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ABSTRACT: In this work, a new version of macrocyclic arenes, namely geminiarene, has been designed and synthesized for guest complexation 
and chlorobenzene/chlorocyclohexane mixture separation with excellent dual selectivity. Due to its unique dual/gemini conformational feature, 
not only chlorocyclohexane can be separated from chlorobenzene with exceeding 97% purity, but also chlorobenzene can be separated from 
chlorocyclohexane with purity over 88%, and the dual selective fractionation process could be achieved in only one cycle of operation. Signifi-
cantly, we demonstrate that the dual selectivity capability is essentially a competition of the stability between the guest-free and guest-loaded 
crystalline phases of geminiarene. We strongly believe that this work and the idea of multiple selective separation systems will open up new 
perspectives on macrocycle-based solid-state host-guest chemistry and molecular scale separation materials. 

INTRODUCTION 
The creation and development of various molecular containers is 

the core of research subject in host–guest and supramolecular chem-
istry during the past 50 years,1,2 among which, prevalent macrocyclic 
compounds, that is, crown ethers, cyclodextrins, calixarenes, cucur-
biturils, and pillar[n]arenes (pillarenes for short), are the most rep-
resentative examples.3 Function-directed macrocyclic derivatives 
design and synthesis endows them great contribution to different re-
search fields, including but not limited to host–guest binding, mo-
lecular machinery, extraction and separation, and biomimetics.4,5 In-
terestingly, the development of synthetic macrocycles has gradually 
transformed into an application-oriented molecular design and syn-
thesis instead of the traditional structure-directed functional estab-
lishment, and numerous examples support this view.6,7 For instance, 
leaning pillar[6]arene, a new version of macrocyclic arenes, was first 
introduced by us in 2018, aiming at increasing the cavity flexibility 
and enhancing the binding properties of traditional pillarenes.7a In 
2019, Davis and coworkers reported a biomimetic macrocycle re-
ceptor, which was designed and synthesized for highly selective glu-
cose binding.7f Hence, instead of being stuck at the stage of serendip-

itous discovery and simple fondness for macrocycle synthesis, ingen-
ious design rooted within some special vocations have become the 
theme for modern synthetic macrocyclic chemistry. 

It is well known that nearly all function development based on 
macrocycles were carried out in solvent system, thus, macrocycle-
based solid-state host–guest chemistry investigations are always one 
of the frontier science and hotspots, cross over many supramolecular 
research fields and beyond.8 In the last few years, pillarene-based 
molecular crystal materials have been given broad attention in virtue 
of their high selectivity, ease of preparation, nice chemical stability, 
solubility, and indeed recyclability.9,10 Thus, the reality exists and 
complicated separation problems have been successfully and ideally 
resolved in laboratory. In 2014, we reported the first pillarene-based 
supramolecular organic porous crystal material, which showed high 
selectivity and reversible adsorption toward CO2 in ambient condi-
tion.9 Afterward, Huang, Ogoshi, Cooper et al. reported pillarene-
based adaptive crystal materials, where dense packing and guest-free 
pillarene crystalloids were easily penetrated by preferable guest mol-
ecules through solid-liquid or solid-vapor contact, achieving selec-
tive guest separation and adsorption.10 

 
Figure 1. (a) Synthetic route to geminiarene (GA). Single-crystal structures of (b) GAα and (c) GAβ obtained from different conditions.
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As a typical type of macrocycle-based material, pillarene crystals 
have great potentials in adsorption and separation, however, there 
are still many objective challenges or limitations remained to be 
solved or enhanced: (i) perethylated pillar[6]arene (EtP6A) is the 
most frequently used pillarene homologue to construct crystal ma-
terials owing to its nice cavity adaptability and flexibility. However, 
EtP6A usually cannot be prepared on a large scale and always accom-
panies with complicated separation and purification procedures,3f,11 
thus, it may be far away from the practical use; (ii) Due to the cavity-
size limitation, 1:1 or 1:2 solid-state host–guest complexes are al-
ways observed in pillarene crystals, and strongly limit its separation 
capacity and efficiency; (iii) mono-activated crystalline phase makes 
the pillarene always presented single selectivity during the separa-
tion process, in other words, only one component can be separated 
from a mixed system by one type of pillarene molecular crystals.10 

The separation of aliphatic cyclic compounds from correspond-
ing aromatic compounds has been listed as one of the difficult sepa-
ration subjects due to their similar physical properties.12 Chloroben-
zene (CB), a chlorinated aromatic organic compound, is frequently 
used as an organic solvent, starting reagent, and organic synthesis in-
termediate in chemical industry.13 However, CB can cause serious 
harm to the environment and human health as a result of its strong 
bioaccumulation, acute toxicity, and chemical stablility.14 Besides, to 
some extent, CB also contributes to global warming and ozone de-
pletion. So, it’s necessary to convert it to alternative compounds that 
are environmentally acceptable or reusable before discharge.15 By 
hydrogenation or electrochemical degradation of CB, chlorocyclo-
hexane (CCH), a less harmful chlorinated aliphatic cyclic com-
pound and useful pharmaceutical intermediate, could be obtained.16 
But, due to their similar boiling points (CB 132 °C，CCH 142 °C), 
it is unrealistic to use the traditional separation methods, such as dis-
tillation, to separate CCH with high purity from the unreacted CB. 

Here we report a new class of supramolecular macrocyclic arene, 
referred to as geminiarene (GA), named by us according to its two 
superficially different but actually interconvertible solid-state config-
urations (referred to as GAα and GAβ). Besides, GA combines the 
virtues of low cost, ease of synthesis, high preparation yield, well-de-
fined structure, and superior crystal-state host–guest properties. 
Most importantly, GA possesses the capability in dual selective mix-
ture separation as a result of its two conformational structures natu-
rally with different guest binding preferences. Taking the CB/CCH 
mixture separation as an example, GA could separate CCH from CB 
with more than 97% purity, while, also can separate CB from CCH 
with a purity over 87%, and both the selective separation could be 
realized in one single cycle, thus, molecular scale fractionation pro-
cess for CB/CCH mixture could be facilely achieved.  

RESULTS AND DISCUSSION 
Synthesis, structural analysis and crystal-state host–guest in-

vestigation of GA. A facile two-step synthetic approach for GA was 
adopted: 1,3,5-trimethoxybenzene was reacted with 1,4-bis(chloro-
methyl)benzene catalyzed by AlCl3 in a Friedel-Crafts alkylation re-
action, giving the coupling precursor 1,4-bis(2,4,6-trimethoxyben-
zyl)benzene in a yield of 45%; then, the Bronsted acid-catalyzed 
fragment coupling method by reaction of 1,4-bis(2,4,6-trimethox-
ybenzyl)benzene with excess paraformaldehyde in the presence of 
trifluoroacetic acid led to the formation of GA in an excellent yield 
of 85 % (Figure 1a). The best reaction time would be 30-40 min at 
ambient temperature, and prolonged reaction time will increase the 
yields of oligomers and polymers thus decrease the yield of GA. 

GA was fully characterized by NMR spectroscopy, MALDI-TOF-
MS analyses as well as X-ray single-crystal diffraction (Figures S1-S6, 
Tables S1-S3), among which, two guest-free single crystals, that is, 
GAα and GAβ, with completely different molecular conformations 
including symmetrical characteristics, packing modes and space 
groups have been first obtained (Figures 1b-c). GAα possesses a 
rigid hexagon structure (Ci symmetry) (Figure 1b, right), in which 
the four trimethoxybenzene units are almost perpendicular to the 
plane of methylene bridges (Figure S7a) and the unsubstituted phe-
nylene rings (Figure S7b). Considering the plane established by the 
methylene bridges, two adjacent trimethoxybenzene units point at 
the opposite direction respectively, giving an torsion angle of ca. 
163° (Figure S8a), meanwhile, the two phenylene units are parallel 
to each other and tilted to the same direction (Figure S8b), and all 
these components leading to the regular ladder-shaped structure of 
GAα with a dense packing mode (Figure 1b, left). Completely dif-
ferent from GAα, the four trimethoxybenzene units of GAβ all point 
above the plane of methylene bridges, rendering a distorted bowl-
shaped structure (C2 symmetry) (Figure 1c, left). Besides, the un-
substituted phenylene units are no longer parallel with each other as 
a result of the desymmetrical molecular configuration of GAβ. Inter-
estingly, each molecule in GAβ further interacts with twelve near 
neighbors through multiple C-H···O and aromatic π-π interactions 
(Figure S9), presenting a layer-by-layer packing modes with infinite 
1D channels (Figure 1c, right). Additionally, the cavity of GAα is 
about 8.5 Å in width and 4.7 Å in height, and accordingly the diam-
eter of the incircle of Gaβ is ca. 4.3 Å, which are all defined by meas-
uring the distances between the corresponding carbon atoms after 
subtracting the Van der Waals radii(Figure S10).  

 
Figure 2. X-ray single-crystal structures of (a) DEM⊂GA, (b) 1,4-
dioxane⊂GA, (c) 4(1,3-dioxane)⊂GA, (d) 4(THP)⊂GA. (e) TGA 
and DSC studies of 1,4-dioxane⊂GA: (left) tested without natural 
weathering, (right) tested after natural weathering over 1000 hrs. 
 

Page 2 of 9

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Scheme 1. Interconversion of the various GA-based single crystal structures in solution and the solid state. (a) Chemical structure of geminiarene (GA), 
chlorobenzene (CB), and chlorocyclohexane (CCH). Single crystal structures of (b) 2(DCM)⊂GA, (c) GAα, (d) 4(CCH)⊂GA, (f) GAβ, (g) CB⊂GA. 
(e) After heating 4(CCH)⊂GA at 30 °C for 20 min, a stable intermediate state crystalline phase, referred to as 2(CCH) ⊂GA, is obtained, as confirmed by 
its PXRD pattern.

Besides GAα and GAβ, a series of crystal-state GA-based host–
guest complexes were also facilely obtained, and to our surprise, not 
only the lipophilic species, such as the dichloromethane (DEM) and 
1,2-dichloroethane (DCM) (Figures 2a, S11, referred to as 
2(DCM)⊂GA and 2(DEM)⊂GA, but also many hydrophilic or-
ganic compounds, including but not limited to 1,4-dioxane, 1,3-di-
oxane and tetrahydropyrane (THP) (Figures 2b-d, referred to as 
1,4-dioxane⊂GA, 4(1,3-dioxane)⊂GA and 4(THP)⊂GA), can be 
stably hosted, which proves that this newly designed macrocyclic 
arene indeed possesses a wide range of guest binding capability. 
More than that, there are several bright points should be paid special 
attention. First, compared to nearly all the famous phenol-aldehyde 
related macrocyclic compounds, such as calixarene and pillarene, 
stoichiometries of 1:1 and 1:2 are the most common host–guest 
binding forms in the crystal state. However, unusual 1:4 complexes 
are quite common in GA host–guest complex crystals. Second, de-
spite of various packing modes in these binding crystals, GA mole-
cules can only exist in two conformations, that is, either GAα or GAβ, 
further demonstrating the dual/genimi nature of GA. Moreover, 
upon analyzing the crystals of 1,4-dioxane⊂GA, 4(1,3-diox-
ane)⊂GA and 4(THP)⊂GA, we can easily figure out that slight dif-
ferences from the guest species, such as molecular polarity or the po-
sition/number of the hydrogen-bond acceptors (oxygen atom), can 

induce the inversion of the two conformations, that is, the crystal 
polymorphs of GA are interconvertible and guest stimuli-responsive.  

Additionally, 1,4-dioxane, a frequently used organic solvent and 
also a common byproduct in chemical and cosmetic industry, has 
been listed among the possible carcinogenic chemicals (Group 2B) 
by the International Agency for Research on Cancer,17 and it cannot 
be absorbed or degraded by soil due to its high hydrophilicity. So, 
1,4-dioxane must be rationally used and carefully stored. According 
to the thermogravimetric (TG) and differential scanning calorime-
try (DSC) measurements of 1,4-dioxane⊂GA (Figures 2e, left), 1,4-
dioxane molecules are highly stably hosted, and its release from 1,4-
dioxane⊂GA (weight loss) started at ca. 180 °C, which is approxi-
mately 80 °C higher than its boiling point (101 °C). Most im-
portantly, the molecular crystals of 1,4-dioxane⊂GA possess excel-
lent weathering resistance capability, as depicted in Figures 2e and 
S12-14, no obvious loss of the trapped 1,4-dioxane molecules and 
crystalline phase transformation of GA were found even after weath-
ering the binding crystalloids over 1000 hours at room temperature 
in an open cell vial with air flow, which suggests that GA has great 
potentials in the adsorption, purification, and especially highly stable 
storage of 1,4-dioxane. 
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Figure 3. (a) Time-dependent GAα solid–liquid sorption plot for CCH/CB mixture solution at room temperature. Any surface adsorbed 
CCH/CB molecules and unstably complexed CCH molecules were removed by heating the absorbed crystal samples at 30 °C for 20 min. 
(b) PXRD patterns of GA: (I) original GAα; after adsorption of CCH/CB mixture solution for (II) 1 h, (III) 3 h, and (IV) 5 h; (V) simulated 
PXRD pattern from single-crystal structure of 4(CCH)⊂GA. (c) Relative amounts of CCH and CB adsorbed in GAα after 5 hours by gas 
chromatography. (d) Maximum uptake amount of CCH and CB in GAα after the same material is recycled five times. (e) Time-dependent 
GAβ solid–vapor sorption plot for CCH/CB mixture vapor at room temperature. Any surface adsorbed CCH/CB molecules were removed 
by heating the absorbed crystal samples at 30°C for 20 min. (f) PXRD patterns of GA: (I) original GAβ; (II) after adsorption of CCH vapor; 
(III) after adsorption of CB vapor; (IV) after adsorption of CCH/CB mixture vapor; (V) simulated PXRD pattern from single-crystal structure 
of CB⊂GA. (g) Relative amounts of CCH and CB adsorbed in GAβ after 13 hours by gas chromatography. (h) Maximum uptake amounts 
of CCH and CB in GAβ after the same material is recycled five times.

CB/CCH separation by GAα. Owing to the outstanding solid-
state host–guest properties of GA, we envisioned that GAα pos-
sesses the capability of discriminating and selectively separating/ab-
sorbing CB/CCH mixture (1:1 v/v was always used) as aforemen-
tioned. Activated guest-free GAα crystals could be obtained by 
desolvating the host–guest binding crystals of 2(DCM)⊂GA 
(Scheme 1b-c, Figures S15-S16), which was grown by evaporation 
of a CH2Cl2/CH3OH solution of GA (see Supporting Information), 
and the powder X-ray diffraction (PXRD) pattern of the activated 
crystalline solids was fully in line with the simulated PXRD pattern 
of the guest-free GAα crystals, hence, the structure of the desolvated 
crystalline phase was proved (Figure S17). 

Due to the densely-packed arrangement of GAα, hardly any CB 
or CCH molecules can penetrate into the crystalloids by solid-vapor 
sorption (Figures S18), not to mention the induce of a selective 
loading process in a relative short time, thus, the solid-liquid direct 
contact adsorption process should be considered in priority. 1H 
NMR experiments revealed that GAα preferred to absorb CCH 
upon immersing in a solution of CB/CCH mixture, and a high satu-
rated uptake of CCH can be identified as nearly four Mole/GA (Fig-
ure S19), on the contrary, trace amount of CB can be absorbed. Sur-
prisingly, gas chromatography (GC) experiment showed that the 
purity of CCH absorbed in GAα was 97.2% (Figure S20), proving 
the high selectivity of CCH in GAα. To be more confirmative, the 
single crystal structure of CCH-loaded GAα was obtained (see Sup-
porting Information), in line with the adsorption test, CCH forms a 
1:4 host–guest binding system with GA (referred to as 
4(CCH)⊂GA, Scheme 1d, left). In this crystal structure, ladder-
shaped GA molecules help form a sandwich packing mode with infi-
nite extrinsic 2D diagonal channels, two rows of CCH molecules ac-
commodated in each interlayer, malposed and stabilized by C-H···Cl 
interactions (Scheme 1d, right). Additionally, time-dependent 

PXRD pattern presents a continuous crystal-to-crystal transfor-
mation from GAα to 4(CCH)⊂GA over 5 hours (Figure 3b), fur-
ther confirming that the mechanism of the selective adsorption is in-
deed a phase transformation process induced by preferable guests, 
and as for GAα, the winner is CCH. 

In order to obtain CCH with a higher purity, any CB or CCH mol-
ecules attached to the surface of the crystalloids should be removed. 
Interestingly, after heating the adsorbed GAα (4(CCH)⊂GA) at 
30 °C for 20 min, a stable intermediate state crystalline phase, where 
CCH forms a 1:2 host–guest complex with GA was obtained (re-
ferred to as 2(CCH)⊂GA, Scheme 1e, Figure S21), and then CCH 
could be released from 2(CCH)⊂GA with a purity about 98.0% 
(Figures 3c, S22). The stability of the two crystalline phases were 
verified by TG experiments, and compared to the release tempera-
ture of 4(CCH)⊂GA below 50 °C (Figure S23), hardly any weight 
loss of 2(CCH)⊂GA was seen until the crystals were heated to 90 °C 
(Figure S24). Overall, due to the relatively weak host–guest interac-
tions and extremely high separation ratio, at least half of the CCH 
molecules could be facilely released from the 4(CCH)⊂GA crystals, 
endowing GAα with great potentials for practical use. What’s more, 
aiming to obtain the most stable data representation, time-depend-
ent solid-liquid sorption experiment by using GAα was carried out 
(Figures 3a, S25). The uptake of CCH increased rapidly in a form of 
nearly constant speed before reaching its saturation point (ca. 2h), 
and negligible amount of CB was uptaken in the experiment. Besides, 
the removal of the guest-loaded crystals, that is, 4(CCH)⊂GA and 
2(CCH)⊂GA, could lead to the recovery of the original guest-free 
GAα phase (Figures S26-S28), which can be further reused at least 
5 times without decreasing its CCH capture performance (Figure 
3d), confirming the high selectivity/efficiency/recyclability of GAα 
as a new solid material for adsorption and separation. 
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Figure 4. (a) Representation of the dual selective CB/CCH fractionation by immersing activated crystals of GA in CCH/CB mixture solution at room 
temperature. (b) Time-dependent GAβ solid–liquid sorption plot for CCH/CB mixture solution at room temperature. (c) Relative amount of CCH and 
CB adsorbed in GAβ before (9 h, left) and after (70 h, right) the crystalline phase transformation from CB⊂GA to 4(CCH)⊂GA by gas chromatography. 
(d) PXRD patterns of GA: (I) original GAβ; after adsorption of CCH/CB mixture solution for (II) 3 h and (III) 6 h; (IV) PXRD patterns of CB⊂GA; (V) 
simulated PXRD pattern from single-crystal structure of CB⊂GA. (e) PXRD patterns of GA: (I) original GAβ; after adsorption of CCH/CB mixture solu-
tion for (II) 24 h, (III) 48 h and (IV) 65 h; (V) simulated PXRD pattern from single-crystal structure of 4(CCH)⊂GA.

CB/CCH separation by GAβ. Active GAβ could be obtained by 
desolvating the GAβ crystals (Scheme 1g, Figures S29-30), which 
was initially recrystallized from toluene solution (see Supporting In-
formation). As aforementioned, GAβ crystals possess a relatively 
sparse packing mode (Figure 1c, right), and its intrinsic pores 
prompted us to explore whether GAβ could discriminate the mix-
ture of CB and CCH through direct solid-vapor adsorption. Thus, 
time-dependent solid-vapor sorption experiment by using GAβ was 
carried out (Figures 3e, S31). Interestingly, the selectivity of GAβ 
toward CB/CCH mixture was directly opposed to GAα, that is, the 
preferable guest is CB instead of CCH in terms of GAβ crystals. Sim-
ilarly to the solid-liquid adsorption process by GAα, it took only 
about five hours to complete the whole separation and adsorption 
process, and a small amount of CCH was captured and proved very 
stable during the whole experiment (Figure 3e). GC experiments 
also confirmed a satisfactory selectivity for CB that is 88.2 % (Fig-
ures 3g, S32), meanwhile, PXRD pattern of GAβ phase transformed 
after adsorption indicated that a new crystalline phase with CB-
loaded was generated (Figure 3f).  

To rationalize this, we successfully obtained the single crystal 
structure of CB⊂GA by slow evaporation of CB/CH3OH solution 

of GA (Scheme. 1g). In consistency with the 1H NMR and TG ex-
periments (Figures S33-S34), CB forms a 1:1 host–guest complex 
with GA, and many disordered CH3OH molecules intracrystalline 
unable to be exactly refined were further determined by 1H NMR, 
TGA and DSC experiments (Figures S35-S37). The PXRD pattern 
of GAβ after adsorption of the CB/CCH mixture vapor matched 
well with the pattern after adsorption of the CB vapor, also in a good 
agreement with the simulated profile from the single crystal struc-
ture of CB⊂GA (Figure 3f), which further confirming the process of 
adsorption and separation is in fact the guest-triggered crystalline 
phase transformation, in coordination with the relative stability of 
the new formed crystal structure upon complexation. In addition, it 
is worth mentioning that GAβ crystal with infinite 1D channels is 
not as stable as the dense-packed GAα, and the partial intrinsic pores 
could be collapsed during heating or desolvating process (Figure 
S38).18 However, it still possesses the ability in discriminating and 
separating the mixture vapor of CB/CCH at least 5 times without 
losing its performance (Figure 3h). 

Dual selective CB/CCH fractionation by GA. According to the 
two completely opposite selectivity of GAα and GAβ, we wonder if 
we can realize the uptake of the two compounds through only one 
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special adsorption process, that is, fractionation of the CB/CCH 
mixture. Therefore, time-dependent solid-liquid sorption experi-
ments using GAβ crystals were carried out (Figures 4b, S39-S41). As 
expected, due to the intrinsic porosity along the a-axis, a high-speed 
adsorption of CB and CCH with no obvious selectivity was observed 
instantaneously, soon afterwards, the intra-crystalline CCH mole-
cules were gradually squeezed out to a minimum extend within 
about 10 hours. Intriguingly, the uptake amount of CCH began to 
increase rapidly after this point, and the original dominated CB mol-
ecules began to decrease and displaced by CCH. Time-dependent 
PXRD patterns indicated a guest-induced continuous crystalline 
phase transition from CB⊂GA to 4(CCH)⊂GA, following after 
GAβ to CB⊂GA, and the whole process was completed within 
about 65 hours (Figures 4d-e). Thus, a continuous and coherent 
process, that is, CB molecules in the CB/CCH mixture penetrate 
the GA crystals and induced the CB⊂GA formed firstly, soon after-
wards, CCH molecules trigger the configuration conversion of the 
GA in CB⊂GA with the recovery of the binding ability toward CCH 
in solution, leading to the new phase of 4(CCH)⊂GA generated 
(Figure 4a). This suggests that the CCH-loaded 4(CCH)⊂GA is 
more thermodynamically stable than CB-loaded CB⊂GA and un-
loaded GAβ crystals. 

Due to the successive phase transformation along with the loading 
and displacing one after another, molecular scale dual selectivity for 
CB/CCH separation can be obtained by GA molecular crystals. 
Two GC experiments confirmed that the fractionation of CB before 
the phase transformation is over 87% (Figure 4c, left, Figure S42), 
and the fractionation of CCH after completely phase transformation 
is over 97% (Figure 4c, right, Figure S43), which are all consistent 
with the results of solid-liquid or solid-gas separation by GAα and 
GAβ crystals as aforementioned. In other words, the CB/CCH frac-
tionation process was a result of the opposite selectivity of the two 
GA crystals, in conjunction with the guest-induced configuration 
conversion and phase transformations, thus, the two mixed compo-
nents could be separated orderly and effectively. 

CONCLUSIONS 
In conclusion, we presented an entirely new kind of macrocyclic 

arene, namely GA, which was designated according to its two totally 
different, but, indeed interconvertible molecular configurations. 
Taking advantage of its unique structural feature, lipophilic or hy-
drophilic species different in size, shape, and polarity could be 
hosted to form 1:1, 1:2 or 1:4 solid-state host–guest assemblies. In 
particular, GA presented a good binding affinity toward persistent 
environmental contaminant and Group 2B carcinogen 1,4-dioxane 
in the solid states, which displayed a nearly 80 °C boiling point ele-
vation and resistance to weathering erosion over 1000 hours. Most 
importantly, we have investigated the CB/CCH separation by GA-
base crystalloids of GAα and GAβ. CCH can be highly purified by 
GAα from an CB/CCH mixture solution through solid-liquid sorp-
tion with purity over 97%, and GAβ has the ability to separate CB 
from the CB/CCH mixture vapor through solid-vapor sorption with 
purity of over 88%, and both of them can be reused many times with-
out decrease in separation performance. Furthermore, we demon-
strated that GAβ and the two guest-loaded crystals (CB⊂GA and 
4(CCH)⊂GA) could be transformed one after another by continu-
ous guest-induced operation. Hence, CB and CCH could be sepa-
rated consecutively in different stages of crystalline phase over time, 
as a form of fractional distillation process, and the dual selectivity for 

the separation of CB/CCH mixture by one special macrocycle-
based crystals could be achieved.  

Above all, compared with other macrocycle-based crystalline sep-
aration materials, such as pillarenes, GA has several advantages. 
Firstly, an efficient high yield fragment coupling process makes GA 
can be prepared easily and full of potentials for mass production 
upon fine-tuning of the synthetic details and separation approaches. 
Secondly, up to 1:4 unusual host–guest binding forms will bring GA 
with a relatively high overall guest uptake. Thirdly, multiple crystal-
line phases transformed in order by guest-inducement in solution 
endows GA with dual selectivity in adsorption and separation of 
CB/CCH mixture in only one cycle of operation. We strongly be-
lieve that dual or multiple separation selectivity will be one of the fu-
ture development directions of synthetic macrocycles-based crystal-
line separation materials. Discovery of triple selective separation sys-
tem based on GA and/or other novel synthetic macrocycles is still 
ongoing in our laboratory. 
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