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We have constructed a novel porous pyrene-based

organic cage, PyTC1, through the condensation reac-

tion of cyclohexanediaminewith 5,5′-(pyrene-1,6-diyl)

diisophthalaldehyde. Single-crystal X-ray diffraction

analysis reveals the effective intercage C–H...π inter-

action between cyclohexanediimine and pyrene seg-

ments. Such a soft intercage C–H...π interaction, rather
than a classic J-aggregate with slipped π–π-stacking
configuration, induced an unusual bathochromic shift

of pyrene-based chromophore absorption from an

ultraviolet region of PyTC1 in solution to the visible

light region of PyTC1 in solid-state. This enabled het-

erogeneous visible light photocatalysis of aerobic

hydroxylation of benzeneboronic acid derivatives. To

the best of our knowledge, this is the first report that

represents an absorption bathochromic shift caused

byC–H...π interaction. Such phenomenon could endow

visible-light-driven photocatalysis that originally

could only be achieved using UV light with the same

chromophore.

Keywords: absorption bathochromic-shift, J-aggre-

gate, porous organic cage, pyrene derivatives, visible
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Introduction

Supramolecular chemistry offers a powerful toolkit to

assemble well-defined and predictable structures from

molecules by using noncovalent interactions.1–3 Supramo-

lecular materials that self-assemble from versatile molec-

ular building blocks have been exploited in many vital

applications, including organic field-effect transistors, or-

ganic light-emitting diodes (LEDs), light-harvesting, mo-

lecular machines, sensors, gas absorption, catalysis, and

drug delivery.4–13 The functionalities of molecular super-

structures are strongly dependent on the intermolecular

packing because of the strong coupling between the

electronic and structural dynamics of the molecular units
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in the solid state. In particular, the electron transport,5

fluorescence,6 and electronic absorption14,15 of solid as-

semblies from conjugated molecules are strongly associ-

ated with aggregated structures. For example, the parallel

aligned aromatic chromophores in various supramolecu-

lar assemblies with tilt angle (θ) <54.78° (J-aggregate

definition) allow electronic excitation from the ground

state to the excited state with lower energy relative to

the monomeric molecules, resulting in an absorbance

bathochromic-shift (Scheme 1a).14 Although supramolec-

ular chemistry has progressed tremendously in the past

50 years, this discipline is still very active and faces many

yet unexplored territories beyond the monomeric molec-

ular properties.

The development of high-performance photoredox

catalysts for organic transformations is of great signifi-

cance because they can overcome the high energy bar-

rier for conventional activation of organic molecules and

realize new and significant transformations under mild

conditions.16–19 The direct/indirect use of relatively low-

energy visible light is highly preferred in photoredox

catalysis in order to realize more energy-efficient and

green organic transformations and minimize damage

during photocatalysis. Polycyclic aromatic hydrocarbons

(PAHs) with high redox potentials have been recognized

as excellent photoredox catalysts. However, PAHs gen-

erally absorb high-energy ultraviolet light, which has

impeded their wide practical applications in photoredox

catalysis.20,21

Porous organic cages (POCs) constructed from cova-

lently linked molecular building blocks have emerged as

new types of nanosized synthons for porous reticular

frameworks.22–29 In comparison with other porous mate-

rials,30–46 POCs possess both intrinsic intracage cavity and

intercage porosity upon assembly, in addition to their

advantageous solution processability and regeneration

through recrystallization. The unique porous nature of

POCs can facilitate the mass transfer of reactants and

products in heterogeneous catalysis.47–59 Moreover, the

arrangement of chromophores within a cage and the

assembly could tune their light-harvesting wavelength

and utilization efficiency depending on the aggregation

model. In this work, we demonstrate the first example of

Scheme 1 | (a) Illustration of absorbance bathochromic shift due to the (1) conventional J-type aggregation and (2)

C–H...π interaction between neighboring aromatic chromophores unveiled in this work (Am and Aa represent the

absorption maximum of monomeric molecule and assembly, respectively). (b) Synthesis of PyTC1 through imine

condensation.
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an unusual C–H...π interaction-induced absorption bath-

ochromic shift in POCs (denoted as PyTC1) upon their

self-assembly in the solid-state (Scheme 1). The adsorp-

tion of the solid-state supramolecular assembly of PyTC1

is shifted to the visible light region due to the C–H...π
interactions between neighboring POC molecules, which

is in great contrast to the ultraviolet absorption of its

solution sample in CH2Cl2. This endows the PyTC1 supra-

molecular assembly with the prominent heterogeneous

visible light photocatalytic activity for aerobic hydroxyl-

ation of benzeneboronic acid derivatives, with yields

almost five times higher than that of the reaction cata-

lyzed by the same Py chromophore but without C–H...π
interaction. Thus, our study opens many new possibilities

for engineering the absorption properties of PAHs with

high redox potentials to realize more energy-efficient

and greener photocatalysis under visible light by incor-

porating them in rigid POC molecules.

Results and Discussion
Inspired by the high redox potentials of PAHs able to

drivemany photoredox reactions,20,21 1,6-pyrene derivative

was introduced into a [3+6]-type organic cage (denoted

as PyTC1). In details, the Suzuki–Miyaura cross-coupling

reaction of 1,6-dibromopyrene and 5-(4,4,5,5-tetra-

methyl-1,3,2-dioxaborolan-2-yl)isophthalaldehyde affor-

ded a tetraaldehyde cage precursor 5,5′-(pyrene-1,

6-diyl)diisophthalaldehyde (PyDP) in the presence of Pd

(PPh3)4 as a catalyst. PyTC1 was formed as a pure pale

yellow solid in high yield (70%) through the [3+6] cycloi-

mination reaction of PyDP with cyclohexanediamine

(Scheme 1b). The PyTC1 obtained was characterized with

various techniques, including NMR spectroscopy, mass

spectrometry, and single-crystal X-ray diffraction (Figure 1

and Supporting Information Figures S1–S3 and Table S1).

The crystal structure of PyTC1 revealed three 1,6-pyr-

ene units bridged by six cyclohexanediimine segments,

arranged in a triangular shapewith a side length of 1.6 nm,

forming a tubular structure with a length of 2.4 nm

(Figures 1a and 1b and Supporting Information Table

S1). The nearest distance between the hydrogen atom

of 1,6-pyrene to the neighboring 1,6-pyrene plane was

2.93 Å, indicating the existence of weak interactions. The

adjacent molecules were connected by intercage C–H...π
interactions between the H atoms of cyclohexanediimine

and the center benzene ring of the pyrene units, as

indicated by the short distances of 2.865 and 2.984 Å,

Figure 1 | Structure of PyTC1. (a) Side view. (b) Top view. (c) Packing structure showing one-dimensional channels as

cyan balls. (d) Intercage C–H...π interaction (black dash line).
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forming a porous supramolecular framework with a big-

ger pore size of ∼1.1 nm (Figures 1c and 1d).

The electronic absorption spectrum of the solution of

PyTC1 in CH2Cl2 showedmaximumabsorption at 236 nm

and other two medium adsorption bands at 288 and

354 nm (Figure 2a). Upon excitation at 350 nm (λex), the
emission spectrum of PyTC1 in CH2Cl2 displayed a maxi-

mum emission at 404 nm with a fluorescence quantum

yield Φ = 47% and a lifetime τ = 2.97 ns (Supporting

Information Figures S4 and S5). For the solid sample of

PyTC1, the maximum absorption appeared at 385 nm

with the band ending at 480 nm, which demonstrated a

significant bathochromic shift, compared with PyTC1 in

solution (Figure 2a). It is worth noting that the bath-

ochromic-shifted absorption band of dye aggregates

relative to that of the monomer has been generally

assigned to J-aggregates.14 Interestingly, the packing

structure of PyTC1 did not show any J-aggregate feature

for pyrene chromophores (Figure 1), precluding the

origin of the observed absorption bathochromic shift

from J-aggregation. Therefore, we attributed the bath-

ochromic shift observed in the solid sample of PyTC1 to

the intercage C–H...π interaction. Further evidence to

support the role of C–H...π interaction came from the

crystal structures of pyrene (Py) and a small molecule

model compound, 1,1′,1″,1‴-(pyrene-1,6-diylbis(benzene-

5,1,3-triyl))tetrakis(N-cyclohexylmethanimine) (PyTM)

(Supporting Information Figures S24–S26 and Scheme

S1), displaying bathochromic-shift in the absorption

bands of their solid samples in comparison with those

of the solution samples (Supporting Information Figures

S6–S9). Notably, in addition to the C–H...π interactions

between the neighboring pyrene molecules, H-type ag-

gregation of pyrene dimers through π...π interaction with

a tilted angle of 63.18° was also found in the crystal

structure, which should lead to a blue shift (Supporting

Information Figure S6).14 The observed bathochromic

shift in the solid sample of pyrene, therefore, suggests

that C–H...π interactions overshadowed the π...π interac-

tions between H-aggregated pyrene dimers.

The bathochromic absorption shift of PyTC1 in the

solid-state relative to the spectra of PyTC1 in solution

was further examined through the theoretical simula-

tions on the basis of time-dependent density functional

theory (TDDFT) with Tamm–Dancoff approximation

(TDA). For PyTC1 in CH2Cl2, very broadband appeared

between 300 and 400 nm. The second-order differen-

tiation was performed to find the absorption signals,

revealing four overlapping bands centered at 385, 374,

353, and 337 nm (Supporting Information Figure S10).

According to the TDDFT results, the transitions of

HOMO(pyrene)/HOMO-1(pyrene) → LUMO(pyrene)/LUMO

+1(pyrene) (HOMO = highest occupied molecular,

LUMO = lowest unoccupied molecular) led to bands

at 341, 382, and 393 nm, consistent with the

experimental bands at 337 and 385 nm. The transitions

between pyrene units and benzene rings, namely,

HOMO(pyrene) → LUMO(benzene) and HOMO-1(pyrene) →
LUMO+1(benzene), yielded the bands at 370 and 354 nm,

respectively (Supporting Information Table S2). The

present theoretical simulation results explained well the

observed bands at 337, 353, 374, and 385 nm in the

second-order differentiation curve of electronic ab-

sorption of PyTC1 in CH2Cl2. The self-assembly of PyTC1

enabled the C–H...π interactions between cyclohexane-

diimine and pyrene segments; thus, the electronic ab-

sorption of the solid material originated from both the

intramolecular and intermolecular electronic transitions

(Supporting Information Figure S11). Although the exact

details of the intermolecular electronic transitions could

be fairly complicated, we managed to calculate the

electron density transfer transitions possibility between

the HOMOs(pyrene) → LUMOs(pyrene) transition from the

adjacent cage molecules, which gave new bands with

Figure 2 | (a) Solid-state UV–vis diffuse reflectance spectra of PyTC1 (black) and solution UV–vis spectra of PyTC1

(grey) and pyrene (dot line) in CH2Cl2. (b) N2 sorption isotherms of PyTC1 at 77 K (inset: pore size distribution based on

DFT calculation).
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relatively longer wavelengths at 380 and 357 nm

due to the HOMO-3(pyrene) → LUMO+1(pyrene) and

HOMO-4(pyrene) → LUMO+2(pyrene) transition, respec-

tively (Supporting Information Figures S12 and S13

and Table S3). These results further provided evidence

that the present bathochromic shift of the absorption

could be attributed to the C–H...π interactions between

the aromatic chromophores of the dimeric aggregates.

Nitrogen sorption isotherm at 77 K unveiled the po-

rous nature of PyTC1, showing a Brunauer–Emmett–

Teller (BET) surface area of 695 m2 g−1 (Figure 2b and

Supporting Information Figure S14). The pore size was

estimated to be 1.1 nm (inset of Figure 2b), consistent

with the intercage pore size, according to the crystal

structure. The porosity, together with visible light ab-

sorption of PyTC1 solid, suggested its potential for

heterogeneous photoredox catalysis. The observation

by quartet electron spin resonance (ESR) signals for

PyTC1 with the trapping agent, 5,5-dimethyl-1-pyrroline

N-oxide, under the illumination of a blue LED lamp,

suggested its capability of promoting superoxide anion

radical (O2
•)− evolution via visible-light-driven electron

transfer process (Supporting Information Figures S15

and S16), due to the high reduction potential of PyTC1

[−1.60 V vs standard hydrogen electrode (SHE)].56 Visi-

ble light-driven aerobic hydroxylation of benzeneboro-

nic acid in the presence of PyTC1 photoredox catalyst

under air was selected as a model reaction (Table 1).60–64

We chose co-solvent CD3CN/D2O as the reaction me-

dium, where dry PyTC1 crystals as photocatalyst had

negligible solubility and presented as a solid, according

to our NMR spectral data (Supporting Information

Figure S17).

Upon the blue LED light illumination, benzenebo-

ronic acid in CD3CN/D2O was transformed into the

corresponding product (phenol) within 5.0 h with

99% conversion. PyTC1 exhibited excellent stability,

showing almost the same 1H NMR spectrum before and

Table 1 | Visible Light-Driven Aerobic Hydroxylation of Benzeneboronic Acid Derivatives to Phenols under Various

Conditionsa

Entry –R1 –R2 Catalyst Time (h) Conv. (%)b

1 –H –H PyTC1 5.0 >99
2 –H –H PyTC1 5.0 >99c

3 –H –H PyTC1 5.0 18d

4 –H –H PyTM 5.0 31e

5 –H –H Py 5.0 19f

6 –H –H None 5.0 N.D.g

7 –H –H PyTC1 5.0 N.D.h

8 –H –H PyTC1 5.0 54i

9 –H –H Py 5.0 50i

10 –H –H None 5.0 N.D.i

11 –CHO –H PyTC1 4.0 >99
12 –CH3 –H PyTC1 6.0 >99
13 –OCH3 –H PyTC1 6.0 >99
14 –H –OCH3 PyTC1 8.0 >99
15 ––OCH3 –OCH3 PyTC1 6.0 >99
16 –Br –H PyTC1 6.0 >99
17 –COOC2H5 –H PyTC1 8.0 >99

a Reaction conditions: benzeneboronic acid derivatives (60.0 μmol), PyTC1 (4.0 μmol), iPr2NEt (300.0 μmol), CD3CN

(0.8 mL), and D2O (0.2 mL) upon the irradiation of a 25 W blue LED light (420 nm < λ < 500 nm) under air.
b Conversion was determined by 1H NMR spectral analysis.
c Under O2.
d Under N2.
e PyTM (12.0 μmol).
f Py (12.0 μmol).
g N.D. = not detected.
h In the absence of irradiation.
i Upon the irradiation of a 25 W UV light (350 nm < λ < 400 nm).

COMMUNICATION

DOI: 10.31635/ccschem.021.202101202
Corrected Citation: CCS Chem. 2022, 4, 2588–2596
Previous Citation: CCS Chem. 2021, 3, 2917–2921
Link toVoR:https://doi.org/10.31635/ccschem.021.202101202

2592

https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.021.202101202
https://doi.org/10.31635/ccschem.021.202101202
https://doi.org/10.31635/ccschem.021.202101202


after the photocatalysis (Supporting Information

Figure S18). The control experiments, conducted in the

absence of air, PyTC1, or irradiation, but under other-

wise identical conditions, showed lower conversion or

no product formation, revealing the critical role of O2,

PyTC1 photoredox catalyst, and irradiation in the ben-

zeneboronic acid hydroxylation process (Table 1). Note

that when Py was used as the catalyst, the conversion of

benzeneboronic acid was markedly slowed down even

with a catalyst loading three times higher than that of

the solid PyTC1 under otherwise the same experimental

conditions (Figure 3). In contrast, upon the UV light

illumination, both PyTC1 and Py as catalysts yielded

similar conversion (54% vs 50%). These results clearly

indicated the superiority of the solid pyrene-based POC

in heterogeneous visible light photoredox catalysis en-

abled by the C–H...π interaction-induced absorption

bathochromic shift. We found that the nonporous ref-

erence compound PyTM with similar visible light

absorption to PyTC1 exhibits poor photocatalytic

performance. The photocatalytic performances of both

nonporous Py and PyTM are inferior to that of PyTC1

in the same heterogeneous system (Table 1 and

Supporting Information Figure S19), further supporting

the positive role of porous nature for cage-based het-

erogeneous photocatalyst.65 Under the optimal reac-

tion conditions with PyTC1 as the catalyst under air

at room temperature, visible-light-driven aerobic

hydroxylation of the benzeneboronic acid derivatives

produced the corresponding products with high con-

version of above 99%, evidently demonstrating the

high photocatalytic activity of PyTC1 (Table 1). For

benzeneboronic acid with –CHO substitution at the

para-position, the reaction time for obtaining above

99% conversion reduced from 5 to 4.0 h, indicating the

activating role of the electron-withdrawing group. In-

troducing electron-donating groups of –CH3, –OCH3,

–Br, and –COOC2H5 substituent on the para- or meta-

position of benzeneboronic acids prolonged the reac-

tion time (up to 8.0 h) to afford a conversion above

99%. The calculated turnover number (TON) (15) of

PyTC1 was comparable to that of other photocatalysts

employing the same benzeneboronic acid as the sub-

strate; these include DhaTph-Ni (TON = 10, based on

active molecule sites) and LZU-190 (TON = 12, based on

active molecule sites).63,64 Moreover, a visible-light-driv-

en aerobic hydroxylation reaction of benzeneboronic

acid was carried out for five consecutive cycles. We

observed constant high conversions of the substrate for

all five cycles, indicating the high stability of the PyTC1

catalyst (Supporting Information Figure S20). The

photocatalysis mechanism proposed is outlined in

Supporting Information Figure S21. After the photocata-

lysis under the same reaction conditions, the BET surface

area of used PyTC1 was reduced to 450 m2 g−1 due to

the collapsed porosity during the catalytic process

(Supporting Information Figures S22 and S23).

Conclusion
We have constructed and fully characterized a porous

pyrene organic cage, PyTC1. With the platform of this

organic cage, we revealed for the first time that soft

C–H...π interactions between POC molecules could induce

an unusual electronic absorption shift from the UV region

for solution phase to the visible light region in the solid

state, which, in turn, realized the utilization of visible light

energy in photoredox catalysis. Such a phenomenon could

enable visible-light-driven photocatalysis that, originally,

could only be achieved using UV light with the same

chromophore. These interesting findings open new possi-

bilities for rational design and synthesis of PAH-based

molecular architectures and study their self-assembly

behaviors to achieve unprecedented optoelectronic and

catalytic properties.

Supporting Information
Supporting Information is available and includes experi-

mental details, NMR spectra, ESR spectra, and theoretical

calculations, as well as crystallographic data for PyTC1,

PyTM, and Py (CIF).
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Figure 3 | The conversion of light-driven aerobic hydrox-

ylation of benzeneboronic acid by PyTC1 and Py was

determined by 1H NMR spectra. Reaction conditions: ben-

zeneboronic acid (60.0 μmol), catalyst (12.0 μmol for the

pyrene-based unit), iPr2NEt (300.0 μmol), CD3CN (0.8mL),

and D2O (0.2 mL) with blue LED and UV light

(350 nm < λ < 400 nm) irradiation for 5.0 h under air at

room temperature.
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