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tion of a superoxide radical by
a porous aromatic framework for fast
photocatalytic decontamination of mustard gas
simulant in room air†

Jian Song,‡ Hengtao Lei,‡ Yuhui Zhai, Zilong Dou, Yongyue Ding, Xueyan Han,
Fengchao Cui, Yuyang Tian * and Guangshan Zhu *

Mustard gas and other chemical warfare agents (CWAs) are a global threat to public security, arising from

unpredictable emergencies and chemical spill accidents. So far, photocatalysts such as metal clusters,

polyoxometalates and porous solids have been exploited for oxidative degradation of mustard gas,

commonly with 1O2 as reactive species. However, the production of 1O2 is oxygen-dependent and

requires a high oxygen concentration to sustain the detoxication process. For safety and operation

process considerations, it is always preferable to rapidly detoxify dangerous chemicals in the atmosphere

of room air. In this work, a porous aromatic framework, PAF-68, was synthesized as a metal-free

photocatalyst. In the presence of PAF-68, fast detoxication occurred in typical room air atmosphere. The

half-life (t1/2) for the complete conversion of mustard gas simulant to nontoxic product in room air was

only 1.7 min, which is comparable to the performance in pure oxygen, surpassing that of any other

porous photocatalysts. It was found that cO2
− rather than 1O2 is the predominant reactive species

initiated by PAF-68 for mustard gas detoxication. Unlike the formation of 1O2 which prefers the

environment of pure oxygen, generation of the cO2
− is an oxygen-independent process. It is suggested

that amorphous PAFs possess low exciton binding energy and long decay lifetime, which facilitate the

generation of cO2
−, and this offers a general design strategy to detoxifying chemical warfare agents

under real-world conditions.
Introduction

CWAs are a global threat because of their strong lethality, ready
availability, and diverse exposure pathways.1,2 Among them,
mustard gas (HD) is a typical representative of corrosive
poisons, and it is widely regarded as a historically signicant
chemical weapon, referred to as the “king of poisons” for its
potent corrosiveness, chemical stability, long-lasting effective-
ness, and especially difficult detoxication.3 Compared to other
detoxifying approaches such as dehydrochlorination and
hydrolysis, oxidation of HD is especially regarded as more
promising for its fast conversion and innocuous products.
Among the oxidation processes, photocatalytic oxidation driven
by light, as the source of energy, is the most attractive due to its
efficiency, sustainability and ease of operation.4 In pioneering
research, Farha et al. used the metal organic framework (MOF)
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PCN-222 as a photocatalyst for mustard gas simulant detoxica-
tion. In an atmosphere of pure oxygen and under LED light
irradiation, a mustard gas simulant, 2-chloroethyl ethyl sulde
(CEES), was selectively oxidized to its nontoxic product 2-
chloroethyl ethyl sulfoxide (CEESO) with a half-life (t1/2) of
13 min.5 There has since been extensive work on the design of
photocatalysts to faster convert mustard gas and its
simulants.6–8 With regard to oxidation, selective conversion of
mustard gas to its sulfoxide product is preferred because over-
oxidation results in the production of a sulfone compound,
which is as toxic as HD itself.9 Besides their demanding selec-
tivity, catalysts and oxidants should be carefully selected to
achieve fast detoxication. However, almost all currently re-
ported photocatalytic reactions require pure oxygen, or even
more dangerously, hydrogen peroxide as oxidants, because the
reactive oxygen species (ROS) usually relies on the concentra-
tion of the oxidants.10,11 Despite singlet oxygen (1O2) being
commonly used to selectively oxidize CEES to CEESO, a high
concentration of oxygen molecules is needed to ensure a viable
oxidation rate, due to the oxygen-dependent feature of 1O2

formation.12,13 Consequently, under an atmosphere of typical
room air, with an oxygen partial pressure around 20%, the rate
Chem. Sci., 2024, 15, 15717–15724 | 15717
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of CEES oxidation by 1O2 is signicantly reduced.5,14 In real-
world conditions, carrying pure oxygen or even explosive
hydrogen peroxide as oxidants is difficult and risky. Therefore,
the design and synthesis of photocatalysts for rapid degradation
of CEES in an atmosphere of room air is an urgent goal of
current research.

Porous solids, including metal–organic frameworks (MOFs)
and covalent organic frameworks (COFs), have exhibited
signicant performance as photocatalysts owing to their
massive accessible active sites and adjustable energy band
structures.15–17 However, in practice, most of these materials
serving as heterogeneous catalysts face the challenge of weak
stability. In contrast, porous aromatic frameworks (PAFs) are
a class of porous materials entirely constructed from organic
building units, where the building units are linked via stable
carbon–carbon covalent bonds.18,19 Due to their structural
features, PAFs possess numerous accessible internal surfaces,
a stable framework, and sub-nanometer-scaled pores, which are
used as functional materials for adsorption,20 separation,20,21

catalysis,22 and as solid electrolytes,23,24 to name but a few. Apart
from their exceptional stability, the physical and chemical
properties of PAFs can be readily designed and modulated by
the screening and modication of suitable building units.25

Therefore, the development of photoactive PAFs for ROS-related
processes would be an alluring option.

Herein, a photoactive PAF (PAF-68) with high specic surface
area and high stability was successfully synthesized, with tris(4-
ethynylphenyl)amine (EPA) and meso-tetra(p-bromophenyl)
porphyrin (TBPP) as building units (Fig. 1). PAF-68 showed good
efficacy for the aerobic oxidation of mustard gas simulant. In
humid O2, CEES was completely converted into the nontoxic
CEESO with a half-life of 1.5 min. In an atmosphere of room air,
regardless of the low oxygen partial pressure and the humidity,
the half-life of the conversion of CEES to CEESO by PAF-68
reached an ultrafast pace of 1.7 min, which is quite close to that
in pure oxygen. To the best of our knowledge, this is the fastest
conversion among any reported photocatalysts in air. Both
a reactive oxygen species (ROS) quenching experiment and
electron paramagnetic resonance (EPR) spectroscopy suggested
that PAF-68 rapidly initiated cO2

− rather than 1O2. Compared to
1O2, the generation of cO2

− is an oxygen concentration-
independent process,26–28 thus allowing a fast conversion rate
without needing an atmosphere of pure oxygen. Different from
ordered porous solids such as MOFs and COFs, the amorphous
PAFs are a metal-free photocatalyst that initiates cO2

− as ROS.
Mechanism investigation suggested that the porphyrin-based
amorphous framework of PAF-68 is a feature of low exciton
binding energy and long decay lifetime when excited by light,
both of which would facilitate the generation of cO2

−. The tough
carbon–carbon linkages of the PAFs hindered photo-
degradation of the skeleton, resulting in durable photocatalytic
degradation performance even aer several cycles. This work
not only provides a promising material for the fast detoxication
of mustard gas simulant in general environments, but also
presents an innovative but inspiring design principle for the
detoxication of chemical warfare agents with other types of ROS.
15718 | Chem. Sci., 2024, 15, 15717–15724
Results and discussion
Synthesis and characterization of PAF-68

Using photoactive TBPP and EPA as the building units, PAF-68
was obtained under solvothermal conditions in the form of
a purple powder. The structural characteristics of PAF-68 were
characterized by infrared spectroscopy (FT-IR), solid-state 13C
CP/MAS NMR and X-ray photoelectron spectroscopy. The FT-IR
spectrum is shown in Fig. 2a. The peaks at 564 and 515 cm−1 are
related to the stretching vibration of C–Br on the monomer
TBPP, while the peak at 3281 cm−1 was attributed to the char-
acteristic vibration from the terminal alkynyl C^H bond in
EPA. The fact that these characteristic peaks vanished in the
product indicated that the building units had fully reacted, and
the new, low-intensity peak at 2204 cm−1 was assigned to the
stretching vibration peak of the newly formed alkyne bond in
PAF-68. In the solid-state 13C NMR, the chemical shi at around
90 ppm corresponds to the carbon–carbon triple bonds. Those
at 118–152 ppm were assigned to aromatic carbons from the
phenylporphine and phenylamine motifs in PAF-68 (Fig. 2b). X-
ray photoelectron spectroscopy (XPS) proved that PAF-68 is
metal-free and has two N 1s characteristic peaks of porphyrin
and triphenylamine (Fig. S1†). Thus, the connection of the
building units and the bonding mode of PAF-68 could be
conrmed as expected. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were used to
investigate the morphology of PAF-68. As can be observed in the
SEM and TEM photographs (Fig. S2 and S3†), its morphology
exhibited spherical nanoparticles with a size of 400–600 nm.

The permanent porosity of PAF-68 was conrmed by N2

adsorption analysis at 77 K. The N2 adsorption–desorption
isotherms of PAF-68 showed a typical type I curve as predicted
(Fig. 2c), and the hysteresis in the isotherms was attributed to
the swelling of the entirely organic framework with increased
pressure.29 According to the Brunauer–Emmett–Teller model,
the BET surface area of PAF-68 was estimated to be 509 m2 g−1.
The total pore volume of PAF-68 was 0.28 cm3 g−1, with two
primary pore diameters centered at 0.5 nm and 0.9 nm,
respectively. The micropores facilitate substrate diffusion
through the pores and provide accessibility to the reaction sites
during catalytic conversion.

From the thermogravimetric analysis (TGA) curve (Fig. S4†)
obtained under air ow, it is evident that the synthesized PAF-
68 showed almost no weight loss up to 400 °C. As the temper-
ature rose further, a sharp decrease in weight was observed,
which was attributed to decomposition of the skeleton. A
chemical stability assessment was performed by porosity
measurements on the PAF-68 sample aer stirring under harsh
conditions and in organic solvents. The sample was either
stirred in 3 M HCl (Fig. S5†) or 6 M KOH (Fig. S6†) for 48 h, or
separately immersed in commonly used organic solvents,
including tetrahydrofuran, methanol, dichloromethane,
ethanol, and acetone for 24 h (Fig. S7†), then kept in ambient
atmosphere for a whole year (Fig. S8†). The retained surface
area indicated no obvious dissolution or degradation for PAF-
68.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Previously reported porous photocatalysts for detoxification of mustard gas and simulants can ensure rapid oxidative degradation
under pure oxygen, while the catalytic rate is greatly reduced in room air. (b) In contrast, PAF-68 in this work degrades CEES in room air as fast as
in pure oxygen.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
3:

05
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Light absorption measurements were applied to understand
the electronic energy band levels of PAF-68. The UV-Vis diffuse
reectance spectrum of PAF-68 showed absorption bands in the
wavelength range from 400 to 700 nm. The wide absorption
Fig. 2 Structural and optical characterization of PAF-68. (a) FT-IR spectra
NMR spectrum of PAF-68. (c) Nitrogen-sorption isotherm curves measu
PAF-68. (e) VB-XPS spectrum of PAF-68 (the VB positions of PAF-68 ar

© 2024 The Author(s). Published by the Royal Society of Chemistry
band extends to the near-infrared region, which indicates its
efficient light-harvesting ability due to the existence of the
porphyrin macrocycle (Fig. 2d). A Kubelka–Munk-transformed
reectance spectrum based on UV-Vis DRS was recorded
of PAF-68, TBPP, and EPA for comparison. (b) Solid-state 13C CP/MAS
red at 77 K and pore distribution of PAF-68. (d) UV-Vis DRS pattern of
e 1.33 eV below the Fermi level (EF)). (f) Band positions of PAF-68.

Chem. Sci., 2024, 15, 15717–15724 | 15719
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(Fig. S9†). According to the calculations derived from the Tauc
plots, the corresponding optical bandgap (Eg) of PAF-68 was
estimated to be 1.77 eV, indicating that PAF-68 is a semi-
conductor and possesses strong light-collecting capability. The
valence band (VB) spectrum was also obtained using XPS for
PAF-68 to evaluate the energy band, and the VB potential was
found to be 1.33 eV (Fig. 2e). Deducing from the experimental
energy levels of Eg and VB, the conduction band (CB) was
calculated to be−0.44 eV (Fig. 2f). The CB, with enough negative
potential, provides multiple pathways for oxygen activation.
Photocatalytic activity of PAF-68

The porous structure and light response of PAF-68 encouraged
us to evaluate the catalytic oxidation of the toxic compounds,
either in pure oxygen or in room air. CEES, a mustard gas
simulant, was used as the modeling compound for safety
reasons. The conversion and selectivity of the reaction were
conrmed by 1HNMR and 13C NMR (Fig. 3a and S10†). In the 1H
NMR results, the chemical shis at 1.24, 2.58, 2.85, and
3.65 ppm were assigned to CEES, and those at 1.35, 2.82, 2.92,
3.17, and 3.95 ppm were attributed to the expected product
CEESO. Under the condition of pure oxygen, the chemical shis
from CEES gradually vanished, and those signals corresponding
to CEESO began to appear as soon as CEES was injected
(Fig. S11†). Fig. 3b showed that with the aid of PAF-68, CEES can
be completely converted into the nontoxic oxidation product
CEESO in 3.7 min. The half-life (t1/2) for conversion of CEES to
CEESO was evaluated to be 1.7 min, revealing the very fast
degradation rate. It is noteworthy that although the detoxica-
tion process lasted for 2 h, no highly toxic 2-chloroethyl ethyl
sulfone (CEESO2) was detected at all, suggesting that CEESO
Fig. 3 Detoxification of CEES catalyzed by PAF-68. (a) Photooxidation re
and 5 min before and after photooxidation. (b) Conversion of CEES in th
Conversion of CEES in the presence of PAF-68 under dry (purple) and we
under dry (green) and wet (yellow) room air. (e) The half-life of CEES de
pure oxygen and in air. (f) Recycling performance of PAF-68 towards ph

15720 | Chem. Sci., 2024, 15, 15717–15724
was the only product, with a selectivity of 100% (Fig. S12†). As
PAFs are highly stable with carbon–carbon linkages, the humid
environment would not affect the photocatalytic activity of PAF-
68. Even more, when pure oxygen ux was bubbled in water, the
trace humidity from the atmosphere accelerated the catalytic
reaction, and the half-life in humid oxygen was further accel-
erated to 1.5 min (Fig. S13†).

The oxygen content in room air environment is only 21%
(i.e., un-enriched in terms of oxygen). Under such a low oxygen
partial pressure, the reported photocatalysts for CEES detoxi-
cation universally showed a signicantly prolonged conversion
half-life compared with oxidation in pure oxygen. For example,
a porphyritic ligand-coordinated silver cluster exhibited a CEES
degradation half-life of 1.5 min in pure oxygen, but the half-life
of the same material in air was 6 min.30 Another porphyrin-
based MOF, Fe–TCPP–La, selectively converted CEES to
CEESO with a half-life of 2.5 min in oxygen atmosphere, but in
air the half-life was about 10 min.14 Air atmosphere was also
applied to PAF-68 to further investigate the impact of oxygen
concentrations on the conversion of CEES. Surprisingly, PAF-68
exhibited selective conversion from CEES to CEESO in air
almost as fast as in pure oxygen. Under an atmosphere of dry
imitated air (N2/O2, v/v = 80, 20), CEES was fully converted into
nontoxic CEESO within 7 min, with a t1/2 of 2.4 min (Fig. S14†).
Trace humidity from the atmosphere by gas bubbling also
expedited the catalytic reaction, with the half-life reduced to
1.7 min (Fig. 3c and S15†). In a real room air atmosphere, PAF-
68 showed its wide suitability (Fig. S16 and S17†). Complete
conversion from CEES to CEESO under humid air took 5.1 min,
with a half-life of only 1.9 min (Fig. 3d). This conversion rate
was comparable to that in imitated humid air (t1/2 = 1.7 min)
action of CEES by PAF-68 and 1H NMR spectra measured 0 min, 3 min
e presence of PAF-68 under dry (blue) and wet (orange) pure O2. (c)
t (red) simulated air. (d) Conversion of CEES in the presence of PAF-68
gradation using PAF-68 compared with other POP photosensitizers in
otooxidation of CEES.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and humid oxygen (t1/2 = 1.5 min). Even under an extremely
low-oxygen condition (N2/O2, v/v = 98/2), CEES could still be
completely converted to CEESO with a t1/2 of 2.7 min (Fig. S18–
S21†), further demonstrating that the catalytic effect of PAF-68
is oxygen concentration-independent. Compared with other
reported materials with greatly reduced conversion in air, the
detoxication rate of PAF-68 to CEES in air atmosphere is very
close to that in pure oxygen (Fig. 3e and Table S1†).

The covalent carbon–carbon linkages also render their
excellent chemical stability in PAFs over other MOF-based
catalysts. PAF-68 was used as a catalyst in humid air and
recovered aer the photocatalytic degradation. The results
indicated that PAF-68 retained similar conversion rate and
selectivity aer 7 cycles, equivalent to those of the original
catalyst (Fig. 3f). The FT-IR, solid-state 13C NMR, N2 adsorption
and XPS spectra indicated that cycled PAFs have unaltered
structure and permanent porosity, and no CEES and CEESO
residues (Fig. S22†). At the same time, aer keeping PAF-68 at
room temperature in room air for a year, it still exhibited the
same catalytic activity (Fig. S23†), indicating its structural
stability and availability for long-term storage as well. For
comparison, CEES detoxication was carried out without light
and without PAF-68, respectively. The results showed that CEES
did not convert within 15 min (Fig. S24†). When the reaction is
carried out in aprotic solvents such as deuterated chloroform,
CEESO2 and the oxidation elimination product ethyl vinyl
sulfoxide (EVSO) signals are detected, consistent with previous
reports (Fig. S25†).31 In order to prove the rapid detoxication
caused by the superiority of PAF-68 rather than the experi-
mental conditions, a typical PCN-222 was synthesized and
compared (Fig. S26–S28†). The results showed that under the
same conditions, the half-life of CEES degradation by PCN-222
in pure oxygen was 27.2 min, and the half-life in air was
33.6 min, which was close to the previously reported white light
conditions.
Mechanism investigation

As a metal-free organic photocatalyst, PAF-68 generates ROS for
fast decontamination of mustard gas simulant. It is rewarding
to understand the generation of specic ROS for the corre-
sponding photocatalytic process and shed light on the design of
photocatalysts for CWA detoxication. In general, photo-
catalysts initiate the generation of different kinds of ROS such
as cO2

−, cOH, H2O2, and
1O2 from molecular oxygen. To identify

the type of ROS involved in this process, 1,4-benzoquinone, tert-
butanol, catalase, and carotene were employed as quenching
agents to selectively scavenge cO2

−, cOH, H2O2, and 1O2,
respectively. Oxidation of 3,30,5,50-tetramethylbenzidine (TMB)
was selected as an indicative reaction because colorless TMB is
converted into the blue oxidized state (oxTMB) when exposed to
light. As shown in Fig. 4a, the degree of oxidation was moni-
tored by the characteristic UV-Vis absorption at 370 and 652 nm.
The results were recorded and summarized in Fig. 4b. When
1,4-benzoquinone was used as the quenching agent for cO2

−,
the oxidation of TMB was completely prevented, leaving no
color change of the TMB solution and no absorbance signal in
© 2024 The Author(s). Published by the Royal Society of Chemistry
UV-Vis. With regards to other trapping agents for cOH, H2O2,
and 1O2, quenching was not observed, indicating the absence of
these ROS. Therefore, it is believed that cO2

− is the predominant
ROS in the photocatalytic process initiated by PAF-68. Further
convincing evidence for the identication of ROS was given by
electron paramagnetic resonance spectroscopy (EPR). As a spin-
trapping agent, 5,5-dimethyl-1-pyrroline-oxide (DMPO) was
added to the photocatalysis reaction. Under light irradiation,
four peaks were observed, and their appearance was attributed
to the existence of DMPO*cO2

−. The peaks were signicantly
weakened in the dark, indicating the initiation of cO2

− was
driven by light irradiation (Fig. 4c). In contrast, there was no
spin signal for cOH or 1O2 observed either under light irradia-
tion or in darkness. (Fig. S29†). Together with the results of the
quenching experiments, both of them showed that cO2

− was the
predominant ROS in the photoinduced process involving PAF-
68. Compared with other reported HD/CEES detoxication pho-
tocatalysts such as MOFs and COFs,30,32 where 1O2 is usually
present as the main ROS, PAF materials exclusively generating
cO2

− as ROS would be an exciting result for photocatalyst design
and photodynamic therapy, as cO2

− is independent of the
oxygen concentration. For this reason, there is merit in unveil-
ing the reason for ROS generation by metal-free or entirely
organic compounds.

Herein, we proposed a plausible reaction mechanism of the
photocatalytic detoxication of CEES by PAF-68 as shown in
Fig. S30.† Under visible light excitation, PAF-68 changes from
the ground state to the excited state, producing photoinduced
electrons and photoinduced holes. Subsequently, O2 is acti-
vated by electron transfer to generate O2

−. On the other hand,
the hole combines with CEES to form a positively charged
intermediate A. Intermediate A combines with O2 to form
peroxide B. Finally, peroxide B reacts with CEES to form the
product CEESO. Quantum chemical calculations have been
further conducted to explore the excited-state properties of PAF-
68 and get in-depth insights into the underlying mechanism of
cO2

−. Our calculations suggest (Fig. S31†) that the rst elec-
tronically excited singlet state S1 of PAF-68 is of local p–p*

character, and thus is the vertical transition to the Franck–
Condon point with the S0 stable structure. S1 state corresponds
to the excitation of electrons from the two highest occupied
molecular orbitals (HOMOs) to the two lowest unoccupied
molecular orbitals (LUMOs), which can be explained by the
Gouterman model (so-called four-orbital model).33 The orbital
contributions of HOMO to LUMO and HOMO−1 to LUMO+1 for
S0 to S1 excitation account for 62.9% and 35.0%, respectively.
We also revealed the excited-state relaxation process from the S0
to T1 states by optimizing the minima of the corresponding
states and computing linearly interpolated internal coordinate
paths. The corresponding relaxation pathway is depicted in
Fig. 4d. Upon photoexcitation, PAF-68 is vertically excited to the
Franck–Condon point, and then relaxes rapidly to the S1
minimum with the S0–S1 energy gap of 2.036 eV. Subsequently,
PAF68 further decays to the T2 intermediate state through the
intersystem crossing process, with the S1–T2 energy gap of
0.486 eV. In T2 state, PAF68 relaxes rapidly to its minimum, with
the S0–T2 energy gap of 1.374 eV, and then goes on decaying to
Chem. Sci., 2024, 15, 15717–15724 | 15721
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Fig. 4 Practicability and carrier dynamics of PAF-68. (a) Time-dependent UV-Vis absorption spectra of TMB oxidation over PAF-68. (b) PAF-68 in
the presence of different scavengers under visible light irradiation. (c) EPR spectra of PAF-68 in the presence of DMPO. (d) Suggested excited-
state relaxation pathway from the initially populated S1 to T1 states of PAF-68 mediated by an intermediate T2 state, and energy profile for the
type-II energy transfer from the T1 PAF-68 to 3O2. (e) Integrated PL intensity of PAF-68 as a function of temperature from 83 K to 293 K. (f) fs-TA
spectra of PAF-68 following excitation at 400 nm.
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the T1 state followed by rapid internal conversion process from
T2 to T1, with the T2–T1 energy gap of 0.006 eV. In the T1 state,
PAF68 relaxes to its minimum. The vertical T1–S0 emission
energy was calculated to be 0.632 eV, which is signicantly
lower than the energy gap of 1.582 eV that is required to excite
3O2 to its singlet excited state to produce 1O2, indicating that
this process could be endothermic. Therefore, in thermody-
namics, the excitation energy transfer from the T1 state of PAF-
68 to 3O2 is not benecial.

As the excitation energy transfer process is unfavorable, the
other pathway to ROS would be a charge transfer process that
generates cO2

−. To understand the photoinduced electron–hole
pair recombination and separation in PAF-68, the exciton-
binding energy (Eb) was determined by temperature-
dependent photoluminescence (PL) measurement. The PL
intensity of PAF-68 decreases rapidly with the increase of
temperature from 83 K to 293 K (Fig. S32†). Arrhenius equation
tting of the integral PL intensity as a function of temperature
indicated the Eb of PAF-68 was about 28 meV (Fig. 4e), which is
much lower than the values for typical polymers at about 100
meV. The low Eb of PAF-68 is in favor of the formation of free
electrons and thus facilitates the generation of cO2

−. The
thermal dissociation ratio was also calculated (Fig. S33†). It was
recently reported that exciton dissociation at the order–disorder
interfaces could be boosted by the simultaneous electron
injection and hole blocking.34 As PAFs are usually considered
long-range disordered structures with local regularity, the
unique structural feature of PAFs would be a possible reason for
the low binding energy.

To further explore the excitonic processes involved in PAF-
68, the photoexcited carrier kinetics in PAF-68 was studied by
femtosecond time-resolved transient absorption (fs-TA) spec-
troscopy in air at 298 K.35,36 A 400 nm pump pulse was used to
15722 | Chem. Sci., 2024, 15, 15717–15724
excite PAF-68. The two-dimensional pseudo-color (DA) plot in
Fig. 4f was generated by tting the transient absorption spec-
trum of PAF-68 with the change of delay time and probe wave-
length. As the global tting analysis has been completed, the
steady-state absorption spectrum was then obtained. A broad
excited-state absorption over the range of 500–650 nm was
attributed to the photoinduced absorption (PA) of electrons in
PAF-68 (Fig. S34†), which relates to the formation of free
carriers.37 The positive signal of PAF-68 increases continuously
at 522 nm before 0.6 ps, and the continuous absorption of PAF-
68 at 0.8 ps to 7.5 ns at 522 nm reects the intramolecular
charge transfer. The excited state decay aer 516 nm optical
excitation was plotted to further describe the lifetime of the
photogenerated charge carriers. The tting results showed that
the average lifetime of the photogenerated charge of PAF-68 was
about 1017 ps (Fig. S35†). The long decay lifetime, which is in
favor of effective electron–hole separation, is feasible in PAF-68.
The delayed excited state decay results are consistent with low
exciton binding energy, which excellently supports that PAF-68
has a long-term carrier lifetime and effective exciton dissocia-
tion, and both facilitate the efficient generation of cO2

−. These
ndings together support that the amorphous PAFs could affect
ROS production, and eventually leading to their rapid catalytic
detoxication of CEES in room air.
Conclusions

In summary, a porphyrin-based PAF was synthesized, and its
photocatalytic decontamination of a mustard gas simulant was
studied. Compared to other leading CEES detoxication cata-
lysts, PAF-68 rapidly degraded CEES to nontoxic CEESO in room
air, with a t1/2 of 1.7 min and a selectivity of 100%. The
performance in air not only surpasses that of many
© 2024 The Author(s). Published by the Royal Society of Chemistry
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photocatalysts under pure oxygen; it is also much desired due to
the availability and safety of the oxidant supply. Mechanism
investigation revealed that cO2

− was initiated as a ROS by
photoactivated PAF-68 and quickly detoxicated mustard gas
simulant in room air. PAF-68 has low exciton binding energy
and a long decay lifetime, which are in favor of the generation of
cO2

−. Their stability and applicability in typical room air
support PAFs as promising photocatalysts for CEES degradation
in real-world environments, offering an original foundation for
the future development of effective and widely applicable
photocatalysts.
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