distance. Accordingly, the bridging nicotinic acid ligand
adopts the pz-n':n'n' coordination mode, further linking the
neutral {Alg} ring and ultimately forming the 2D layer structure
(Fig. S5t). Each {Alg} ring is connected to four copper halide
clusters through nicotinic acid ligands at the equator. Each
copper-halide cluster is connected to four {Alg} SBUs, thus
forming a 4-connected sql topology (Fig. S6-S8t). However,
considering the layered stacking growth of AlOC-197, there
may be partial defects exist within the crystal. Hence, by com-
bining analysis of factors such as atomic occupancy with crys-
tallography, it is speculated that there might be partial defects
in copper halide cluster nodes, possibly including Cu"Cu'Cl,
nodes (Fig. S9 and S10%). In addition, based on the conju-
gation of nicotinic acid ligands, there is a n—r interaction of
about 4.0 A between adjacent 2D layers (Fig. 3a). This non-
covalent interaction between molecules could expand the 2D
layers into a 3D network (Fig. S87). It is worth noting that such
a weak interaction makes it possible to process low-dimen-
sional nanosheets through external stimuli, which provides a
good structural basis for subsequent processing applications.

This journal is © the Partner Organisations 2024

Overall, the aluminum molecular rings that act as coordi-
nation anchors for further assembly are maintained to connect
the copper-halide clusters, resulting in the architectures of
AlOC-197. The EDS mapping of these compounds confirmed
the presence of Al, C, N, O, Cu, and CI (Fig. S97). The presence
of Cu widened the absorption band of the materials, causing
them to change from colorless (AIOC-196, 4.03 eV) to green
(AlOC-197, 2.78 eV) (Fig. S10 and S11f). The preservation of
the {Alg} ring in AIOC-197 was indicated by FT-IR spectroscopy
(Fig. S127).

SEM demonstrated the microns size of AIOC-197 (Fig. 3d
inset). The air and pH stabilities of the materials were con-
firmed by PXRD measurements (Fig. 3c, Fig. S13 and S14f%).
The thermal stability of the compounds was characterized by
thermogravimetric analysis (Fig. S15t). The total solvent-acces-
sible volumes of AlOC-196, and AlOC-197, calculated by
PLATON were 21.5%, and 18.4%, respectively.

Due to the numerous n—7 interactions within its 2D struc-
ture, AIOC-197 has the potential to exhibit intriguing third-
38741 Accordingly,
open aperture (OA) Z-scan measurements were employed to
evaluate the NLO response of AlIOC-197. As shown in Fig. 3d,
layered AIOC-197 bulk crystals show an obvious NLO response
compared to AIOC-196. This is predominantly due to the angle
modulation of adaptive steric hindrance caused by AlIOC-197
after anchoring copper halide clusters, which results in a more

order nonlinear optical (NLO) properties.
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compact packing mode. Such closer packing distance (4.0 A)
and n-7m interaction promote electron coupling, thereby
affecting the polarizability and enhancing the third-order NLO
performance (Fig. 3a). Furthermore, the incorporation of
copper-halide clusters not only provides an abundance of elec-
tronic states but also effectively narrows the band gap from
4.03 eV (AIOC-196) to 2.78 eV (AlOC-197), which facilitates the
electronic transitions and nonlinear effects. Given the abun-
dant weak interactions (4 A) between layers, there is a potential
for peeling off into smaller nanosheets. Hence, the subsequent
treatment of AlIOC-197 via liquid-phase exfoliation, aims to
enhance its NLO performance (Fig. 3a). Notably, the high
stability of AIOC-197 ensured that the nanosheets maintained
their integrity throughout the exfoliation process, resulting in
uniform and smooth surfaces, as evidenced by the SEM and
EDS image (Fig. 3d inset, Fig. S16 and S177). The atomic force
microscopy (AFM) provided further corroboration, revealing an
average height of 13.11 nm and showcasing the consistent
nanosheet thickness at the nanoscale (Fig. 3e and f). These
findings underscore the critical importance of inherent stabi-
lity and weak interactions of AlOC-197 in producing high-
quality nanosheets.

To elucidate the effect of size on the NLO performance, the
NLO response of AIOC-197 nanosheets was tested in detail.
Compared to the corresponding bulk AlOC-197 suspension,
the exfoliated nanosheets exhibited significantly enhanced
NLO performance (Fig. 3d). This enhancement could be attrib-
uted to the material’s increased surface area and uniform
structure, leading to more efficient NLO properties.
Furthermore, detailed experimentation with incident pulse
energy under nanosecond excitation was conducted for the
AlOC-197 nanosheets (Fig. 32). Under ns laser pulses, a sym-
metric valley around Z = 0 appears, indicating a typical RSA
effect, with the normalized transmittance rapidly decreasing
as the sample passed through the focal point, intensifying as
the laser input energy increased. Furthermore, a thorough ana-
lysis was conducted to elucidate the mechanisms underlying
this phenomenon. The band gap of the AIOC-197 nanosheets
is approximately 3.18 eV, which is higher than the excitation
energy (hv < Eg < 2hv for one photon at 532 nm) (Fig. 5187).
This indicates that the observed RSA response can be attribu-
ted to the two-photon absorption (TPA) mechanism. TPA is an
NLO effect where ground-state electrons simultaneously
absorb two photons, transitioning to the excited state via a
virtual state.”>™*® Similar behavior has been observed in many
typical sheet materials, such as graphene, MoSe,, GeSe, SnSe,
etc. Additionally, to evaluate the NLO performance of AIOC-197
nanosheets, their NLO parameters were compared with those
of other low-dimensional materials as outlined in Tables S4
and S5.1 The findings indicate that the NLO characteristics of
the AlOC-197 nanosheets are comparable to or exceed the
reported values for MoSe, nanosheets, Sb nanosheets, GeSe
nanosheets, SnSe nanosheets, Cqy, BN nanosheets, and CuS
nanosheets.** Hence, the NLO performance of eco-friendly
AlOC-197 nanosheets has significantly improved, rendering a
promising for utilization in photonic devices.
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Conclusions

In conclusion, we present a straightforward coordination-
driven anchoring site design strategy to expand the 0D alumi-
num molecular ring (AIOC-196) as a structural building unit to
form a 2D aluminum-based framework (AIOC-197). Furthermore,
the stable AlIOC-197 allows for efficient exfoliation from bulk
crystals into high-quality nanosheets, thereby enhancing non-
linear optical absorption and demonstrating potential in opto-
electronic applications such as optical switching, modulation,
and laser protection. With the feasibility of the coordination-
driven self-assembly strategy, the structural diversity of 2D
aluminum metal-organic frameworks can be expanded
through controlled anchoring of metal sites.
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