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Design and synthesis of a deep-cavity aluminium-
organic macrocycle to trap dyes and generate
enhanced non-linear optical performances
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The development of a “two birds with one stone” strategy for capturing pollutant molecules and incorpor-
ating new functions provides a promising solution for sustainability. In this work, we designed an unpre-
cedented deep-cavity aluminum-organic macrocycle to trap dye molecules and enhance non-linear
optical performance. Using long building blocks and inorganic aluminum ions at the midriff, we success-
fully isolated a deep-cavity (1.8 nm) macrocycle, with a deeper cavity than classic pure organic macro-
cycles, such as crown ether and calixarenes. We report the accurate locking of the HAO7 dye molecule in
the deep-cavity macrocycle and reveal its trapping mechanism at the molecular level for the first time.
The combined host—guest compound AlOC-136-HAO7 displays altered physical properties, such as a
decreased optical band gap and increased proton conductivity but also exhibits enhanced third-order
non-linear optical (NLO) properties. Combined with theoretical calculations, we confirmed that the
enhancement was attributed to abundant host—guest interactions and the guest-to-guest charge transfer.
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Introduction

In recent years, water contamination with dyes from industries
has become a global concern." This is not only due to vast
amounts discharged (global emissions are nearly 80 000 tons
per year) but also because of the toxicity® and resistance to bio-
degradation (ie., the halflife of hydrolyzed reactive blue 19 is
about 46 years) of dyes.® Particular attention should be given to
azo dyes™ because they are the most commonly used chromo-
phore and account for up to 70% of all produced textiles.
Compared with chemical methods,®® physical adsorption is gen-
erally considered a more efficient, low-cost, and environmentally
friendly method for removing dyes from wastewater.'*™* Ideally,
adsorbents should be designed to utilize these trapped or
adsorbed dyes to realize “Waste to Wealth”. According to some
recent research, such an idea is not a castle in the sky. It has
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mous potential for capturing contaminants and forming valuable materials.

been reported that confining conjugated photonic active dye
molecules in metal-organic frameworks with regular internal cav-
ities could help amplify their function and minimize aggregation-
caused quenching effects.">"*

The first step in turning “Waste to Wealth” is to design peri-
odic shape-matched cavities that can simultaneously be ben-
eficial for investigating the adsorption mechanism. In terms of
crystalline materials, macrocycles, famous for their central cav-
ities for guest inclusion, are promising candidates. Recent
research on macrocycle-dye complexes has been carried out in
aqueous solution,"® while their unambiguous host-guest inter-
action in the solid state is relatively challenging because the
specific structures of shallow cavity macrocycles interact very
weakly with the dyes. Therefore, one solution is constructing a
cavity that is deep enough to bury the dyes. The next step that
we should consider is how to transform host-guest com-
pounds into functional materials. Despite extensive study and
advances in large-cavity macrocycles,'*™° those with deep and
stable cavities are far from abundant.

Based on above presented considerations and our recent
extensive research regarding aluminium molecular rings,?*>* we
are particularly interested in designing deep-cavity macrocycles to
realize “Waste to Wealth”. Although we have developed efficient
synthetic strategies for the isolation of aluminum molecular
rings, most of these are shallow molecular rings lacking a
sufficient buried surface area to encapsulate large-sized guest
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Scheme 1 Diagram showing the designable assembly of macrocycles.
There are three strategies to obtain deep-cavity macrocycles: (I) self-
assembly cyclization achieved using long building blocks; (Il) postmo-
dification (that is, extending the cavity depth of an existing macrocycle);
and () self-assembly cyclization as achieved in this work using long
building blocks and inorganic aluminum ions, which can trap linear
dyes.

molecules. Inspired by the two methods that are currently com-
monly used, self-assembly cyclization by long building blocks>**®
and postmodification®>° (extending the cavity depth of an exist-
ing macrocycle), we herein aim to create a deep-cavity inorganic-
organic macrocycle by employing long building blocks and in-
organic aluminum ions at the midriff (Scheme 1). Considering
the linear and aromatic characteristics of dye molecules, we chose
the long linear ligand indole-2-carboxylic acid (HL 7.3 A) to simul-
taneously act as pillars for constructing deep cavities and bring
potential photo-related applications. The choice of azo dyes as
the target is due to their large proportion in production appli-
cations and their enormous potential as non-linear optical (NLO)
materials due to red-shifted absorption maxima, large dipole
moments, and good thermal stability.>***

Thus, we designed and synthesized a macrocycle with a
deep cavity depth of approximately 2 nm to lock Acid Orange 7
(NaAO7) molecules in a 1:2 ratio and simultaneously enhance
optical performance. It is worth noting that the host-guest
interactions are unambiguously revealed by single-crystal X-ray
diffraction. Such a “lock and key” host-guest complex pos-
sesses a low band gap and notably better third-order non-
linear optical (NLO) effect than those of separate pristine com-
ponent materials and physically doped materials.

Results and discussion

Assembly of deep-cavity aluminum-organic macrocycles and
structural characterization

First, we reviewed the aluminium-organic molecular rings syn-
thesized in recent years. We found a clear trend, whereby the
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macrocycles with alcohol ligands are shallow and those con-
taining only one type of aromatic carboxylic acid ligand have a
large dihedral angle (between the ligand and aluminum in-
organic ring plane) (Fig. 1a) and deeper cavity. Our literature
investigation of all metal-organic ring molecules showed that
although some also have large dihedral angles,**® most of
them are fatty carboxylic acid ligands®’>° and have not
formed regular deep cavities.**™*? First, under the regulation of
alcohol solvents, despite employing long ligands, we consist-
ently obtained similar shallow rings, concordant with the
pattern mentioned above. Therefore, when designing and
synthesizing deep-cavity macrocycles, selecting the right
solvent and using long aromatic ligands are crucial. This
review and discussion provide a foundation for this work’s
design and synthesis of metallocycles with deep cavities.

Colorless decahedral crystals of [Alg(OH)gL;6] (AIOC-136)
were readily obtained in considerable yield by reacting alumi-
num isopropoxide and indole-2-carboxylic acid (HL) in a stoi-
chiometric ratio (1:2) in the presence of acetonitrile.
Acetonitrile effectively prevents the generation of products that
are similar to previous shallow bowl-shaped metallocycles.???
Single-crystal X-ray diffraction (SCXRD) analysis revealed that
AlOC-136 is an eight-membered macro-metallocycle with eight
bridging ~-OH pointing into the center (Fig. 1b and c¢) and crys-
tallizes in the P4nc space group (Table S1T). The asymmetric
unit of AIOC-136 includes two Al(ur) centers, four L ligands,
and two p,-OH groups (Fig. S1at).

Its most prominent structural feature is the presence of a
cavity with a depth of around 1.8 nm, which is significantly
larger than that observed in many classic pure organic macro-
cycles (Fig. 1b and d, and Table $21)."”*>*™*% Al0C-136 pos-
sesses the greatest depth among all the cyclic compounds in
the system (Fig. S2 and S37). The octahedral coordination geo-
metry of aluminum is completed by a deprotonated L ligand,
resulting in 16 L ligands surrounding each metallocycle
(Fig. 1c and Fig. S1%). Intuitively, these ligands can be divided
into axial position (labeled as a, p) and equatorial position
(labeled as vy, n) (Fig. 1b). From the top view, the outer dia-
meter of the ring is 2.5 nm, defined as the distance between
two equatorial positions (y or n) ligands, while the inner dia-
meter is 0.5 nm, defined as the distance between two opposite
-OH (Fig. 1c). The inner diameter of the aluminum molecular
macrocycles is similar to that of a-cyclodextrin,*® larger than
that of crown®® and smaller than that of non-porous pillar[n]
arene (Table S21)."”>! From the side view, four ligands in the a
position form a calixarene-like cavity (defined as the o-cavity),
while four ligands in the p position form the p-cavity (Fig. 1b).
Thus, an hourglass-shaped macrocycle is formed with two
large hydrophobic ends and a small middle hydrophilic cavity.
Its dimensions are 0.8 nm and 1.1 nm for upper-rim lengths,
0.5 nm and 0.8 nm for lower-rim sizes (that is, distances
between the centers of the benzene rings of indole unit)
(Fig. S4t), which stems from the difference in the dihedral
angle (75° vs. 85°) (Fig. 1a and Fig. S5t). AIOC-136 not only has
deep intramolecular cavities (404 A®, the sum of two a-cavities)
(Fig. 1b and Fig. S61) but also intermolecular pores (27.1%

This journal is © the Partner Organisations 2024
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Fig. 1 Molecular structure of AlOC-136. (a) A summary of the dihedral angles of the aluminum molecular rings. The dihedral angles between the
ligand and aluminum inorganic ring plane of representative rings were calculated and are displayed in the form of a bar chart in order from the smal-
lest to largest. (b) Side view of AlOC-136 showing two hydrophobic cavities. The ligands in the a and p positions form two calixarene-like cavities
with different sizes because of the different dihedral angles. The surface and volume of the a-cavity were calculated via the 3 V Volume Assessor
program. The calculated surface area is 423 A2, and the calculated volume is 202 A>. (c) The top octahedral view of the AlOC-136 with an outer dia-
meter of 2.5 nm and inner hydrophilic cavity with a diameter of 0.5 nm. (d) A summary of cavity depth from classic pure organic macrocycles to in-

organic—organic AlOC-136.

according to PLATON calculations) to provide space for guest
inclusion (Fig. S6ct). Gas adsorption further demonstrated
that AlOC-136 has a permanent microporous structure.
Nitrogen adsorption-desorption isotherms collected at 77 K
on activated AIOC-136 exhibited type I behavior (Brunauer-
Emmett-Teller (BET) surface area is 371 m> g~') (Fig. S6d).

8AI(O'Pr), + 16HL + 8H,0 — [Alg(L),,(OH)4] + 24HO'Pr

Adsorption performance for dye molecules by deep-cavity
aluminium-organic macrocycle

To verify the structural stability of AIOC-136, we immersed the
crystal sample of AIOC-136 in an aqueous solution with pH
values ranging from 2-7 and common organic solvents. The
powder X-ray diffraction (PXRD) results confirm its air and
water structural stability (Fig. S17 and S187). The single-crystal
X-ray diffraction images prove that AIOC-136 maintains good
diffraction points after soaking in aqueous acidic solution and
organic solvents such as toluene, ethanol, cyclohexane, DMSO,
DCM, and petroleum ether for 48 h (Fig. S20 and S21+). This
water stability is attributed to the abundance of hydrophobic

This journal is © the Partner Organisations 2024

groups on its structural surface, as demonstrated by its large
contact angle observed in the wettability investigation
(Fig. S2271). Considering the inherent deep-cavity tubular struc-
ture of the compound, water stability, and facile synthesis
(Fig. 3a), we performed adsorption experiments with Acid
Orange 7 (NaAO7), Alizarin Yellow (AY), and Acid Red 27
(AR27) azo dye molecules at 60 °C in water (Fig. S23t). The
hybrid deep-cavity macrocycle exhibited superior adsorption of
NaAO7 molecules (Fig. S247}), which may stem from the linear-
shaped geometry and different hydrophilic and hydrophobic
features of the two ends. This result encouraged us to study its
capture mechanism. However, attempts to determine its
microscopic capture principle through immersion experiments
were unsuccessful because crystallization remained while no
suitable peak could be defined as NaAO7 molecules after
immersion (defined as AIOC-136/, Table S17).

To clarify the NaAO7 capture mechanism, we tried the
cocrystallization method. Fortunately, the red flaky single crys-
tals of AIOC-136-HAO7 were successfully isolated. The one-pot
approach closely relates to the proposed mechanism whereby
anionic dye (AO7) tends to be removed using a highly acidic

Inorg. Chem. Front,, 2024, M, 3777-3785 | 3779
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solution.>> We speculate that excess HL acid ligands during
synthesis create an acidic reaction environment (pH = 4) to
form protonated HAO7, which drives the host-guest combi-
nation process. Such speculation is confirmed by isolating the
same host-guest product using other acidic substances, such
as aluminum chloride and methylacrylic acid. A more intuitive
analysis comes from the electrostatic potential map (ESP) cal-
culation (Fig. 2c).>® We discovered that the hydrophilic center
of the cavity of AIOC-136 is highly electropositive (0.06), and
should thus be inclined to interact with the protonated HAO7
species. For the first time, we made a clear elucidation at the
molecular level, as the mechanism of anionic AO7 capture has
been speculative for a long time.>*

Single-crystal analysis showed that AIOC-136-HAO7 crystal-
lized in the C2/c space group (ESI video S1t). Its asymmetric
unit included five Al(ur) centers, eight L ligands, a protonated
AO7 guest molecule (HAO7), and four -OH, as well as two
acetonitrile molecules and two water molecules as guests
(Fig. S7t). Notably, AIOC-136-HAO7 has significant host-guest
interactions and apparent adaptive behavior. On the one hand,
different kinds of guest molecules are comfortably located in
various positions owing to their different size and structural
characteristics. The small molecule guests of acetonitrile and
water interact adhesively in the hydrophobic voids between
macrocyclic molecules (Fig. S81) through hydrogen bonding
(Fig. S9 and Table S3+t). The linear-shaped HAO7 molecules are
partially wrapped in deep-cavity rings with the hydrophilic
sulfonic group facing inward and hydrophobic naphthalene
facing outward, consistent with the hydrophilic characteristics
of the central cavity. As can be seen from Fig. 2a, each large
ring captures two HAO7 molecules (the naphthol ring on
HAO7 has a statistical phenomenon) that exhibit a torsion
angle of 90° (Fig. S1071), which is caused by a 45° misalignment
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of aromatic hydrophobic walls in the upper and lower parts of
the cavity (Fig. S111). This combination of host and guest is
attributed to shape matching and four different host-guest
forces (summarized in Table S47), namely: (I) strong hydrogen
bonding (O-H---O, 2.6-2.7 A) between the sulfonic group and
hydrophilic -OH site in the center of the ring; (II) sandwich-
configuration n-n (3.9-4.0 A) and T-shape configuration -t
interactions (4.7-4.9 A) (Fig. S12) between the benzoate ring of
HAO?7 and hydrophilic aromatic walls of the ring; (III) hydrogen
bond interactions between the azo moiety and ing body (C-H---N,
3.3-3.8 A); and (IV) the naphthol ring on HAO7 extends out of
the central cavity involving abundant C-H---m interactions
(3.3-3.8 A) with the ligand aromatic ring in the perpendicular
and equatorial directions of the adjacent aluminum ring (Fig. 2b
and Fig. S131). Furthermore, the ring host adapts to the most
comfortable state with the entry of the HAO7 molecule. The
shape of the annular cavity changed significantly from different
sizes at both the ends to the same length (Fig. S14}), which is
also related to the host-guest adaptation described above. To
determine the quantitative distribution of these weak interaction
forces, we used Hirshfeld surface analysis® (Fig. S25%) to calcu-
late the bond energy relationship within or between molecules
(see the 2D fingerprint plot in Fig. S261). Compared with the
pristine -AB- alternating supramolecular stacking in AlOC-136,
the compound AlOC-136-HAO7? exhibits A-type stacking after the
trapping of the HAO7 guest (retaining a porosity of 21%)
(Fig. S15 and S167).

8AI(O'Pr), + 16HL + 8H,0 + 2NaAO7
— [Alg(L),(OH)g - 2(HAO7)] + 22HO'Pr + 2NaO'Pr

In addition to the single-crystal analysis method described
provide

above to visual evidence for capturing

113.90-4.00 A
13353454

V3213724

I -0.06

Fig. 2 Molecular structure of AlOC-136-HAQO7. (a) In situ self-assembly strategy of AlOC-136-HAO7. (b) Host—guest interactions. The central
HAO7 guest molecule is emphasized in space-filling mode for clarity. (c) Electrostatic potential (ESP) maps of AlOC-136 (left), NaAO7 (middle), and
AlOC-136-HAO?7 (right) molecules. Areas of low potential, red, are characterized by an abundance of electrons. Areas of high potential, blue, are

characterized by a relative absence of electrons.
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Fig. 3 Scale-up synthesis and solid phase characterization. (a) Scale-up synthesis for AlOC-136. Add ten times the ratio of the pristine material in
the blue cap bottle and heat at 100 °C for 48 h to get about 700 mg of AlIOC-136. (b) Solid-state absorption spectra. Inset are crystal photos of
AlOC-136 (left) and AlOC-136-HAO?7 (right). (c) EDS spectra prove the presence of S in AlOC-136-HAO?7, a characteristic element of HAO7. (d) After
cutting, the EDS-mapping spectra from the central cross-section of AlLOC-136 (top) and ALOC-136-HAO7 (bottom). The S element is evenly distribu-

ted in ALOC-136-HAO7.

HAO7 molecules, we obtained additional evidence from the
bulk sample. The first manifestation is its significant color
change from colorless to red (Fig. 3b). In addition, two other
direct pieces of evidence of the presence of HAO7 come from
energy dispersive spectroscopy (EDS) and Fourier transform
infrared (FT-IR) spectroscopy. EDS proved the presence of S, a
characteristic element of HAO7 (Fig. 3c and d). The
absorption peak at 1031 cm™' is attributed to the sym-
metric O=S=O0 stretching vibration of -SO;H groups®® in
AlOC-136-HAO7 (Fig. S27 and S28f). The physical pro-
perties of the macrocycle changed significantly after the
capture of the guest molecule, mainly reflected in the
decreased optical band gap and wettability, improved
thermal stability, and increased proton conductivity. The
solid-state UV-vis diffuse reflection data indicates that the
band gap energy reduces from 3.4 eV (AlOC-136) to 2.1 eV
(AlOC-136-HAO7), which is consistent with the color
change (Fig. 3b). The thermogravimetric (TGA) curve shows
that AlOC-136-HAO7 exhibits better thermal stability than
that of AlOC-136 (Fig. S29 and S30f). Since hydrophilic
-SO3;H groups are confined within the ring, the contact
angle of AlOC-136-HAO7 is lower than that of AlOC-136
(Fig. S22%). Considering that the -SO;H group has been
recognized as a superior proton donor and an enabler for
high proton conductivity,’®>” we investigated the proton
conductivity (Fig. S317). The results showed that the bulk
conductivity of AlOC-136-HAO7 is six orders of magnitude
higher than that of vacant AlOC-136, increasing from 6.7
x 107 S em™ to 7.78 x 107° S em™' at 98 °C and 98%
RH. Activation energies (E,) of the materials were derived
from Arrhenius plots to be 0.23 eV for AlOC-136-HAO7

This journal is © the Partner Organisations 2024

(Fig. S327), indicating that the proton transfer follows the
conventional Grotthuss mechanism.>®

Improved third-order non-linear optical properties

The introduction of HAO7 decreases the optical band gap and
wettability, increases the thermal stability and proton conduc-
tivity, and brings new functions. Taking into account weak
interactions, especially n---m interactions that might contribute
to optical properties, we further investigated the third-order
NLO properties. As control experiments, we performed same
tests on the pristine constitute component, including the
blank AlOC-136 macrocycle and NaAO7 powder, as well as
physically doped materials (that is, a mixture of ground
powder of AIOC-136 and NaAO7 with the same chemical molar
ratio of 1:2).

The third-order NLO properties and optical limiting (OL)
activities were investigated through a facile Z-scan technique,
which is widely applied for analyzing the NLO response due to
its simplicity, suitable operation, and high sensitivity (Fig. 4a).
By dispersing uniformly in N,N-dimethylformamide (DMF)
solution (Fig. 4b), AlOC-136 showed an unobvious NLO
response even though there are conjugated ligands on the
molecular ring, which is possibly due to the lack of intra-
molecular interactions and relatively weak intermolecular =n
conjugation interactions. As shown in Fig. 4c, the OA Z-scan
curves of AlOC-136-HAO7, NaAO7 powder, and physically
doped material exhibited an apparent saturation absorption
(SA) response, which results from the surface defect effect, the
quantum confinement effect, and complex interactions
between molecules.>*®® OL curves confirmed that the normal-

Inorg. Chem. Front., 2024, M, 3777-3785 | 3781
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AlOC-136-HAO7 as an example. (c) OA Z-scan curves of samples dispersed in DMF solution with nanosecond laser duration excitation (input
energy: 100 pJ). (d) OA Z-scan curves of samples dispersed in PDMS films with nanosecond laser duration excitation (input energy: 100 pJ). (e) The
frontier molecular orbital theoretical view of the HOMO and LUMO states of AlOC-136 and AlOC-136-HAO?7.

ized transmittance of samples depends on the input laser
pulse energy according to eqn (1):

4/In2 — Ei,

rw(z)

Fin(z) = (1)
where Fj,(2) is the position-dependent light fluence at any
position z, Ej, is the input laser pulse energy (Fig. S33af), and
the beam radius w(z) is given by:

w(0)y/1 + (230)2

Among them, AIOC-136-HAO7 gave the most prominent SA
response and had the largest normalized transmittance of
~1.28 at the laser focus, where the input fluence is at its
maximum. Moreover, the output fluence of AlOC-136-HAO7
linearly increased at low-incident fluence. However, it deviates
from the linearity at high-incident fluence, which indicates the
typical OL effect (Fig. S33bt). Furthermore, to quantitatively
evaluate the NLO effects of the samples, NLO absorption coeffi-
cients were obtained by fitting open aperture Z-scan curves
using eqn (3):*'

(2)

o(2) =

1

\[QO(

here, go(z,0) = ploLesr, where I, is the on-axis peak intensity at
the focus (z = 0), Legr = [1 — exp(—al)/a] is the effective thickness
of the sample, [ is the sample thickness and « is the linear

T(z,s=1) = 20) r In[1+ qo(z,0)e " ]dr  (3)

absorption coefficient (a = ln( ) / l). The non-linear absorp-

tion coefficient g value for AIOC-136-HAO7 is —15.98 cm per

3782 | Inorg. Chem. Front,, 2024, 1, 3777-3785

GW, as listed in Table S5.7 It is superior to the majority of azo
dyes,®* although it is not comparable with transition metal-
based materials.®® Besides, the imaginary part of the third-
order non-linear optical susceptibility Im »**) was calculated
according to eqn (4):

|

where c is velocity of light, 4 is the wavelength of the incident
light and n is the refractive index, and FOM was calculated

(4)

(3) _ [1077can?
Iy = 9672

Im)(<3)
a

by ‘ (Table S51). The expected results were consistent

with the analysis of the host-guest interactions in the previous
structural description. Such performance originates from
HAO7 molecules because blank AIOC-136 only exhibits a weak
signal. However, we can see that the physically doped material
displays close the NLO effects to those of the NaAO7 powder.
To achieve devices for practical OL application, we prepared
transparent and flexible films by evenly dispersing the samples
into a polydimethylsiloxane (PDMS) matrix (Fig. 4b).
Compared with the solution method, it is worth noting that
AlOC-136-HAO7 exhibited an opposite reverse saturable
absorption (RSA) response (Fig. 4d and Fig. S34, Table S67) but
with the same trend. This phenomenon was also observed in
Zhan’s system research of nanostructured noble metals®* and
is related to the hindered electronic relaxation process in
solid-state environments.®® Considering that AlIOC-136-HAO7
reveals an SA response (applied in fast optical switching and
passive mode-locking technique) and RSA response (applied in
protecting human eyes and sensitive optical devices) in
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different matrices, we could prepare devices according to
requirements.

Considering why such chemical doping with precise host-
guest structure behaves better than physical doping, we suspect it
is related to periodic structures with confined effects. To further
clarify this, we performed density-functional theory (DFT) calcu-
lations. In the AIOC-136 macrocycle, the highest occupied mole-
cular orbital (HOMO) is composed of equatorial position ligands,
while the lowest unoccupied frontier (LUMO) is composed of the
axial position ligand (Fig. 4e). However, in AlOC-136-HAO7, the
guest-to-guest charge transfer is between the two linear
HAO7 molecules (Fig. 4e). Therefore, combining structural ana-
lysis and theoretical calculations, the enhancement of NLO behav-
iour could be attributed to the periodic abundant host-guest
interactions and guest-to-guest charge transfer.®°

Conclusions

In summary, we have demonstrated the designed synthesis of
a deep-cavity aluminum-organic macrocycle (AIOC-136) with a
hydrophobic inner wall and hydrophilic center. The crucial
factors for the generation of deep-cavity aluminum-organic
macrocycles lie in introducing more extended ligands and select-
ing aprotic solvents. Combined with the feature of a deep cavity,
we explored an in situ self-assembly strategy to capture linear dye
Acid Orange 7 (AIOC-136-HAO7) and revealed the HAO7 capture
mechanism at the molecular level for the first time. NLO experi-
ment results illustrated that AIOC-136-HAO7 exhibited signifi-
cantly enhanced NLO behavior compared with pristine constitu-
ent components and physically doped components. Theoretical
calculations demonstrated that the enhancement of NLO behav-
ior could be attributed to the guest-to-guest charge transfer. In
addition, AlIOC-136-HAO?7 realized SA and RSA response conver-
sion in different matrices, which could play a corresponding role
in diverse environments. This work brings a bright future for the
promising inorganic-organic hybrid deep-cavity macrocycle
system, reveals their particular application in guest capture, and
incorporates valuable functions.

Data availability

The datasets supporting this article have been uploaded as
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