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ABSTRACT: As vital raw materials in the chemical industry, 2-methylfuran
(MeF) and 2,5-dimethylfuran (DMeF) are commonly produced as mixtures.
The selective separation of MeF and DMeF is crucial yet challenging, with
significant industrial and economic implications. This study presents an energy-
efficient separation technique using a robust calix[4]resorcinarene-based
supramolecular porous organic cage (POC), CPOC-301, to effectively capture
DMeF from an equimolar MeF/DMeF mixture within 2 h, yielding 95.3%
purity. The exceptional separation efficiency stems from the superior structural
stability of CPOC-301, maintaining its initial porous crystalline structure during
separation. Calculations show that CPOC-301 forms more C−H···π hydrogen
bonds with DMeF versusMeF, accounting for its DMeF selectivity. CPOC-301
can be easily regenerated via heat under a vacuum and reused for over five
adsorption−desorption cycles without significant performance loss. This work
introduces an approach to separate similar organic molecules effectively using
POC materials.
KEYWORDS: porous organic cage (POC), calix[4]resorcinarene, organic vapor separation, furan derivatives, host−guest interaction

1. INTRODUCTION
Efficiently separating important chemical raw materials is
widely considered an extremely challenging task. In pharma-
ceutical production, 2-methylfuran (MeF) and 2,5-dimethyl-
furan (DMeF) are typical furan derivatives and are greatly
valued.1 These compounds possess versatile applications as
essential feedstocks for producing various fine chemicals,
including medicines, pesticides, and biofuels.2−5 Due to the
simultaneous formation of MeF and DMeF as the primary
products during the dehydration and hydrogenolysis of
fructose, a mixture containing both compounds unavoidably
arises. An effective separation of the MeF and DMeF mixture
is necessary to obtain high-purity chemicals. The separation
methods, such as azeotropic and extractive distillation,
generally involve high energy consumption and complex
operational steps.6,7 Furthermore, these traditional separation
methods cannot efficiently separate MeF and DMeF due to
their close boiling points and the potential formation of
azeotropes. Consequently, an urgent need remains to develop
efficient and energy-saving separation methods for MeF and
DMeF mixtures, which poses a significant challenge.
Recently, the adsorptive separation technology based on

porous materials has received escalating attention owing to the
convenient operation process and low energy require-

ments.8−13 By taking advantage of the differences in size,
geometry, and physicochemical properties of MeF and DMeF
molecules, many well-established porous framework materials,
including metal-organic frameworks (MOFs), porous organic
polymers (POPs), and covalent organic frameworks (COFs),
have shown superiority in the separation processes of such type
organic molecules with similar structures.14−19 Nevertheless,
the above-mentioned separation materials still have structural
stability, processability, and economic scale limitations.
Developing novel adsorbents with high stability and economic
feasibility is imperative and desirable for the practical
separation of MeF and DMeF mixtures. Apart from the
above-mentioned framework materials, some recently reported
discrete supramolecules also show great potential in MeF/
DMeF separation.20−25 For instance, Huang’s group has
reported a novel strategy for separating the MeF and DMeF
mixtures with remarkable selectivity and high recyclability by
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nonporous adaptive crystals (NACs) of supramolecular
perbromoethylated pillar[5]arene and perethylated pillar[6]-
arene.26

Porous organic cages (POCs) represent a novel category of
porous organic molecular materials characterized by covalently
bonded discrete supramolecular molecules with well-defined
internal cavities.27−32 The distinct and discrete nature of POCs
bestows them notable advantages, such as solution processing,
easy regeneration, and large-scale production.33−39 These
emerging molecular hosts and functional materials have
garnered significant attention and exhibited flourishing
development trends in various applications, including gas
adsorption, molecular recognition, sensing, encapsulation, and
catalyst supports.40−51 Leveraging the hollow cavity with
multiple pore windows, POCs enable facile host−guest
recognition and selective adsorptive separation.52−56 Addition-
ally, the strategic incorporation of functional building blocks
into the cage framework enhances the host−guest interactions,
thereby facilitating the precise separation of specific com-
pounds.57,58 POCs have achieved significant progress in gas
separation, but their exploration of liquid organic molecules
remains limited and warrants further investigation. To our best
knowledge, the utilization of POC adsorbents in separating
liquid organic molecules has primarily been limited to mixtures
such as mesitylene/4-ethyltoluene,59 cyclohexane/benzene,60

toluene/methylcyclohexane,55 and xylene isomers.61 Conse-
quently, significant opportunities remain for the application of
POCs in the separation of liquid organic molecules possessing
similar structural characteristics.
As a member of calixarenes, calix[4]resorcinarene (C4RA)

features an intrinsic electron-rich π cavity and eight polar
upper-rim phenolic groups, which can encapsulate a wide
variety of guests through multiple intermolecular interac-
tions.62 Our group has been developing new C4RA-based
POCs and their potential applications in energy and the
environment. Recently, our group employed the cavitand-
shaped tetraformylresorcin[4]arene (C4RACHO) scaffold and
different diamine and dihydrazide linkers to construct a series
of POCs with diverse self-assembly topologies.63,64 Some of
the synthesized POCs can function as robust absorbents for
gas molecules, water pollutants, and C60.

65−70 However, such
C4RA-based POCs have never been used to achieve the
effective absorption and separation of organic molecules with
similar structures. Herein, the porous [6+12] octahedral
calix[4]resorcinarene-based POC (CPOC-301) was utilized
as a highly efficient separation material to selectively separate
DMeF from a mixture of MeF and DMeF, which also presents
the first example of a POC adsorbent for MeF/DMeF
separation. Attributed to the highly stable porous crystalline
structure with large accessible channels during the separation
process, CPOC-301 exhibits excellent separation ability for
DMeF in the vapor of MeF/DMeF (50:50) mixture, resulting
in DMeF with a purity of 95.3% within 2 h. Theoretical
calculations suggest that more multiple C−H···π hydrogen
bonds between CPOC-301 and DMeF account for the
excellent selectivity toward DMeF in comparison with MeF.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Except for C4RACHO,

prepared according to the reported literature method,71 other
chemicals in this work were commercially available and used as
received without further purification. Specifically, p-phenyl-
enediamine (PDA), MeF, and DMeF were purchased from

Shanghai Titan Scientific Co., Ltd. (Shanghai, China), while
methanol (MeOH), chloroform (CHCl3), and nitrobenzene
(PhNO2) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Ningbo, China).
2.2. Synthesis of CPOC-301. This cage was synthesized

using a procedure previously published by our research
group,64 with slight modifications made to enhance the
synthetic yield. C4RACHO (0.10 mmol, 82 mg) and PDA
(0.2 mmol, 21.5 mg) were added to CHCl3 (6 mL) and
PhNO2 (1.5 mL). The mixture was sealed in a 20 mL pressure
vial, and the vial was then put in an oil bath heated to 65 °C
with stirring for 24 h. After removing the glass vial from the oil
bath and allowing it to cool to room temperature, slow vapor
diffusion of MeOH into the above-mentioned mixture was
conducted for 3 days. Red block single crystals of CPOC-301
were filtrated and washed with methanol three times. The
separated crystals were further immersed and exchanged 6
times every 24 h in methanol before activating at 100 °C under
a high vacuum for 12 h to afford CPOC-301 with a yield of
about 83%. 1H NMR (400 MHz, CDCl3, 298 K): δ 16.21 (s,
24H), 10.34 (s, 48H). 9.18 (s, 24H), 7.40 (s, 24H), 7.37 (s,
48H), 4.63 (t, 24H), 2.10 (t, 48H), 1.55 (m, 24H), 1.03 (d,
144H) ppm. Upon mounting several of the obtained crystals, it
was observed that they had the same unit cell parameters as
those of CPOC-301. Moreover, the powder X-ray diffraction
(PXRD) pattern of the obtained activated sample was
consistent with the simulated PXRD spectrum pattern. Both
the above test results revealed the uniformity of the sample.
2.3. General Procedure for Uptake from MeF and

DMeF by CPOC-301. For each vapor-phase mixture experi-
ment, an open 5.00 mL vial containing 20.00 mg of guest-free
CPOC-301 adsorbent was placed in a sealed 20.00 mL vial
containing 1.00 mL of a 50:50 v/v MeF and DMeF mixture.
After measurements, the crystals were heated in a vacuum
drying oven at 40 °C for 30 min to remove the surface-
physically adsorbed vapor. The treated CPOC-301 was
immersed in methanol to release the adsorbed guest molecules
fully. The methanol solution was collected and tested by gas
chromatography (GC).
2.4. Characterizations. PXRD patterns were measured

over a desktop X-ray diffractometer (Rigaku Mini 600) with
Cu Kα radiation source (λ = 0.154 Å) with a 2θ degree from
4° to 40°. Fourier-transformed infrared (FT-IR) spectrum was
collected by a VERTEX70 FT-IR spectrometer with a
wavenumber from 400 to 4000 cm−1 by dispersing the sample
in KBr disks. 1H NMR spectra were conducted on a Bruker
Avance II 400 WB 400 MHz spectrometer equipped with a 4
mm double-resonance MAS probe and a spinning frequency of
8 kHz. GC measurements were performed using a Shimadzu
GC-2010 gas chromatography instrument equipped with an
MXT-WAX column (60 m × 0.53 mm × 1.50 μm) with the
following parameters. Specifically, the oven is programmed
from 50 °C and heated up to 280 °C at a rate of 5 °C min−1,
the samples were injected in a shunt mode (20:1), the helium
(carrier gas) flow rate is 4.16 mL min−1, the total running time
is 35 min, and the nitrogen, air, and recharge flow rates were
30, 400, and 35 mL/min, respectively.
2.5. Computational Method. The binding sites for MeF

and DMeF in CPOC-301 were determined through classical
simulated annealing (SA) calculation.72 The single X-ray
crystallographic structure for CPOC-301 was used as a starting
point to perform parametrizations and simulations. The
resultant structures were subject to geometry optimization,
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implemented with the CP2K code with the tight-binding
method GFN-xTB.73−75 In all calculations, Grimme’s DFT-D3
dispersion correction was applied.76 A 1.0 × 10−6 hartree
convergence threshold was used for all self-consistent-field
(SCF) calculations. The structural optimizations were
considered converged if the maximum force on all atoms
falls below 4.5 × 10−4 hartree bohr−1. The binding energy can
be obtained from the formula below:

E E E Ebinding system poc adsorbate=

where Esystem and Epoc were the total energies of the CPOC-
301 with and without adsorbate, and Eadsorbate was the energy
of the adsorbate (MeF and DMeF).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterizations of CPOC-301. As

shown in Figure 1a, CPOC-301 was synthesized by utilizing
[6+12] imine condensation reactions, where 1 equiv of
C4RACHO was combined with 2 equiv of PDA under mild
conditions, as previously described.64 Analysis using single-
crystal X-ray diffraction revealed that CPOC-301 possesses a
truncated octahedron structure. It consists of eight trigonal
ports with an edge length of approximately 12 Å, a large cavity
with an inner diameter of 16.8 Å, and a volume of 4270 Å3.
The solid-state packing arrangement of CPOC-301 indicates
the presence of a one-dimensional channel with a diameter of
approximately 7 Å when viewed from the [001] direction
(Figure 1b). Moreover, previous reports have shown that
CPOC-301 exhibits high specific surface areas with Brunauer−

Emmett−Teller (BET) surface areas up to ∼2000 m2 g−1, with
a pore-size distribution value of ∼1.65 nm (Figure S1),
remarkable structural stability from keto-enamine tautomeriza-
tion behavior (Figure S2), and retention solid-state packing
after desolvation (Figure S3), making it highly promising for
investigating its adsorptive separation performance for the
MeF/DMeF mixture (Figure 1c).
3.2. Single-Component Vapor Adsorption Experi-

ments. To evaluate the adsorptive capacity of CPOC-301
toward MeF and DMeF, single-component solid−vapor
sorption experiments were conducted using activated samples
of CPOC-301. As shown in Figure 2a, it took approximately 2
h for CPOC-301 to reach saturation adsorption points for
both MeF and DMeF vapors. The final adsorption ratios were
nearly ten MeF molecules per cage and 12 DMeF molecules
per cage, respectively (Figures S4 and S5). Notably, the
adsorption capacity and rate of CPOC-301 were significantly
higher than those of the previously reported pillar[n]arene-
based NAC materials.26 This suggests that CPOC-301 may
have advantages in separating mixtures of MeF and DMeF. It
is worth mentioning that the adsorption of DMeF was faster
than that of MeF, indicating the kinetic selectivity of CPOC-
301 toward DMeF. The higher adsorption molar ratio of
DMeF to the host indicates that the DMeF vapor preferably
occupies the cavity of CPOC-301, which can be attributed to
stronger host−guest interactions. Moreover, it is essential to
note that the saturation point of CPOC-301 for the MeF and
DMeF mixture was achieved in less than 2 h, significantly
faster than the reported pillar[n]arene-based NAC materials
which typically require approximately 8−12 h under the same

Figure 1. (a) Design and synthesis of [6+12] calix[4]resorcinarene-based CPOC-301 and structural representation for CPOC-301 obtained from
single-crystal X-ray diffraction. (b) Molecular packing of CPOC-301 in the solid state viewed from the [001] direction. Hydrogen atoms are
omitted for clarity. (c) Chemical structures of MeF and DMeF. Carbon is gray, oxygen is red, hydrogen is light green, and nitrogen is blue.
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conditions. This can be attributed to the presence of one-
dimensional channels in solid-state CPOC-301, which
facilitate the diffusion of MeF and DMeF vapors, as the
PXRD patterns of CPOC-301 after absorbing guest vapors
showed minor differences compared to the original patterns
(Figure 2b), indicating that CPOC-301 maintains its initial
crystalline structure during the adsorption processes. To
further confirm the effect of the internal cavity of CPOC-
301 on the vapor adsorption of MeF and DMeF, solid−vapor
sorption experiments were conducted with C4RACHO using
the same procedure as that of CPOC-301. The results
demonstrated that C4RACHO did not exhibit adsorption
behavior for both MeF and DMeF vapors (Figure S6), thus
providing evidence for the crucial role of the inner cavity.
3.3. Selective Separation of MeF/DMeF Mixtures and

Recyclability Experiments. Considering the exceptional
adsorption performance of CPOC-301 and its kinetically
selective adsorption behavior toward DMeF, it can be inferred
that CPOC-301 has a preference for adsorbing DMeF
molecules, thus achieving effective separation of MeF and
DMeF mixtures. To further evaluate the separation selectivity
of CPOC-301 forMeF/DMeF mixtures, we conducted a time-
dependent adsorption experiment using an equimolar MeF/
DMeF mixture. As anticipated, CPOC-301 exhibited exclusive
uptake of DMeF, adsorbing approximately 12 equiv of DMeF
after saturation, while the adsorption of MeF was negligible
(Figure 3a). The adsorption rate of CPOC-301 for the MeF/

DMeF mixture vapor was not significantly different from that
of the individual components. GC analysis confirmed that the
vapor adsorbed by CPOC-301 consisted of 95.3% DMeF
(Figure 3b and Figure S7), thus substantiating the remarkable
selectivity of CPOC-301 for DMeF. Notably, the saturation
point of CPOC-301 for the MeF/DMeF mixture (<2 h) is
much less than the reported pillar[n]arene-based NAC
materials (∼10 h),26 which is mainly due to the one-
dimensional guest-accessible channels in solid-state CPOC-
301, as mentioned previously. The PXRD patterns of CPOC-
301 were compared before and after exposure to MeF/DMeF
mixture vapor. The comparison showed that the solid-state
crystal packing of CPOC-301 remained unchanged after the
selective capture of DMeF from the mixture (Figure S8).
Additionally, CPOC-301 prefers adsorbing DMeF guests,
unlike the reported pillar[n]arene-based NAC materials, which
tend to adsorb MeF guests. Hence, this study presents a

Figure 2. (a) Time-dependent solid−vapor adsorption plots of
CPOC-301 and (b) PXRD patterns of CPOC-301: (I) activated
crystals of the host; (II) after adsorption of DMeF vapor; (III) after
adsorption of MeF vapor.

Figure 3. (a) Time-dependent solid−vapor adsorption plots of
CPOC-301. (b) Relative amounts of MeF and DMeF adsorbed by
CPOC-301. (c) Recycling tests of CPOC-301 for the MeF/DMeF
separation.
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potential alternative for efficiently separating MeF/DMeF
mixtures. In practical industrial applications, the reusability of
adsorbents is of significant importance. Cyclic adsorption
experiments were conducted to evaluate the recycling
capability of CPOC-301. After the adsorption of the MeF/
DMeF mixture, CPOC-301 could be easily regenerated by
heating the guest-loaded samples under a vacuum at 60 °C.
Analysis using 1H NMR spectroscopy confirmed the complete
release of the adsorbed MeF and DMeF molecules (Figure
S9). PXRD analysis revealed that the crystallinity of the
regenerated samples remained consistent with that of the
activated CPOC-301 crystals (Figure S10). Furthermore, the
1H NMR spectrum and 77 K nitrogen gas adsorption
isotherms of the regenerated CPOC-301 exhibit similarities
to those of the pristine CPOC-301 (Figures S1 and S11).
These results suggest that CPOC-301 possesses excellent
structural stability and high recyclability. Furthermore, the
recycling experiments demonstrated that the recycled CPOC-
301 samples maintained their ability to separate the MeF and
DMeF mixtures without any noticeable performance degrada-
tion for up to five adsorption−desorption cycles (Figure 3c).
3.4. Mechanism of Selective Separation. Modeling

studies were conducted using the GFN1-xTB Semiempirical
Extended Tight-Binding quantum chemistry methods imple-
mented with the CP2K program to investigate the primary
adsorption sites of the CPOC-301 host with DMeF compared
toMeF guests.77,78 The initial cage hosts were optimized based
on single-crystal data, and DMeF and MeF were then loaded
into the cavities for further optimization. The lowest-energy
binding configurations of the final structures of CPOC-301
with the loaded organic molecules were calculated by using
dispersion-corrected density functional theory (DFT-D) and
are presented in Figure 4. For clarity, only one adsorption site
is shown; the remaining five sites are identical. It was observed
that the primary adsorption sites for DMeF guests were located
in the C4RA cavities through multiple C−H···π and C−H···O
interactions. DMeF exhibited seven C−H···π hydrogen bonds
with distances ranging from 2.80 to 3.39 nm, and six C−H···O

bonds with distances ranging from 2.56 to 3.86 nm, whereas
MeF showed four C−H···π hydrogen bonds with distances
ranging from 2.86 to 4.0 nm and five C−H···O bonds with
distances ranging from 2.49 to 3.62 nm. The stronger host−
guest interactions between DMeF and C4RA compared to
MeF are evident due to the additional methyl group in DMeF,
which provides more H atoms and a better steric fit to the
C4RA cavities compared to those of the planar MeF molecule.
Furthermore, the calculated static binding energies for DMeF
and MeF were −67.8 and −58.3 kJ mol−1 for CPOC-301,
respectively, confirming the stronger host−guest interactions
between DMeF and C4RA.
FT-IR spectral analysis further supported the host−guest

interaction between CPOC-301 and DMeF. The FT-IR
spectra of DMeF-loaded CPOC-301 exhibited significant
differences from the original CPOC-301 and DMeF character-
istic peaks (Figure S12). Specifically, an additional infrared
spectral absorption peak at approximately 2765 cm−1 was
observed in the DMeF-loaded CPOC-301 sample, which can
be attributed to the C−H···O interaction between DMeF and
the −OH group of CPOC-301. Additionally, the characteristic
peaks of the C4RA at the benzene ring position of DMeF-
loaded CPOC-301, observed at approximately 700 cm−1 in the
FT-IR spectrum, displayed significant shifts compared to those
of CPOC-301 and DMeF. These shifts can be interpreted as
resulting from the C−H···π interactions between the DMeF
guest and the C4RA host.

4. CONCLUSIONS
In summary, we present the first example of a robust
octahedral calix[4]resorcinarene-based POC, namely, CPOC-
301, for effectively separating MeF and DMeF mixtures. By
virtue of the inherent internal voids, CPOC-301 can readily
achieve the rapid adsorption of MeF and DMeF vapors until
saturation. Taking advantage of the difference in host−guest
interactions, CPOC-301 allowed DMeF to be separated from
an equimolar MeF/DMeF mixture through solid−vapor
adsorption with 95.3% purity within 2 h. The outstanding
sorting ability of CPOC-301 toward DMeF originates from the
more multiple C−H···π hydrogen bonds between CPOC-301
and DMeF in comparison with MeF, as evidenced by
theoretical calculations. Additionally, CPOC-301 was highly
recyclable and could be reused for at least five cycles without
performance loss. The good structural stability, prominent
separation efficiency, and excellent recycling performance
enable CPOC-301 to have great potential for industrial
purification of MeF and DMeF mixtures. The findings hold
promise for the application of POC materials in industrial
processes, offering a reliable and efficient method of separating
organic molecules for various chemical applications. Further
works on separating chemically important feedstock, such as
monochlorotoluene isomers, xylene isomers, and haloalkene
isomers, are ongoing.
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Figure 4. (a) MeF and (b) DMeF adsorption sites in CPOC-301.
Carbon is gray, oxygen is red, and hydrogen is light green. Dashed
bonds highlight C−H··· π interactions, and the unit for the distances
of the dashed bonds is nm.
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