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A two-dimensional supramolecular organic framework has been constructed in water from a rigid water-
soluble triangular building block which is driven by the dimerization of three appended viologen radical 
cation units. Cucurbit[8]uril (CB[8]) further stabilizes the single-layer network by encapsulating the 10 

stacking viologen radical cation dimers. The new supramolecular networks have been characterized with 
UV-vis absorption, electron paramagnetic resonance, dynamic light scattering, solution and solid phase 
small angle X-ray diffraction, and AFM experiments.  The aggregation behaviour is in sharp contrast to 
that of a triangular control compound, which only forms a discrete dimer or 2:3 encapsulation complex in 
the absence or presence of CB[8].15 

Introduction 

Two-dimensional single-layer networks have attracted great 
attention in the past decades due to their unique structural feature 
and potential applications in analytic, sensing, environmental and 
materials fields.1 By controlling the polymerization2 or self-20 

assembly3 of organic components on solid surfaces, a variety of 
single-layer soft networks have been constructed. Zuckermann 
and co-workers have recently reported the assembly of highly 
ordered 2D nanosheet based on sequence-specific peptoids.4 
Recently, Kim and co-workers reported that single-monomer-25 

thick 2D polymers can be generated in solution through shape-
directed covalent linkage of disk-shaped building blocks,5 and 
Zhao and co-workers also described the solution-phase 
preparation of another kind of single-layer 2D polymers from the 
coupling of triptycene tricatechol with 1,4-benzene- or 4,4’- 30 

biphenyldiboronic acids.6 Such structurally unique 2D soft 
networks may further serve as useful platforms for addressing 
new fundamental scientific questions or exploiting new 
technological applications.7  

Supramolecular polymerization provides a robust strategy for 
35 
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constructing complicated soft architectures.8-22 In most cases, 
simple ditopic monomers are designed to generate linear 
supramolecular polymers which exhibit discrete properties or 
functions. Recently, a number of tri-23-26 and tetratopic building 50 

blocks27-30 have been reported to generate complicated hyper-
branched supramolecular polymers or networks.23-25 It has been 
established that tritopic arylamide monomers tend to stack in an 
one-dimensional space to generate column-styled aggregates.23 
Zhang and co-workers described that dialkylated melamine 55 

derivatives self-assembled with halogen acids into 2D organic 
microsheets in organic solvent driven by counter ion-bridged 
multiple hydrogen bonds.31 Recently, we reported that a rigid 
stacking-forbidden 1,3,5-triphenylbenzene compound bearing 
three 4,4’-bipyridin-1-ium units could be held together by 60 

cucurbit[8]uril (CB[8]) in water through hydrophobicity to form a 
single-layer 2D honeycomb supramolecular organic framework.32 
Herein, we demonstrate that the dimerization of viologen radical 
cation units appended to a triangular rigid backbone has been 
utilized to drive the formation of a new 2D supramolecular 65 

organic framework in water. We also show that the new ordered 
self-assembled network can be further stabilized by CB[8] 
through encapsulating the radical cation dimer. 

Results and Discussion 

Compound Tr6+6Cl- was prepared to exploit its ability of 70 

forming 2D ordered networks through the stacking of its viologen 
units after being reduced to radical cations. Three hydrophilic 
bis(2-hydroxyethyl)carbamoyl groups were introduced to provide 
solubility in water and to suppress the stacking of the backbone in 
the one dimensional space, which is typical of discotic conjugated 75 
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molecules.33 Compounds M2+2Cl-, D4+4Cl-, and T6+6Cl- were 
prepared as controls. All the compounds were soluble in water. 
Their viologen (V2+) units were readily reduced to radical cation 
V▪+ by sodium dithionite in water.34 All measurements were 
performed in sodium phosphate buffer (pH = 7.0) in the presence 5 

of a large excess of sodium dithionite to prevent the oxidation of 
the radical cations.35 
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UV-vis spectra of the four compounds were first recorded in 
water after their V2+ units were reduced to V▪+ 

radical cation (Fig. 10 

1 and Fig. S1-S10).29,35 All the spectra displayed two absorption 
bands (Fig. 1a). A stronger band appeared around 600 nm while 
the other one, centered around 1000 nm, was relatively weaker 
and broader, which is typical for the (V▪+)2

 dimer. The band 
around 600 nm should be a combination of that of the monomer 15 

V▪+ and its dimer.35-37 UV-vis dilution experiments were then 
performed for all four compounds. By fitting the maximum 
absorption of dimer (V▪+)2 around 1000 nm, where the radical 
cation V▪+ monomer does not produce absorption, to a nonlinear 
self-binding equation,29,30 the apparent association constant (Ka) 20 

of the dimerization of their V▪+ units could be determined (Table 
1). The Ka value of M▪+ was notably higher than that of the 
radical cation of N,N’-dialkylated-4,4’-bipyridine,29 suggesting 
that the N-phenyl substitution enhanced the stacking of the V▪+ 
units by extending the conjugated backbone. It can be found that, 25 

with the increase of the number of the V▪+ units, the apparent Ka 
increased substantially, which supported that the stacking of the 
V▪+ units of D2(▪+), T3(▪+), and Tr3(▪+) promoted each other. The 
addition of less polar THF solvent weakened the stacking of the 
V▪+ units of all four compounds, as reflected by the decrease of 30 

their apparent Ka values.29 When the THF volume ratio was 
increased to 7.5%, no absorption of the dimer (V▪+)2 was 
observed for M▪+, and when the content of THF was further 
increased to 15%, the absorption of the (V▪+)2 dimer also 
vanished from the spectrum of D2(▪+). However, the absorption of 35 

the dimer were still preserved in the spectra of Tr3(▪+) and T3(▪+), 
indicating the relatively high stability of their respective radical 
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Fig. 1  The absorption spectrum of a) Tr3(•+) (I, 17 M), M•+ (II, 50 40 

M), D2(▪+) (III, 34 M), and T3(•+) (IV, 17 M) in sodium phosphate 
buffer (0.1 M) containing sodium dithionite (50 mM) at 25 C and b) 
of Tr3(•+) (I, 10 M), M▪+ (II, 30 M), D2(▪+) (III, 15 M), T3(•+) (IV, 10 
M) in sodium phosphate buffer (0.1 M) containing sodium 
dithionite (50 mM) in the presence of CB[8] (15 M) at 25 C. 45 

Table 1  The (apparent) association constants (Ka) of the 

dimerization of the V•+ unit in sodium phosphate buffer (pH = 7.0)a  

 H2O THF (7.5%) THF (15%) H2O with CB[8]b 

Tr3(•+)

M•+ 

D2(•+) 

T3(•+) 

1.2×106 

3.5×103 

2.5×104 

1.4×105

8.6×105 

-c 

9.1×102 

3.2×104 

5.0×104 

-c 

-c 

5.0×103 

4.5×106 

9.6×105 

2.0×106
 

1.0×106 

a In the presence of excess sodium dithionite (0.05 M). b [CB[8]] = 
0.5  [V•+]. c The absorption of V was too weak to be determined 
accurately. 50 

cation dimers. In the presence of CB[8], the stability of the (V▪+)2 
dimer formed by the four compounds were all improved (Fig. 1b), 
as reflected by the increase of their apparent Ka values (Table 1), 
which can be reasonably attributed to the encapsulation of the 
radical cation dimer within CB[8].35,36 In the presence of CB[8], 55 

the apparent Ka value of Tr3(▪+) was still the highest, even though 
its increase extent was the smallest. This is not unexpected 
considering the already high stability of its (V▪+)2 without the 
encapsulation of CB[8]. 
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Fig. 2  EPR spectra of Tr3(•+), M•+, D2(•+) and T3(•+) ([V•+] = 0.1 mM, 5 

25 C) in sodium phosphate buffer (0.1 M) containing sodium 
dithionite (50 mM) at 25 C in the absence a) and presence b) of 
CB[8] (0.05 mM) b) at 25 C. 

Electron paramagnetic resonance (EPR) spectra of the four 
radical cation samples were recorded at the identical 10 

concentration of the V▪+ units to gain more insight into their 
dimerization tendency. The results are shown in Fig. 2. In water, 
all the spectra showed the existence of a strong, sharp signal and 
a weak, broad signal. The sharp strong signal is typical for the 
(V▪+)2 dimer,37,38 while the weak broad one should be that of their 15 

V▪+ monomer (Fig. 2a).29,37 The strength of the broad signals 
declined in the order of M•+ > D2(▪+) > Tr3(▪+), which corresponded 
to the decrease of the concentration of the monomeric V▪+.29 In 
the presence of CB[8], the weak broad signal of D2(▪+) and Tr3(▪+) 
disappeared (Fig. 2b), supporting that their V▪+ units almost 20 

exclusively underwent dimerization due to the encapsulation of 
CB[8]. This typical signal of (V▪+)2 was maintained even at 80 C 
for both samples (Fig. S11,S12). In contrast, the signal of M•+ 
still exhibited a small deformation even at 25 C (Fig. 2b), 
indicating the existence of a small amount of the monomeric V▪+. 25 

These results are well consistent with the above quantitative 
absorption experiments, again supporting that the rigid di- and 
tritopic frameworks promoted the stacking of their V▪+ units. The 
EPR spectrum of T3(▪+) displayed a small hyperfine signal. In the 
presence of CB[8], a weak and broad signal was still observed. 30 

Given the very high Ka of its V▪+ unit (Table 1), this signal was 
not likely from the V▪+ monomer. We speculate that it might be 
produced by another radical cation species whose unpaired 

electron was relocated to the central aromatic moiety, although 
the exact structure still remains unclear.39 35 
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Fig. 3  Cyclic voltammograms of Tr6+·6Cl-, M2+·2Cl-, D4+·4Cl-, and 
T6+·6Cl- in aqueous potassium chloride (0.1 M) solution (scan rate: 
100 mV/s, [V] = 0.5 mM) in the a) absence and presence of CB[8] 
([CB[8]] = 0.5  [V]). 

The electrochemistry of the four compounds was studied by 45 

cyclic voltammetry. The obtained cyclic voltammograms (CV) in 
water were provided in Fig. 3. Compounds M2+2Cl-, D4+4Cl-, 
and Tr6+6Cl- exhibited five, three, and four peaks, respectively, 
on the reductive scan. For M2+2Cl-, the first two peaks may be 
attributed to the M2+  M▪+ and M2+ + M▪+  (M▪+)2 processes, 50 

and another three peaks may be produced by the M▪+  M, 
(M▪+)2  M + M▪+, and (M▪+)2  2M processes. The CV of D4+ 
exhibited three broad reduction waves. The first two should be 
similar to those of M2+, which led to the formation of D2(▪+) and 
its dimer, while the third broad one might be related to the one-55 

electron reduction of its V▪+, which existed in different forms, to 
neutral V unit. The CV of Tr6+ exhibited four reduction waves. 
The first three ones were generated through the formation of V▪+ 
in different forms, which were difficult to differentiate, and the 
last one should correspond to the formation of neutral V unit 60 

from different V▪+ species. Although all the CVs of the three 
compounds exhibited multi-step reduction processes, their first 
reduction potential shifted to the positive direction (from -0.53 of 
M2+ to -0.35 of D4+ and to -0.31 V of Tr6+), which supported 
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increasing reduction tendency of their V2+ units due to enhanced 
dimerization of the resulting V▪+. Consistent with this shifting, the 
last reduction potential, which related to the conversion of V▪+ 
and/or (V▪+)2 to neutral V, shifted to the more negative direction, 
This shift indicated the increasing stability of their (V▪+)2, the 5 

reduction of which required more negative potentials. In the 
presence of CV[8], the three compounds maintained the same 
number of reduction waves. However, the first and last reduction 
potentials of M2+ shifted pronouncedly to the positive and 
negative direction, pointing to the even increased stability of its 10 

(V▪+)2 dimer due to the encapsulation of CB[8]. In contrast, such 
shifts were quite insignificant for Tr6+ and D4+, which were 
reasonable considering that their (V▪+)2 were already highly stable 
and didn’t gain much stabilization from the encapsulation of 
CB[8].  15 

The CV of M2+, D4+, and Tr6+ all exhibited two oxidation 
waves (Fig. 3). The respective potential differences were 
increased from 0.17 to 0.30 to 0.36 V. This tendency remained 
the same upon addition of CB[8], although the potential 
differences were changed notably. These observations also 20 

supported the increase of the stability of their (V▪+)2 with the 
increase of their V units, which caused the formation of the (V▪+)2 
more easily and the loss of electron from the dimer more 
difficultly.  

The CV of T6+ exhibited two reduction waves. With the 25 

addition of CB[8], these two waves shifted slightly with a new 
peak appearing at -0.47 V, which might be attributed to the 
formation of a new V▪+ species with the unpaired electron being 
delocalized to the central aromatic moiety.39,40 Without or with 
the addition of CB[8], four oxidation waves were observed in the 30 

CV of T6+. In both cases, the first and last waves had a large 
potential difference, which is also a strong indication that its 
(V▪+)2 was highly stable, similar to that of Tr6+. Increasing or 
decreasing the scan rate (50-200 mV/s) had a minimal effect on 
the CV waves of all the four samples in the absence or presence 35 

of CB[8]. 
The above experiments all supported that the stacking of the 

V▪+ units of Tr3(▪+) and T3(▪+) took place in a cooperative manner. 
Previous report established that the column-styled 1D stacking of 
a rigid triangular molecule (compound 1 in ESI) similar to Tr3(▪+) 40 

was suppressed by the three aliphatic chains.32 It is thus 
reasonable to propose that the V▪+ units stacked intermolecularly 
in a 2D space. Given the rigidity of the triangular aromatic 
framework, such stacking should lead to the formation of a 
honeycomb-like monolayered supramolecular framework. Only 45 

in this framework could the stacking of the V▪+ units be 
maximized, which might hold together a number of components 
to form a large aggregate. To test this, dynamic light scattering 
(DLS) experiments were carried out for all the four reduced 
samples and the results were provided in Fig. 4a. The solutions of 50 

M▪+, D2(▪+), and T3(▪+) contained very small particles as reflected 
by their hydrodynamic diameter (DH), which were comparable 
with the size of their respective backbone. This result supported 
that these compounds stacked into small aggregates of two or a 
little more components. Remarkably, the DH of the aggregates 55 

form by Tr3(▪+) was approximately 18 times the size of the single 
molecular backbone (ca. 2.5 nm). Since the three amide chains 
could suppress the 1D stacking of this family of rigid triangular 

frameworks,32 the large aggregates could only be generated in a 
2D space through the formation of a honeycomb-styled 60 

supramolecular organic framework (Fig. 5a). 
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Fig. 4  DLS results of the aqueous solution of M•+, D2(•+), T3(•+), and 65 

Tr3(•+), containing sodium dithionite (50 mM), in the a) absence and 
b) presence of CB[8] ([CB[8]] = 0.14 mM). [V] = 0.27 mM). 

In the presence of CB[8] of 0.5 molar amount of V▪+, the 
solutions of M•+ and T3(•+) produced aggregates with the DH 
comparable to these without CB[8] (Fig. 4b), implying that in the 70 

mixtures the corresponding 2:1 and 2:3 complexes (Fig. 5b) were 
formed. The DH for the solution of D2(▪+) notably increased from 
0.89 nm to 3.6 nm, which well matched the size of a 6+6 
macrocycle which was estimated through molecular dynamics 
calculation (Fig. 5c). In the presence of CB[8], the large DH of 75 

Tr3(▪+) was further increased pronouncedly, which again 
supported that this triangular molecule stacked overwhelmingly 
in a 2D space and the resulting single-layer aggregates were 
extended due to the “locking” of CB[8] for the (V▪+)2 dimers (Fig. 
5a). The DH value determined for the solutions of Tr3(▪+) in the 80 

absence and presence of 1.5 equiv of CB[8] were also 
concentration-dependent (Fig. S13). At the high concentration of 
0.17 mM for Tr3(▪+), the values could be increased to 82.5 and 
115 nm, respectively. 
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Fig. 5  Schematic presentation of a) the honeycomb-styled 2D 
supramolecular organic framework formed by Tr3(▪+) and further 
promoted by CB[8], b) the formation of a 2:3 complex from T3(▪+) 
and CB[8], c) 6:6 complex of D2(▪+) and CB[8]. Because of the 5 

dynamic feature of the stacking interaction, the framework is not 
perfect and not strictly confined in a plane. Instead, the 
components might deviate from the plane. 

The periodic nature of the layered supramolecular organic 
framework formed by Tr3(▪+) was further revealed by discrete 10 

small angle X-ray diffraction (SAXD) experiments (Fig. 6). The 
solution phase SAXD profile of the 2:3 mixture of Tr3(▪+) and 
CB[8] in water, which was obtained with a synchrotron X-ray 
diffraction facility, revealed a discernible broad diffraction peak 
with a d spacing of around 3.7 nm (Fig. 6a). A similar diffraction 15 

peak was not observed with a common diffraction facility. The 
value matched well with the expected diameter of the repeating 
units in the proposed honeycomb supramolecular framework (Fig. 
5). The broadening feature of the peak should reasonably reflect 
the dynamic nature of the 2D supramolecular framework. For the 20 

solid sample prepared by reducing Tr6+6Cl- with sodium 
dithionite in water and then evaporating the solvent under a 
reduced pressure, a broad but apparent peak, corresponding to a d 
spacing of around 4.3 nm, was observed (Fig. 6b). Molecular 
dynamics modeling of a hexagonal structure based on six D2(▪+) 25 

revealed that, when the two neighboring V▪+ units stacked in a 
face-to-face manner which maximizes -surface overlapping, the 
distance between two parallel edges of the hexagon is ca. 3.7 nm 
(Fig. 5c), and when the stacking occurred only between the 
peripheral pyridine units, the edge-to-edge distance would 30 

increase to ca. 4.5 nm. Thus, for the possible honeycomb 2D 
supramolecular organic framework formed by Tr3(▪+), an d 
spacing within the range of 3.7 to 4.5 nm for the neighboring 

parallel (V▪+)2 dimers is expected. The above observed d spacing 
fell into this distance range, thus supporting the formation of the 35 

periodic 2D framework. Under the same conditions, the solid 
sample of the 2:3 mixture of Tr3(▪+) and CB[8] produced a broad 
diffraction peak which also corresponded to the spacing of 4.3 
nm (Fig. S14). When Tr3(▪+) was prepared by reducing Tr6+ with 
an excess of zinc dust, its solid mixture with CB[8] (2:3) gave 40 

rise to a broad, but remarkably stronger diffraction peak 
corresponding to a d spacing of 4.0 nm (Fig. 6c). All these results 
pointed to the formation of the periodic honeycomb 
supramolecular organic framework by Tr3(▪+) in the absence and 
presence of CB[8]. 45 

 

0 2 4 6 8

In
t (

a.
u.

)

2/degree

3.7 nm

a)

 

0 1 2 3 4 5

In
t (

a.
u.

)

2/degree

b)

4.30 nm

 

0 1 2 3 4
 2/degree

In
t (

a.
u.

)

c)

4.0 nm

 

Fig. 6  a) Solution-phase SAXD profile of the mixture of Tr3(•+) (0.8 50 

mM) and CB[8] (1.2 mM) in water containing sodium dithionite (50 
mM). SAXD profile of the solid sample of Tr3(•+) obtained b) by 
evaporating the aqueous solution of Tr6+6Cl- (1.0 mM) containing 
sodium dithionite (50 mM) and c) by evaporating the aqueous 
solution of Tr6+6Cl- (1.0 mM) and CB[8] (1.5 mM) after treated with 55 

an excess of Zn dust. 
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The layered structures of the viologen radical cation stacking-
based supramolecular systems were further investigated with 
microscopic techniques. Scanning electron microscope (SEM) 
images showed that, without or with the addition of CB[8], the 
samples of Tr3(•+) all gave rise to thin flakes or films upon drying 5 

on mica substrates (Fig. S15-S18). Since the sodium dithionite 
solution alone only generated flocculent aggregates upon drying 
(Fig. S19), these thin flakes or films were ascribed to the self-
assembled layered structures of Tr3(•+) or its mixture with CB[8]. 
Atomic force microscopy (AFM) was also utilized to investigate 10 

these self-assembled supramolecular structures. To avoid the 
interference of sodium dithionite, Tr3(▪+) was generated by 
treating Tr6+ with an excess of Zn dust. The AFM image of Tr3(▪+) 
showed that it formed thin aggregates (Fig. S20). However, the 
height of the aggregates could not be determined. AFM probes 15 

were frequently broken during the scanning probably due to that 
the probe could be easily stuck by the flexible side chains of 
Tr3(▪+). As expected, the 2:3 mixture of Tr3(▪+) and CB[8] also 
afforded thin planar aggregates (Fig. 7). Remarkably, these planar 
aggregates have an average height of 1.74 nm, which matches the 20 

thickness of a single-layer network determined by the diameter 
(1.75 nm) of rigid CB[8]. It is worthy to note that the height was 
quite uniform for all the measured aggregates (Fig. S21-S24). 
This result strongly supports the single-layer character of the new 
2D supramolecular organic framework (Fig. 5a). AFM images 25 

also showed that such single-layer aggregates could not be 
formed by other three samples. 

 
 

Fig. 7  Tapping-mode AFM image (500 nm  500 nm) and section 30 

analysis of the aggregates on mica from dried solution of 
compound Tr6+6Cl- (10 M) and CB[8] (15 M) in water after Tr6+ 
was reduced to Tr3(▪+) with zinc dust. Height analysis versus 
distance along the black line on the image showed an average 
thickness of 1.74 nm, consistent with the thickness of the expected 35 

monolayer framework, which is equivalent to the diameter of CB[8]. 

Conclusions 

We have demonstrated that single-layer supramolecular 
organic framework can be generated in water through the self-
assembly of a stacking-forbidden triangular monomer in a 2D 40 

space driven by strong stacking of the viologen radical cation. 
This self-assembly itself is highly efficient, and can be further 

enhanced through the encapsulation of the radical cation dimer 
with CB[8]. The new supramolecular organic framework and the 
single-layer feature can be maintained in the solid state, 45 

illustrating their high stability. Over years, the dimer of viologen 
radical cation can be studied only with the assistance of other 
additional interactions. Our work shows that this dimerizatin 
pattern can be developed as a robust binding motif for 
constructing new ordered supramolecular architectures. The 50 

formation of 2D self-assembled networks by tri(radical cation) 
Tr3(•+) opens the possibility of preparing single-layer polymers in 
solution by covalent cross-linking of the neighboring molecules. 
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Without or with the assistance of CB[8], a triangular radical 
monomer can self-assemble into 2D supramolecular 
organic frameworks in water. 
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