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ABSTRACT: Xylene isomers are crucial chemical intermediates on great demand worldwide; the almost identical physico-
chemical properties render their current separation approach energy-consuming. In this study, we utilized the soft porous
coordination polymer (PCP)’s isomer-specific structural transformation, realizing o-xylene (0X) recognition/separation from
the binary and ternary isomer mixtures. This PCP has a flexible structure that contains flexible aromatic pendant groups,
which both work as recognition sites as well as inducing structural flexibility of the global framework. The PCP exhibits the
guest-triggered “breathing”-type structural changes, which are accompanied by the rearrangement of the intraframework m-
T interaction. By rebuilding n-n stacking with isomer species, the PCP discriminated oX from the other isomers by specific guest-
loading configuration and separated 0X from isomer mixture via selective adsorption. The xylene selective property of the PCP is
dependent on the solvent; in diluted hexane solution, the PCP favors p-xylene (pX) uptake. The separation results combined with
crystallographic analyses revealed that the isomer selectivity of the PCP on xylene isomer separation via structural transition and

demonstrated its potential as a versatile selective adsorptive medium for challenging separations.

Introduction

Porous coordination polymers (PCPs) are a class of crystal-
line framework materials built from the coordination bonds
of metal clusters and organic ligands.'-3 Since the discovery
of their porous properties, PCPs have been widely investi-
gated as promising adsorptive material.#® Among them,
structurally responsive PCP, or flexible PCPs, can often dis-
play fascinating structural properties because they have dif-
ferent interconvertible structures depending on external
parameters such as temperature, pressure, and guest mole-
cules.?-1¢ Flexible PCPs excel conventional porous materials
in the recognition ability through the guest-loading-trig-
gered structural transition from the closed to open struc-
tures. This phenomenon, often termed as the “gate-opening
behavior”, can be explained by thermodynamic competition
among interactions involving guest molecules and the
framework deformation energy. Because of the subtle bal-
ance among these energies, the guest recognition in the flex-
ible PCPs can be sensitive enough to discriminate the small
difference in the host-guest interaction.*”4+17-27-By taking
advantage of this phenomenon, flexible PCPs have accom-
plished numerous difficult separation tasks, including
CO/N2,>*28 02/Ar,2%?° C2 and C3 alkanes 30-33273%, and aro-
matic molecules.3+34

Recently, we have developed a new type of flexible PCP
(PCP-1) which integrates the framework global flexibility

and the local flexibility, or the pendant group motion,
through the intraframework m-m interaction.?35 PCP-1 con-
tains aromatic pendant groups, which form the multiple in-
traframework m-m interactions among the aromatic substit-
uents and the framework. The intraframework n-n interac-
tions not only stabilize the porous activated structure but also
allow the PCP to have different guest-free forms, depending
on the activation approaches, by rearranging the n-n stack-
ing interaction in the framework. Due to its flexible nature,
PCP-1 exhibits the guest-triggered “breathing”-type struc-
tural changes, which are accompanied by the rearrange-
ment of the intraframework m-m interaction. Our previous
work has demonstrated that the recognition ability of PCP-
1 is sensitive enough to discriminate C6 alkane isomers by
isomer-specific gate open pressure. In this work, we expect
the aromatic pendant group in the flexible framework of
PCP-1 to work as the mobile and efficient recognition sites
for aromatic guest molecules.

Xylene isomer separation is known as a challenging separa-
tion task due to their similar physicochemical properties
(Supporting Table S1).333¢ High-purity isomer is in great de-
mand as a valuable chemical intermediate; however, the
conventional methods of their separation have been expen-
sive and inefficient processes.?437 The preferred way to pu-
rify xylene isomers is the adsorptive separation based on
the different confinement of the isomers in the nanoscale
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pore of the adsorbent. 35-3638.39 To achieve this, sorting iso-
mer species by using flexible PCPs can be regarded as a
promising approach because of the guest responsive gate-
opening behavior. In the past decade, several flexible PCPs
have been explored for the capability in xylene isomer dis-
crimination.3#4240-46 Typically, these flexible PCPs exhibit a
single type of guest accommodated structure; xylene iso-
mers are adsorbed in the almost similar open form of the
flexible PCP. In these works, thanks to the difference in pref-
erence of the isomers in the pore, the separation of xylene
isomers was achieved.

In this study, we explored the capability of PCP-1 for xylene
isomer recognition and separation. Unlike the other flexible
PCPs, PCP-1 can exhibit xylene-isomer-dependent struc-
tural change due to the cooperative movement of the PCP
framework and aromatic pendant group, which we expect
to work as the xylene recognition sites. Xylene isomers have
different methyl group positions, which characterize the
aryl electron distribution, thus resulting in different m-nt
stacking preferences. Considering the guest-dependent in-
traframework m-m stacking, we expect PCP-1 capable of rec-
ognizing and discriminating xylene isomer by forming dif-
ferent types of -t stacking with amplifying the stacking dif-
ference by isomer-specific structural transformation (Fig-
ure 1).

* Flexible framework
« T1-11 stacking stabilization

« Aromatic recognition sites

-

-

oX@PCP

mX@PCP pX@PCP

Figure 1. Xylene separation design strategy in flexible PCP-
1. PCP-1is constructed from the flexible framework (repre-
sented as a black lattice) that incorporates intraframework
-1 interactions due to the aromatic side chain (repre-
sented as yellow hexagons). The aromatic pendant groups
play roles as the recognition site for the guest molecules as
well as the switch of the PCP structural change.

In the present work, we investigated the xylene isomer
recognition capability of PCP-1 through the combinations
of vapor sorption studies, crystallographic X-ray techniques,
and liquid phase separation tests. We demonstrated that
PCP-1 exhibits the xylene-isomer-dependent structural
changes as revealed from single-crystal structure analysis.
In addition, we discovered that PCP-1 preferred pX adsorp-
tion in the closed phase but favored oX uptake when the
structural transformation to the open phase occurred. By
taking advantage of the flexibility-dependent selectivity, we
separated oX from the ternary isomer mixture by both static
adsorption and kinetic breakthrough experiment.

Experimental section

PCP synthesis and characterization. The solvothermal
synthesis of PCP-1 was based on a literature procedure.323>
Typically, heating a DMF/EtOH mixture solution of
Zn(NO03)2:6H20, 4,4'-bipyridine (bpy) and the aromatic sub-
stituent bearing ligand, 2,5-bis((2-nitrobenzyl)oxy)tereph-
thalic acid (Hzbnta) at 70 2C for two days gave the single
crystal {[Znz(bnta)2(bpy)]-(H20)m (DMF).} (PCP-1-as) as
yellow bricks. The as-synthesized single crystals were
soaked in acetonitrile at room temperature for 24 h for sol-
vent exchange and then heated at 80 °C under dynamic vac-
uum for 12 h to give fully desolvated PCP powder (PCP-1-
act).

Liquid-phase batch experiment. For ternary isomer pure
mixture adsorption cases, a 4 mL vial with 20 mg PCP-1-act
was added 1 mL equimolar isomer mixture and kept still 8
h at 298 K. The PCP was then filtered out, washed slightly
by hexane, dried in air for 10 min, and analyzed according
to weight loss directly by a pyrolyzer-gas chromatography-
mass spectrometer (Py-GC-MS). For the adsorption experi-
ment in ternary isomer hexane solution, a 4 mL vial with 20
mg of PCP-1-act was added 1 mL equimolar isomer mixture
hexane solution and stirred for 8 h at 298 K. The isomer
loading PCP was filtered out, slightly washed with hexane
and immersed in 1 mL CDCIs for 2 h. The CDCls solution was
analyzed by NMR or chromatography-mass spectrometer
(GC-MS) to calculate the PCP trapped isomer ratio. For GC-
MS, selectivity aij was calculated using eq. 1,

i ¢j
o = (Z—j) X (C—’l) (eq. 1)
with gi and g; the amounts of isomers i and j adsorbed by

PCP-1-act and ¢ and ci the equilibrium concentrations of
isomers j and i present in the external liquid phase.

For NMR, selectivity ai; for the equimolar solution was cal-
culated using eq. 2,
Xi qi
=04 .2
%=L Ty (eq. 2)
with xi and x; the molar fractions of isomers i and j are ad-
sorbed by PCP-1-act and g; and gi the integrated intensities

of isomers i and j methyl groups in the 'H NMR spectra.

Dynamic breakthrough experiments. Approximately 1 g
of PCP-1-act was dispersed in a vessel with hexane to form
a suspension, which was then packed into a stainless-steel
column (150 mm length; 4.0 mm i.d.) under 30 MPa using
an HPLC pump. A ternary solution of equimolar xylene iso-
mers was pumped over the column at 0.1 mL min%. The op-
erating pressure reached 10 MPa. Samples at the outlet
were collected every 1 min and analyzed by GC. After each
experiment, the column was regenerated using a 2 mL min-
1solvent flow for 2 h. The column fabrication, breakthrough
separation and column regeneration were all conducted at
room temperature. The adsorption amount q (mmol) were
calculated for each isomer species by integration of the
breakthrough curves using eq. 3,

q=J, u(Cin — Coue)dt (eq. 3)

where u is the volumetric flow rate of the feed (mL min-1),
Cin and Cout are the concentrations of the isomer at the col-
umn inlet and out let, respectively (mmol mL-1), and t is the
time (min). Selectivity was calculated using eq. 1.
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Crystal structure analysis. The isomer loaded single crys-
tals were obtained by washing the as-synthesized PCP-1-as
single-crystal three times using each isomer and immersing
the crystal in each isomer for 1 week at 298 K. Single crys-
tals were picked with paraton oil on the tip of glass fiber and
mounted on a Rigaku XtaLAB P200 diffractometer equipped
with Dectoris PILATUS 200 K detector and Mo-Ka radiation
(A = 0.71073 A) whose temperature was controlled by lig-
uid nitrogen. Crystal structures were solved by direct meth-
ods and refined by full-matrix least-squares cycles in SHELX
2017/1 using Rigaku CrystalStructure ver. 4.3 or Yadokari-
XG software package. All non-hydrogen atoms were refined
using anisotropic thermal parameters. The refinement re-
sults are summarized in Table S2. Crystallographic data for
the crystal structures in CIF format has been deposited in
the Cambridge Crystallographic Data Centre (CCDC) under
deposition numbers CCDC-2081398-2081400. The data
can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, U.K.).

Results and discussion

Sample preparation and characterization. We prepared
the crystalline sample of the as-synthesized PCP-1 (PCP-1-
as) by following the previous literature.323> PCP-1-as is
composed of the paddlewheel Zn: clusters connected with
the dicarboxylic acid ligand (H:bntc), forming two-dimen-
sional (2D) square-grid-like (Zn:(bnta)z). layers on ac-
plane, which is further connected to each other by bpy pillar
ligand along the b axis to form 3D frameworks (Figure S1).
Because of the aromatic pendant groups, specifically nitro-
benzene substituent on Hzbnta ligand, PCP-1 forms the n-n
stacking interactions among the substituents and the
framework itself. We employed the thermal activation
method using 80 °C with vacuum drying to obtain the guest-
free structure of PCP-1 (PCP-1-act). The complete transfor-
mation to PCP-1-act was verified by TG and PXRD analyses.
Comparing to PCP-1-as, the interlayer distance of PCP-1-
act decreases from 14.0 A (PCP-1-as) to 10.8 A (PCP-1-act);
however, the intraframework m-m interaction between the
nitrobenzene-based substituent and the framework was
maintained (Figure S1). Because of the aromatic substituent
of PCP-1-act, we expected PCP-1-act could recognize and
discriminate the in-pore xylene isomer.

Xylene isomer adsorption at room temperature. To test
the xylene-isomers discrimination ability of PCP-1, single-
component vapor adsorption isotherm measurements at
298 K were firstly conducted (Figure 2a). The adsorption
amount of oX soared up from P/Po = 0.05, and the uptake
almost reaches saturated (31 cm?3 g1) at P/Po = 0.06 and fi-
nally stabilized at 44 cm3 g. For mX and pX vapors, the up-
take starts late at P/Po = 0.07 and slowly moves to the satu-
rated state 40 cm?® gt at P/Po = 0.20. Specifically, at P/Po =
0.06, the capacity of pX and mX is 6 cm? g which is ca.20%
of the oX uptake at the same pressure. These results of sin-
gle-component isotherm curves implied that PCP-1-act
shows a higher affinity toward oX vapor but does not well
separate mX and pX vapors. The gate-type sorption behav-
ior indicated that oX vapor triggered the PCP structural
transformation quickly at relatively lower pressure (P/Po =
0.05) and was adsorbed rapidly. On the other hand, the
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uptake of mX and pX vapors proceeded sluggishly at larger
PCP gate open pressure (P/Po = 0.07).

The liquid phase adsorption tests were then studied and
characterized by using TGA (Figure 2b) and PXRD (Figure
2c). TGA indicated the xylene loading PCPs were thermal
stable until 240°C, which is the same as that of the fresh
thermal activated PCP-1-act (Figure S2). According to TGA
profiles of xylene-isomer adsorbed PCP-1, the same weight
losses of 14.6 % were observed, which are assignable to
trapped xylene (two xylene per the unit cell). This indicated
the same amounts of xylene isomers were adsorbed in PCP-
1. The trapped oX gave off firstly between 67 °C to 106 °C,
while pX and mX losing much late between 99 °C to 129 °C.
The boiling point of 0X (144.4 °C) is higher than that of mX
(139.1 °C) and pX (138.4 °C). The inverse weight loss tem-
perature tendency suggested that oX in PCP-1 might adopt
an accommodation fashion different from the other two iso-
mers, which assumption was later confirmed by PXRD of the
isomer loaded PCPs. The PXRD pattern of oX loaded PCP
(PCP-1-0X) differed from those of the two other isomers
(PCP-1-mX and PCP-1-pX) with the additional peaks at
10.7° and 25.1°.

Single-crystal structural analyses of xylene isomer
loaded PCP. Inspired by the changes in PXRD patterns de-
pending on guest xylene isomers, we further explored the
PCP isomer-specific adsorption by using crystallographic
techniques. Fortunately, we could obtain single-crystal
structures of the guest-loaded PCP-1 with all xylene iso-
mers. SXRD reveals that xylene incorporation induced PCP
structural transformation, resulting in PCP structures dis-
tinct from PCP-1-act and PCP-1-as. Crystallographically
only one type of xylene molecule was detected in each iso-
mer loading PCP. There are two xylene molecules per unit
cell, which corresponds to the theoretical vapor adsorption
amount of 44 cm3 g! and the TGA weight loss of 14.8%.
These calculated values are well consistent with the experi-
mental ones. Interestingly, PCP-1 exhibits isomer-specific
gate-open structures toward xylene isomers due to both the
flexible aromatic pendant group and global flexibility of the
framework (Figure 3). Firstly, PCP-1-0X crystalized in the
P-1 space group with inclined 2D grids (Figure 3a-c). Each
pore accommodates two oX molecules per unit cell, which
are stabilized by n-n interaction with the terephthalate moi-
ety of the PCP skeleton with a -7 distance of 3.88 A (Figure
3c). Meanwhile, the nitrobenzyl substituents help to anchor
the trapped oX by the multiple interactions between the
substituent aryl C-H group and the oX aryl C with C...H dis-
tance of 2.73 A, 2.82 A and 2.85 A, respectively (Figure S7).
There is an extra interaction from the substituent nitro
group (-NO2) to oX aryl H with an 0...H distance of 2.70 A.
As described in the previous literature,>** the stacking between
nitrobenzyl substituents and the terephthalate moiety defined
PCP-1-act configuration. The incorporated 0X guest disrupted
the n-n stacking between nitrobenzyl substituents and the ter-
ephthalate moiety in PCP-1-act and replaced aromatic substit-
uents to interact with the framework skeleton, resulting in the
PCP oX specific structural transformation. On the other hand,
PCP-1-mX and PCP-1-pX showed the similar configuration
of crystal unit cells with the P42/nbc space group and chan-
nels in perfect square shape (Figure 3d,g). Trapped isomer
guests dived in one pore with an aromatic backbone parallel
to the crystal unit ¢ axis. The isomer molecules partially
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overlapped with nitrobenzyl substituents, inducing weak -
7 interaction with central arene distance of 4.13 A in PCP-
1-mX (Figure 3 e, f) and 4.22 A in PCP-1-pX (Figure 3h, i).
In contrast to the weak host-guest interaction, for both mX
and pX, robust reciprocity between nitrobenzyl

substituents and bpy pillars established by benzene central
parts fully overlaying and central distance of 3.72 A.

a b c
1001 oX | Lo pX exp
40 | —mX
904 — pX l | L pX simu
30 < g0l l
o g: 80 mX exp
_ .C E .
520_ S 70 l | L | mX simu
~ g 604 I I M A oX exp
> 104
—e— OX 501 l | III oX simu
—eo— MX ]
0 o— PX 404 III Lobe A \ act simu
0.01 0.1 1 0 100 200 300 400 500 5 10 15 20 25 30 35 40
P/P, Temperature (°C) 26(°)

In addition to the m-m attraction from nitrobenzyl substitu-
ents, extra host-guest and guest-guest attractions were
formed to stabilize the isomer guests. In PCP-1-mX, the
aligned mX molecules interacted in pairs between the 5-po-
sition aryl C-H with a distance of 2.17 A (Figure $8). Though
there is no guest-guest interaction between the aligned pX
molecules, in the case of PCP-1-pX, host-guest interaction

between the substituent methylene C-H and pX aryl C was
formed with C...H distance of 2.90 A (Figure S9). We sum-
marized the observed close contact distances in the crystal
structures in Table S3. Apparently, oX formed not only the
strongest n-w interaction but also greater numbers of the host-
guest/guest-guest interactions are indicated.
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The SXRD analysis results clearly showed that oX loaded
PCP adopted a configuration distinct from the other two iso-
mer species to facilitate oX molecules m-m staking with
framework skeleton. Though all isomer species triggered
framework structural transformation, the deformation de-
gree is varied: the deformation degree of PCP-1-0X is the
smallest. The small deformation degree of PCP-1-0X facili-
tated the framework transformation, thus should be re-
sponsible to oX smaller gate open pressure in vapor adsorp-
tion experiment.

Static separation. Encouraged by the isomer-specific
structural transformation as revealed by SXRD, we explored
the separation capability of the PCP via competitive batch
experiments. In the experiment, 20 mg of PCP-1-act was
immersed into a 1 mL binary equimolar mixture. After ad-
sorption, the PCP crystals were filtered out, and the crystal
surfaces were slightly washed by hexane and then im-
mersed into 1 mL of NMR solvent (CDClz) at room tempera-
ture to extract the adsorbed xylene isomers. As can be seen
from the NMR results, the selective uptake of xylene was
completed rapidly within 2 h (Figure S10). The integrated
intensities of methyl groups (2.26 ppm for oX, 2.32 ppm for
mX and 2.31 ppm for pX) in the 'H NMR spectrum indicated
PCP-1-act favored oX adsorption with the selectivity
oX/mX = 3.4 (Figure 4a) and oX/pX = 3.3. (Figure 4b). Ad-
sorption in equimolar ternary isomer mixture was further
explored by Py-GC-MS (Figure S11). The trapped xylene iso-
mers were released upon heating, and the outlet constituent
was analyzed directly by GC-MS. As shown in Figure 4c,
PCP-1-act concentrated oX from the original equimolar
mixture by increasing oX content from 33% to 50%. The ra-

tio of trapped mX and trapped pX dropped from 33% to 27%

and 23%, respectively. Adsorption selectivity in ternary iso-
mer mixture is 0X/pX = 2.2, 0X/mX = 1.9 and mX/pX = 1.2.
The adsorption process was monitored by Py-GC-MS, con-
firming the selective uptake completing mostly within 1 h
(Figure S12). Therefore, PCP-1-act can separate oX from
the binary and ternary isomer mixture by selective adsorp-
tion, and we attribute the oX favored uptake to the PCP iso-
mer-specific structural transformation. The smallest defor-
mation degree of oX loading configuration facilitates PCP
structural transformation in this condition, making oX load-
ing transformation thermodynamically favored.

a b c [ equimolar starting mixture
oX oX [ adsorbed in PCP
mX pX
24 2.3 22 2.4 23 2.2 OX WX PX

Chemical shift (oppm)  Chemical shift (ppm)

Figure 4. 'H NMR spectra of PCP-1-act extracting CDCls af-
ter binary equimolar mixture adsorption (a) oX and mX and
(b) oX and pX. (c) Py-GC-MS result for batch competitive ad-
sorption in equimolar ternary isomer mixture.

Static separation in the diluted condition. We also exam-
ined the separation capability of PCP-1 at the diluted

conditions. Batch adsorptive separation experiments were
conducted in binary hexane solution of varying concentra-
tions, and the extracted isomer components were analyzed
by NMR (Figure 5a, b). As summarized in Table 1, in the con-
centrated binary solution (isomer concentration = 1M), the
PCP preferred oX adsorption as consistent with the result of
the pure isomer mixture. However, as opposed to our ex-
pectation, in the diluted condition of 0.3 M mixtures, oX ad-
sorption is smaller than the other two isomers with the se-
lectivity of 0X/mX = 0.76 and oX/pX = 0.4. Inspired by the
interesting reverse selective uptake, we further explored
the PCP adsorption in ternary hexane solution, and the se-
lectivity in varied concentration solution was monitored by
GC-MS. For ternary solution, in the concentration range
from 0.3 M to 2 M, PCP-1 always adsorbed pX slightly more
than the other two isomer species (Figure 5c). In the pure
isomer ternary mixture without solvent, the concentration
of each isomer equals 2.7 M, and PCP-1 showed the adsorp-
tion capacity toward oX at least two times higher than those
toward pX and mX (with the order of oX>mX>pX). While,
when diluted by hexane, PCP-1 selectivity in the ternary
mixture inversed with the order of oX<mX<pX (Table 1).

Table 1. Xylene isomer selectivity of PCP-1

Cisomer binary ternary

oX/pX oX/mX oX/pX oX/mX
2.7 M2 3.4 3.4 2.2 1.9
2 Mb 5.5 3.9 0.4 0.6
1Mb 4.7 3.0 0.8 1.0
0.3 MP 0.4 0.76 1.0 1.2

a, in equimolar pure mixture without solvent and the iso-
mer concentration is 2.7 M.

b, the equimolar isomer mixture was diluted to a certain
concentration by hexane.

To investigate the reason for this selectivity inversion, we
measured the TGA spectrum of PCP after adsorption in 1 M
oX-hexane solution and compared the spectrum with that of
pristine oX loaded PCP (Figure S14). The weight loss of so-
lution loading PCP is 3%, which is 1/5 of the pure oX loading
sample (14%), indicating that the structure of PCP-1 did not
fully convert into the ox-loaded structure in the large pres-
ence of hexane. To check the influence of the hexane solvent,
we measured the synchrotron PXRD of PCP-1 immersed in
hexane (PCP-1-hexane) by sealing activated PCP power
and hexane together in a glass capillary. The PCP-1-hexane
PXRD pattern is not consistent with the PCP-1-act simula-
tion pattern and is more similar to that of the open-phase
PCP-1-as whose pores are occupied by DMF (Figure S15).
Therefore, the changes in the xylene-isomer affinity in the
existence of hexane might be explained by the solvent com-
petition among the hexane solvent and xylene isomers.
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mX and (b) oX and pX. (c¢) GC-MS analysis on PCP extracting 02+ |
CDCls solution after batch competitive adsorption in 2 M 1 g
equimolar ternary isomer hexane solution. 1
Ternary mixture breakthrough experiment. We also -
conducted the liquid-phase breakthrough experiment using T T T T
0 10 20 30 40 50 60

a ternary mixture because of the importance of the separa-
tion/recognition capability under flow conditions, as sepa-
ration processes in industry are typically operated under
flow conditions. A constant 0.1 mL min-! flow of a 15 mM
ternary isomer hexane solution was pumped over the col-
umn (Figure S16). oX appeared in the column outlet after 6
min and during a time interval as long as 10 min, only oX
eluted from the column (Figure 6). Next, the breakthrough
of mX was observed after an elution time of 16 min. Then, 5
min later, pX appeared from the column outlet at 21 min and
flew out at a sluggish rate. After 55 min, the flew-out pX con-
centration became stable and the same as the inlet value.
Therefore, by breakthrough experimental, pure oX compo-
nent in hexane was obtained from the 15 mM ternary solu-
tion in the elution period from 6 min to 16 min. The se-
quence of flowing out isomers demonstrated that the PCP
adsorption preference in the column is pX > mX > oX. The
pX selective adsorption is in coincidence with the batch ad-
sorption experiment in hexane solution. The breakthrough
separation selectivity of 15 mM ternary mixture solution is
estimated as pX/0X=1.8 and pX/mX=1.6, which is better
than the selectivity obtained by the static separation using
hexane as the solvent (Table 1). The fluid force or the high
operating pressure (~10 MPa) applied to the column might
also cause some effect on the selective property of PCP-1
under the dynamic flow condition. When we further in-
creased the isomer concentration to 100 mM, the isomers
eluted in the sequence of 0X, mX and pX, but the time inter-
val between neighboring species reduced to 1 min, and the
overloaded column was no more able to realize their sepa-
ration (Figure S17). The column can be recycled at least 12
times without obvious decay in the separation performance
(Figure S18).

Eluted time (min)

Figure 6. 15 mM breakthrough experiment column using
hexane as eluant.

MIL-53 is one of the most well-investigated flexible PCP37,
which xylene-separation mechanisms are thoroughly char-
acterized by various approaches including experimental*?,
theoretical calculation*’, and solid-state NMR studies*s.
MIL-53(Al) displayed adsorption selectivity of 0X > mX > pX
in both static and dynamic separation experiments, and the
selectivity did not change in the existence of solvent. Crys-
tallographic analyses showed that the framework struc-
tures of xylene-loaded MIL-53(Al) structures were similar
to each other. Its oX selectivity was explained by the prefer-
able interactions of methyl groups with the carboxylate
moieties in the obtuse pore corners of the 1D channel. Com-
putational modeling#” and solid-state NMR studies*”8 also
supported the host-guest interaction determined the xylene
molecule in-pore diffusion rate, leading to the oX selectivity
in dynamic separation experiments. Unlike MIL-53, PCP-1
exhibits xylene-isomer-dependent structural changes due
to the isomer-specific m-m stacking between xylene mole-
cule and PCP skeleton. PCP-1 exhibited the selectivity of oX >
mX > pX from the ternary xylene mixture under the static
condition, as following the adsorption preferences. Interest-
ingly, the selective property of PCP-1 is highly dependent
on the condition. The selectivity reversed to pX > mX > oX in
the existence of solvent hexane. X-ray studies indicated that
the PCP-1 exhibit the gate-open type structural change
upon the adsorption of the solvent hexane. Thus, the
changes in the observed affinity might be attributable to an
adsorption competition among the solvent and xylene iso-
mers.

Conclusion

In summary, we explored xylene isomer discrimination in a
flexibility PCP stabilized by interframework n-x stacking. oX
separation from ternary isomer mixture was realized by the
PCP isomer-specific structural transformation. The PCP dis-
played the 0oX dominant uptake from the equimolar xylene
isomer liquid mixture due to the isomer-specific guest-
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triggered structural changes (with the affinity of
oX>mX>pX). As a result, PCP-1 enabled concentrating oX
from isomer liquid mixture via batch competitive adsorp-
tion. On the other hand, when tested under the diluted con-
dition, we observed the inverse isomer selectivity with
oX<mX<pX. Therefore, in the dynamic breakthrough exper-
iment using ternary hexane solution, we collected pure oX
as the first elute. Our finding demonstrated the specialty of

flexible PCPs on challenging isomer recognition/discrimination.

With the structural designability as well as the availability of
various solvent-dependent flexibility, soft PCPs provide an ef-
ficient separate platform for xylene isomer adsorptive separa-
tion.
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