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ABSTRACT: The development of efficient and low-cost catalysts is essential for photocatalysis; however, the intrinsically low photocatalytic 
efficiency, as well as the difficulty in using and recycling photocatalysts in powder morphology, greatly limits their practical performance. Herein, 
we describe quasi-homogeneous photocatalysis to overcome these two limitations by constructing ultrastiff, hierarchically porous, and 

photoactive aerogels of conjugated microporous polymers (CMPs). The CMP aerogels exhibit low density but high stiffness beyond 105 m2 s−2, 
outperforming most low-density materials. Extraordinary stiffness ensures their use as robust scaffolds for scaled photocatalysis and recycling 
without being damaged at the macroscopic level. A challenging but desirable reaction for direct deaminative borylation is demonstrated using 

the CMP aerogel-based quasi-homogeneous photocatalysis with gram-scale productivity and record-high efficiency under ambient conditions. 
Combined terahertz and transient absorption spectroscopic studies unveil the generation of high-mobility free carriers and long-lived excitonic 
species in the CMP aerogels, underlying the observed superior catalytic performance. 

Introduction. 

Photocatalysis potentially offers the industry a clean and 
sustainable method of producing chemicals because of its mild 
operating conditions and low energy consumption.1–5 The key to 

achieving efficient photocatalysis is the rational design of the 
photocatalysts with suitable band structures and outstanding 
charge-transport properties to utilize photogenerated electrons and 

holes fully.6 Among the great number of semiconducting 
photocatalysts, conjugated microporous polymers (CMPs) that 

inherently combine conjugated skeletons with permanent 
nanopores have aroused intensive research interest.7 Their tailor-

made chemical structures allow for the control of optical properties, 
while the intrinsically porous structure of CMPs not only guarantees 
their complete exposure to reagents but also offers confined 
nanospace for photocatalytic reactions.8 These features have led to 
the rapid development of CMP-based photocatalysts applied in 
various reactions, including water splitting,9 organic 
transformation,10 and polymerization.11 However, like most 



 

heterogeneous photocatalysis, improving the photocatalytic 
efficiency of CMPs and shaping the powdery CMPs for practical and 
recycling use are two major issues that restrict their performance. 

According to the basic mechanism of photocatalysis, the essential 
steps involve the photogeneration of excitons, their dissociation into 
electrons and holes, and subsequent transport to the catalytic 

centers.12 The photogenerated excitons in most CMPs are Frenkel 
exciton,13 which are essentially tightly bound electron-hole pairs 
with large binding energies up to 1 eV, featured by small exciton radii 

confined within the polymer skeletons. These characteristics largely 
restrict the separation and transport of charge carriers over CMPs 

and thus inhibit their overall photocatalytic efficiency. Another 
critical issue is that CMPs are usually synthesized as insoluble and 
unprocessable powders.14 This insoluble nature not only results in 

resistance at the CMP/reactant/solvent interfaces, restricting the 
migration/percolation of charge carriers and ionic species between 
reactants and photocatalysts15 but also leads to recycling issues, 

inevitably increasing the cost of photocatalysts. Shaping CMPs into 
macroscopic objects, such as membranes,16 foams,17 and aerogels,18 
is thought to be a possible solution but remains a substantial 
challenge. Among these macroscopic forms, CMP aerogels are 
particularly interesting because they combine hierarchical pores at 

different length scales to provide sufficient space for quasi-
homogenous photocatalysis with enhanced transportation of the 
adsorbed molecules. However, controlled synthesis of CMP 

aerogels is difficult because the fast polymerization of the CMP 
monomers normally leads to substantial colloidal particles that 
uncontrollably aggregate to form precipitated powder products. 

Even though some CMP aerogels have been reported,18−20 their 
mechanical strengths are usually insufficient for scaled 
photocatalysis and recycling without being macroscopically 
damaged. Except for the mechanical stability, the wettability of 
aerogels when applied in the reaction solution is also important for 
their use as photocatalysts,21,22 requiring judicious design in the 
synthesis of CMP aerogels. 

Herein, we report the construction of ultrastiff CMP aerogel and 
its use as a reactor for efficient quasi-homogeneous photocatalysis 
(Figure 1). The essence of our strategy is to encode a photoactive 

moiety that can generate long-lived excitonic species into the CMP 
skeleton and control the gelation process. Specifically, 1,4-

diacetylpiperazine-2,5-dione (DAPAO) is used as the N-type 
building block because it allows the generation of long-lived triplet 
states in the derived polymers.23 DAPAO can react with two 

aldehyde-containing building blocks to afford two CMP gels in near-
unity yields in polar solvents such as N,N-dimethyl formamide 
(DMF). The gel properties including porosity and mechanical 

strength are systematically controlled by altering the aldehyde 
building blocks and the building-block concentrations. The 
corresponding CMP aerogels, synthesized after solvent exchange 

and supercritical CO2 (scCO2) drying of the CMP gels, exhibit low 
density but high mechanical stiffness, outperforming most inorganic, 
organic, and hybrid aerogels reported to date. Subsequently, we 
show the ultrastiff CMP aerogel-based quasi-homogeneous 
photocatalysis to target the efficient synthesis of arylboronic acids 
and arylboronates, which are widely used as precursors in transition-
metal-catalyzed cross-coupling reactions to construct the basic 
structures of many functional molecules, such as pharmaceuticals, 

agricultural chemicals, bioactive natural products, and 

semiconducting materials.24 In contrast to the traditional 
approaches that require rigorous anhydrous conditions, direct 
deaminative borylation is achieved by our CMP aerogel-based quasi-
homogeneous photocatalysis with record-high efficiency, gram-

scale productivity, and cycling performance. Spectroscopic study 
reveals that the CMP aerogels feature attractive charge-transport 
properties in terms of sub-picosecond ultrafast generation of free 

carriers with high local mobility and long-lived excitonic species, 
which endow the CMP aerogels with distinct photocatalytic activity. 

Results and Discussion. 

Gel synthesis and general characterization. 

We employed tetraphenylethene (TPE)- and benzene (Bz)-
based building blocks bearing four and three aldehyde groups, 
respectively, which are linked with DAPAO through Knoevenagel 
condensation reaction to ensure the formation of three-dimensional 

(3D) conjugated networks (Figures S1−S3). Subsequently, the 
CMP gels were synthesized by condensation of TPE or Bz building 

block with DAPAO at a molar ratio of 1:2 or 2:3 in N,N-dimethyl 

formamide (DMF) with triethylamine (TEA) as a catalyst (Figure 1, 
left panel). The gelation process was confirmed by the time-resolved 
dynamic light scattering (TR-DLS) measurements (Figures 

S4−S14). At 80 ºC, the reactions of 0.40 M DAPAO with either 
TPE- or Bz-based building block gave the gelation time of ~320 or 
~85 min, respectively (Figures S4, S11). In both cases, the CMP gels 
were synthesized from different building blocks at various 
concentrations (0.10, 0.20, 0.30, 0.40, 0.50, and 0.60 M DAPAO, 
referred to as #1 to #6); increasing the concentration of building 
blocks resulted in faster gelation time (Figures S7, S14). By 
performing the gelation in the reaction vessels for 1 day, two 

monolithic, semitransparent, and self-standing CMP gels were 
obtained for TPE- and Bz-based systems with orange-red and yellow 

colors, termed TPE-PAO-G and Bz-PAO-G, respectively (Figure 1, 

right panel, Figure S15). After solvent exchange and scCO2 drying, 
the CMP gels were converted to their corresponding aerogels 

(termed TPE-PAO-AG and Bz-PAO-AG, respectively), which 
retained their macroscopic shapes without collapse or crack (Figure 
1, right panel). Moreover, by altering the reaction vessels, the gels 
and aerogels were synthesized into various shapes, such as chunks 
and membranes. This processability facilitated the precise 
measurement of their mechanical and optical properties and allowed 

them to be adapted to diverse application scenarios. Fourier-
transform infrared (FT-IR) spectroscopy and solid-state 13C nuclear 
magnetic resonance (NMR) experiments revealed the near-unity 

yield of the reaction (Figures S16−S21). For comparison, we 
synthesized the corresponding CMP powders (termed TPE-PAO-

P and Bz-PAO-P, respectively) by stirring the 0.10 M DAPAO-
containing reaction solution (#1). The powders possessed the same 
chemical structures as the aerogels (Figures S22, S23) but different 

macroscopic shapes. 

Scanning electron microscopy (SEM) images revealed that the 

CMP aerogels possessed hierarchically porous networks formed by 
interconnected colloidal particles with sizes proportional to the 
building block concentration (Figures S24−S27). Powder X-ray 

diffraction (PXRD) experiments indicated that the CMP aerogels 
were amorphous (Figures S28, S29). The thermogravimetric (TG) 

analysis revealed that TPE-PAO-AG and Bz-PAO-AG were 
thermally stable until 260 and 160 °C, respectively (Figures S30, 



 

 

Figure 1. Multiscale depiction of ultrastiff CMP (aero)gel-based quasi-homogeneous photocatalysis. Schematics of the ultrastiff CMP (aero)gels 
featuring hierarchical colloidal networks constructed from photoactive scaffolds. The left panels show the synthetic routes of TPE-PAO-G and Bz-

PAO-G, with photoactivity of the (aero)gels at the molecular (microscopic) scale. The middle panels depict the hierarchically porous network structure 

of the colloidal networks at the mesoscopic scale along with the SEM image of TPE-PAO-AG (#3). The right panels show the diagrammatic drawing 

of the stiffness of the (aero)gels (top) and photos of the macroscopic gels and aerogels under natural light (bottom). 

S31). We then activated the aerogel samples at 120 °C and measured 
their nitrogen sorption isotherms at 77 K to evaluate their porosity. 

Both TPE-PAO-AG (#3) and Bz-PAO-AG (#4) showed a steep 
uptake at P/P0 < 0.02 and a slight increase at 0.02 < P/P0 < 0.8 
(Figures S32, S33), indicative of the micropores and mesopores in 

the CMP aerogels. At the high-pressure range of 0.8 < P/P0 < 1, the 
CMP aerogels exhibited substantial capillary condensation, evidenc-
ing macropores in TPE-PAO-AG (#3) and Bz-PAO-AG (#4). The 

hierarchical porosity of the CMP aerogels was also revealed by the 
pore-size distribution profiles ranging from 0.4 to 50 nm (Figures 
S34, S35). The nitrogen sorption isotherms of both TPE-PAO-AG 

and Bz-PAO-AG indicated that their porosity depends on the build-
ing-block concentration: the adsorption capacity initially increased 
with increasing building-block concentration to subsequently drop 
beyond a certain threshold concentration (Figures S32, S33). The 
Brunauer–Emmett–Teller (BET) surface areas and pore volumes of 

the CMP aerogels revealed volcano-shape profiles with the 
maximum BET surface areas of 461 and 217 m2 g−1 and the 
maximum pore volumes of 0.68 and 0.65 cm3 g−1 for TPE-PAO-AG 

(#3) and Bz-PAO-AG (#4), respectively (Figures S36−S41). This 
porosity change could be attributed to a more interconnected colloi-

dal network with more building blocks at higher concentrations, 
forming more colloidal particles and a denser cross-linked gel net-
work. 

Mechanical properties. 

The CMP aerogels exhibited low densities (ρ) in the range of 

0.019~0.057 and 0.021~0.085 g cm−3 for TPE-PAO-AG and Bz-
PAO-AG, respectively (Figure 2a). Indeed, they were so light-

weighted that dandelion hairs could even support a relatively large 
chunk (ca. 160 mg) of the CMP aerogels (Figure 2b, Figure S42). 
Rheological measurements showed the concentration-dependent 

mechanical property under the compression mode (Figure 2c, 
Figures S43, S44). At the low building-block concentration of 0.10 

M, both TPE-PAO-G and Bz-PAO-G showed elasticity with about 
50% ultimate compression strain. With increasing the building block 
concentration, both gels became tougher with substantially en-

hanced compression strength and decreased elongation at break. 
This concentration dependency on gel stiffness was further 



 

 

Figure 2. Mechanical properties of the CMP gels and aerogels. (a) The correlation between DAPAO building-block concentration and the density 
of the CMP aerogels. (b) Photo of a chunk of 160-mg TPE-PAO-AG (#3) resting on top of dandelion hairs. (c) Compressive strain-stress curves of 

TPE-PAO-G and Bz-PAO-G with different building-block concentrations. (d) Storage Young's modulus (E') (filled circles) and loss Young's modulus 
(E'') (hollow circles) versus scanning frequency of TPE-PAO-G and Bz-PAO-G with different building-block concentrations. (e) Summary of storage 

Young's modulus (E') of TPE-PAO-G, Bz-PAO-G, TPE-PAO-AG, and Bz-PAO-AG with different building-block concentrations. (f) An Ashby chart 
plotting compressive stiffness versus density for ultrastiff CMP aerogels and other previously reported materials. Dotted lines indicate contours of 

constant stiffness-density ratio c = E/ρ (m2 s−2). Solid lines denote the same family of materials. 

supported by the dynamic mechanical analysis (DMA), in which the 
compression strain was fixed in the elastic region of the gels. All the 
samples showed characteristic gel-like behavior with frequency-in-
dependent storage Young's modulus (E'), which was an order of 
magnitude higher than their corresponding loss Young's modulus 

(E''). Compared to TPE-PAO-G (#1) and Bz-PAO-G (#1) with E' 
= 2.7 × 10−3 and 2.9 × 10−3 MPa, TPE-PAO-G (#6) and Bz-PAO-G 
(#6) presented substantially higher stiffness with E' = 0.91 and 0.23 

MPa, respectively (Figure 2d, Figures S45, S46). 

Note that the CMP aerogels exhibited enhanced stiffness with the 

maximum E' values of 12.3 and 6.6 MPa for TPE-PAO-AG (#6) and 

Bz-PAO-AG (#6), respectively (Figure 2e, Figures S47, S48), which 

was 13- and 29-folds of those of gel counterparts, TPE-PAO-G (#6) 

and Bz-PAO-G (#6), respectively. The specific stiffness (E'/ρ) of 

TPE-PAO-AG increased linearly with density and was higher than 
105 m2 s−2. To the best of our knowledge, this high stiffness outper-

formed that of most low-density materials, including elastomers,25 
foams,25 and aerogels made from inorganic carbon/silica/alumina,26 

hybrid metal-organic materials,27,28 organic linear polymers,29,30 and 
crosslinked porous polymers22, 31 (Figure 2f). The ultrastiffness of 

TPE-PAO-AG is critical for catalytic applications because it ensures 
their use as robust scaffolds during catalysis without being damaged 

at the macroscopic level, thus facilitating their practical catalytic han-
dling and recycling performance and eventually decreasing the cost 
of the catalysts. Moreover, such robust aerogels can withstand 
certain pressures without being damaged or cracked, thus in 
principle, they are adaptable to act as matrices for future flow 

catalysis.32 

Quasi-homogeneous photocatalysis of deaminative boryla-

tion. 

To assess the photocatalytic performance of the CMP aerogels, 
their basic optical properties were characterized. The optical 

bandgaps of TPE-PAO-AG and Bz-PAO-AG were estimated to be 
2.41 and 2.62 eV, respectively, as evaluated by the UV-vis diffuse re-

flectance spectra (Figure S49). The highest occupied molecular 
orbital (HOMO) energy levels measured by ultraviolet 

photoelectron spectroscopy (UPS) were estimated to be -6.49 and -

6.31 eV for TPE-PAO-AG and Bz-PAO-AG, respectively. The 
corresponding lowest unoccupied molecular orbital (LUMO) 
energy levels were calculated to be -4.08 and -3.69 eV (Figures S50, 
S51). The CMP aerogels exhibited photoluminescence properties 
with peaks at 575 and 512 nm, quantum yields of 2.5% and 0.1%, and 

lifetimes of 2.51 and 0.84 ns for TPE-PAO-AG and Bz-PAO-AG, 
respectively (Figures S52, S53). 



 

 

Figure 3. Performances of deaminative borylation using CMP aerogel-based quasi-homogeneous photocatalysts. (a) The conversion efficien-
cies and isolated yields of deaminative borylation using CMP aerogel-based quasi-homogeneous photocatalysts under optimized and controlled con-
ditions. (b) The conversion efficiencies and isolated yields of deaminative borylation using CMP aerogels and powders as photocatalysts. (c) The 
conversion efficiencies and isolated yields of deaminative borylation using robust and fragile CMP aerogels as photocatalysts, and using CMP aerogels 
under initial, pressed, and released conditions. (d) The conversion efficiencies and isolated yields of deaminative borylation for different amino sub-
strates. (e) Photo of 1.04 g 4,4,5,5-tetramethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborolane product synthesized by the photocatalysis of 150 
mg TPE-PAO-AG. (f) Cycling tests of the photocatalysis by TPE-PAO-AG. 

We further exploited the CMP aerogels as reactors for quasi-ho-
mogeneous photocatalysis of direct deaminative borylation. Differ-

ent from the traditional Grignard or aryllithium reagents approaches 
that require rigorous anhydrous conditions and with narrow func-
tional-group compatibility,33 borylation from arylamines is more at-
tractive because arylamines are abundant and cheap raw materials 
that allow the borylation reaction to occur solely on the amino 

groups with good site selectivity. However, because of the high dis-
sociation energy of the C−N bond, the current borylation from ar-
ylamines usually involves reactive intermediates such as diazonium 

salts and aryl ammonium salts.23,34 Direct transformations of primary 
amines bypassing intermediates thus remain challenging, though 
few works have been reported using small-molecular photocata-

lysts.33−35 

The CMP aerogels-based quasi-homogeneous photocatalysis was 
readily performed at room temperature by absorbing the reaction 
solutions into a patch of thin aerogel to form a semitransparent wet 

gel, in which high-concentration catalytic reaction centers fully sur-
round the reactants. After the reaction, the products were washed 
out of the gels to generate recycled aerogels for continuous reactions. 

We first selected the borylation of 4-(trifluoromethyl)aniline as a 
model reaction. After optimizing the reaction conditions (Tables 

S1−S5), a typical experiment was performed using TPE-PAO-AG 
(#2) or Bz-PAO-AG (#2) to catalyze 4-(trifluoromethyl)aniline in 

a 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) 
(B2pin2)-containing dioxane solution in the presence of white light 
and O2 at room temperature for 15 h. TPE-PAO-AG exhibited 

conversion efficiency and isolated yield of 87% and 74%, 
respectively (Figure 3a, Table S6, entry 1, Figure S54), higher than 

the Bz-PAO-AG photocatalyst (72% and 60%, respectively, Figure 
3a, Table S6, entry 2). This conversion efficiency is the highest 
reported for the deaminative borylation from primary anilines.33−35 

Moreover, our CMP aerogel photocatalysts only require O2, without 
any need for auxiliary oxidants and metal catalysts. The solid-state 
nature of the CMP aerogels allows for the facile separation of prod-

ucts, compared to homogeneous catalysis, which requires tedious 
separation. The reactions were prohibited in the absence of 
photocatalyst, light, or O2 (Figure 3a, Table S6, entries 3−5). 

Additionally, when 2,2,6,6-tetramethylpiperidinyl-1-oxide 
(TEMPO) was added as a radical inhibitor, almost no product was 
observed (Figure 3a, Table S6, entry 7). This suggests that, after 
absorbing light to generate electron-hole pairs, the key mechanistic 
steps involve sensitization of triplet oxygen to singlet oxygen and ox-

idation of the substrates to the products (Figure S55, S56). 



 

 
Figure 4. Charge-carrier dynamics of TPE-PAO-AG and Bz-PAO-AG. (a) THz photoconductivity dynamics of TPE-PAO-AG and Bz-

PAO-AG membranes. The samples were photoexcited by an ultrashort laser pulse of 3.1 eV in a dry N2-purged atmosphere. (b) Comparison 
of the charge-transport properties among different materials and forms. Circles represent the value of each sample point, while bars represent 

the average of the six sample points on each sample. (c) Time-resolved absorption spectra at an indicated time delay for TPE-PAO-AG mem-

brane. (d) Normalized kinetic curves of TPE-PAO-AG membrane at representative wavelengths, showing the correlation between 517-, 665-, 
and 797-nm traces. 

We found that the macroscopic forms and the mechanical 
properties played an important role in the catalytic performance. 

The CMP powders showed substantially lower conversion 
efficiencies and isolated yields compared to their corresponding 
aerogel photocatalysts (Figure 3b, Table S7), revealing that the 

CMP powder dispersed in the reaction solutions was inefficient for 
such a challenging reaction because of insufficient catalytic reaction 
centers in the diluted CMP dispersing solutions. This comparison 

demonstrated the advantage of quasi-homogeneous photocatalysis 
to heterogeneous photocatalysis. Another control experiment was to 
synthesize fragile CMP gels using a substantially lower DAPAO 

concentration of 0.025 M. In this case, TPE-PAO-G failed to form, 

whereas Bz-PAO-G and Bz-PAO-AG were easily cracked when 

touched with tweezers. Photocatalysis using the fragile Bz-PAO-AG 
afforded the conversion efficiency and isolated yield of 42% and 34%, 

respectively (Figure 3c, Table S8), substantially lower than Bz-

PAO-AG (#2) (72% and 60%, respectively, Figure 3c). Moreover, 

fragile Bz-PAO-AG was difficult to recycle as it was damaged during 
solvent washing and refreshing. These results revealed the 

importance of macroscopic mechanical strength on the 
photocatalytic performance of the CMP aerogels. A more powerful 
necessity statement for using such ultrastiff CMP aerogels for quasi-

homogeneous photocatalysis was further demonstrated by 

compressing TPE-PAO-G by ~30 vol.% using two quartz plates. In 

this case, TPE-PAO-G successfully catalyzed the reaction with 
retained conversion efficiency and isolated yield of 75% and 68%, 
respectively (Figure 3c, Table S9), remaining undamaged at the 
macroscopic scale with recovered conversion efficiency (86%) and 

isolated yield (72%) after the pressure was released. This result 
demonstrated that the ultrastiff CMP aerogels exhibit pressure tol-
erance, which is promising for real catalytic systems. 

We further evaluated the generality of TPE-PAO-AG as a photo-
catalyst. Several primary anilines with either electron-donating or 
electron-withdrawing substituents were employed as substrates. 

TPE-PAO-AG could convert all of them into the desired products 
in high yields (Figure 3d, Table S10, Figures S57−S60). Further-

more, TPE-PAO-AG was employed for scale-up synthesis using 
larger aerogels. A chunk of 150 mg TPE-PAO-AG successfully cat-
alyzed the deaminative borylation reaction, with one batch produc-

tion of over 1 g in an isolated yield of 76% (Figure 3e). This result 
demonstrated the potential of CMP aerogel-based quasi-homogene-
ous photocatalysis for scale-up synthesis in view of potential indus-

trial applications. The recycling test showed that TPE-PAO-AG was 
stable under four consecutive cycles, and the conversion efficiency 

and isolated yield remained around 80% and 70%, respectively 



 

(Figure 3f). After recycling, the mechanical properties of TPE-

PAO-AG remained almost unchanged (Figure S61), which was 

presumably because of undamaged macrostructures (Figure S62). 

Charge-carrier dynamics. 

To uncover the exceptional photocatalytic activity from the pho-
tophysical aspects, we combined time-resolved terahertz spectros-
copy (TRTS, see Supplementary Materials)36 and transient absorp-
tion (TA) spectroscopy23. While TRTS mainly reports free carrier 

dynamics, TA can provide information on both free carriers and 
bound electron-hole pairs (i.e., excitons). 

First, to assess the photoconductivity of the samples and elucidate 
the role of morphology in determining charge-transport properties, 
we measured the CMP samples in the forms of aerogel membranes, 
bulky aerogels, and stirring-synthesized powders by TRTS. In the 
TRTS measurements, we optically injected charge carriers into the 

samples by a 3.1-eV ultrashort laser pulse, and the pump-induced 
conductivity evolution was examined by a single-cycle THz pulse 

with a field strength of E. The pump-induced relative THz peak field 

attenuation (-ΔE/E) scales linearly with photoconductivity (σ = 
e·Nabs·φ·μ, with Nabs, φ, μ representing absorbed photon density, free-
carrier generation quantum yield, and carrier mobility. Here, we 

compare the -ΔE/E divided by Nabs of varied samples to provide a 
direct comparison of the product of carrier mobility and free carrier 

generation quantum yield φ·μ. Taking the TPE-PAO-AG and Bz-

PAO-AG membranes as examples, the photoexcitation triggered a 
sub-ps rise in conductivity due to the photogenerated free charge 
carriers (Figure 4a). Subsequently, the transient photoconductivity 
decays to null on a ps timescale, resulting from free carrier trapping 
(e.g., at the catalytic centers) and/or the formation of bound exci-
tons. The free carrier nature is evidenced by the nearly zero imagi-

nary conductivity on all time scales (up to ns, Figure S63). The φ·μ 

values of TPE-PAO-AG and Bz-PAO-AG membranes were esti-

mated to be (2.2 ± 0.1) × 10–3 and (1.6 ± 0.1) × 10–3 cm2 V–1 s–1, re-
spectively. Since 0 ≤ φ ≤ 100% (see details in Supporting Infor-

mation), the estimated values represent the lower bounds of μ. 
These values are sufficiently high for amorphous organic/polymer 
semiconductors to achieve efficient photocatalysis. We further com-
pared the charge-transport properties of the CMP samples with dif-

ferent macroscopic forms (Figure S64). TPE-PAO-AG consistently 
showed much-enhanced photoresponse compared to Bz-PAO-AG, 

whereas the photoresponse of the aerogel membranes was approxi-
mately 20 times higher than that of the stirring-synthesized powders 
(Figure 4b), highlighting the importance of macroscopic porous ma-
terials with percolated CMP networks for efficient charge-carrier mi-
gration. 

The femtosecond TA technique was carried out on the TPE-

PAO-AG membrane to investigate the excited-state dynamics. The 
excited state absorption (ESA) system consists of a broad absorp-

tion covering 500-750 nm (Figure 4c), with several underlying fea-
tures. The long-wavelength response exhibits indistinguishable dy-
namics, as apparent from the 665- and 797-nm traces (Figure 4d). 

An obvious anti-correlation between the 665-/797-nm decay and 
the 517-nm rise was observed (Figure 4d). Global analysis of the 

517- and 797-nm kinetic curves resulted in a rapid time constant of 
7.8 ps. This rise time in TA studies (sensitive to excitons) was 
roughly on the same time scale as the THz photoconductivity decay 

(sensitive to free carriers). This indicates that part, if not all, of the 

photogenerated free carriers, were converted into excitons. The 
component at ~800 nm was simultaneously generated upon excita-
tion and could be assigned to S1, whereas the new-emerging compo-
nent at ~520 nm was efficiently produced at the expense of S1. More-

over, its spectral feature showed no appreciable temporal evolution 
beyond the ns time scale (blue and purple lines in Figure 4c). Given 
its long-lived nature, we tentatively attribute this component to the 

T1 state generated via intersystem crossing or singlet fission23, 
providing sufficient time for efficient charge-carrier extraction. 

Combined spectroscopic studies indicated the presence of relatively 
high-mobility, short-lived free carriers, and long-lived excitonic spe-
cies in the system, which underlies the photocatalytic performance. 

Conclusion. 

In summary, this work demonstrates efficient quasi-homogene-
ous photocatalysis by constructing ultrastiff CMP aerogels with ex-
ceptional charge-transport properties. The cooperation of hierar-
chical porosity, macroscopic stiffness, and microscopic photoactiv-
ity allows the use of CMP aerogels as reactors for quasi-homogene-
ous photocatalysis of direct deaminative borylation with record-high 
efficiency and gram-scale productivity. This synthetic rationale for 
macroscopic porous materials is more broadly suitable for use with 

diverse porous polymers for designing efficient quasi-homogeneous 
catalysts as well as broadening their advanced applications. 
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