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a b s t r a c t

Due to the high local concentration of substrates in confined space, porous solid Brønsted acids have been

extensively explored for efficient acid-catalyzed reaction. However, the porous structures with strong

Brønsted acids lack long-term stability due to chemical hydrolysis. Moreover, the products inhibition ef-

fect in confined rigid cavities severely obstructs subsequent catalysis. Here, tubular Brønsted acid cata-

lyst with unique recognition of protons was presented by self-assembly of pH-responsive aromatic am-

phiphiles. The responsive assembly could mechanically transfer hydrogen ions from low-concentration

acidic solution into tubular defined pores, thereby producing effective catalytic activity for Mannich re-

actions in mildly acidic solution. Notably, the tubular catalyst unfolded into flat sheets upon addition of

triethylamine for efficient release of products, which could be recovered by subsequent acidification and

the catalytic activity still remained. Therefore, the porous Brønsted acid with reversible assembly provides

a new strategy for mass synthesis through increasing conversion times.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Brønsted acid catalysis is of great significance in the synthe-

sis of pharmaceuticals and fine chemicals [1,2]. Although various

liquid acids such as HCl, H2SO4, and HF have been widely used

as homogeneous catalysts and exhibited efficient catalytic perfor-

mance, the limitation of effective collision between bulk reagents

has been a serious problem for the efficient catalysis in diluted

solution [3]. In this regard, introduction of Brønsted acids into

porous supporting materials, such as zeolites [4,5], mesoporous

silicon [6,7], carbon [8,9], polymers [10,11], metal organic cages

(MOCs) [12,13], metal organic frameworks (MOFs) [14,15] and co-

valent organic frameworks (COFs) [16,17], is a promising alterna-

tive to traditional homogeneous acids. However, most porous cat-

alysts are labile with the treatment of strong acids, which exhibit

poor stability and recyclability [18]. Despite the presence of stable

porous catalysts, the rigid and robust pores are easily occupied by

bulk products during the process of reaction for steady interaction,

which seriously prevents the subsequent effective catalysis due to

the products inhibition in confined cavities [19].
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Mechanically uptaking reagents to substitute products in hollow

aperture through dynamic assembly of catalytic device is a promis-

ing solution for this challenging problem [20]. Up to now, various

strategies for the construction of dynamic catalysts have been ex-

ploited by external stimuli such as pH [21], solvent [22], tempera-

ture [23] and light [24] to realize spontaneous release of products

through structural collapse based on regulable noncovalent interac-

tions, but the soft catalysts from weak noncovalent interactions are

too delicate to use as efficient Brønsted acid catalysts for the lack

of long-term stability by the treatment of strong acids [25]. Among

the self-assembled systems, aromatic rod amphiphiles composed

of conjugated carbon and hydrophilic dendritic segments can eas-

ily aggregate into porous structures with hydrophobic characteris-

tics, which are well suitable as defined scaffolds for organic syn-

thesis [26,27]. In addition, compared to traditional rigid pores ob-

tained from strong Brønsted acids, the acidification of porous ma-

terials based on aromatic rod assembly can be achieved in mildly

acidic environment through the chemical treatment of aromatic

rod blocks [28]. For example, introduction of methoxy group at

the ortho-position of 2,6-biphenyl pyridine would increase the al-

kalinity behavior for the formation of fused triad [29]. As hinted

from the special proton recognition of aromatic segment, here we
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Fig. 1. Chemical structures, protonic recognition and dynamic assembly of bent-

shaped triblock amphiphiles.

propose a unique tubular Brønsted acid catalyst by the assembly

of tri-block aromatic amphiphiles. Recently, we have extended the

pH-sensitive aromatic block into 120°-folded aromatic amphiphiles

to realize special recognition of protons in dilute acidic solution,

which resulted in the lateral aggregation to form hexameric toroids

[30]. The toroidal nanostructures based on the assembly of hy-

drophilic amphiphiles could easily connect with each other to form

porous tubules by the enhanced hydrophobicity [31]. As hinted

from the formation of tubular space confinement, here we tried

to align acidified cyclic aggregation to prepare tubular Brønsted

acid catalyst. Depending upon the specific recognition, the hydro-

gen ions could be transferred from low-concentration acidic solu-

tion into the inner wall of tubules through structural turnover of

aromatic segments. Remarkably, the assembled tubules with con-

centrated acidic environment exhibited excellent catalytic perfor-

mance and long-term stability towards Mannich reaction. Unlike

solid Brønsted catalysts, the tubular catalyst was able to expand

into flat sheets by deprotonation and spontaneously release prod-

ucts, which could be recovered by subsequent acidification and the

catalytic efficiency still remained. Thus, the mass synthesis was

achieved by the tubular catalysts with dynamic assembly through

increasing conversion times (Fig. 1).

To prepare tubular Brønsted acid based on the stacking of acid-

ified cyclic aggregates, we have introduced the hydrophobic alkyl

segments into the hole of cyclic aggregates through the assem-

bly of bent-shaped triblock amphiphiles. The self-association of

cyclic aggregation was determined by increasing the length of ter-

minal alkyl chain from the self-assembly of designed triblock am-

phiphiles. Both triblock amphiphiles 1 and 2 were soluble in po-

lar organic solvent such as acetone. However, the addition of p-

toluenesulfonic acid (p-TsOH) into acetone solution drove 2 with

butyl terminal to self-assemble into nanostructures. Upon addition

of p-TsOH, the amphiphile showed red-shifted absorption and en-

hanced fluorescence relative to that observed in acetone solution

(Fig. S2 in Supporting information), suggesting the formation of

J-type aggregation by acidification [32]. Indeed, the transmission

electron microscopy (TEM) with negatively stained samples from

10mmol/L acetone solution with 2 equiv. p-TsOH showed toroidal

objects with a diameter of 6.8 nm and an internal cavity of 2.8 nm

(Fig. S3a in Supporting information). When the acidic solution was

cast onto mica, the atomic force microscopy (AFM) revealed uni-

form toroidal objects with the height of 0.4 nm (Fig. 2a), demon-

strating that the toroids were unilaminar macrocycle. Interestingly,

the addition of water into toroidal solution would trigger larger

Fig. 2. (a) AFM height image of toroidal aggregation from 10mmol/L acetone so-

lution of 2 with 2 equiv. p-TsOH. (b) TEM image of tubular Brønsted acid catalysts

from 0.1mmol/L aqueous solution of 2 with 2 equiv. p-TsOH. (c) 2D XRD pattern of

tubular aggregation from 0.1mmol/L aqueous solution of 2 with 2 equiv. p-TsOH, y

axis is q space (Å−1). (d) p-TsOH concentration-dependent catalytical behavior for

Mannich reaction with 0.2 μmol R1, R2 and R3 in homogeneous ethanol solution

(I), aqueous dispersion with tubular supporter of 2 (2.5 mol%) (II) and acetone so-

lution with toroidal supporter of 2 (2.5 mol%) (III), more details see Table S1. Both

scale bars in (a) and (b) are 50nm.

aggregates, which was reflected in the increased hydrodynamic di-

ameter from 16nm to 268nm in dynamic light scattering (DLS)

(Fig. S3b). TEM with negatively stained samples from 0.1mmol/L

aqueous solution gave that the toroids transformed into hollow

tubular aggregation with an external and inner diameter of 6.8 nm

and 2.8 nm (Fig. 2b). The observed diameters of the tubules were

identical with those of original toroids, suggesting that the tubules

were formed by toroidal stacking. To further understand tubular

formation, the 1D objects were successfully aligned and trans-

formed onto thin films to perform two-dimensional X-ray diffrac-

tion (2D XRD). The sample of 2 displayed 2D ordered patterns with

the ratio of 1:
√
3 :2 at the small-angle range, which could be as-

signed as 2D hexagonal columnar structures with corresponding

lattice parameters of 4.8 nm (Fig. 2c). On the basis of these results

and measured density, the number of molecules in monolayer unit

cell could be calculated as three, suggesting that the tubular ag-

gregates were based on the stacking of trimeric toroidal aggregates

[33]. To gain insight into the packing arrangement of the aromatic

segments within hollow aggregation, the proton nuclear magnetic

resonance (1H NMR) was performed with the toroidal objects in

deuterated acetone. The 1H NMR of 2 showed that most of the

protons in pyridine and anisole segments were downfield shifted

except the proton ortho to pyridine (Ho) through the formation

of toroidal aggregation by trifluoroacetic (TFA) titration (Fig. S4

in Supporting information), indicating the formation of hydrogen

bonding in pyridine and methoxy segments within trimeric cyclic

aggregates. Notably, the Ho proton facing to nitrogen in neutral

state was gradually up-field shifted even in the reduced shield-

ing effect by NH+ group, suggesting the Ho moved away from the

NH+ group through rotation of CPy-CPh bond [29]. These observa-

tions indicated that protons were transferred from acidic dilution

into the inner hole of trimeric toroidal aggregates upon addition of

TFA, which in turn stacked on top of each other to form the porous

tubules.

Owing to the existence of concentrated proton environment in

tubular pores, the tubules can be employed as efficient Brønsted

acid catalysts. Accordingly, Mannich reaction with benzaldehyde,

phenylamine and acetophenone was catalyzed by tubular catalysts
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Fig. 3. AFM height image (a) and 2D-XRD pattern (b) of sheet-like transient ag-

gregates of 2 from 0.1mmol/L deprotonated aqueous solution by the addition of 3

equiv. TEA, scale bar of (a) is 500nm, y axis of (b) is q space (Å−1). (c) Sheet-like

transient state from alternative stacking of zigzag aggregation.

in aqueous solution and corresponding homogeneous catalysts p-

TsOH in ethanol as a comparison [34]. As shown in Fig. 2d and

Table S1 (Supporting information), the catalytic performance was

obviously dependent on the concentration of p-TsOH in ethanol

solution since the concentrated proton was conducive to the for-

mation of stable imine intermediate [35]. In contrast to homoge-

neous catalysts, the tubular catalysts based on the aqueous as-

sembly of 2 showed remarkably high catalytic efficiency even in

the mildly acidic environment, indicating that the high catalytic

behavior of tubular catalysts was attributable to its well-defined

hollow space. To take insight into the catalytic effect of defined

pores, the toroidal catalyst of 2 in acetone was used for control

experiment. Although the toroidal supporter possessed protonated

hollow environment, it did not show an enhanced catalytic effect

for Mannich reaction, proving that the protonated hollow environ-

ment in combination with space confinement was indispensable

to efficient catalysis [36,37]. The promotion of the reaction within

confined protonated pores of catalyst 2 was also observed for se-

ries of substrates with different substituent groups, which demon-

strated tubular Brønsted acid catalyzer was applicable to various

reactants for Mannich reaction (Table S2 in Supporting informa-

tion). In addition, the tubular catalysts based on the self-assembly

of aromatic triblock amphiphiles exhibited significant chemical sta-

bility in strong acid solution for the effective separation of aro-

matic skeletons from acidic environment by hydrophilic ethylene

oxide segments. After treatment with HCl (pH 2) solution at 30

°C for two weeks, the tubular morphologies remained unchanged

(Fig. S5 in Supporting information). Nonetheless, the catalytic effi-

ciency of tubular catalysts was obviously reduced with the bulky

substrates due to the blocking of porous cavity (Table S2).

We noticed that the deprotonation would generate the opening

of folded tubular catalysts through increased π-π stacking, result-

ing in spontaneous release of products. After treatment of tubu-

lar solution with TEA, the solution showed blue-shifted absorption

and significantly quenched fluorescence (Fig. S6 in Supporting in-

formation), suggesting that the slipped J-type aggregation based on

the stacking of trimeric macrocycles changed into fully overlapped

H-type assembly. Remarkably, TEM and AFM showed thin layers

with the thickness of 2.6 nm, close to the observed wall thickness

of tubular catalysts (Fig. 3a and Fig. S7 in Supporting information),

indicating that the tubular catalysts were triggered to unfold into

layered structure through H-type stacking. To identify the molec-

ular packing in the thin lamina, 2D-XRD experiment was further

performed. The film of 2 from slow evaporation of alkaline solution

displayed two equidistant diffractions (10) and (20) with a spacing

of 9.2 Å in vertical direction (Fig. 3b). Considering approximate π-

π stacking distance between neighboring aromatic segments, the

equal spacing was two times as large as π-π stacking, indicating

that the layered structure arose from the alternative stacking of in-

finite thin tetragonal plate with the width of 2.6 nm. Furthermore,

the wide angle scattering exhibited two identical diffractions with

d spacing of 5.2 Å along to the (10) direction. This result revealed

the aromatic segments adopted a zigzag conformation to gener-

ate infinite tetragonal planes with the hydrophobic alkyl segments

Fig. 4. (a) Release profile of products from tubular catalysts after treating with TEA, the insert is corresponding absorption spectra before (black line) and after (red line)

the release of products. (b) Real-time catalytic yield in five cycle reactions. (c) Enhanced catalytic behavior of tubular catalyst 2 through efficiently encapsulating reagents

with increasing ratios of reagents/products during regeneration from sheet-like transient state. (d) Schematic representation of the selective encapsulation of more reagents

than products through refolding of sheet-like transient state, red, yellow and blue balls stand for reagent R1, R2 and R3 while the combination of red, yellow and blue balls

represents product. (e) The accumulative yields for the synthesis 1 g (I), 5 g (II), and 10 g (III) with 0.2 g tubular Brønsted acid catalysts 2 through increasing conversion times

and the insert is the corresponding conversion times for the large scale synthesis.
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inside, which were further aggregated in one dimension with an

ABAB arrangement to form 2D thin lamina (Fig. 3c).

Importantly, the unfolding of tubular catalysts by deprotona-

tion facilitated the release of products. Owing to the poor diffusion

of products in alkaline solution, the bulky products were sponta-

neously precipitated and separated from layered substrates (Fig.

4a). Thus, the porous catalysts were readily recovered by subse-

quent acidification after completing release of the products and

reused upon addition of new reactants. The recycling procedures

revealed that the initial catalytic efficiency was completely main-

tained during 5 cycles (Fig. 4b).

The regeneration of catalytic capability through dynamic assem-

bly motivated us to explore the advanced porous acid catalysts for

large-scale synthesis through increasing conversion times. When

there were more reagents than products in solution, the refold-

ing of sheet-like transient after one cyclic reaction would generate

the efficient exchange of products and reagents to ensure subse-

quent catalysis. With this in mind, we initially investigated differ-

ent ratios of reagents with a certain amount of products to con-

firm the selective encapsulation in the refolding process. As shown

in Fig. 4c, the products gradually increased with increasing ratios

of reagents/products upon addition of p-TsOH into layered sup-

porter, demonstrating that during regeneration the tubular cata-

lysts tended to encapsulate excessive substrates to promote next

reaction (Fig. 4d). Thus, by virtue of the unique uptaking behav-

ior, tubular catalysts could achieve large-scale synthesis through

reversible assembly (Fig. S9 in Supporting information). The con-

version in each cyclic reaction was monitored as shown in Fig. 4e.

Although the catalytic yield gradually decreased with increasing

conversion times, the accumulative reaction efficiency was nearly

close to initial level.

In summary, we have constructed stable tubular Bronsted cat-

alysts with protonic recognition in mildly acidic solution from as-

sembly of triblock amphiphiles. The tubular catalysts could trans-

fer hydrogen ions successfully from dilute aqueous solution into

separated tubular wall to promote the acid catalysis. Due to the

decoration by hydrophilic oligoether dendrons, the confined tubu-

lar pores were effectively separated from aqueous environment

and thus exhibited remarkable chemical stability even in strong

acidic solution. In contrast to traditional porous Brønsted acid cat-

alysts that were easily blocked by products, the presented tubu-

lar Brønsted acid catalyst could transform into sheet-like transient

state upon addition of TEA, inducing the spontaneous release of

products. Subsequently, the tubular catalysts were able to recover

with initial catalytic efficiency by acidification. In addition, the

refolded tubules from sheet-like transient tended to encapsulate

more reagents than products, facilitating the subsequent catalysis.

Therefore, the construction of tubular Brønsted acid catalysts with

reversible assembly provides a new strategy of large-scale synthe-

sis through increasing conversion times.
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