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A Supramolecular-Nanocage-Based Framework Stabilized by n-n
Stacking Interactions with Enhanced Photocatalysis
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Di-Chang Zhong*

Abstract: n frameworks, defined as a type of porous
supramolecular materials weaved from conjugated mo-
lecular units by n-n stacking interactions, provide a new
direction in photocatalysis. However, such examples are
rarely reported. Herein, we report a supramolecular-
nanocage-based n framework constructed from a photo-
active Cu(I) complex unit. Structurally, 24 Cu(I) com-
plex units stack together through n-n stacking interac-
tions, forming a truncated octahedral nanocage with
sodalite topology. The inner diameter of the nanocage is
2.8 nm. By sharing four open faces, each nanocage
connects with four equivalent ones, forming a 3D porous
n framework (n-2). m-2 shows good thermal and
chemical stability, which can adsorb CO,, iodine, and
methyl orange molecules. More importantly, n-2 can
serve as a photocatalyst for hydrogen evolution reaction.
With ultrafine Pt subnanometer particles (0.9 +0.1 nm)
incorporated into the nanocages as a co-catalyst, the
hydrogen evolution rate reaches a record-high value of
524012 ymol/gp/h in the absence of any additional
photosensitizers. The high photocatalytic activity can be
ascribed to the ultrafine size of the Pt particles, as well
as the fast electron transfer from -2 to the highly active
Pt upon illumination. n-2 represents the unique stable
supramolecular-cage-based n framework with excellent
photocatalytic activity. )

Introduction

Photocatalysis has shown potential applications in areas of
sterilization, pollutant degradation, energy conversion, and
so on,!"! where one of the most crucial components is the
photocatalyst. Most heterogeneous photocatalysts have no
definite crystal structures, which impedes the revealing of
the performance-structure correlation and catalysis
mechanism.”) Well-defined crystal structures of photocata-
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lysts facilitate to analyze and demonstrate the generation of
photogenerated electron and holes, their transfer paths, as
well as the final catalytic reactions. It is therefore highly
desiring to get heterogeneous photo-catalysts with definite
crystal structures.

Self-assembly has been found an effective mean to
obtain heterogeneous photocatalysts with definite crystal
structures, of which the construction of photoactive metal-
organic frameworks (MOFs) and covalent organic frame-
works (COFs) by coordination/covalent bonds have been
extensively studied.’) Besides, supramolecular porous frame-
works, defined as a type of porous materials assembled from
molecular monomers by noncovalent interactions, have also
currently attracted considerable interest in photocatalysis.”
For supramolecular porous frameworks, the structure design
can be achieved in a molecular level; specific function
groups can be easily introduced to the molecular monomers,
by which the photocatalytic activity of the assembled
supramolecular porous frameworks can be well tuned and
improved. Among supramolecular porous frameworks, n
frameworks stabilized merely by intermolecular n-n stacking
interactions, are more suitable and promising in photo-
catalysis. Because the molecular monomers for constructing
n frameworks are usually conjugated aromatic molecular
units, the fabricated n frameworks are often photoactive,
which well meets the most fundamental requirement of
photocatalysts. However, as the n-n stacking is a type of
weak noncovalent interactions, the fabrication of stable n
frameworks is a big challenge. Therefore, very limited n
frameworks were assembled and reported.”! Especially in
photocatalysis, there is only one n framework assembled
from a Zn(II) complex unit was reported to be photoactive
in CO, reduction.P

Based on the above considerations, as well as the fact
that cage-based porous materials facilitate to confine active
species for enhancing photocatalysis,”! we devoted to
obtaining supramolecular-cage-based n frameworks with
photoactivity. Fortunately, we got such a n framework based
on bathocuproine (Bcp), a photoactive organic ligand with
multiply conjugate aromatic moieties. Structurally, the metal
center Cu(I) coordinates with two Bcp ligands, firstly
forming a photoactive mononuclear Cu(I) complex of [Cu-
(Bcp),]* (Scheme 1). Then 24 [Cu(Bcp),]* complex ions
stack together merely through n-n stacking interactions, to
form a truncated octahedral nanocage with sodalite top-
ology, with the inner diameter of 2.8 nm and the window
size of 1.6 nm when corrected for van der Waals radii. By
sharing four open faces, each nanocage connects with four
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Scheme 1. Schematic illustration for the supramolecular assembly of @-2 via n-n stacking interactions, and the photocatalytic hydrogen evolution of

Pt@m-2.

equivalent ones, eventually forming a 3D porous n frame-
work (m-2). m-2 possesses good stability, which can adsorb
CO,, iodine and methyl orange molecules. Furthermore,
benefiting from the good visible-light response of [Cu-
(Bep),]” monomer, n-2 can serve as a photocatalyst for
hydrogen evolution reaction. With ultrafine Pt subnanom-
eter particles (0.9 £0.1 nm) incorporated into the nanocages
as a co-catalyst, the hydrogen evolution rate reaches as high
as 524012 pmol/gp/h in the absence of any additional photo-
sensitizers (Scheme 1), showing the best activity among
reported crystalline catalysts in photochemical hydrogen
evolution.

Results and Discussion

Deep purple mircocrystals of n-2 were afforded by evapo-
ration of the red clear solution resulted from the solvother-
mal reaction of Cu(Ac),H,O and bathocuproine (Bcp) in
DMF/H,0 at 100°C. The electrospray ionization-mass
spectroscopy (ESI-MS) of the microcrystals of n-2 dissolved
in acetonitrile shows a high-intensity ion peak at m/z 783.76,
corresponding to the signal of [Cu(Bcp),]*, which suggests
that the species of ®-2 in solution is [Cu(Bcp),]* (Figure S1).
Recrystallization of the microcrystals in DMF afforded
polyhedral crystals of n-2 suitable for single-crystal X-ray
diffraction analysis (Figure S2). Single crystal X-ray diffrac-
tion analyses revealed that -2 crystallizes in cubic Fd3 space
group, with the crystal axis length of 56.9725(2) A (see the
Supporting Information; Tables S1-2). In the asymmetric
unit, the metal center Cu(I) coordinates with four N atoms
of two Bcp ligands, forming a mononuclear Cu(I) complex
unit of [Cu(Bcp),]* (Figure 1a). The Cu(I) shows a tetrahe-
dral coordination geometry, with the four N atoms situating
the four vertexes and the Cu(I) locating the center of the
tetrahedron (Figure S3). Well-known that the tetrahedral
geometry is the typical geometry of Cu(I) in copper
complexes. The Cu—N bond lengths range from 2.0278(16)
to 2.0395(17) A, similar to the values of Cu—N in reported
Cu(I) complexes with tetrahedral geometry.! 24 of [Cu-
(Bep),]* are held together through supramolecular inter-
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actions, generating a truncated octahedral supramolecular
nanocage [Cu(Bcp),],.”*" (Figure 1b), with the inner diame-
ter as large as 2.8 nm (Figure S4). The nanocage contains 24
vertexes and 14 faces. All these vertexes and faces are
originated from the truncation to the six vertexes of the
octahedron. The 24 vertexes are occupied by 24 Cu(I) ions
(Figure 1b). The 14 faces involve 6 tetragonal faces and 8
hexagonal faces (Figures lc and S4). The tetragonal and
hexagonal faces consist of 4 and 6 [Cu(Bcp),]" units,
respectively (Figure 1d-f). Note that the 4 tetragonal faces
are covered with Bep ligands (Figure 1d), while for the
hexagonal faces, 4 of which are covered with Bcp ligands
(Figure 1e), and the rest 4 are open, with the window size of
1.6 nm (Figures 1f and S4).

The supramolecular interactions holding [Cu(Bcp),]”
structural units together to form the truncated octahedral
supramolecular nanocage are deserved to be mentioned.
After thoroughly analyzing the formation of the nanocage,
we observed that only n-n stacking interactions contribute to
the stabilization of the nanocage. As mentioned above, there
is 14 faces in each nanocage, including 6 tetragonal faces and
8 hexagonal faces. The 6 tetragonal faces are closed. Each
consists of 4 [Cu(Bcp),]” units linked together dependent
on three pairs of offset face-to-face n-n stacking interactions,
with the centroid distances (D) of Dcgs.cq10=23.8980(12) A,
Degroces=38363(12) A and Doy =3.6451(17) A (Fig-
ure 1d; Table S3). Among the 8 hexagonal faces, 4 of which
are closed. Each closed hexagonal face is composed with 6
[Cu(Bcep),]” units linked together dependent on not only
offset face-to-face n-n stacking interactions, but also edge-
to-face n-n stacking interactions (Figure le); the former is
one and a half pairs of Cgl0--Cgl and Cg8-Cgb6 stacking
interactions, with the D of 4.0709(12) and 3.6451(17) A,
respectively, and the latter is one and a half pairs of C26-
H26--Cg3 and C44-H44--Cg9 stacking interactions, with the
H--Cg distances of 2.92 and 2.47 A, respectively (Figure le;
Tables S3-4). Besides the 4 closed hexagonal faces, there
are 4 open hexagonal faces in each nanocage. As shown in
Figure 1f, each open hexagonal face consists of 6 [Cu-
(Bcp),] ™ units linked through n-nt stacking interactions, with
Degsces=3.6451(17) A, Deys.ce0=3.8980(12) A, and
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Cgl: N1-C1—-C2—C3—-C4—Co—

Cg2: N2—C8—C7—C12—C11-C10—
Cg3: N3—C27—C28—C29—C30—C35—
Cg4: N4—C34—C33—-C38—C37—C36—
Cg5: C4—-C5—-C6—CT—C8—Co9—

Cg6: C15—-C16—C17—-C18—C19—C20—
Cg7: C21—-C22—C23—-C24—C25—-C26—
Cg8: C30—C31—-C32—C33-C34—-C35—
Cg9: C41-C42—C43—-C44—-C45—-C46—
Cgl0: C47—C48—C49—-C50—-C51—-C52—
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Figure 1. (a) Molecular structure of [Cu(Bcp),]* in -2 and the potential aromatic rings that may take part in n- stacking interactions during self-
assembly process. (b) Truncated octahedron nanocage in n-2 formed by 24 [Cu(Bcp),]* units (The yellow sphere stands for the large cavity). (c)
Polyhedron drawing of the truncated octahedron nanocage in m-2, in which 4 hexagonal faces are open. (d) Tetragonal face formed by 4 [Cu(Bcp),]*
units linked through m-m stacking interactions (the distances (D) between ring centroids: Degs..cpi0=3.8980(12) A; Dcgro..cor =3.8363(12) A;
Degs..ces=3-6451(17) A). (e) Hexagonal face formed by 6 [Cu(Bcp),] ™ units linked through m-n and C—H--rt stacking interactions (Dcgo..cg =4.0709-
(12) A; Degs.cge=3.6451(17) A; Deggring.cgs =2.92 A; Degaias-ces=2.47 A). (f) Hexagonal open face (open window) formed by 6 [Cu(Bcp),]* units
linked through n-m stacking interactions (Degg..cge=3.6451(17) A; Degs..cpro=3.8980(12) A; Degr..cuo=4.0709(12) A).

Dyy..ca10=4.0709(12) A, respectively (Tables S3-4). These
multiple n-nt stacking interactions contribute to the forma-
tion of the supramolecular nanocage by holding 24 of
[Cu(Bcep),] " structural units together.

The adjacent nanocages are linked together through
sharing the open hexagonal faces (Figure 2a-b). As each
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nanocage has 4 open hexagonal faces, each nanocage
connects with 4 equivalent ones by sharing the four open
hexagonal faces (Figure2c; Video S1), forming a 3D
supramolecular-nanocage-based porous framework, as
shown in the topological structure of n-2 (Figure 2d). Note
that with the exception of n-r stacking interactions, there is
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Open hexagonal face
shared by two adjacent
nanocages

>

Figure 2. (a) Two adjacent truncated octahedron nanocages are linked together by sharing an open hexagonal face (in pink color), showing the
connection mode between nanocages. (b) The connection of two simplified nanocages, clearly showing the shared open hexagonal face (the pink
ring). (c) Each truncated octahedron cage links with four equivalent cages by sharing four open hexagonal faces. (d) Topological structure showing

the 3D supramolecular-cage-based porous structure of xt-2.

no other covalent/noncovalent interactions between [Cu-
(Bep),]* structural units. Therefore, -2 is a rare © frame-
work containing supramolecular nanocages. The intermolec-
ular interactions between [Cu(Bcp),]* structural units were
quantitatively calculated using energy decomposition analy-
sis (see the Supporting Information). The results show that
dispersion force dominates the total interactions, with the
energy of —129.04 kJ/mol (Figure S5).

The powder X-ray diffraction (XRD) of n-2 showed that
all the peaks displayed in the pattern closely match with
those in the simulated one generated from the single crystal
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diffraction data, indicating that single phase of n-2 was
formed (Figure S6). Scanning electron microscope (SEM)
measurements confirmed the polyhedral morphology of n-2
(Figure S7). X-ray photoelectron spectroscopy (XPS) meas-
urements showed that the binding energy of Cu 2p;, in n-2
is 932.1 eV (Figure S8a). This result, coupled with the kinetic
energy of 915.5eV for Cu LMM in the Auger electron
spectroscopy (AES, Figure S8b), indicates that the oxidation
state of copper in n-2 is 4 1.1*! Thus each Cu(T) complex unit
([Cu(Bcep),]*) is positively univalent, in agreement with the
above results of the single-crystal X-ray diffraction analysis
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and ESI-MS measurements. Ion chromatography analysis
exhibited a signal at retain time of ca. 4.18 min, which
suggests that the counter-anion in n-2 is HCOO~ (Fig-
ure S9). The appearance of Cu(I) and HCOO™ in =-2 may
be due to the redox reaction of Cu(Il) with DMF. In
solvothermal condition, DMF often decomposes to generate
NH(CHj;), and CO. The latter could reduce Cu(II) to Cu(I)
during the in situ construction of n-2.”) Based on the these
results, as well as those of infrared spectra (Figure S10),
thermogravimetric analysis (Figure S11) and elemental anal-
ysis (see Supporting Information), the formula of n-2 can be
determined as {[Cu(Bcp),](HCOO)}- {2DMF-8H,0}.
Thermogravimetric (TG) analysis indicated that the
guest molecules in n-2 can be released when heated to
160°C. Then no weight loss was observed till to 220°C
(Figure S11). The powder XRD patterns of n-2 after
activation are similar to those before activation (Figure S12),
preliminarily proving the integrity of the porous framework
of n-2. Variable-temperature powder XRD patterns of n-2
showed that with the increase of temperatures, the diffrac-
tion peaks at 20 over 2.5° gradually weaken, while the one at
2.5° does not change, even the temperature over 90°C
(Figure S13). Structurally, the diffraction peak at 20 of 2.5°
corresponds to the (111) crystal facet of n-2, that is, the
open hexagonal faces (Figure S14), which indicates that the
nanocage windows and pore structure of w-2 were not
destroyed after activation. The 'H magic angle spinning
nuclear magnetic resonance ('H MAS NMR) spectroscopy
measurements were carried out to further illustrate the
structural integrity of n-2. As shown in Figure S15, the 'H
MAS NMR spectra of n-2 after activation is almost the same
as that before activation, well demonstrating the framework
integrity of m-2 after activation. This result was further
confirmed by gas sorption tests (see the Supporting
Information). As shown in Figure S16a and b, although the
desolvated ®-2 can not adsorb N, and Ar, it can uptake CO,
at diverse temperatures. For example, at 195K, the
adsorption amount of CO, reaches 79.02 cm*g, solidly
evidencing the permanent porosity in n-2. Based on this
adsorption isotherm, the pore distribution of 1-3 nm could
be estimated (Figure S16¢), which is consistent with the pore
size measured from the crystal structure. It should be noted
that at any tested temperature, the sorption isotherms
assume large hysteresis. This may be ascribed to the special
quadrupole moment of CO, (—1.4x10* Cm?). It has been
reported that the quadrupole moment of CO, can induce
the framework to interact with CO, molecules, thus increase
the CO, binding and adsorption.'” Besides good thermal
stability, n-2 also shows good chemical stability in H,O and
low-polarity organic solvents (see the Supporting Informa-
tion). After immersed in several tested solvents for 24 h, the
framework of m-2 can retain intact (Figure S17). Moreover,
n-2 shows good stability in acidic and basic aqueous solution
(pH 3-13; Figure S18). The good chemical stability of n-2
may be ascribed to the Bcep ligands around the Cu(I) centre,
which can provide a hydrophobic environment and protect
the Cu—N bonds from being attacked by H"/OH/H,0. It is
well-known that n-n stacking interaction is a type of weak
noncovalent interaction (<2.0kJ/mol) in supramolecular
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chemistry. Getting stable porous supramolecular frame-
works dependent on merely n-n stacking interactions is still
a great challenge. The emergence of n-2, a supramolecular-
nanocage-based n framework, will give researchers new
insights on weak supramolecular interactions. The concept
of collective weakness making strength is also suitable for
construction of stable porous supramolecular materials.

Because of the good stability, the capacities of n-2 for
encapsulating guest molecules were tentatively tested. First,
the iodine capture by n-2 was investigated (see the
Supporting Information). The results show that n-2 can not
only capture the iodine in organic solution (I,), but also in
aqueous solution (I;7). As shown in Figure S19a, the
adsorption of n-2 to I, in n-hexane solution can be directly
and clearly observed by the color of solution, which quickly
changes from dark purple, to light purple and colorless with
the increase of the soaking time. The corresponding UV/Vis
spectra show the consistent results, where the I, adsorption
peak at 522 nm quickly decreases with the soaking time.
Particularly, at the initial 5 minutes, the adsorption peak
sharply decreases (Figure S19b). This result indicates that
the I, adsorption rate is very fast at the beginning.
Quantitatively, on the basis of the standard curve of I, in n-
hexane (Figure S20), the I, concentration decreases from
10.0 to 0.5 mM after n-2 so aked for 3 min and to 0.04 mM
for 20 min (Figure S19c¢), indicating that almost all the I,
(99.6 %) in the n-hexane has been captured by n-2. Besides
the fast adsorption dynamics to I,, n-2 also shows high iodine
uptake. In I,-KI aqueous solution, the iodine uptake of n-2
can reach as high as 1.8 g/g (Figure S21). The adsorption
kinetics and uptake capacity of ®-2 to iodine is obviously
superior to most reported porous materials."!! The excellent
iodine uptake of wn-2 can be attributed to the large pore
volume and the interactions between the aromatic rings of
n-2 and iodine."” The large cavity of m-2 was further
assessed by adsorption of methyl orange, a dye molecule
with molecular size of ~1.3 nm (see the Supporting Informa-
tion). As shown in Figure S22, the cavities of n-2 can
accommodate methyl orange molecules, which can also be
detected by the color change and UV/Vis spectra. The color
of the methyl orange aqueous solution gradually changes
from orange red to orange, and finally to nearly colorless
after 48 h (Figure S22a). The corresponding UV/Vis spectra
show that the characteristic peak of methyl orange at
465 nm nearly disappeared (Figure S22b). All these observa-
tions indicate that almost all the methyl orange in solution
has been adsorbed by wn-2. According to the standard curve
of methyl orange in aqueous solution (Figure S23), the
methyl orange concentration decreases from 311.7 to
37.6 uM after w-2 soaked for 24 h and to 6.5 uM for 48 h,
corresponding to 97.9 % methyl orange in aqueous solution
captured by n-2 (Figure S22c).

The powder XRD measurements show that the patterns
of m-2 after either iodine capture or methyl orange
encapsulation are similar to those of simulated one (Figur-
es S24-25), illustrating that m-2 can keep stable after
encapsulation of iodine and methyl orange. The Auger
electron spectroscopy (AES) measurement of n-2 after
iodine adsorption shows that the valence of the copper in n-
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2 is still +1, which indicates that the Cu(I) will not be
oxidized by the adsorbed I, (Figure S26). The above results
solidly confirm that w-2 possesses good stability and
permanent porosity. n-2 also shows good regeneration
capacity in iodine and methyl orange capture. For the n-2
adsorbed with I,, about 97 % 1, was released in 30 mL ethyl
ether (Figure S27). For the m-2 adsorbed with methyl
orange, about 93 % methyl orange was released in 30 mL
H,O (Figure S28). The regenerated n-2 can be further used
to capture iodine and methyl orange via soaking (Figur-
es $29-30). The powder XRD patterns of the regenerated n-
2 after two runs of capture-release processes for iodine or
methyl orange are similar to those of as synthesized
(Figures S31-32), indicating the good stability of n-2 during
the process of iodine and methyl orange adsorption, and the

Figure 3. (a) and (b), TEM images of Pt@n-2. (c) and (d), HAADF-
STEM images of Pt@m-2.
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good regeneration capacity of m-2 as an adsorbent. With
good thermal and chemical stability, n-2 can be highly
dispersed in a mixture of CH;OH and H,O (v:v=9:1),
which was preliminarily demonstrated by Tyndall effect
(Figure S33). The dispersed nanoparticles of -2 in solution
were confirmed by transmission electron microscopy
(TEM). As shown in Figure S34, the particle size is about
16 nm, corresponding to about 10 supramolecular nanocages
assembled together (Figure S35). The result of solid UV/Vis
diffuse reflectance spectroscopy (DRS) demonstrates that n-
2 can adsorb light at a broad UV/Vis region of 200-800 nm
(Figure S36).

The potential application of n-2 was explored in photo-
catalytic hydrogen evolution, with Pt nanoparticles (NPs) as
a co-catalyst. The ultrafine Pt NPs were firstly incorporated
into the nanopores of n-2 by a hydrazine vapor reduction
method, resulting in Pt@nr-2 composite catalyst (see the
Supporting Information). TEM images showed that the Pt
NPs have been completely incorporated into the nanopores
of m-2, with particle size around 0.9+0.1 nm (Figures 3 and
S37). The energy dispersive spectroscopy (EDS) mapping
reveals the homogeneous distribution of C, N, Cu, and Pt in
Pt@n-2 (Figure S38). This was further confirmed by electron
tomographic reconstruction, which clearly demonstrated the
uniform 3D distribution of ultrafine Pt NPs throughout the
interior nanopores of n-2 (Video S2). The content of Pt in
Pt@n-2 is 0.78 wt %, as determined by inductively coupled
plasma-mass spectrometry (ICP-MS) analysis.

The photocatalytic activity of the above catalysts for
hydrogen evolution was evaluated in NaOH aqueous
solution, by using 3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]-imidazole (BIH) as a sacrificial agent, and 300 W
Xe lamp (1>320 nm) as an illuminant (see the Supporting
Information). It was found that n-2 itself really possesses
photocatalytic activity for water splitting, with the H,
generation rate of 150.8 pmol/g/h (Figure 4; Table S5, En-
try 1). After confinement of ultrafine Pt NPs, the resulted
Pt@n-2 composite catalyst displays much enhanced photo-

(b)
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2000+
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N

Figure 4. (a) Time-dependent photocatalytic activity of Pt@mn-2, Pt/n-2, Pt&n-2, and ®t-2 for H, evolution in 0.01 M NaOH aqueous solution.
(b) Comparison of the photocatalytic activity of Pt@mx-2, Pt/n-2, Pt&n-2, and ®-2. Reaction conditions: 1.0 mg catalyst, 0.01 M NaOH aqueous
solution (4 mL), 0.01 M BIH, 300 W Xe lamp (4 >320 nm) for 4 h at 25°C. The error bars were obtained by three repeated experiments.
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catalytic activity. The H, generation rate reaches as high as
4087.3 pmol/g/h (Figure 4; Table S5, Entry 2), much higher
than those of Pt NPs (6.9 umol/g/h) and n-2 (150.8 umol/g/h)
under the same condition (Table S5, Entry 1-3). Based on
the amount of Pt, the hydrogen evolution rates were
calculated to be an unprecedented value of 524012 umol/gp/
h (A>320nm) and 117822 pmol/gp/h (4>420 nm). These
values would make Pt@n-2 a unique photocatalyst among
reported crystalline photocatalysts for hydrogen evolution
(Table $6).! The extremely high photocatalytic activity of
Pt@n-2 may be ascribed to the ultrafine size of Pt NPs. The
ultrafine size not only endows the Pt with high activity, but
also enable the Pt highly to disperse onto the surface of the
nanopore of n-2 and make full use of Pt in photocatalytic
hydrogen evolution. In addition, the extremely high photo-
catalytic activity of Pt@n-2 also indicates that the Pt NPs
within the nanopores of w-2 could effectively promote the
separation of the photo-generated electron and hole in n-2,
thus greatly boosting the hydrogen evolution. It should be
noted that the highly photocatalytic performance was
achieved in the absence of any additional photosensitizers,
which highlights n-2 is really an excellent photocatalyst.
Control experiments demonstrated that without Pt@n-2,
BIH or light illumination, no H, was detected, indicating
that all these factors are indispensable to the photocatalytic
hydrogen evolution (Table S5, Entry 4-6). Besides excellent
activity, Pt@n-2 also exhibits good durability for photo-
catalytic hydrogen evolution. As shown in Figure S39, after
four catalytic cycles, the photocatalytic activity of Pt@n-2 in
hydrogen evolution does not show remarkable reduce. The
Pt content, powder XRD patterns, and morphologies of
Pt@n-2 after cyclic reactions are similar to those of Pt@n-2
freshly prepared (Table S7, and Figures S40-41), which
further confirms the robustness of Pt@n-2. In addition, it
was found that there were negligible Pt and Cu contents in
the reaction solution after four runs of photocatalytic
hydrogen evolution (Table S7), and almost no Bcp ligand
was detected in this reaction solution (Figure S42). These
observations further evidence that Pt@xn-2 is a robust photo-
catalyst for hydrogen evolution. We also checked the
possible photocatalytic activity of the reaction solution after
four runs of photocatalytic hydrogen evolution reactions
(Pt@n-2 was removed by centrifugation), the result shows
that negligible H, was detected (Table S8). This result not
only evidences the robustness of Pt@n-2, but also elucidates
that the photocatalytic hydrogen evolution reaction over
Pt@n-2 occurs in the solid-state, rather than solution-state.
To explore the effect of pore confinement of n-2 on the
photocatalytic activity, Pt/n-2, in which most Pt NPs were
deposited on the outer surface of n-2 and the Pt content is
similar to that in Pt@n-2, was prepared by a liquid reduction
method (see the Supporting Information; Figure S43a).
Additionally, Pt&n-2, physical mixture of pre-synthesized Pt
NPs and n-2, where all Pt NPs were deposited outer surface
of n-2 and the Pt content is similar to that in Pt@n-2, was
also obtained (see the Supporting Information; Figure S44a).
The photocatalytic activity of both Pt/r-2 and Pt&n-2 for
hydrogen evolution was tested under the same catalytic
condition as Pt@n-2. The results show that the hydrogen
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evolution rates of Pt/r-2 and Pt&n-2 are 1038.3 and
269.7 umol/g/h, respectively (Figure 4; Table S5, Entry 7-8).
These values are much lower than that of Pt@n-2
(4087.3 umol/g/h), which illustrates that the pore confine-
ment of -2 to the Pt NPs is important for the photocatalytic
activity. In addition, Pt/r-2 and Pt&n-2 show obviously
lower stability than Pt@n-2; it was observed that the particle
size of Pt obviously become bigger after photocatalysis
compared with those freshly prepared (Figures S43b and
44b), despite the powder XRD patterns of Pt/r-2 and Pt&n-
2 are similar to those freshly prepared (Figures S45-46).
Therefore, the pore confinement could not only contribute
to obtain ultrafine Pt NPs with high activity and durability,
but also reinforce the interfacial interactions between the
pore surface and Pt NPs, thus facilitate for the electron
transfer from n-2 to Pt NPs. In addition, the photocatalytic
hydrogen generation test of the physically mixed Pt NPs,
Bcep and Cu(I) (Pt&Bcep&Cu(l); Table S5, Entry 9) was also
carried out. The results show that Pt&Bcp&Cu(I) has
photocatalytic activity for hydrogen evolution, with the
hydrogen evolution rate of 90.8 umol/g/h, also much lower
than that of Pt@m-2 (4087.3 umol/g/h). This observation
suggests that the coordination assembly of Cu(I) and Bcp is
beneficial for enhancing the photocatalytic hydrogen evolu-
tion activity.

To estimate the thermodynamic driving force and
elucidate the possible catalytic mechanism, the
(photo—)redox potentials of the bare [Cu(Bcp),]" complex
were determined by UV/Vis absorption, emission spectra
and cyclic voltammetry (CV), (Figures S47-48).['1' As shown
in Table S9, the oxidation potential of BIH was more
negative than the excited-state reduction potential of [Cu-
(Bep),] **, implying that the thermodynamic driving force is
enough for BIH to transfer electron to excited [Cu(Bcp),]*
*[15] This indicates a reductive quenching mechanism for
[Cu(Bcep),]"*. Thus, the possible reaction pathways of
Pt@n-2, Pt/n-2 and Pt&n-2 for H, evolution were proposed.
Upon illumination, [Cu(Bcp),]" was excited to produce
[Cu(Bep),]**, which was quenched by BIH to form [Cu-
(Bcp),]. The resulting Cu(Bcp),] transfers electrons to Pt
NPs, where the adsorbed H* was reduced to H,.*>!¢!

The photoluminescence (PL) spectra, photocurrent, and
electrochemical impedance spectroscopy (EIS) of Pt@n-2,
Pt/n-2, Pt&n-2 and n-2 were further measured (see the
Supporting Information). The PL spectra of Pt@n-2, Pt/n-2
and Pt&n-2, especially for Pt@m-2, show significantly
damped emission in contrast to m-2, indicating that the
recombination of the photogenerated electrons and holes is
enormously restrained after introduction of Pt NPs (Fig-
ure 5a). Transient fluorescence spectroscopy measurements
demonstrated that the PL lifetimes of Pt@n-2, Pt/n-2, Pt&n-
2 and n-2 are 604, 416, 350 and 244 ps, respectively
(Figure 5b, Table S10). These results further illustrate that
the introduced Pt NPs could serve as an electron reservoir,
effectively separating the photogenerated electrons and
holes, and thus boosting the photocatalytic hydrogen
evolution. The photocurrent response tests showed that the
current density of Pt@n-2, Pt/n-2, and Pt&n-2 is higher than
that of n-2. Particularly for Pt@n-2, the current density is
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Figure 5. (a) PL spectra (A, =480 nm), (b) Time-resolved photolumi-
nescence decays, (c) photocurrent response, and (d) Nyquist plots of
Pt@n-2, Pt/n-2, Pt&n-2, and m-2.

over several times higher than that of n-2 (Figure 5c). This
observation further suggests that the photogenerated elec-
tron concentration in Pt@n-2 is higher than in n-2, and the
better separation efficiency of photogenerated electrons and
holes in Pt@n-2. EIS spectra show that the arc radius of
Pt@n-2 is smaller than those of Pt/r-2, Pt&n-2 and n-2
(Figure 5d), indicating that the charge transfer resistance of
Pt@n-2 is lower than those of Pt/r-2, Pt&n-2 and n-2, also
benefits for the activity enhancement. In all, besides the
ultrafine size of the Pt NPs, the strengthened visible-light
absorption, accellerated electron transfer, as well as the high
separation efficiency of photogenerated electrons and holes
enable Pt@n-2 possess the best photocatalytic activity for
hydrogen evolution.

Conclusion

In summary, with a self-assembly approach, a unique stable
supramolecular-nanocage-based photocatalyst has been con-
structed by merely intermolecular n-n stacking interactions,
which shows good stability, permanent porosity and ex-
cellent photocatalytic performance. Structurally, 24 mono-
nuclear Cu(I) complexes stack together through n-nt stacking
interactions, forming a truncated octahedral nanocage with
sodalite topology. The inner diameter of the nanocage is
2.8 nm and the window size is 1.6 nm when corrected for van
der Waals radii. By sharing four open faces, each nanocage
connects with four equivalent nanocages, resulting in a 3D
porous 1t framework (n-2). More importantly, n-2 can serve
as a photocatalyst for hydrogen evolution reaction. With
ultrafine Pt subnanometer particles (0.9+0.1 nm) incorpo-
rated into the nanocages as a co-catalyst, the hydrogen
evolution rate reaches a record-high value of 524012 pmol/
gp/h in the absence of any additional photosensitizers. The
high photocatalytic activity can be ascribed to the ultrafine
size of the Pt particles, as well as the fast electron transfer
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from n-2 to highly active Pt sites upon illumination. n-2
represents the unique stable supramolecular-cage-based n
framework with excellent photocatalytic activity.
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