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a b s t r a c t

Rational construction of fine-tuning and precisely controllable topological nanostructures based on

supramolecular self-assembly system remains a challenge. Herein, coumarin-12-crown-4 (1) as a building

block was synthesized by one-pot method and showed reversible high stereo-selective photodimerization

(anti-head-to-head dimer (anti-HH-1): syn-head-to-head dimer (syn-HH-1)=10.8:1) and photocleavage.

Helical nanobelts were formed by the self-assembly of 1 through asymmetrical H-bonds, which were in

concordance with the crystal state superstructure. Upon irradiation with 365nm light, these nanobelts

transformed into nanoballs which were constructed by three building blocks. Further, we investigated

the photoreaction of 1 and got two pure covalent dimers (anti-HH-1 and syn-HH-1). The anti-HH-1 self-

assembled into hollow micro-vesicles. The transformation of superstructures based on photo-controlled

multiple blocks shines a light to the research on the relationship between molecules and superstructures.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tunable superstructures constructed by low-molecular weight

building blocks have attracted considerable attention due to their

wide range of applications in catalysis, biological functions, silica

superstructures and so on [1–5]. The development of supramolec-

ular chemistry provides an effective strategy for the construc-

tion of versatile superstructures which are responsive to vari-

ous stimuli, such as light, temperature, pH, solvents and metal

ions [6–11]. One general design strategy for the construction of

stimuli-responsive superstructures is the introduction of photo-

responsive building blocks such as azobenzene, vinylene, coumarin

and diarylethene [12–15]. Coumarin as a weakly toxic dye can

be extracted from many plants and plays an important role in

the research of reversible photodimerization, biomaterials, electro-

optical materials [16–21], but their potential application in the

construction of superstructures has been rarely investigated. Aida

et al. reported graphitic nanotubes with a photo stitching capa-

bility based on a novel coumarin-appended amphiphilic hexaperi-

hexabenzocoronene [22]. Feng et al. constructed chiral nanoribbons

which can curve and grow into higher ordered hollow microstruc-

tures by the co-assembly of chiral phenylalanine and achiral

coumarin derivatives [23]. Zhang et al. reported macroscalar helices

based on the co-assembly of temperature-responsive coumarin
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modified carbohydrate and 1,4-benzenediboronic acid [24]. On the

other hand, crown ethers with hydrophilic ether oxygen chain and

hydrophobic aromatic ring were always used to construct vari-

ous superstructures with specific functions [25]. Fenniri et al. re-

ported multichannel rosette nanotubes constructed by the entrop-

ically driven hierarchical self-assembly of cytosine modified crown

ethers [26,27]. Shinkai et al. reported multilayered spherical, he-

lical ribbon and tubular structures of silica with an application

in metal-deposition for catalyst based on crown-appended choles-

terol derivatives [4,28-30]. Nolte et al. tuned the chirality of helical

fibers of phthalocyanine ring attached four crown ethers by adding

K+ ions [31]. Recently, we reported a snowflake-like clockwise he-

lical assembly with photo-controlled chirality based on azoben-

zene bridged crown ether [32]. We also reported a nanosheet con-

structed by the assembly of sulfonated crown ether and dipheny-

lalanine [33]. Here in, we synthesized a coumarin-12-crown-4 (1)

with highly selective [2+2] cycloaddition of the coumarin groups

to yield the anti-head-to-head dimer (anti-HH-1) and syn-head-to-

head dimer (syn-HH-1) with a ratio of 10.8:1 (Fig. 1). Then we con-

structed a system with tunable superstructures based on the re-

versible photodimerization and photocleavage of 1 (Scheme 1). It

is the first application of photo controlled multiple building blocks

based on a coumarin derivative in the construction of tunable su-

perstructures, to the best of our knowledge.

Brief synthetic route, compound characterization and assign-

ment of protons for 1 are shown in Scheme S1 and Figs. S1-S3
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Fig. 1. 1H NMR spectra (400MHz, CDCl3, 298K) of 1 (a) before and (b) after light

irradiation (365nm, 2×6W). (c) After irradiating the solution of (b) with 254nm

light (2×6W).

Scheme 1. Schematic illustration and molecular structures of 1, anti-HH-1 and syn-

HH-1 as well as their crystal packing model or possible assembly mechanism.

(Supporting information). Single crystals of 1 were obtained by

slow vapor diffusion of ethyl ether into the dichloromethane so-

lution of 1. The crystal structure of 1 was determined by single-

crystal X-ray diffraction that revealed the coumarins adopt a head-

to-head parallel arrangement. The distances between two adja-

cent C=C bonds are in the range from 3.63 Å to 3.76 Å, which

are shorter than the favourable distance (4.7 Å) for the [2+2]

dimerization (Fig. S17 in Supporting information) [34,35]. The

well-preoriented coumarins not only favor dimerization of two

adjacent 1 molecules, but also preferentially yield head-to-head

dimers. Naturally, four cycloaddition isomers can be formed during

the photodimerization process of coumarin as shown in Scheme

S2 (Supporting information): syn-head-to head (syn-HH), anti-

head-to-head (anti-HH), syn-head-to-tail (syn-HT), anti-head-to-tail

(anti-HT) [36]. Considering these information, the photoreaction of

1 was characterized by 1H NMR, UV–vis, fluorescence and ESI-

MS. When a chloroform-d solution of 1 was irradiated by a lamp

(365nm, 2×6W) in a quartz tube, a light yellow solution was ob-

tained as the reaction proceeded. 1H NMR spectra were first used

to monitor the photoreaction process. With the increase of irradia-

tion time, the peaks related to the protons (H1, H2, H3 and H4) of

1 decreased and two sets of upfield shifted peaks (Ha, Hb, Hc and

Hd; HA, HB, HC and HD) appeared and increased gradually which

were attributed to the [2+2] photodimerization of 1 (Fig. 1b and

Scheme 1). The stereochemistry of the photoproducts was identi-

fied by either comparing the aromatic proton resonances (Hc, Hd,

HC and HD) [37] or the crystal structure of monomer. The almost

Fig. 2. Absorption spectra of 1 upon irradiation at 365nm for different time at

298K ([1]=10−4 mol/L) (a), 1, syn-HH-1 and anti-HH-1 (b). Fluorescence spec-

tra (λex =330nm) of 1 upon irradiation at 365nm for different time at 298K

([1]=5×10−5 mol/L) (c), 1, syn-HH-1 and anti-HH-1 (d).

identical 1H NMR spectra which were measured after irradiation

with 365nm light for 8.5 h and 9h respectively, indicated the pho-

todimerization of 1 was complete after the irradiation of 8.5 h. Ac-

cording to the relative integrals of the protons, the ratio of 1, anti-

HH-1 and syn-HH-1 was calculated to be 43:52:5 in the photosta-

tionary state (PSS). Further irradiation with 254nm light for 80h,

the 1H NMR spectra indicated 87% conversion of the photoreaction

products into 1 monomer (Fig. 1c). Electrospray ionization mass

spectrometry (ESI-MS) provided further evidence for the formation

of the intermolecular [2+2] cycloadduct (Fig. S4 in Supporting in-

formation, m/z 635.2103 for [(1 dimer+Na+)]+). To further con-

firm the formation of anti-HH-1 and syn-HH-1, we separated the

photoproducts of 1 in chloroform and obtained three compounds

(1, anti-HH-1 and syn-HH-1). The photoreaction route, compound

characterization and assignment of protons for anti-HH-1 and syn-

HH-1 are shown in Scheme 1 and Figs. S5-S12 (Supporting infor-

mation).

UV–vis absorption spectra and fluorescence spectra were also

used to trace the photodimerization process of 1. A chloroform

solution of 1 was subjected to the irradiation with 365nm light

when the absorption and fluorescence were detected at 0.5 h or 1h

intervals (Figs. 2a and c). With the irradiation, the absorption peak

of the coumarin monomer at 332nm decreases gradually which

means the formation of single bonds between cyclobutane (Fig. 2a)

[34,38,39]. With the irradiation time increased from 0 to 5h, the

absorbance intensity at 332nm decreased and achieved PSS. Fur-

ther irradiation caused a collapse of the UV–vis curve due to the

photobleaching. For fluorescence spectra, the emission at 412nm

decreased gradually until quenching with the increasing irradiation

time of 365nm light. As shown in Fig. 2b, the UV–vis spectrum

of 1 showed two sharp peaks at 238nm, 332nm and one double

peaks at 281nm, 290nm. The UV–vis spectra of anti-HH-1 and syn-

HH-1 showed only two sharp peaks at 238nm and 289nm. Fig. 2d

showed the fluorescence emission spectra of 1, anti-HH-1 and syn-

HH-1. A strong fluorescence emission peak was detected at 413nm

in the chloroform solution of 1. While both anti-HH-1 and syn-HH-

1 show a slightly blue-shift peak at 411nm and a shoulder peak at

434nm only appeared in the spectrum of syn-HH-1. The fluores-

cence excitation spectra of 1, anti-HH-1 and syn-HH-1 were shown

in Fig. S14 (Supporting information), and the corresponding fluo-

rescence quantum yields are 24.8%, 13.5% and 16.2%, respectively

(Fig. S15 in Supporting information).
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Fig. 3. (a) SEM and (b) TEM images of 1; (c) SEM and (d) TEM images of 1 after

irradiation with 365nm light; (e) SEM and (f) TEM images of anti-HH-1 (CH3CN,

298K).

Further, we explored the morphological information of the

photo-controlled building blocks based on 1. Firstly, the morpholo-

gies of 1 were examined by scanning electron microscope (SEM)

and transmission electron microscopy (TEM) shown in Fig. 3 and

Fig. S18 (Supporting information). A network composed of heli-

cal belts with one or two hundred nanometers wide, nanoscale

thickness and microscale length (Figs. 3a and b). In the course of

assembly, nanobelts with chiral P type mixed with few M types

were constructed simultaneously (Fig. 3a). The above results indi-

cate that there is asymmetric stacking during the period of self-

assembly progress. Further, we explored the self-assembly behav-

iors of 1 in acetonitrile with different concentration. And found

that the higher concentration of 1 lead to more helical belts (Fig.

S18). The photo-controlled transformation of nanostructures was

investigated by SEM and TEM images. The photodimerization of

1 leads to morphological variation from helical belts to nanoballs

with diameter about hundreds of nanometers (Figs. 3c and d). It

can be considered as the co-assembly of three building blocks (1,

anti-HH-1 and syn-HH-1). To further investigate the process, the

TEM image of halftime irradiated solution of 1 was given in Fig.

S13 and showed both helical nanobelts and nanoballs. We think

the morphological changes from helixes to nanoballs were due to

the transition from self-assembly of 1 to the co-assembly of the

photoproducts. As displayed in Fig. S16 (Supporting information),

the XRD spectra of 1, photoproducts of 1 and anti-HH-1 all showed

sharp peaks, implying that the assemblies are ordered.

Since the self-assembly of achiral molecule 1 shows macro-

scopic helical property, it is essential to figure out the origin of

chirality in nanobelts. Molecular structure and packing model of 1

were determined by single-crystal X-ray diffraction analysis. Sin-

gle crystal superstructure, unit cell, and related crystal data of 1

are shown in Fig. 4 and Supporting information, respectively. Each

molecule interacts with four neighboring ones through seven C–

H···O interactions with distances ranging from 2.51 to 3.37 Å (Fig.

4b and Fig. S17 in Supporting information). In the solid-state su-

perstructure, 1 assembles into a right-handed helix due to the

intermolecular asymmetrical hydrogen bonds and π-π stacking.

After the irradiation with 365nm light, the photodimerization of

1 occurs accompanying with the formation of two new building

blocks (anti-HH-1 and syn-HH-1). Further to find out the possi-

Fig. 4. (a) Crystal structure of 1 in ball and stick model, (b) the unit cell of the

single crystal of 1, C–H···O 2.65(2) 2.60 2.66 2.71, (c) solid-state (super) structure of

1.

ble molecular packing model after the irradiation with 365nm

light, we optimized molecular structures of anti-HH-1 and syn-HH-

1 (Fig. S20 in Supporting information) by Gaussian 09W. The two

coumarins of anti-HH-1 are not parallel to each other with a little

skewing which may make a curve to the whole packing system

of three building blocks. The coumarin groups of three building

blocks folded by π-π stacking with ether oxygen chains outside.

Due to the un-parallel aromatic ring of anti-HH-1, nanoballs with

increased curvature compared to nanobelts were obtained. We

have got the pure anti-HH-1 through the photoreaction of 1 and

purified by silica gel column chromatography. The self-assembly

of anti-HH-1 generated hollow balls with micrometers in diame-

ter which were observed by TEM and SEM (Figs. 3e and f). A care-

ful analysis of the SEM images which showed several ruptured mi-

crostructures (marked by red circle) and holes on the surface of

these microstructures well illustrates the hollow interiors of balls

(Fig. 3e and Fig. S19 in Supporting information) [40,41]. The pos-

sible molecular packing model of anti-HH-1 was optimized and

shown in Fig. S19c. The torison of coumarin after dimerization may

caused the slight curvature which lead to a vesicle on the micron

scale.

In summary, we designed and synthesized a coumarin deriva-

tive 1, and found that 1 shows regio- and stereo-selected pho-

todimerization to producing only head-to-head coumarin isomers

(anti-HH-1 and syn-HH-1 with a ratio of 10.8:1) under the irradi-

ation of 365nm light due to the preorientation of the coumarins.

And this coumarin derivative was utilized as photocontrolled re-

versible multiple building blocks with similar structures to con-

struct photo-tunable superstructures which works like a game of

3D Tetris. The self-assembly of 1 formed a network consisted heli-

cal nanobelts which in accordance with the stacking model of sin-

gle crystal of 1. After the irradiation of 365nm light, it turns to

nanoballs as a result of the co-assembly of 1, syn-HH-1 and anti-

HH-1. Further, we find the self-assembly of pure anti-HH-1 form

hollow micro-balls. This work explored the relationship between

molecular structures and properties, provide new strategy for the

construction of supramolecular functional materials.
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