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The design and assembly of interlocked supramolecular cages is of interest
due to their exquisite topological configuration and excellent performance in
a variety of applications. We introduce two carbazole-based ligands L1 and L2,
they combine with four distinct half-sandwich rhodium building blocks to
form three molecular-tweezer-like compounds, three interlocked cages, tet-
ranuclear macrocycle, and hexanuclear cage. Stacking interactions between

carbazole groups facilitate the formation of interlocked structures. Single-
crystal X-ray diffraction, Nuclear Magnetic Resonance Spectroscopy and
Electrospray lonization Mass Spectrometry determine their structures. The
compounds 5(0Tf),, 6(0Tf), and 7(0Tf), exhibit broad-band absorption
from Ultraviolet-Visible Spectroscopy to the Near-Infrared regions and
remarkable photothermal conversion. They are incorporated into membranes
5’(0Tf)y,, 6’'(0Th)1,, and 7°(0Tf),, whose applications in solar energy-driven
steam generation are studied. Evaporation rates of 0.77,1.52, and 1.37 kg:-m?-h?!
are recorded for 5(0Tf)y,, 6’(0Tf)y,, and 7'(0Tf)y,, respectively, indicating
their suitability to collect fresh water from desalination and wastewater

treatment.

The synthesis and application of intricate interlocked supramolecular
compounds has attracted increasing attention during the past
decades™. Significant contributions to this field have been done by
Stoddart*, Sauvage®, Fujita®, Stang”®, Nitschke’, Jin'®", and others. Var-
ious sophisticated interlocked structures have been obtained by coor-
dination driven self-assembly or metal-ion templated strategies,
including [2, 3, 4, Slcatenanes”™, 5-fold interlocked [2]catenanes'®,
interlocking two trefoil knots”'®, and triply interlocked [2]catenanes” >,
Their application in photothermal conversion®, catalysis*, and polymer
weaving®, has been studied. Moreover, structural transformation stra-
tegies have also been explored, and various structural conversions of
these intricate compounds were described. Thus, reversibly structural

transformation between double trefoil (3;) and figure-eight knot (4,) was
achieved by introducing/removing potassium ions”. Topological trans-
formation between a D-shaped binuclear metallacycle and a molecular
Borromean ring was observed via controlled oxidation of thioethers™.
Recently, the conversion between a trefoil knot and a Solomon link was
achieved via Diels-Alder click reaction”. These studies enabled the
synthesis and isolation of compounds that were previously difficult or
impossible to form.

Interlocked cages are very rare topological species®°. While the
transformation between interlocked cages and single cages has been
reported™, research on the conversion into other chemical species is
infrequent, as well as application studies.
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Previous research has shown that interlocked supramolecular
structures based on half-sandwich rhodium and iridium building
blocks exhibit significant synthetic advantages, such as directional
coordination, strong crystallinity, and good solubility in a variety of
solvents. In addition, they also display remarkable photoquenching
characteristics. Note that m--1 stacking interactions promote the
enhancement of UV visible absorption and photothermal conversion
performance. And interlocked structures are formed based on the
stacking of large m-conjugated molecules.

In recent years, catenanes®**, knots*?¢, ravels”, and interlocked
cages®**’ based on half-sandwich rhodium and iridium building blocks
were rationally designed and isolated. Some of these interlocked
supramolecular structures exhibited significant photothermal con-
version properties, which could be attributed to the free radical effect
of the half-sandwich units. It is assumed that 1=t stacking interactions
in the compounds hamper the radiative and promote the non-radiative
transition process, thereby enhancing photothermal conversion per-
formance. Solar-driven desalination represents a promising approach
to alleviate global water scarcity by utilizing photothermal conversion
to transform solar energy into heat for water evaporation. Ideal pho-
tothermal materials must exhibit broad spectral absorption and high
energy conversion efficiency. Current research has explored diverse
candidates, such as carbon-based nanomaterials®®, metal oxides",
covalent organic frameworks (COFs)*, and coordination polymers®.
Nevertheless, the development of interlocked coordination supramo-
lecular possessing highly conjugated effect and enhanced photo-
thermal performance remains a critical challenge because of their
synthetic complexity. We hypothesize that the good photothermal
conversion properties and the proven water stability of half-sandwich
based interlocked compounds are useful features for application in
seawater desalination. Besides, the excellent solubility in organic sol-
vents and good crystallinity of these structures allows it to be recycled
as a desalination material, showing its uniqueness compared to other
materials. Thus, selecting suitable half-sandwich based building units
to synthesize multi-interlocked topological structures will show
unique advantages in photothermal seawater desalination field.

Carbazole is a molecule endowed with large m-conjugated planes
that are, in principle, suitable to form stable -1t stacking interactions,
useful for the formation of interlocked supramolecular structures.
Taking this information into consideration, two carbazole-based
bidentate and tridentate ligand precursors (L1 and L2) were pre-
pared and used in this study. Thus, compounds L1 and L2 were mixed
with a series of suitable Cp*Rh (Cp* = pentamethylcyclopentadienyl)
based building blocks, E1(OTf),, E2(0Tf),, E3(0Tf),, and E4(OTf),, in
an attempt to obtain half-sandwich-based interlocked supramolecular
compounds of different sizes. Our research indicated that the
dimensions and chemical properties of the building blocks are a key
factor for the formation of stable, intricate structures. Thus, the metal-
metal non-bonding distance between building blocks must be -7.5 A to
yield m--1t stacking interactions. Three molecular-tweezer-like com-
pounds 1(OTf)g, 2(0OTf)g, and 3(OTf)g, a tetranuclear macrocycle
4(0THf),, three interlocked cages 5(0Tf),, 6(0Tf),, and 7(0Tf) 1, and a
hexanuclear cage 8(0Tf)s were obtained and fully characterized by
single crystal X-ray diffraction analysis, NMR spectroscopy, and ESI-
TOF-MS analysis. Remarkably, m--m stacking interactions were
observed in the isolated interlocked molecular-tweezer-like com-
pounds 1(OTf)g, 2(0Tf)g, and 3(0Tf)g, as well as in the interlocked
molecular cages, promoting different NIR photothermal conversion
effects. Due to the exceptional photothermal conversion capability
exhibited by 5(0Tf)y,, 6(0Tf)1,, and 7(0Tf),,, we used them to prepare
the membranes 5'(0Tf)y,, 6’(0Tf)y,, and 7'(0Tf), by adding inter-
locked cages 5(0Tf)y,, 6(0Tf)y,, and 7(0Tf)y, to a microcellular sub-
strate without any additives, subsequently, the performance in solar
steam generation was tested. The recorded evaporation rate of
membranes 5’ (0Tf),, 6’(0Tf),, and 7’(0OTf);, reached 0.77, 1.52, and

1.37 kg m2h™, which indicates a favorable ability to collecting fresh
water by desalination and wastewater treatment.

Results
Self-assembly of molecular-tweezer-like compounds 1(0Tf)g,
2(0Tf)g and 3(0Tf)g, and tetranuclear macrocycle 4(0OTf),
Mixture of building blocks E1(OTf),, E2(OTf),, or E3(OTf), with ligand
precursor L1yielded three molecular-tweezer-like compounds 1(OTf)g,
2(0Tf)g or 3(0OTf)g, respectively in 87.4%, 86.7% and 87.2% yields. The
self-assembly of building block E4(OTf), with L1 resulted in the isola-
tion of tetranuclear macrocycle 4(OTf)4. Slow diffusion of isopropyl
ether into a concentrated methanolic solutions of these compounds
led to the formation of single crystals of 1(OTf)g, 2(0Tf)g, 3(0Tf)g, and
4(0Tf), suitable for an X-ray diffraction analysis (Fig. 1).
Single-crystal X-ray diffraction studies unambiguously confirmed
the molecular structure of tweezer-like compounds 1(0OTf)g, 2(0Tf)g,
and 3(0Tf)s. They belong to the P21/c, P-1, and P21/n space groups,
respectively. The molecular structure of both compounds, 1(OTf)g,
2(0Tf)g, and 3(OTf)g, exhibited two half-sandwich rhodium building
units connected to two pyridine ligands L1, thereby forming a “boat-
shaped” tetranuclear macrocyclic compound (Supplementary
Figs. 11b, c). A large inner cavity was observed, with the shorted mea-
sured distance between two L1 ligands of 6.67 A. Two identical tetra-
nuclear macrocycles coexisted a clamped manner and built a stable
octanuclear assembly. Compound 2(0Tf)g exhibited slightly twisted
-1t stacking interactions with interlayer distances of 3.39, 3.49, and
3.45A (Fig. 2a, b, e). Similarly, compound 3(0OTf)g also showed Tt--Tt
stacking interactions featuring interlayer distances of 3.43, 3.38, and
3.42 A (Fig. 2c, d). The unique structural features of these molecular-
tweezer-like compounds provide highly valuable reference parameters
for future molecular design. Compounds 2(0Tf)g and 3(0Tf)g were
also characterized by 'H NMR, 'H-'H COSY NMR, and 'H DOSY NMR
spectrum. As expected, the relatively small cavity size would hamper
the generation of a complicated molecular structure. Thus, the com-
bination of building block E4(OTf), (metal-to-metal distance of 5.80 A)
and ligand precursor L1 led to a simple tetranuclear macrocyclic
structure, which was identified by NMR spectroscopy (Supplementary
Figs. 23, 24 and 25) and mass spectrometry (Supplementary Figs. 54a,
55d and 56g).

Self-assembly of interlocked cages 5(0Tf);,, 6(0OTf);, and
7(0Tf);,, and hexanuclear cage 8(0Tf)¢

The self-assembly of ligand precursor L2 with building blocks E1(OTf),,
E2(0Tf),, and E3(OTf), was next investigated. We hypothesized that
the use of a tridentate ligand precursor instead of L1, but endowed
with similar m-conjugated properties, could contribute towards for-
mation of interlocked cages instead of molecular-tweezer-like struc-
tures. Reaction of the building blocks E1(OTf),, E2(OTf),, or E3(0OTf),
with L2 led to the formation of interlocked cages 5(0Tf), (light yel-
low), 6(0Tf);, (brown), or 7(0Tf),, (green), respectively, in 87.5%, 89.1%
or 86.5% yield. The self-assembly of building block E4(OTf), with L1
resulted in the construction of hexanuclear cage 8(OTf)s, which was
identified by NMR spectroscopy and mass spectrometry. Slow diffu-
sion of isopropyl ether into saturated solutions of 5(0Tf)y,, 6(0Tf)y,,
and 7(0Tf)y, in methanol yielded single crystals suitable for an X-ray
diffraction analysis (Fig. 1).

Single-crystal X-ray diffraction analysis of 5(0Tf);,, 6(OTf),, and
7(0Tf)1, confirmed their architectures (Supplementary Figs. 12b, c).
The molecular structures of compounds 5(0Tf),, 6(0Tf),, and
7(0Tf), were categorized into the P21/n, P21/c, and Pc spatial groups,
respectively. The molecular structure of compound 5(0Tf);, showed
each rhodium ion of building block E1(OTf), coordinating one pyridine
nitrogen atom of the carbazole-based ligand L2. Three building units
E1(OTf), formed a self-assembly with two ligands L2 in a coplanar
spatial arrangement, thereby yielding a hexanuclear L,E3(OTf)e
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Fig. 1| Synthesis of compounds 1(0Tf)g, 2(0Tf)s, 3(0Tf)g, 4(0Tf)4, 5(0Th)1,, 6(0TH,, 7(0TH);, and 8(OTf)e, Synthesis of molecular-tweezer-like compounds 1(OTf)g,
2(0Tf)g and 3(OTf)g, tetranuclear macrocycle 4(OTf),, interlocked cages 5(0Tf),, 6(0Tf);, and 7(0OTf);,, and Hexanuclear cage 8(OTf).

Fig. 2 | Molecular structures of molecular-tweezer-like compounds 2(0Tf)g and
3(0Tf)s. a, c side view and representation showing - stacking interactions
between carbazole units; b, d top view and e space-filling representations. Most

hydrogen atoms, anions, and solvent molecules have been omitted for clarity (N
blue, O red, C gray, Rh aqua, Br dark red).

“propeller-shaped” cage. Two identical L,E3(OTf)s cages appeared in
an interlocked fashion, resulting in a dodecanuclear topological con-
figuration (Fig. 3a-c). The two intricately intertwined triangular prisms
featured the carbazole facet of the counterpart occupying the interior
remaining space. A set of quadruple -1t stacking interactions could
be observed by the parallel alignment of aromatic rings in the mole-
cular structure, resulting in a substantial stabilization of the structural
configuration. The measured interlayer distances are 3.25, 3.78, and
3.51A, typical of T stacking interactions. Similarly, T-~Tt stacking
interactions could also be clearly observed in the molecular structure
of compound 6(OTf)y,, featuring interlayer distances of 3.45, 3.51, and
3.31A (Fig. 3d-f).

Subsequently, NMR spectroscopy studies were performed in
CD;0D. The 'H NMR spectrum of 1(OTf)g (Supplementary Fig. 14)
exhibited two similar doublets at 8.09 and 7.51 ppm, respectively,
which were assigned to the protons of the pyridinyl groups of L1.
Furthermore, two sets of signals at 7.18 and 6.78 ppm were assigned to
protons of carbazole groups, as well as the two singlets observed at
7.06 and 6.70 ppm. The signal corresponding to the benzoquinone
proton of the building block E1(OTf), appeared at 5.97 ppm. The
resonance corresponding to the protons of the Cp* group of ligand L1
appeared at 1.84 ppm. Using a combination of 'H-‘H COSY NMR and 'H
DOSY NMR spectra (D=2.59x10°cm?s?) (Supplementary
Figs. 15 and 16), additional signals could be unambiguously assigned,
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Fig. 3 | Molecular structures of interlocked cages 5(0Tf),, and 6(0Tf),,. a, d side view and representation showing t--Tt stacking interactions between carbazole units;
b, e top view; ¢, f space-filling representations. Most hydrogen atoms, anions, and solvent molecules have been omitted for clarity (N blue, O red, C gray, Rh aqua).
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Fig. 4 | ESI-TOF-MS experiment of compounds 1(0Tf)g, 2(0Tfs, 5(0Tf);,, and 7(0Th,. ESI-TOF-MS spectra of (a, e, i) [1(OTf)s-30Tf*; b, f, j [2(0Tf)s-30TF**;

¢, g Kk [5(0Tf);,-50TfP* and d, h, 1 [7(OTf)5-50TF .

indicating the potential formation of an intricate interlocked tweezer-
like structure. In addition, ESI-TOF-MS spectrum of 1(OTf)g displayed a
strong peak at m/z =1495.81 ([1(OTfg-30Tf1*") (Fig. 4a, e, i). Similarly,
the proposed structure of compounds 2(0Tf)g (D=2.65x10"°%cm?s?)
(Supplementary Figs. 17, 18 and 19) and *(OTf)g (D=2.49 x10°cm?s™)
(Supplementary Figs. 20, 21 and 22) was also supported by 'H NMR,

'H-'H COSY NMR, and 'H DOSY NMR spectroscopy. Furthermore, the
ESI-TOF-MS spectrum of 2(0Tf)s displayed a strong peak at
m/z=1562.49 ([2(0Tf)s-30TFT*") (Figs. 4b, f, j). In the 'H NMR spectrum
of 7(0Tf)y, (Fig. 5b), six singlets appeared at chemical shifts 1.94, 1.87,
1.84, 1.76, 1.70, and 1.58 ppm, which were assigned to the protons of
the Cp* group of compound 7(OTf)y,. Additionally, three resonance
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Fig. 5| NMR experiment of compound 7(0Tf),. a 'H DOSY NMR spectrum (500 MHz, CD;0D, ppm) of interlocked cage 7(0Tf);, (2.29 x10°cm?s™) (19.5 mM, with
respect to Cp*Rh); b 'H NMR spectrum (500 MHz, CD;0D, ppm) of interlocked cage 7(OTf)y, (19.5 mM, with respect to Cp*Rh).

sets belonged to pyridine proton signals (8.64, 8.62, 8.60, 8.28, 8.09,
8.08 ppm), as well as the multiplets at 8.46 and 8.15 ppm. The protons
of the carbazole groups displayed resonances at 8.05, 7.47, 6.26, 6.14,
5.51, and 5.14 ppm. The structure of compound 7(0Tf);, was also
supported by 'H-'H COSY NMR (Supplementary Fig. 33) and 'H DOSY
NMR spectra (D=2.29 x10°cm?s™) (Fig. 5a). Interestingly, the ESI-
TOF-MS spectrum of 7(0Tf), exhibited a strong peak at m/z=1514.71
([7(0Tf),-50TFT) (Fig. 4d, h, i). The experimental ESI-TOF-MS mea-
surement was in good agreement with its corresponding theoretical
distribution, thereby indicating the existence of a dodecanuclear
organometallic interlocked cage in solution. Similarly, the proposed
structure of compound 5(0Tf);, (D=2.33x10"°cm?s™) (Supplemen-
tary Figs. 26-29) was supported by the recorded 'H NMR, 'H-'H COSY
NMR, and 'H DOSY NMR spectra. In addition, ESI-TOF-MS spectrum of
5(0Tf), displayed a remarkable peak at m/z=1325.53 ([5(0OTf);»-
50TfT™) (Fig. 4¢, g, k).

Subsequently, the '"H NMR, 'H-'H COSY NMR and 'H DOSY NMR
(D=231x10"°%cm*s™) spectra of compound 6(OTf);, were also
recorded (Supplementary Figs. 30, 31 and 32). The 'H NMR spectrum of
6(0Tf);, revealed six singlets at chemical shifts 1.83, 1.77, 1.75, 1.64,
1.60, and 1.37 ppm, which were assigned to the protons of the Cp*
groups. Additionally, the ESI-TOF-MS spectrum of 6(0Tf)y
exhibited a prominent peak at m/z=2408.55, corresponding to the

[6(0Tf),-30TfP** ion (Supplementary Fig. 54b, e, and h). Next, we
decided to study the effect of varying the concentration and different
polar solvent of compound 6(OTf), on its structural features. Thus, no
significant alterations were observed in the 'H NMR spectra of 6(OTf),
(500 MHz, CD50D, ppm) upon increasing its concentration in CD;0D
from 1 eq. to 5 eq. (Supplementary Fig. 37). In addition, The 'H NMR of
6(OTf);, has been tested in CD3CN (Supplementary Fig. 38). The 'H
NMR spectrum displayed a clear set of proton signals and successfully
assign the signals of 6(OTf);, through 'H-"H COSY spectrum (Supple-
mentary Fig. 39). The 'H DOSY spectrum revealed a single diffusion
coefficient, indicating that only one stoichiometry exists in solution
(Supplementary Fig. 40). Therefore, compound 6(OTf);, exhibits
remarkable structural stability in solution. Moreover, The 'H-'H NOESY
spectroscopy of 5(0Tf);,, 6(0Tf);,, and 7(0Tf);, has been tested to
confirm the spatial relationship of the interlocked structure (Supple-
mentary Figs. 44, 45 and 46).

In an effort to shed light on the role played by the size of the half-
sandwich-based building blocks in the formation of the described
interlocked supramolecular compounds, the Cp*Rh building unit
E4(OTf), was prepared. Compound 8(0Tf)e was formed by mixing L2
and E4(OTf),, and has been isolated in a good yield of 87.8% as a yellow
solid. The 'H NMR spectrum of 8(0Tf), showed a significant number of
resonances, which were unambiguously assigned to protons with the
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1.2, and 1.5 W/cm?; £ NIR thermal images of 6(OTf);, in the spectrophotometer cell;
g, h and i EPR spectra of compounds 5(0Tf),,, 6(0Tf);; and 7(0Tf),

(100 Hz, 298K).

assistance of 'H'H COSY NMR and 'H DOSY NMR spectra
(D=2.69 x107° cm?s™) (Supplementary Figs. 34, 35 and 36). Thus, the
'H NMR spectrum of 8(0Tf) showed sets of doublets at 8.24, 8.16, 7.72
and 7.61 ppm, which belonged to the protons of the pyridinyl groups
of ligand L1. Furthermore, the sets signals at 7.23 and 7.11 ppm were
attributed to the protons of the carbazole groups. While the reso-
nances belonging to the protons of the BiBzlm moiety appeared as two
signals at 8.02 and 7.71 ppm, the signal at 1.93 ppm was attributed to
the Cp* protons. Moreover, The ESI-TOF-MS spectrum of 8(0Tf)¢ dis-
played a significant peak at m/z =1173.86, which was attributed to the
[8(OThe-30TFT* ion (Supplementary Figs. 54c, 54f, and 54i).

Near-infrared (NIR) photothermal conversion studies

Recent studies concerning the application of half-sandwich rhodium
(1) supramolecular assemblies have highlighted the importance of
1Tt stacking interactions to preserve the structure. In addition, the
presence of half-sandwich metal fragments within the assemblies
delivers a useful light quenching phenomenon, which significantly
hampers radiative transition processes while promoting non-radiative
energy transfers. This synergistic effect ultimately allows the achieve-
ment of highly efficient NIR photothermal conversions**. We thereafter
investigated the NIR photothermal conversion ability of

organometallic interlocked cages 5(0Tf)y,, 6(0Tf)1,, and 7(0OTf);,. Note
that their structure exhibits similarities, while the size varies. The
selected molar ratio of compounds 5(0Tf)y,, 6(0Tf)1,, and 7(OTf)y, for
the experiments has been 1: 1: 1, in order to reach the same stacking
quantity. The NIR absorption properties of the compounds at different
wavelengths were initially evaluated. Thus, their ultraviolet-visible (UV-
vis) spectra within a wavelength range from 200 to 1000 nm were
acquired at a compound concentration level of 0.5 mM. Recorded NIR
absorption values of compounds 5(0Tf);,, 6(0Tf),, and 7(0Tf),, at
730 nm were 0.503, 0.843, and 0.336 (Fig. 6a).

Thus, subsequent photothermal conversion experiments were
conducted under laser irradiation at a wavelength of 730 nm. We first
conducted measurements of photothermal conversion by using the
compounds in solid state as a benchmark, and it was observed that
compound 6(0Tf);, exhibited a significantly superior photothermal
conversion effect than compounds 5(0Tf);, and 7(OTf)y, (Fig. 6b, c).
Compound 6(0Tf);, showed a temperature increase of 155.4 °C (from
26.9°C to 182.3°C) at an irradiation intensity of 0.9 W/cm? (Supple-
mentary Fig. 60). Thereafter, solutions of the three compounds
5(0Tf),, 6(0Tf)y,, and 7(0Tf);, underwent photothermal testing at
intensities of 1.5 W/cm?, 1.2 W/cm?, 0.9 W/cm?, and 0.6 W/cm? (Fig. 6d,
e, f), and the recorded results were used to determine the
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photothermal conversion efficiencies (Supplementary Figs. 75,
76 and 77). While the temperature of a methanolic solution of 6(OTf)»
increased substantially (from 28.7 °C to 82.8 °C) under a laser irradia-
tion of 1.5 W/cm? at a wavelength of 730 nm (Supplementary Fig. 68),
the temperature change associated with a solution of 5(OTf)y, in
CH;30H (from 25.0 °C to 37.7 °C) (Supplementary Fig. 67) and 7(0OTf)»
(from 25.0 °C to 49.4 °C) (Supplementary Fig. 69) under the same test
conditions were relatively smaller.

Seawater desalination experiment

Photothermal materials are emerging as versatile platforms for appli-
cations in photothermal therapy (PTT), catalysis, sensing, and drug
delivery**, Furthermore, the interlocking cages boast excellent
structural precision and photothermal conversion efficiency, making
them applicable in more areas. The discrepancies observed in the
photothermal conversion properties of the three compounds 5(0Tf)y,,
6(0Tf),, and 7(0Tf);, may be explained by differences in their
respective half-sandwich rhodium-based building units. Thus, the
electron paramagnetic resonance (EPR) spectra of building units
E1(OTf),, E2(0Tf),, and E3(OTf),, and compounds 5(0Tf),, 6(0Tf),
and 7(0Tf);, were measured. The robust signals recorded are indica-
tive of the presence of unpaired electrons, which aligns with the
charge-transfer interaction observed in the ground state. Note that the
intensity of the signals corresponding to the compounds 5(0Tf)y,,
6(0Tf)y,, and 7(0Tf)y, increased 1.53, 4.99, and 3.69 times in compar-
ison to that of the building units E1(OTf),, E2(0Tf),, and E3(OTf),
(Fig. 6g-i). This experimental result may be attributed to the fact that
Tt stacking interactions in interlocked cages 5(0Tf);,, 6(0Tf);,, and
7(0Tf);, promote non-radiative transitions and suppress radiative
transitions, leading to an increase in the intensity of EPR signals.
Futhermore, the energy levels of building units E1(OTf),, E2(OTf),, and
E3(0Tf), have been calculated so that the difference in the photo-
thermal conversion efficiency of interlocked cages can be explored
clearly. As shown in Supplementary Fig. 82a, b, ¢, the building units
E1(OTf), exhibit a larger bandgap, which translates to a higher energy
requirement for electrons to transition from the valence band to the
conduction band. Certainly, the building units E2(OTf), exhibits the
smallest bandgap; thus, compound 6(OTf), has the best photothermal
conversion efficiency.

The lack and decrease of available freshwater resources is a
serious issue and has become a global matter of concern. Desalina-
tion of seawater represents a suitable solution to this question*',
Owing to the fact that compounds 5(0Tf);,, 6(OTf)1,, and 7(0Tf)»
exhibited remarkable photothermal conversion performance (Sup-
plementary Table 8), we decided to test them in the preparation of
membranes desalination processes. A sample of 6(0Tf)y
(0.01 mmol) was dispersed in 20 ml of deionized water by sonication
for approximately 10 min. Then the membrane 6’(0Tf);, was
obtained by vacuum filtration over hydrophilic cellulose film, fol-
lowed by curing at ambient temperature. Subsequently, membrane
6’(0Tf);, was placed on the top surface of a commercial polystyrene
(PS) foam. The entire structure was embedded in the mouth of a
quartz vessel, and a hydrophilic non-woven fabric strip was used to
link bulk water and membrane 6’(0Tf);, by passing through the
center of the PS foam during water delivery. Measurements of steam
generation promoted by solar energy were carried out with light
intensity of 1kW m™ using a sunlight simulator with the full solar
light spectrum. All the photothermal conversion experiments sum-
marized in this work were conducted under AM 1.5 G, and the mass
change has been measured with an electronic balance connected to a
computer. The area of the membrane 6’(OTf),, used for steam gen-
eration has been 3.14 cm? The temperature of the membrane and the
infrared images have been recorded by using an infrared thermal
imaging camera. The solar-to-vapor conversion efficiency (%) was

evaluated with the following Eq. (1):

m % hy,
= 1
f Coptxqi ()

Where m refers to the net evaporation rate calculated by subtracting
evaporation under dark conditions from evaporation rate under one
sun irradiation (LSkgm™2h™), hy, is the total liquid-vapor phase
transition enthalpy (2260 k] kg™), Cop represents the optical concen-
tration and q; is the nominal solar radiation value of 1kW m™2,

A hydrophilic cellulose membrane was coated with 6’(OTf)y; to
facilitate photothermal water evaporation performance, obtaining a
typical double-layer evaporator. Note that the compound 6(OTf);, was
uniformly distributed on the cellulose membrane substrate (Fig. 7a).
Interestingly, the studied supramolecular compounds exhibited
remarkably different hydrophilicity values. Thus, we systematically
measured the water contact angles of experimental samples and the
cellulose film. The measured angles for the top samples and the bot-
tom cellulose film were 85° and 5°, respectively (Fig. 7b). The super-
hydrophilic bottom of cellulose and the appropriate hydrophobicity of
the upper portion of the sample 6(OTf), ensure efficient water supply
while maintaining rapid vapor escape at the evaporation interface,
ultimately resulting in the highest observed evaporation performance.
The Janus membrane 6’(OTf),, features unique porous properties and
hydrophilicity to promote steam generation. The solar-thermal con-
version of membranes composed of 5(0Tf),, 6(0Tf), and 7(0Tf)1,
was investigated under 1 sun irradiation (1.0kW m™). The surface
temperature of the membranes rapidly increased upon light irradia-
tion and reached 50.5 °C, 52.2 °C, and 51.5 °C, respectively (Fig. 7c, d).
Subsequently, the evaporation performance was further evaluated
using an indoor experimental setup (Fig. 7e). Owing to its Janus
structure and solar thermal conversion, 6’(OTf),, exhibited a higher
evaporation rate (1.52 kg m2h™) than that of 5°(0Tf);, (0.77 kg m=h™)
and 7/(0OTf)y, (1.37 kg m2 h™). Note that the evaporation rate recorded
for 6’(0OTf), is 3.45 times higher than that of bulk water
(0.44 kg m2h™) (Fig. 7). In addition, inductively coupled plasma mass
spectrometry (ICP-MS) showed that the ion concentrations of Na*, K*,
Mg?*, Ca®" in the collected fresh water after evaporation significantly
decreased, fully meeting the drinking water standard indicated by the
World Health Organization (WHO) (Fig. 7g). The membranes demon-
strated remarkable durability under cyclic operation. Over 10 con-
secutive test cycles (6h per cycle), they retained consistent
evaporation rates and photothermal conversion performance (Fig. 7h).
Particularly, when challenged with dye-contaminated wastewater, the
evaporation performance showed merely a 8% reduction compared to
pure water tests, and the sewage is transformed into clear and color-
less water after being purified by our membrane evaporation, con-
firming their resistance to complex aqueous environments
(Supplementary Figs. 80a, b). This combination of cycling stability and
environmental tolerance positions these membranes as promising
candidates for practical solar desalination applications. Compared to
some porous materials such as MOF and COF reported in the literature,
membrane 6’(0Tf)y, is one of the best reported materials for photo-
thermal water evaporation considering its solar-to-vapor efficiency
and evaporation rate (Fig. 7i and Supplementary Table 9).

Discussion

In summary, three molecular-tweezer-like compounds, three
interlocked cages, a tetranuclear macrocycle and a hexanuclear
cage have been prepared and fully characterized. Remarkably, the
interlocked cages have exhibited different photothermal con-
version efficiencies, most likely due to their variable light
quenching influence imparted by the half-sandwich units in the
structure, as well as their internal -1 stacking interactions.
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Recorded electron paramagnetic resonance (EPR) spectra pro-
vided a plausible explanation for their photothermal conversion
performance. Based on the obtained experimental data, we have
developed a series of membranes for the application in seawater
desalination, by incorporating interlocked cages 5(0Tf);,,
6(0Tf)1», and 7(0Tf)y, into a microcellular substrate, without the
utilization of any additives. Membrane 6’(0Tf), fully complies
with hygienic standards, showed favorable stability, and demon-
strated unique potential for water steam production in desalina-
tion processes. These results introduce a new promising
application field for half-sandwich based materials.

Methods

Materials

All reagents and solvents were purchased from commercial sources
and used as supplied unless otherwise mentioned. The starting mate-
rials [Cp*RhCl,], (Cp*=n5-pentamethylcyclopentadienyl)® was pre-
pared by literature methods.

Synthesis of 1(0Tf)g, 2(0Tf)g and 3(0Tf)g

In order to synthesize building blocks E1(OTf),, E2(OTf), and E3(OTf),,
added AgOTf (30.8mg, 0.12mmol) and [Cp*RhCl,], (18.5mg,
0.03 mmol) to 3 mL methanol. The container containing the mixture
was sealed in tin foil and stirred at room temperature for 8 hours, then
the white AgCl precipitate was filtered out by centrifuthe supernatant.

Subsequently 2,5-dihydroxycyclohexa-2,5-diene-1,4-dione (16.8 mg,
0.03 mmol), 5,8-dihydroxynaphthalene-1,4-dione (5.7 mg, 0.03 mmol),
2,5-dibromo-3,6-dihydroxycyclohexa-2,5-diene-1,4-dione (8.93mg,
0.03 mmol) and NaOH (2.4 mg, 0.06 mmol) were added to the above
three filtrates respectively. Then the mixed solution was stirred at
room temperature for 8 h to give a brown, green, and dark brown
solution, building blocks E1(OTf),, E2(OTf), and E3(OTf), were
obtained. Adding L1 (9.6 mg, 0.03 mmol) to the solution, the mixture
was stirred at room temperature for 8 h to give a dark earthy brown,
dark green, and dark brown solution. Finally, the single crystals were
grown by liquid diffusion, and the nonpolar solvent ether was added to
the mixed solution of methanol and acetontrile. The product was
recrystallized from a diethyl ether mixture to afford earthy brown
block-shaped crystals 1(OTf)g, green needle-shaped crystals 2(0Tf)g
and dark brown block-shaped crystals 3(OTf)s.

Characterization data for 1(0Tf)g (Molecular-tweezer-like)

Total yield of crystals: 87.4%, '"H NMR (500 MHz, CD;0D, ppm, with
respect to Cp*Rh): 6 =8.08 (d, 2H, ) = 3.5 Hz, pyridyl-H,), 6 =7.51 (d, 2H,
J=2.0Hz, pyridyl-Hy), 6 =7.18 (d, 1H, ] = 8.5 Hz, carbazolyl-Hy), 6 = 6.78
(d, 1H, ] = 7.0 Hz, carbazolyl-H,), 6 = 6.69 (s, 1H, carbazolyl-H.), 6 =5.97
(s, 1H, benzoquinonyl-Hg), §=1.83 (s, 15H, Cp*-Hg); ESI-TOF-MS (m/z):
[1(0T08'30Tﬂ3+ calcd. for C200H188040N12F2458Rh8, 1495.8121; found,
1495.8113 analysis (calcd., found for C,00H188040N12F24SsRhg): C
(48.67,48.47), H (3.84, 3.74), N (3.41, 3.31).
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Characterization data for 2(0Tf)g (Molecular-tweezer-like)
Total yield of crystals: 86.7%. 'H NMR (500 MHz, CD50D, ppm, with
respect to Cp*Rh): 6§ =8.30 (d, 2H, ] = 6.0 Hz, pyridyl-H,), 6 =7.51(d, 2H,
J=6.5Hz, pyridyl-Hy), 6 =7.72 (d, 1H, ) = 4.5 Hz, carbazolyl-H,), 6 = 7.48
(s, 1H, carbazolyl-H.), 6 =7.27 (d, 1H, ) = 9.5 Hz, carbazolyl-H,.), 6 = 6.44
(d, 2H, naphthyl-H¢), 6=1.64 (s, 15H, Cp*-Hy); BC NMR (500 MHz,
CD;0D): 6 171.8,171.4, 149.9, 149.4, 139.0, 121.9, 119.3, 111.6, 94.9, 56.1,
48.1,47.9,47.8,47.6,47.4,47.2,471,15.9, 7.1, 6.9; ESI-TOF-MS (m/z):
[Z(OTf)8'30Tﬂ3+ calcd. for C216H196040N12F2458Rh8, 1562.4996; found,
1562.4999; analysis (calcd., found for Cy;gH196040N12F24SsRhg): C
(50.52,5032), H (3.85, 3.75), N (3.27, 3.17).

Characterization data for 3(0Tf)g (Molecular-tweezer-like)
Total yield of crystals: 87.2%. '"H NMR (500 MHz, CD;0D, ppm, with
respect to Cp*Rh): 6=8.13 (d, 2H, J=16.5Hz, pyridyl-H,), §=7.56 (d,
2H, J =23.5Hz, pyridyl-Hy), 6=7.18 (d, 1H, J= 60.0 Hz, carbazolyl-Hy),
6=6.77 (d, 1H, J=35.0 Hz, carbazolyl-H.), 6=5.96 (s, 1H, carbazolyl-
He), 6=171(s, 15H, Cp*-Hy). 3C NMR (500 MHz, CD50D): §183.5,183.4,
150.4, 141.3, 141.0, 124.1, 122.9, 122.5, 122.3, 121.6, 119.5, 118.0, 117.2,
110.8, 109.5, 102.0, 101.6, 95.6, 48.0, 47.9, 47.7, 47.6, 47.5, 47.3, 47.2,
7.6, 7.3; analysis (calcd., found for C,p0H;80024N12BrsF24SgRhg): C
(45.23,45.13), H (3.42, 3.32), N (3.17, 3.06).

Synthesis of 4(0Tf),

The first step was to add AgOTf (30.8mg, 0.12mmol) and
[Cp*RhCl;], (18.5mg, 0.03 mmol) to 3 mL methanol. The con-
tainer containing the mixture was sealed in tin foil and stirred at
room temperature for 8 hours, then the white AgCl precipitate
was filtered out by centrifuthe supernatant. Subsequently, 2-(1H-
benziMidazol-2-yl)-1H-benziMidazole (7.03 mg, 0.03 mmol) and
NaOH (2.4 mg, 0.06 mmol) were added to the filtrate. Then the
mixed solution was stirred at room temperature for 8 h to give a
yellow solution, which contains building block E4(OTf),. Ligand
L1 (9.6 mg, 0.03 mmol) was added to the solution. The mixture
was stirred at room temperature for 8 h to give a dark yellow
solution. In the end, upon the addition of isopropyl ether, a dark
yellow brown solid was precipitated and collected. The product
was recrystallized from a diethyl ether mixture to afford dark
yellow brown block-shaped crystals 4(OTf),.

Characterization data for 4(OTf), (Tetranuclear macrocycle)

'H NMR (500 MHz, CD50D, ppm, with respect to Cp*Rh): 6=8.21 (m,
1H,J=9.0 Hz, phenyl-Hg), 6= 8.16 (m, 1H,] = 9.0 Hz, phenyl-H), 6 =7.75
(s, 1H, carbazolyl-H.), §=7.68 (d, 2H, ] = 5.5 Hz, pyridyl-H.), §=7.66 (m,
1H, J=9.0Hz, phenyl-Hg), 6=7.60 (m, 1H, J=9.0Hz, phenyl-Hy),
6=7.22 (d, 2H, J=5.5Hz, pyridyl-H,), 6=7.04 (d, 1H, J=8.5Hz,
carbazolyl-H.), 6 = 6.89 (d, 1H,] = 8.5 Hz, carbazolyl-Hy), § =1.94 (s, 15H,
Cp*-Hp). *C NMR (500 MHz, CD;0D): & 157.0, 156.8, 151.4, 151.0, 144.1,
141.1,124.9,123.8,123.5,123.2,122.9,121.5,119.4,118.9, 115.9, 111.2, 97.2,
97.1, 48.0, 47.9, 47.7, 47.5, 47.4, 47.3, 47.1, 9.0; ESI-TOF-MS (m/z):
[4(OTf)4-20Tf* caled. for CieH106012N14F12S4Rh,, 1178.7008; found,
1178.7021; analySiS (CalCd., found for C116H106012N14F1254Rh4): C
(52.22,52.12), H (4.46, 4.36), N (7.35, 7.25).

Synthesis of 5(0Tf);,, 6(0Tf);, and 7(0Th);,

Adding L2 (9.49 mg, 0.02 mmol) to the solution of E1(OTf),, E2(OTf),
and E3(OTf),, the mixture was stirred at room temperature for 8 h to
give a dark brown, dark green, and dark brown solution. Finally, the
single crystals were grown by liquid diffusion, and the nonpolar sol-
vent ether was added to the mixed solution of methanol and aceton-
trile. The product was recrystallized from a diethyl ether mixture to
afford earthy brown block-shaped crystals 5(0Tf)y,, dark green bar-
shaped crystals 6(0Tf);, and dark brown block-shaped crystals
7(0Tf)y,.

Characterization data for 5(0Tf),, (Interlocked cage)

Total yield of crystals: 87.5%, 'H NMR (500 MHz, CD;0D, ppm, with
respect to Cp*Rh): 6 =8.71 (d, 2H, ] = 5.5 Hz, pyridyl-H,), 6 = 8.54 (d, 2H,
J=5.5Hz, pyridyl-H;), 6=8.14 (d, 2H, ] = 5.0 Hz, pyridyl-H,), 6=8.13 (d,
2H, ) =5.5Hz, pyridyl-Hg), 6 =8.02 (s, 1H, carbazolyl-H,), 6=7.95 (d, 2H,
J=5.5Hz, carbazolyl-Hy), 6 =7.57 (d, 2H, ] =5.0 Hz, phenyl-H,), 6=7.24
(d, 1H, J=9.0 Hz, carbazolyl-Hy), §=6.80 (d, 1H, ] =5.0 Hz, carbazolyl-
Ho), 6=6.04 (s, 1H, benzoquinonyl-H,), 6=1.85 (s, 15H, Cp*-H;). ESI-
TOF-MS (m/2): [5(0OTf)-50Tf** caled. for Csp0H280060N16F36S12RN12,

2408.5520; found, 2408.5544; analysis (calcd., found for
C300H230060N16F36512Rh12)Z C (4887,4867), H (383, 373), N
(3.04, 2.89).

Characterization data for 6(0Tf),, (Interlocked cage)

Total yield of crystals: 89.1%. '"H NMR (500 MHz, CD;0D, ppm, with
respect to Cp*Rh): 6§ =8.75 (d, 2H, ] = 5.0 Hz, pyridyl-H,), 6 =8.56 (d, 2H,
J=7.0Hz, pyridyl-H;), 6=8.15 (d, 2H, ] = 1.5 Hz, pyridyl-H,), 6=7.94 (d,
2H, J=9.0Hz, carbazolyl-Hy), 6=7.72 (d, 2H, J=5.5Hz, phenyl-Hy),
6=6.44 (d, 2H, naphthyl -H,), 6=7.50 (d, 2H, ] =10.0 Hz, phenyl-H),
6=6.63 (d, 1H, ] = 8.0 Hz, carbazolyl-Hy), § = 6.59 (s, 1H, carbazolyl-H,),
6=6.03 (d, 1H, J=8.0Hz, -carbazolyl-H.), 6=6.04 (s, 1H,
benzoquinonyl-Hy), 6=177 (s, 15H, Cp*H). *C NMR (500 MHz,
CD;0D): 6 171.7, 171.5, 171.2, 151.0, 150.8, 150.3, 150.0, 149.8, 139.9,
138.9,126.2,124.7,124.4,123.3,123.2,122.2,116.8, 111.7, 111.6, 111.5, 95.2,
95.0,94.9,94.8,94.7,48.1,48.0,47.8,47.6, 47 .4, 47.3, 47.1; ESI-TOF-MS
(m/Z): [6(0Tf)12'30Tﬂ3+ calcd. for C324H292060N16F36512Rh12, 1325.5317;
found, 1325.5325; analysis (calcd., found for C334H29,060N16F3¢S12Rh12):
C (49.77,49.64), H (3.91, 3.83), N (2.98, 2.87).

Characterization data for 7(0Tf),, (Interlocked cage)

Total yield of crystals: 86.5%. 'H NMR (500 MHz, CD50D, ppm, with
respect to Cp*Rh): 6=8.64 (d, 2H, ] = 6.0 Hz, pyridyl-H,), 6 =8.46 (d, 2H,
J=6.0 Hz, pyridyl-H;), 6=8.09 (d, 2H, J =4.0 Hz, pyridyl-Hy,), 6=8.15 (d,
2H, ) = 6.5 Hz, carbazolyl-H;,), 6 =8.04 (s, 1H, carbazolyl-H.), 6=7.88 (d,
2H, ]=8.0 Hz, phenyl-Hp), 6=6.51 (d, 2H, ] =8.0 Hz, phenyl-Hy), 6=6.26
(d, 1H,J = 8.5 Hz, carbazolyl-Hg), 6 =5.50 (d, 1H, ] = 9.0 Hz, carbazolyl-H,.),
6=1.93 (s, 15H, Cp*-H). BC NMR (500 MHz, CD50D): 6 177.8,177.6, 177.5,
177.3, 151.6, 151.5, 151.2, 151.0, 150.8, 125.1, 124.7, 124.3, 124.2, 121.8, 119.3,
116.7, 96.6, 96.5, 96.3, 94.8, 48.1, 48.0, 47.8, 47.6,47.3,47.1,8.2,79, 7.8,
7.6, 7.5, 7.4, 7.3, 7.2; ESI-TOF-MS (m/z): [7(OTf-50TfF* calcd. for
C300H268060N16F36512Br12Rh12, 1514.7145; fOUnd, 1514.7102; analySiS
(calcd., found for C300H268060N16F36512Br12Rh]_2): C (43.31,43.21), H (3.25,
3.15), N (2.69, 2.59).H (3.42, 3.32), N (3.17, 3.06).

Synthesis of 8(0Tf),

Adding L2 (9.49 mg, 0.02 mmol) to the solution of E4(OTf),. The
mixture was stirred at room temperature for 8 h to give a dark
yellow solution. Then, upon the addition of diethyl ether, a dark
yellow solid was precipitated and collected. The product was
recrystallized from a diethyl ether mixture to afford com-
pound 8(0Tf)e.

Characterization data for 8(0Tf), (Hexanuclear cage)

'H NMR (500 MHz, CD;0D, ppm, with respect to Cp*Rh): §=8.23 (d, 2H,
J=5.5Hz, pyridyl-H,), 6=8.16 (d, 2H, J = 6.5 Hz, pyridyl-H;), 6=8.02 (d,
2H, ) =5.5Hz, phenyl-Hy), 6=7.72 (d, 2H, J = 6.5 Hz, pyridyl-Hp), 6=7.60
(d, 2H, J=4.5Hz, carbazolyl-Hy), 6=7.58 (d, 2H, J=5.5Hz, phenyl-H),
6=7.29 (s, 1H, carbazolyl-H.), 6=7.92 (d, 2H, J=6.5Hz, phenyl-Hy),
6=731 (d, 2H, J=6.5Hz, phenyl-Hy), 6=722 (d, 1H, J=8.0Hz
carbazolyl-Hy), 6=7.11 (d, 1H, ) =8.5Hz, carbazolyl-H.), 6=1.93 (s, 15H,
Cp*Hj). BC NMR (500 MHz, CD50D): & 157.0, 156.8, 156.7, 151.7, 151.2,
150.4, 144.2, 144.1, 143.9, 139.8, 132.7, 127.2, 124.7, 124.7, 123.8, 123.6,
123.4, 123.2, 123.0, 122.7, 121.5, 119.5, 1194, 115.9, 115.8, 110.5, 97 .4, 97.2,
48.0, 479, 47.7, 47.6, 475, 473, 47.2, 9.1, 9.0; ESI-TOF-MS (m/z):
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[S(O-l-f)5,‘30Tﬂ3ﬂL calcd. For C174H158N20F1856018Rh6, 1173.8641; found,
1173.8666; analysis (calcd., found for Cy74H;ssN2oFi1sS6O1sRhg): C
(53.46,53.36), H (4.49, 4.39), N (6.85, 6.75).

Data availability

The X-ray crystallographic data reported in this article has been
deposited at the Cambridge Crystallographic Data Centre (CCDC),
under deposition number CCDC 2428612 (1(0Tf)g), 2400896
(2(0Tf)g), 2400898 (3(0Tf)g), 2400897 (5(0Tf)2), 2400895 (6(0Tf)y,),
2445450 (7(0Tf)1p). These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via [www.ccdc.cam.ac.
uk/data_request/cif]. The authors declare that all other data support-
ing the findings of this study are available within the paper and its
supplementary information files. All data are available from the cor-
responding author upon request.
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