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The separation of alicyclic ketones and alicyclic alcohols is one of the challenges in the field of petro-
chemical industry. However, traditional separation methods suffer from excessive energy consumption,
complicated operation, and unsatisfactory separation efficiency for substances with similar boiling points.
Herein, we offer an innovative method for the separation of alicyclic ketones and alicyclic alcohols em-
ploying nonporous adaptive crystals (NACs) of perethylated pillar[5]arene (EtP5) and perethylated pil-
lar[6]arene (EtP6). NACs of EtP5 cannot adsorb either alicyclic ketones or alicyclic alcohols because of
the small cavity size of EtP5. By contrast, NACs of EtP6 can separate cyclopentanone from the vapor
mixture of cyclopentanone/cyclopentanol (v:v=1:1) and cyclohexanone from the vapor mixture of cyclo-
hexanone/cyclohexanol (v:v=1:1) with purities of 99.1% and 100%, respectively. Density functional theory
calculations show that the selectivity comes from the thermodynamic stability of the newly formed crys-
tal structure after adsorption of the preferred guest molecule. Moreover, NACs of EtP6 can be reused

without losing selectivity and performance.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cyclopentanone (CPON) and cyclopentanol (CPOL) are vital raw
materials for fine chemicals, which are widely used in the manu-
facture of new fragrances and pharmaceutical ingredients [1]. Ad-
ditionally, CPON is also applied in biochemical research and the
synthesis of insecticides and herbicides [2]. However, in the in-
dustrial production of CPON and CPOL, both compounds are often
obtained simultaneously, necessitating efficient separation. Simi-
larly, cyclohexanone (CHON) and cyclohexanol (CHOL) play a cru-
cial role in the manufacture of adipamide, adipic acid, nylon-6,
and nylon-66 [3]. Furthermore, CHON is used as an industrial sol-
vent for resins, paints, dyes, and pesticides [4,5]. In industrial pro-
duction, CHON and CHOL are inevitably obtained as mixtures [6-
9]. At present, the main methods for separating CPOL/CPON or
CHOL/CHON in industry include pressure-swing distillation, extrac-
tive distillation and membrane pervaporation [10]. However, subtle
differences in structures and boiling points (CPOL: 413.95K, CPON:
404.15K; CHOL: 432.75K, CHON: 428.15K) prevent them from be-
ing separated by traditional distillation, and there are many prob-
lems such as high energy consumption, low utilization rate of raw
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materials, and serious environmental pollution [11]. Thus, the de-
velopment of energy-efficient separation techniques is imperative.

Taking use of the variations in molecular geometry and size,
adsorptive separation via porous materials is an effective tech-
nique [12-14]. Porous materials such as zeolites, metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs) have
been applied in adsorptive separation [15-25]. For example, MOFs
have been used for gas adsorption and separation of harmful sub-
stances due to their high specific surface areas and ordered chan-
nels [26,27]. Nonetheless, the drawbacks of poor stability, intricate
design requirements and elevated costs limit the extensive applica-
tion of porous materials in industry [28-31]. Thus, it is still urgent
to develop a kind of absorbent with stable structure and high se-
lectivity.

Pillar[n]arenes were first reported in 2008 as a novel class
of supramolecular hosts [32-37]. With the in-depth study of pil-
lar[n]arenes, they have been applied in the fabrication of var-
ious supramolecular systems, including drug delivery systems,
molecular machines, supramolecular polymers and supramolecu-
lar amphiphiles [38-48]. Recently, Huang and co-workers have
innovatively proposed nonporous adaptive crystals (NACs) of pil-
lar[n]arenes [49-51]. Different from traditional porous materials,
NACs are nonporous in their original states. However, when suit-
able guest molecules are introduced, NACs can form internal and
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Fig. 1. Chemical structures of (a) perethylated pillar[5]arene (EtP5), (b) perethylated
pillar[6]arene (EtP6), (c) cyclopentanol (CPOL) and cyclopentanone (CPON), (d) cy-
clohexanol (CHOL) and cyclohexanone (CHON). Electrostatic potential maps of (e)
EtP5, (f) EtP6, (g) CPOL and CPON, (h) CHOL and CHON.

external pores, which result in excellent adsorption performances
[52-56]. Besides, NACs have the advantages of good thermal sta-
bility, easy preparation and moisture resistance [57-60]. Based on
these unique features, NACs of pillar[n]arenes can be used to sepa-
rate important chemical feedstocks with high selectivities [61-64].
However, pillar[n]arenes-based NACs have never been used for the
separation of alicyclic ketones and alicyclic alcohols.

Herein, for the first time, NACs of perethylated pillar[5]arene
(EtP5) and perethylated pillar[6]arene (EtP6) were used as adsorp-
tive materials to separate CPON from the mixture of CPOL/CPON
as well as CHON from the mixture of CHOL/CHON (Figs. 1a-d).
NACs of EtP5 (EtP5«) could adsorb neither alicyclic ketones nor al-
icyclic alcohols because of the small cavity size of EtP5 (Table S1
in Supporting information). By contrast, NACs of EtP6 (EtP68) sep-
arated CPON from an equal-volume mixture of CPOL and CPON, as
well as CHON from an equal-volume mixture of CHOL and CHON,
with purities of 99.1% and 100%, respectively. Density functional
theory calculations revealed that the near-perfect selectivity orig-
inated from the thermodynamic stability of the new host-guest
crystal structure of EtP68 upon capturing the preferred guest. Fur-
thermore, the removal of CPON and CHON transformed the host-
guest complex back to EtP64, making EtP68 highly recyclable.

The activated EtP5 (EtP5«) and EtP6 (EtP68) as adsorptive sep-
aration materials were prepared according to the previously re-
ported procedure [65]. "TH NMR (Figs. S1 and S2 in Supporting in-
formation) and thermogravimetric analyses (TGA, Figs. S3 and S4
in Supporting information) proved that the solvent was removed.
Powder X-ray diffraction (PXRD, Figs. S5 and S6 in Supporting in-
formation) showed that both EtP5« and EtP68 were crystalline.

ESP maps of EtP5, EtP6, CPOL, CPON, CHOL and CHON were cal-
culated to analyze the possibility of complexation behaviors. ESP
maps revealed that the cavities of EtP5 and EtP6 exhibited strong
electro-negativity due to the electron-rich 1,4-diethoxybenzene
units (Figs. 1e and f). Moreover, the alicyclic areas of CPON and
CHON displayed stronger electro-positivity than those of CPOL and
CHOL since the electron-withdrawing effect of the carbonyl group
was greater than that of the hydroxyl group (Figs. 1g and h). These
results indicated that CPON and CHON had the potential to form
host-guest complexes with EtP5 and EtP6.

According to the results of the ESP map surface measurements,
the adsorption capacities of EtP5¢ and EtP68 towards single-
component CPOL and CPON vapors were explored. EtP5« took up
negligible amounts of CPOL and CPON vapors, which was con-
firmed by 'H NMR spectra (Fig. 2a, Figs. S7 and S8 in Support-
ing information). But for EtP63, time-dependent solid-vapor sorp-
tion experiments demonstrated their capacities to adsorb CPOL and
CPON vapors. The uptake of CPOL vapor by EtP68 was negligi-
ble (Figs. S9 and S11 in Supporting information). However, after
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Fig. 2. (a) Time-dependent solid-vapor sorption plots of EtP5«a for single-
component CPOL, CPON, CHOL and CHON vapors. (b) PXRD patterns of EtP5«: (I)
original EtP5«; (II) after adsorption of CPOL vapor; (Ill) after adsorption of CPON
vapor; (IV) after adsorption of CHOL vapor; (V) after adsorption of CHON vapor. (c)
Time-dependent solid-vapor sorption plots of EtP68 for single-component CPOL and
CPON vapors. (d) PXRD patterns of EtP68: (I) original EtP6; (II) after adsorption
of CPOL vapor; (III) after adsorption of CPON vapor. (e) Time-dependent solid-vapor
sorption plots of EtP68 for single-component CHOL and CHON vapors. (f) PXRD pat-
terns of EtP68: (I) original EtP68; (II) after adsorption of CHOL vapor; (IlI) after
adsorption of CHON vapor.

12 h, EtP68 reached the saturation point for adsorbing CPON va-
por (Figs. S10 and S12 in Supporting information). As calculated
from 'H NMR spectra, the amount of CPON adsorbed by EtP6j
was about two CPON molecules per EtP6 (Fig. 2c). TGA further con-
firmed the adsorption and storage of CPON by EtP64 (Figs. S13 and
S14 in Supporting information). The TGA result of EtP6§ after ad-
sorption of CPON vapor showed a weight loss of 12.5% at 90°C,
indicating that one EtP6 molecule absorbed two CPON molecules.
Similarly, the adsorption capacities of EtP5a and EtP68 for
single-component CHOL and CHON vapors were investigated. For
EtP5c, the uptake of CHOL and CHON vapors was negligible
(Fig. 2a, Figs. S15 and S16 in Supporting information). As for EtP68,
according to TH NMR spectra, it took about 15h to reach the sat-
uration point for adsorbing CHON vapor, and the uptake amount
of CHON could be calculated to be two CHON molecules per EtP6
molecule, while the uptake of CHOL vapor was negligible (Fig. 2e,
Figs. S17-S20 in Supporting information). Moreover, the TGA re-
sult of EtP6S after adsorption of CHON vapor showed a weight loss
of 14.3% at 90°C, indicating that one EtP6 molecule absorbed two
CHON molecules (Figs. S21 and S22 in Supporting information).
Powder X-ray diffraction (PXRD) experiments were carried out
to investigate the structures of EtP5«a and EtP68 upon the up-
take of single-component CPOL, CPON, CHOL and CHON vapors.
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Fig. 3. (a) Time-dependent solid-vapor sorption plots of EtP6S for the vapor mixture of CPOL and CPON (v:v=1:1). (b) PXRD patterns of EtP64: (I) original EtP6p; (II) after
adsorption of CPOL vapor; (III) after adsorption of CPON vapor; (IV) after adsorption of the vapor mixture of CPOL and CPON (v:v=1:1). (c) FI-IR spectra of: (I) original
EtP6; (II) CPON; (IIl) EtP6 after adsorption of CPON vapor; (IV) EtP68 after adsorption of the vapor mixture of CPOL and CPON (v:v=1:1). (d) Relative amounts of CPOL
and CPON adsorbed by EtP6p after 12 h as measured by HS-GC. (e) Time-dependent solid-vapor sorption plots of EtP68 for the vapor mixture of CHOL and CHON (v:v=1:1).
(f) PXRD patterns of EtP64: (I) original EtP6; (II) after adsorption of CHOL vapor; (III) after adsorption of CHON vapor; (IV) after adsorption of the vapor mixture of CHOL
and CHON (v:iv=1:1). (g) FT-IR spectra of: (I) original EtP64; (II) CHON; (IlI) EtP6 after adsorption of CHON vapor; (IV) EtP68 after adsorption of the vapor mixture of
CHOL and CHON (v:v=1:1). (h) Relative amounts of CHOL and CHON adsorbed by EtP68 after 16 h as measured by HS-GC.

The PXRD patterns of EtP5« did not change after the uptake of
single-component CPOL, CPON, CHOL and CHON vapors (Fig. 2b),
which further confirmed that EtP5« had no adsorption capacity for
CPOL, CPON, CHOL and CHON vapors. The PXRD patterns of EtP63
changed after the uptake of CPON and CHON vapors, implying that
the uptake of CPON and CHON vapors by EtP68 induced the for-
mation of new structures (Figs. 2d and f, Figs. S24 and S26 in Sup-
porting information). However, the PXRD patterns of EtP68 did not
change after the adsorption of CPOL or CHOL vapor, indicating that
the structure of EtP6F did not change after exposure to CPOL or
CHOL vapor (Figs. S23 and S25 in Supporting information).
Inspired by the adsorption capabilities of EtP68 for CPON and
CHON vapors in single-component adsorption experiments, we fur-
ther investigated the selective adsorption capabilities of EtP63 for
the vapor mixture of CPOL and CPON (v:v=1:1) and the vapor
mixture of CHOL and CHON (v:v=1:1). For the vapor mixture of
CPOL and CPON, the uptake of CPON vapor by EtP6§ increased
over time and reached a saturation point after 12 h, while the ad-
sorption of CPOL vapor was almost negligible (Fig. 3a). The adsorp-
tion amount of CPON vapor was close to two CPON molecules per
EtP6 (Figs. S27 and S28 in Supporting information). In addition,
the PXRD pattern of EtP6f after exposure to the vapor mixture of
CPOL and CPON matched well with that of EtP63 after exposure to
CPON vapor alone (Fig. 3b and Fig. S29 in Supporting information).
Fourier transform infrared (FT-IR) was also used to investigate
the selectivity of EtP68. The FT-IR spectrum of CPOL showed a
typical stretching vibration peak associated with the -OH group
of CPOL at 3400 cm™!. However, the -OH peak in the spectrum of
EtP68 after the uptake of CPOL vapor was not found (Fig. S30 in
Supporting information). The C=0 peak in the FT-IR spectrum of
EtP68 after the uptake of CPON vapor was observed, which was
associated with the C=0 group of CPON at 1705cm! (Fig. S31
in Supporting information). Additionally, the stretching vibration
peak of the C=0 group was also observed in the FT-IR spectrum
of EtP6f after adsorption of the vapor mixture of CPOL and CPON

(Fig. 3c). These results implied that EtP68 could selectively capture
CPON vapor from the vapor mixture of CPOL and CPON.

Meanwshile, the potential of EtP683 to separate CHON from the
vapor mixture of CHOL and CHON was studied. The CHON vapor
adsorbed by EtP6f increased over time and reached the satura-
tion point after 16h (Fig. 3e). The adsorption amount of EtP683
for CHON vapor was calculated to be about two CHON molecules
per EtP6, while the adsorption amount for CHOL vapor was negli-
gible (Figs. S32 and S33 in Supporting information). Besides, the
PXRD pattern of EtP68 upon exposure to the vapor mixture of
CHOL and CHON was in accordance with that of EtP68 after ex-
posure to CHON vapor alone (Fig. 3f and Fig. S34 in Supporting
information). In addition, the stretching vibration peak of the C=0
group on CHON was observed at 1705 cm~! in the FT-IR spectrum
of EtP68 after the adsorption of CHON vapor. However, there was
no stretching vibration peak of -OH group on CHOL (3400 cm™!)
in the FT-IR spectrum of EtP6f after the adsorption of CHOL va-
por (Figs. S35 and S36 in Supporting information). Moreover, the
FT-IR spectrum of EtP6f after adsorption of the mixture vapor of
CHOL and CHON showed a stretching vibration peak at 1705 cm™!
of CHON, but not at 3400 cm~! of CHOL (Fig. 3g). These results in-
dicated that EtP68 also exhibited selectivity towards CHON vapor.

Head space gas chromatography (HS-GC) experiment confirmed
that CPON could be efficiently seperated from the vapor mixture of
CPOL and CPON (v:v=1:1) by EtP68 with a purity of 99.1% (Fig. 3d
and Fig. S37 in Supporting information). Furthermore, HS-GC ex-
periment also confirmed a 100% selectivity of EtP68 for CHON
from the vapor mixture of CHOL and CHON (v:v=1:1) (Fig. 3h and
Fig. S38 in Supporting information). Therefore, compared with al-
icyclic alcohols, alicyclic ketones were more easily adsorbed and
separated by EtP6S.

Various attempts have been made to obtain single crystals of
guests-loaded EtP6, but failed. To further investigate the selectivity
of EtP68 for CPON and CHON, the thermodynamics of host-guest
complexes were calculated by density functional theory (DFT).
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Fig. 4. Top and side views of DFT-optimized structures of (a) EtP6@2CPOL; (b)
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Table 1
Thermodynamic parameters of EtP6@2CPOL, EtP6@2CPON, EtP6@2CHOL and
EtP6@2CHON at 298 K.
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Fig. 5. Top and side views of DFT-optimized structures of (a) EtP5@CPOL; (b)
EtP5@CPON; (c) EtP5@CHOL; (d) EtP5@CHON.

Table 2

Thermodynamic parameters of EtP5@CPOL, EtP5@CPON, EtP5@CHOL and

Sample AH,g8%°" (kJ/mol) AGy9g%°" (KJ/mol) EtP5@CHON at 298 K.

EtP6@2CPOL _2821 ~4.01 Sample AHa5%°! (KJ/mol) AGyes%! (K]/mol)

EtP6@2CPON ~145.01 —7221

EtP6@2CHOL ~38.12 —6.21 EtP5@CPOL —24.72 —298

EtP6@2CHON ~147.22 ~80.31 EtP5@CPON —25.88 -321
EtP5@CHOL ~22.12 ~3.85
EtPS@CHON —2521 ~4.00

The structural models of CPOL-loaded EtP6 (EtP6@2CPOL), CPON-
loaded EtP6 (EtP6@2CPON), CHOL-loaded EtP6 (EtP6@2CHOL), and
CHON-loaded EtP6 (EtP6@2CHON) were established and optimized,
respectively (Fig. 4). In these optimized structures, EtP6 tended to
form 1:2 host-guest complexes with guests (CPOL, CPON, CHOL
and CHON). Additionally, according to the orientation of guests en-
tering the cavity of EtP6, CPOL, CPON, CHOL and CHON entered
the cavity of EtP6 in a way that the alicyclic ring was parallel to
the cavity plane.

Furthermore, the calculated energy values indicated that the
formation of EtP6@2CPOL and EtP6@2CPON was thermodynami-
cally feasible by AH,qg%%' = —28.21kJ/mol, AGygs5°! =—4.01k]/mol
and AH,gg5%' = —145.01 kj/mol, AG,gg%°! =—72.21k]/mol, respec-
tively (Table 1). Compared with EtP6@2CPOL, EtP6@2CPON pos-
sessed a lower calculated energy value, indicating that the thermo-
dynamic structure of EtP6@2CPON was more stable. Similarly, the
calculated energy values of EtP6@2CHOL (AH,q55%' = —38.12 k]/mol,
AGygg%°' = —37.92 kJ/mol) were higher than those of EtP6@2CHON
(AHygg%°! = —147.22 k]/mol, AGygg%°! =—80.31k]/mol), which illus-
trated that the thermodynamic structure of EtP6@2CHON was
more stable than that of EtP6@2CHOL (Table 1). These results re-
vealed that the selectivity in the adsorption process arose from
the thermodynamic stability of the host-guest complexes formed
by EtP6 after loading guests.

Additionally, the structural models of CPOL-loaded EtP5
(EtP5@CPOL), CPON-loaded EtP5 (EtP5@CPON), CHOL-loaded
EtP5 (EtP5S@CHOL), and CHON-loaded EtP5 (EtP5@CHON) were
also established and optimized to explain why EtP5«a had
no adsorption capacity for CPOL, CPON, CHOL, and CHON
(Fig. 5). These guests were located in the cavity of EtP5 to
form 1:1 host-guest complexes. Moreover, compared with
EtP6@2CPON ( AH39g5°! = —145.01 kJ/mol, AGogg5°! = —72.21 kJ/mol)
and  EtP6@2CHON  (AH,q55°' =—147.22Kk]/mol,  AGygg>°!=
—80.31kJ/mol), the calculated energy values of EtP5@CPON
(AH,gg%°! = —25.88 k]/mol, AGygg%! = —3.21 kJ/mol) and
EtP5@CHON (AH,0g5%' = —25.21 kJ/mol, AGyg955°! = —4.00k]/mol)
were relatively high, which led to the unstable structures of
host-guest complexes (Table 2).

Considering that EtP68 exhibited excellent separation efficiency
in the solid-vapor adsorption of alicyclic ketones and alicyclic alco-

hols, we wondered if EtP63 could also separate the liquid mixture
of alicyclic ketones and alicyclic alcohols. Therefore, a solid-liquid
adsorption experiment for the liquid mixture of CPOL and CPON
(viv=1:1) by EtP68 was implemented. It was found that the ad-
sorption amount of CPON liquid increased with time and reached
two CPON molecules per EtP6 after 4h, while that of CPOL liquid
was negligible (Fig. 6a, Figs. S39 and S40 in Supporting informa-
tion). Besides, the PXRD pattern of EtP6S after adsorbing the lig-

2@ (b)

—=— CPOL
CPON
\

i

Mole / EtP6
=)

o o
(=] o
pSEl
o
w |

o

4
Time/h
2019 )

—+— CHOL
|—— CHON

o
Z

Mole / EtP6
o

o
Cal

MM L

o
e

0 2 4 6 8 10
Time/h

20 30 40
26/ degree

Fig. 6. (a) Time-dependent solid-liquid adsorption plots of EtP6S for the liquid
mixture of CPOL and CPON (v:iv=1:1). (b) PXRD patterns of EtP64: (I) original
EtP68; (Il) after adsorption of CPOL liquid; (III) after adsorption of CPON liquid;
(IV) after adsorption of the liquid mixture of CPOL and CPON (v:v=1:1). (c) Time-
dependent solid-liquid adsorption plots of EtP64 for the liquid mixture of CHOL
and CHON (v:v=1:1). (d) PXRD patterns of EtP68: (I) original EtP6; (II) after ad-
sorption of CHOL liquid; (III) after adsorption of CHON liquid; (IV) after adsorption
of the liquid mixture of CHOL and CHON (viv=1:1).
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uid mixture of CPOL and CPON was almost the same as that of
EtP68 upon absorption of CPON liquid alone (Fig. 6b and Fig. S41
in Supporting information). These results revealed that EtP68 had
the ability to selectively adsorb CPON from the liquid mixture of
CPOL and CPON.

Similarly, the time-dependent solid-liquid adsorption exper-
iment of EtP68 for the liquid mixture of CHOL and CHON
(viv=1:1) was also conducted. The adsorption of CHON liquid by
EtP68 increased over time and reached the saturation point after
5h (Fig. 6¢, Figs. S42 and S43 in Supporting information). But the
adsorption amount of CHOL liquid by EtP6§ was negligible. The
PXRD pattern of EtP68 changed significantly after the uptake of
CHON liquid, while that of EtP68 did not change after the uptake
of CHOL liquid (Fig. 6d and Fig. S44 in Supporting information). In
addition, the PXRD pattern of EtP68 after adsorption of the liquid
mixture of CHOL and CHON was consistent with that of EtP6f af-
ter adsorption of CHON liquid alone. These results indicated that
EtP68 exhibited excellent performance in the solid-liquid separa-
tion of CHON from the liquid mixture of CHOL and CHON.

In practical production, recycling performance is a crucial
parameter [66-68]. Therefore, recycling adsorption experiments
were conducted to investigate the recyclability of EtP68. The
EtP6@2CPON and EtP6@2CHON powders were heated under vac-
uum at 120°C for 5 h to remove the loaded guests CPON and CHON
from EtP6Q. In addition, the newly formed EtP6 crystals were de-
termined to be EtP68 by 'H NMR (Figs. S45 and S46 in Support-
ing information) and PXRD (Figs. S47 and S48 in Supporting in-
formation). The resulting EtP63 powders were able to be reused
and maintained their selectivity for CPCON and CHON after 5 cycles
without loss of performance (Figs. 7a and b).

In summary, for the first time, we developed a new method
for the highly selective separation of equal-volume alicyclic ke-
tone and alicyclic alcohol mixtures through NACs of EtP5 and EtP6
(EtP5¢ and EtP6S). It was found that EtP68 could separate CPON
from the vapor mixture of CPOL and CPON (v:iv=1:1) as well as
CHON from the vapor mixture of CHON and CHOL (v:v=1:1) with
purities of 99.1% and 100%, respectively, indicating that EtP68 were
outstanding absorbents for the separation of alicyclic ketones and
alicyclic alcohols. However, the adsorption of CPOL, CPON, CHOL
and CHON by EtP5« was negligible. The DFT-optimized structures
showed that the selectivity came from the thermodynamic stabil-
ity of the newly formed crystal structures after adsorption of CPON
and CHON molecules. Additionally, EtP68 were recyclable due to
the reversible transformations between the guest-free structures
and the guest-loaded structures. Therefore, EtP68 show tremen-
dous potential as adsorbents to separate alicyclic ketones and ali-
cyclic alcohols because of the advantages of simple synthesis, re-
markable selectivity and high recyclability. Future investigations
will concentrate on some of the more challenging separations, such
as furfuryl alcohol/furfural and acetophenone/phenethyl alcohol.
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