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Hypothesis: Distinguishing substituted aromatic isomers is a challenging task because of the great simi-
larity of their physicochemical properties. Considering xylene isomers have drastically different geomet-
rical shapes, we predict this would show great impact on the self-assembling behavior of various xylene
isomer@cyclodextrin inclusion complex.
Experiments: Through host–guest crystalline self-assembly, among three isomers, only ortho-xylene is
capable to form hydrogels with a-cyclodextrin. ROESY NMR, molecular simulations and circular dichro-
ism spectra suggest that the ortho selectivity comes from the difference in the conformation of host–
guest building block. The larger volume, and steric hinderance of the ortho isomer make it most possibly
decrease their tendency to adopt more mobile orientations in cyclodextrin-based complex as meta and
para isomers do, resulting in gel formation.
Findings: Herein, we report a novel, facile and environmentally-friendly protocol on the recognition of
ortho benzene isomers using a-cyclodextrin through host–guest crystalline self-assembly. Visual recog-
nition of ortho-xylene is achieved through amplifying the structural difference of xylene isomers at
molecular scale into macroscopic scale. We believe this work unveils subtle rules to control macroscopic
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assemblies at the molecular level and highlights the potential of using macrocyclic compounds to
improve the quality and reduce the energy bill for separation in petrochemical industry.

� 2021 Published by Elsevier Inc.
1. Introduction

With the ever-growing needs for chemical products geared by
the fast development of industries, for instance, petrochemical
engineering and medical industries, innovative strategies and
materials are becoming significantly important to improve the effi-
ciency, safety and energy bill of the relating chemical processes,
especially those involved with isomers. For instance, xylenes are
important industrial feedstocks for plastics, rubber, fibers, solvents,
and fuels [1–4]. Ortho-xylene isomers, in particular, are vital chem-
icals that are used in large-scale polymers and solvents (o-
dichlorobenzene and o-chlorotoluene) production [5]. However,
the recognition and separation of o-xylene isomers from other
xylene isomers has always been one of the most difficult problems
due to their identical molecular weights and similar physical prop-
erties [6,7]. At present, several methods are effective for the recog-
nition of xylene isomers, such as UV spectrometry, gas
chromatography (GC), and low-pressure gas chromatography–ion
trap mass spectrometry (LP-GC–IT-MS), which require costly and
complex instrumentation [8–13]. Consequently, a variety of other
sensors, such as metal organic frameworks (MOFs), conductive
polymer-based sensors, and other materials, were endeavored
[14–19]. So far, it still remains challenging to develop an easy
and low-cost method for identification of xylene isomers at macro-
scopic scale [20].

On account of the similarities in the physical properties of these
significant chemical raw materials [21], the geometry of these
molecules is one of their most prominent distinguishing character-
istics, hence materials capable of recognizing their geometry
should prove to be promising in their recognition. Cyclodextrins
(CyDs) are cyclic oligosaccharides possessing molecular-
compatible cavities [22]. The exterior of the cavity is highly hydro-
philic due to the presence of hydroxyl groups, while the interior is
hydrophobic endowed by methylene groups. Besides, CyDs have a
truncated cone structure since the diameter of the cavity on the
rim with the primary hydroxyl groups is smaller than that on the
rim with the secondary hydroxyl groups. This highly asymmetric
geometry, the number of the constituting saccharides (a, b, c),
together with the strong hydrophobic nature of the cavity make
CyDs suitable and fascinating hosts to selectively recognize and
bind hydrophobic guests of various sizes [23–29], and has long
been utilized in molecular recognition.

In the past decade, studies in our group reveal that the host–
guest inclusion complex formed with CyDs and surfactants or
other organic molecules with alkyl chains, including alkanes, alco-
hols, and amines, are all able to form crystalline self-assembly,
such as vesicles, microtubes, fibers, lamellae, helical ribbons or
even rhombics driven by hydrogen bonding between CyDs [30–
36]. It is interesting to find that the self-assembled structure and
the induced chirality in the CyD inclusion systems could be
chain-length dependent, indicating the self-assembly can be signif-
icantly impacted by the subtle structural difference of the guest
molecules [37]. Considering xylene isomers have drastically differ-
ent geometrical shapes, we anticipate that this would show great
impact on the self-assembling behavior of various xylene isomer/
CyD inclusion complex.

In summary, our research puts forward a novel and facile host–
guest crystalline protocol on visual recognition of ortho-xylene. In
this work, we report that when o, m, p xylene isomers were used to
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construct inclusion complex with a-CyD in aqueous media, only o-
xylene/a-CyD complexes could form hydrogels, whereas the a-CyD
inclusion complexes with p-and m-isomers both separated into
two phases in water. Microstructure observation revealed that
ultralong nanofibers were formed in the o-xylene@a-CyD system.
In contrast, microribbons and blocks are formed in the m-
xylene@a-CyD and p-xylene@a-CyD systems, respectively. In this
way, we have amplified the structural difference of xylene isomers
at molecular scale into macroscopic scale through host–guest crys-
talline self-assembly. We hope this research smooths the way for
an in-depth study on the recognition properties of macrocyclic
compounds in molecular self-assembly, which may shed lights
for the macroscopic separation of xylene isomers in the future.

2. Experimental section

2.1. Materials

Ortho-xylene OX, AR), meta-xylene (MX, AR), para-xylene (PX,
AR) were purchased from Aladdin. a-cyclodextrin (a-CyD, AR), 2-
ethyltoluene, 3-ethyltoluene 4-ethyltoluene, were purchased from
Macklin. Distilled water was purified through Milli-Q Advantage
A10 Ultrapure Water System. D2O (99.9%) and DMSO d6 (99.9%)
were purchased from Aldrich.

2.2. Sample preparation

The desired amounts of organic samples were added into the a-
CyD solutions and then the samples were vortex sufficiently (about
10 min) at room temperature. The resultant mixtures were ther-
mostatically incubated at 25 �C (for at least 24 h) to obtain a white
inverted immobile gel or precipitates. Gel and precipitates were
collected by removal of the supernatants and lyophilized for fur-
ther characterization.

2.3. Scanning electron microscope (SEM)

SEM measurements were performed using a Hitachi S4800
microscope at an acceleration voltage of 1 kV. A drop of the sus-
pension was placed on clean silicon sheets and then dried in the
vacuum drying oven (25 �C).

2.4. Nuclear magnetic resonance (NMR) studies

1H NMR and ROESY spectra experiments were performed on a
Bruker ARX 500 MHz spectrometer at room temperature
(25 ± 2 �C), using 5 mm standard NMR tubes. Deuteroxide (99.9%)
was used to dissolve the precipitates for 1H NMR spectra, all pro-
ton signals were calibrated with D2O signal at 4.800 ppm.; D2O
(99.9%) was used to solve it for 2D-ROESY.

2.5. Circular dichroism (CD) measurements

Circular dichroism (CD) spectra were obtained on a JASCO J-810
spectrometer and used to investigate the ICD of the sample sus-
pension. The light path length of the quartz cell used is 0.1 mm.
Scanning speed was set at 100 nm/min. Data was collected at a
response of 2 sec and accumulated twice.
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2.6. Theoretical simulations

An extensive dynamic and structural characterization of the
system was provided to support our model. We used the Visualizer
module in Materials Studio to build a structural model of small
aromatic molecules. At the same time, based on the crystal data
of a-cyclodextrin, a structural model of a-cyclodextrin was con-
structed in the Visualizer module. We used the Construction func-
tion of the Amorphous cell module to construct a molecule
containing an a-cyclodextrin and a Periodic amorphous unit of
small aromatic molecules. All kinetic calculations were based on
a PCFF force field and cutoff was on account of non-bond interac-
tion. We used the Minimizer function in the Discover module of
Material Studio to minimize the potential energy of several possi-
ble conformations of the inclusions formed by a-cyclodextrin and
aromatic molecules and find the lowest potential energy in the
inclusions of the host and guest Conformation.

The separation and spline width were 8.5 Å and 0.0 Å, respec-
tively and the buffer width was set at 0.5 Å. The constructed peri-
odic unit was applied and the Smart Minimizer method was used
to minimize potential energy. We performed 10 ps of NVT ensem-
ble molecular dynamics. The simulation temperature selection was
set at 298 K and time step was set at 1 fs, while full trajectory
information was recorded every 1000 steps. Structures of a-
cyclodextrin and aromatic inclusion complexes can be obtained
in 10 simulations.

Besides, solvent is not considered in our simulation. First, the
interior of cyclodextrin’s cavity is highly hydrophobic endowed
by methylene groups and none of water molecule was found to
move into the cavity in the presence of the guest [38]. Secondly,
the main focus of our simulation is to probe the energetics
difference raised by steric hinderance, which is not affected by
solvent.
2.7. Small-angle X-ray scattering instrument (SAXS) measurements

The lyophilized gel and precipitate sample were measured on a
high-flux SAXS (Anton Parr) equipped with a Kratky block collima-
tion system.
2.8. Fourier transform infrared (FT-IR) absorption

FT-IR measurements were performed on Nicolet Magna IR 750
equipped with an infrared microspectrography (Thermo Scientific
Co., USA).
2.9. Rheology

Rheological properties were measured by a Thermo Haake
RS300 rheometer with cone and plate geometry (35 mm diameter,
0.105 mm cone gap). The temperature was kept at 25 �C and a
water trap was used to minimize water evaporation from the sam-
ple. Frequency spectra were conducted in the linear viscoelastic
regime of the samples determined from dynamic strain sweep
measurements.
2.10. Fourier transform ion cyclotron resonance mass spectrometer
(FT-MS)

Mass spectra were recorded on a Bruker Apex Ⅳ FTMS operat-
ing in a ESI positive mode.
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3. Results and discussion

3.1. Macroscopic recognition and microstructures of xylene
isomers@a-CyD systems

Xylene isomers were used to build host–guest systems with a-
cyclodextrin. We chose a-cyclodextrin rather than b-cyclodextrin
or c-cyclodextrin for better size matching with xylene isomers,
because b-cyclodextrin or c-cyclodextrin has larger cavity than
all the three xylene isomers which shows no distinct difference
in the ability of complexing with the three isomers. The binding
constant of OX, MX, PX with a-CyD is 22 M�1, 40 M�1, 72 M�1,
respectively and DGcomplex of OX, MX, PX with a-CyD is �8 kJ/mol,
�9 kJ/mol, �11 kJ/mol [39]. Fig. 1 shows the geometry information
of a-CyD and the xylene isomers employed in this study.

The inclusion complexes were obtained by adding different
xylene isomers respectively into the transparent solution of a-
cyclodextrin and then vortex about 10 min. White precipitates
were obtained in MX@a-CyD and PX@a-CyD systems. Surprisingly,
hydrogels capable of supporting their own weight in inverted
tubes were formed in the OX@a-CyD system. In all the tested
hydrogels, the rheological data showed that the storage modulus
(G0) is 3–4 times greater than the loss modulus (G00), indicating that
they are elastic rather than viscous materials, which is a distin-
guishing feature of gel materials (Fig. S1).

SEM images demonstrate that the microstructures in the
OX@a-CyD hydrogel are ultralong nanofibers. These fibers are flex-
ible, and their diameter is about 150 nm, whereas their length is in
the order of tens of millimeters. In contrast, the MX@a-CyD and
PX@a-CyD precipitates are composed of much shorter and wider
structures. Microrods with their widths and lengths around 1
and 20 lm, respectively, were formed in the MX@ta-CyD system,
while bulk planar flakes were formed in the PX@a-CyD. It is
noticed that the ultralong nanofibers in the OX@a-CyD system
have entangled into dense networks, which explains why the
OX@a-CyD system can sustain stress which accounts for gel
formation.

3.2. Conformation of the building block in xylene isomers@a-CyD
systems

3.2.1. NMR(ROESY) analysis to probe the inclusion mode
NMR and FT-MS measurements demonstrate the formation of

the 1:1 inclusion complex in all three systems (Figs. S2, S3). To
investigate why the three xylene isomers have caused such large
differences both at micro and macro scales, ROESY (Rotating-
Frame Overhauser Effect Spectroscopy) NMR measurements were
conducted to examine the conformation of different xylene iso-
mers in the cavity of a-CyD. Traditional NOESY (Nuclear Trans-
limit Effect Spectroscopy) method is limited in the mass range of
1000�2000 Da due to the unsatisfactory tumbling rates of the
molecules. Therefore, spin-lock techniques such as Rotating Frame
Overhauser effect spectroscopy (ROESY) are ideal methods to study
the spatial interactions in CyD complexes. In all instances, COSY
(Correlated Spectroscopy) experiments were also employed to
definitively identify the intermolecular components and rule out
the intermolecular interactions. If protons in the guest molecule
are close enough to the a-CyD hydrogen (about 4 Å), spatial inter-
action will occur and a cross peak will be observed in ROESY (the
number of circles represent the interaction intensity), so ROESY
can be applied to determine the position of the guest in the CyD
cavities [40–42].

The assignment of NMR spectra is according to literature
(Fig. S5) [43]. Fig. 2a shows the schematic structure of a-CyD with



Fig. 1. Schematic structures and molecular dimensions of (a) a-cyclodextrin and (b) xylene isomers employed in this study. Photographs, SEM images, length-diameter ratio
statistics of xylene isomer@a-CyD systems: (c,f) OX@a-CyD hydrogel, (d,g) MX@a-CyD precipitate, (e,h) PX@a-CyD precipitate. (70:70 mM) systems.

Fig. 2. (a) Schematic illustration of the structure of a-CyD [44]; 2D-NMR (ROESY) spectrum and the schematic illustration(insets) of building block of (b) OX@a-CyD, (c)
MX@a-CyD, (d) PX@a-CyD (1:1) in D2O.
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numbered protons. The H-3, H-5, and one of the H-6 protons are
inside of the a-CyD cavity and H-3 are around the wider rim while
H-5 are near the narrower rim. By analyzing the correlations
between xylene protons and H-3/ H-5, one can envisage the orien-
tation of the guest within the a-CyD cavity.

Fig. 2b reveals that only one correlation occurs between OX and
a-CyD, ascribing the methyl protons of OX (d2.24 ppm) and H3 of
a-CyD. In consideration of that H3 is located around the wider rim
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of a-CyD, the only correlation peak shows that the methyl group of
OX is positioned predominantly at the wider rim of a-CyD. In con-
trast, the methyl protons of MX/PX form correlations with both the
H3 and H5 protons of a-CyD. These results unambiguously suggest
that OX is able to thread into the cavity of a-CyD with a preferred
orientation, whereas MX/PX disable to do this (Fig. 2c and Fig. 2d).

We speculate that the specific orientation of OX in the cavity of
a-CyD is probably related with its molecular size. Chem 3D model-
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ing (Fig. 1b) suggests that width of the OX molecule (distance
between the two methyl groups) is about 4.8 Å, which is larger
than the diameter of the narrower rim (4.5 Å) of a-CyD but smaller
than its diameter of the wider rim (5.7 Å). Therefore, OX would
thread into the cavity of a-CyD from the wider rim. In contrast,
the widths of MX and PX are both around 4.2 Å, which is smaller
even than the size of the narrower rim of a-CyD. This means that
MX and PX are able to thread into the cavity of a-CyD from both
the narrower and wider rim. Obviously, this threading at molecular
scale have triggered the drastic difference at micro and macro-
scale.

3.2.2. Computational studies on orientation of xylene isomers in the
cavity of a-CyD

In order to understand the preferred conformation of building
block, theoretical computations based on molecular dynamics
(MD) were carried out to gain a better insight into the interaction
energetics of xylene with a-CyD. The potential energy of corre-
sponding conformation is summarized in Fig. 3a.

We considered 6 conformations (shown in Fig. 3) according to
2D NMR experiments. There is only correlation between methyl
protons of OX and cyclodextrin’s wider rims, thus we can expect
the dominating conformation of OX@a-CyD is Fig. 3b with methyl
towards the wider rim. Chem 3D modeling (Fig. 1b) suggests that
width of the OX molecule (distance between the two methyl
groups) is about 4.8 Å, which is larger than the diameter of the nar-
rower rim (4.5 Å) of a-CyD, so we chose conformation in Fig. 3c to
show its energy disadvantage due to steric hinderance. 2D NMR
indicates there is equivalent correlation between methyl protons
of MX and both rims of cyclodextrin and the widths of MX and
PX are both around 4.2 Å, which is smaller even than the size of
the narrower rim (4.5 Å) of a-CyD. Therefore, similar to OX@a-
CyD, we also chose two conformations accommodated at the wider
and narrower rim respectively for MX@a-CyD and PX@a-CyD to
show there is no steric hinderance. Other conformations could be
excluded by 2D NMR and molecular size fitting analysis (Fig. S6).

When the two methyl groups are accommodated at the wider
rims of a-CyD (Fig. 3b), the structure-optimized potential energy
of the OX@a-CyD system is 83.69 kcal/mol. However, when the
two methyl groups are positioned at the narrower rims of the
cyclodextrin (Fig. 3c), the potential energy of the system after
structural optimization is 101.90 kcal/mol, which is almost
20 kcal/mol higher than the former. It can be concluded that the
former conformation is more stable, which is the predominant
conformation because of the large steric hinderance when the
methyl groups were placed at the narrower rims.

However, MD simulation results suggest that in the case of MX
and PX, the energies for the inclusion complexes threaded from
both rims are rather close, which is 70.36 and 74.40 kcal/mol,
respectively, for the MX@a-CyD system (Fig. 3d and e), and 67.94
and 68.58 kcal/mol for the PX@a-CyD system (Fig. 3f and g). Obvi-
ously, there is no steric hindrance for both conformations which
explains why meta-xylene has no preferred orientation when pro-
jecting into the cavity of a-CyD.

3.2.3. Induced circular dichroism studies
Chiral (non-racemic) compounds can induce circular dichroism

(ICD) signals in the ultraviolet or visible region of non-chiral com-
pounds through intermolecular interactions. Cyclodextrin’s cavity
is known to be chiral and it can transfer chirality to guests that
are not optically active through host–guest interactions [45].
According to report, the sign of the induced circular dichroism
(CD) signals depends on the guest’s orientation in CyDs. If a guest
locates inside the cavity and its dipole transition moment is polar-
ized parallel to the axis of CyD, the sign of CD is positive, otherwise
the sign is negative in situation of above (outside) the cavity
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[40,46,47]. However, this only occurs when the guest thread into
the cavity of CyD with a preferred orientation. On the contrary, if
the threading direction of the guest to the cavity of CyDs is not
selective, no CD can be observed. It remains challenging to control
the threading direction of the guest in cyclodextrin assembly, and
the coexistence of two orientations will result in a mixture that
lose chirality, which is racemic. For this reason, the ICD spectra
are indicative of the actual conformation of the host–guest inclu-
sion complex.

The induced circular dichroism (CD) of the supramolecular sys-
tem of the xylene@a-CyD is examined. A positive CD signal is
obtained at 206 nm for the OX@a-CyD system corresponding to
its absorption spectrum of xylene, while the MX@a-CyD and
PX@a-CyD system are CD silent (Fig. 4a). This is in perfect agree-
ment with the 2D NMR measurements and molecular dynamic
simulations that OX predominantly threads into the cavity of a-
CyD from the wider rim. Furthermore, the positive ICD signal
accounts for the fact that the guest’s electronic dipole transition
moment is exactly inside the cavity of a-CyD, which is in line with
the prediction of Harata-Kodaka’s rule (Fig. 4b, c, d).
3.3. Host-guest assembly process of xylene isomers@a-CyD systems

3.3.1. Role of hydrogen bonding in the self-assembly structures
The abundant hydroxyl groups of a-Cyds offer multiple H-bond

sites, which is a natural driving force to realize host–guest assem-
bly [48,49]. The subsequent urea addition experiments confirmed
this. Urea is a common H-bond breaker, which can be added to
break hydrogen bonding in corresponding system. As urea was
added into the gel or precipitation in the present study, disassem-
bling of the microstructures was observed. Take OX@a-CyD gel as
an example (Fig. 5). The hydrogel turned into transparent sol when
5 M urea was added (Fig. 5a), indicating that the H-bonds were the
main driving force for hydrogel formation. Moreover, we con-
ducted a FT-IR experiment to further verify the presence of hydro-
gen bonding in the systems. The hydroxyl band for the pure
lyophilized powder of a-CyD appears at 3365 cm�1 (Fig. 5b), while
that for the lyophilized o-xylene@a-CyD gel、m-xylene@a-CyD
precipitation and p-xylene@a-CyD precipitation shifted to a lower
wavenumber of 3359, 3353 and 3357 cm�1, respectively, demon-
strating the formation of hydrogen bonds in three xylene
isomers@a-CyD systems [50,51].
3.3.2. d-spacing of the assembly structures
To adequately explore the microscale structure difference

caused by xylene isomers, we have conducted the small-angle X-
ray scattering (SAXS) of xylene isomers@a-CyD complexes
(Fig. 5c). All the three systems show characteristic diffractions at
q = 0.82 and 1.24 A-1, which indicates a channel-type arrangement
of a-CyD (Fig. 5d) At the same time, the SAXS profiles for all the
three systems show Bragg peaks with regular spacing, which is a
characteristic pattern for typical lamellar structures [34,52–54].
By applying the first peak’s position (the first harmonic q1) to the
equation d = 2p/q1, we can acquire the repeated distance d (around
1.5 nm) of the lamellar structures. Accounting that the height of
one a-CyD is 0.78 nm, the d-spacing of 1.5 nm corresponds to a
building block of 2xylene@2a-CyD. However, the d-spacing of
OX@a-CyD gel system (1.58 nm) is larger than MX@a-CyD or
PX@a-CyD systems (1.52 nm). This is up to our expectation, since
the OX molecule would outcrop a little in the wider rim, whereas
MX and PX were completely buried in the cavity of a-CyD due to
their different ‘width’.

This may also explain the difference in the self-assembled
structure of OX@a-CyD from its counterparts. The outcropping of



Fig. 3. (a) Column plot of the energies for the three pair of conformations. Snap shows of molecular simulation optimized structures of xylene isomers with a-CyD, OX@a-
CyD complex with two methyl groups (b) predominantly oriented toward the wider rim of a-CyD, (c) oriented toward the narrower rim of a-CyD; MX@a-CyD complexes
with (d) MX predominantly oriented toward the wider rim of a-CyD, (e) MX oriented toward the narrower rim of a-CyD; PX@a-CyD complexes with (f) PX predominantly
oriented toward the wider rim of a-CyD, (g) PX oriented toward the narrower rim of a-CyD. The xylene isomers were colored blue for the sake of clarity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Circular dichroism spectroscopy (CD Spectrum) of xylene isomers@a-CyD (75:75 mM) systems, Schematic representations of different inclusion modes of xylene
isomers@a-CyD complexes: (b) o-xylene@a-CyD, the upper is the predominant orientation, (c) m-xylene@a-CyD, m-xylene threads into the cyclodextrin cavity through both
rims, (d) p-xylene@a-CyD, p-xylene threads into the cyclodextrin cavity through both rims.
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Fig. 5. (a) Visual appearance images of gel-sol transition caused by adding 5 M urea at 25 �C, (b) FT-IR spectra of a-CyD powder, the lyophilized xylene isomers@a-CyD
assemblies, (c) SAXS profile of lyophilized xylene isomers@a-CyD (75:75 mM) assemblies, (d) Schematic representations of channel type arrays in xylene isomers@a-CyD
complexes.

Fig. 6. Schematic diagram of possible self-assembly route in the xylene isomers@a-CyD complexes: a) o-xylene@a-CyD, b) m-xylene@a-CyD, and p-xylene@a-CyD.
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the methyl groups of OX on the wider rim of a-CyD makes it dis-
advantageous for the hydrogen bonding between the a-CyDs ver-
tical to its axis (X direction), so that the channel type
arrangement (Y direction) are more prominent than that in the
other two systems. As a result, ultralong nanofibers were formed,
and gelation occurs. In contrast, the hydrogen bonding along X
direction in the MX and PX@a-CyD systems are easier than that
in the OX@a-CyD system, so that the selective growth along the
channel direction is retarded, as illustrated in Fig. 6.
3.4. Recognition of other disubstituted benzene isomers

To confirm our speculation on ortho-selection assembly, we
extended our research to ethyltoluene system (Fig. 7), and the
regioselective recognition was also achieved. The 3-ethyl
toluene@a-CyD and 4-ethyl toluene@a-CyD systems were white
precipitates, while a stable gel can be obtained when 2-ethyl
toluene was utilized under the same condition. The selective dis-
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crimination of the isomers has been further confirmed by SEM, cir-
cular dichroism spectra.

The ethyl toluene@a-CyD systems exhibited consistent assem-
bly behaviors as the xylene system. After ICD testing, a similar
result is obtained again (Fig. 7e): a positive CD signal is obtained
at wavelength matched with the UV absorption of 2-ethyl toluene.
Meanwhile, 3-ethyl toluene@a-cyclodextrin precipitation system
and the 4-ethyl toluene@a-cyclodextrin precipitation system are
CD silent, which could be explained through a mechanism analo-
gous to xylene@a-CyD systems.
4. Conclusion

In summary, we provide a facile and environmentally friendly
strategy on the visual recognition of ortho benzene isomers using
a-cyclodextrin through host–guest crystalline self-assembly.
Among three isomers, only o-xylene is capable to form hydrogels
with a-cyclodextrin, whereas the a-CyD inclusion complexes with



Fig. 7. Photographs and SEM images of ethyl toluene isomer@a-CyD systems: (a) 2-ethyl toluene@a-CyD hydrogel; (b) 3-ethyl toluene @a-CyD precipitate; c) 4-ethyl toluene
@a-CyD precipitate (50:50 mM) systems; (d) Absorption Spectrum and (e) Circular dichroism spectroscopy (CD Spectrum) of ethyltoluene isomers@a-CyD (20:20 mM)
systems.
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p-and m-isomers both separated into two phases in water. As such
o-xylene is recognized over other derivatives, 2D NMR, molecular
dynamics and ICD spectrometry indicate that the asymmetry of
the wider and narrower rims of the cyclodextrin endows it high
shape selectivity to control the orientation of the guest in the cav-
ity of CD. Unlike m-xylene and p-xylene, the methyl groups of o-
xylene locate predominantly at the wider rim of a-CyD and thus
different conformation of building block results in distinctive
assembly behavior of the isomers.

Compared to previous researches on xylene recognition
(Table S1), our manuscript puts forward a novel and facile crys-
talline self-assembly protocol on this issue. Generally, recognition
of xylene isomers requires costly and complex instrumentation [8–
9,13] or tedious synthesis of sensors [14,18,55–56]. Cyclodextrins
are green, economic and versatile host in assembly, which show
great potential in recognition and separation [23–25,27–29].
Through cyclodextrin-based host–guest crystalline assembly, we
have amplified the structural difference of xylene isomers at
molecular scale into macroscopic scale and achieved the visual
recognition of ortho-xylene in a facile and environmentally friendly
way. This work highlights the role of molecular recognition
research employing macrocyclic compounds to improve the qual-
ity and energy bill of critical industrial separations by host–guest
crystalline self-assembly. We expect that crystalline self-
assembly, as a bottom-up strategy, displays great potential in ben-
zene series recognition and separation in the future. In this way,
we believe our design is novel and versatile and our work advances
and broadens the development of colloid and interface chemistry.
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