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ABSTRACT: Flexible coordination networks (CNs) offer the potential for exceptional selectivity
to enable hydrocarbon separations. The key to performance in such sorbents is guest-induced
structural transformations that result in induced-fit binding. Unfortunately, the underlying
mechanisms of such transformations remain largely unexplored. Herein, we report an investigation
of the phase switching behavior of the square lattice (sql) CN [Cu(4,4′-bipyridine)2(CF3CO2)2]n
(sql-1-Cu-CF3CO2) induced by xylene adsorption. Competitive adsorption studies in binary and
ternary xylene mixtures revealed high p-xylene (PX) selectivity of 10.83 over o-xylene (OX) and of
14.18 over m-xylene (MX), with an overall PX selectivity of 10.01, surpassing most commercial
sorbents such as zeolites. Crystallographic studies revealed three distinct xylene-loaded phases with
varying pore/channel dimensions and porosity: 1D (void: 33.9%) for PX, 2D (void: 45.8%) for OX,
and 3D (void: 48.4%) for MX. The PX-loaded structure exhibited the smallest void but the
strongest host−guest interactions, making it the preferred phase for PX separation from xylene
mixtures.
KEYWORDS: xylene separation, induced-fit, stimuli-responsive material, 2D coordination network, flexible metal−organic material

■ INTRODUCTION
The separation and purification of chemical mixtures using
traditional methods such as distillation and crystallization
account for 10−15% of global energy consumption.1 With the
rising demand for commodity chemicals, there is an urgent
need for more energy-efficient purification technologies. One
of the most challenging hydrocarbon separations involves the
xylene isomers: o-xylene (OX), m-xylene (MX), and p-xylene
(PX), which are used to produce fibers, plastics, and fuel
additives.1−3 Among them, PX dominates the xylene market
(∼90%) due to its utility for polyethylene terephthalate
production.4 However, the similar physicochemical properties
of the xylene isomers render their separation via conventional
purification methods energy-intensive and inefficient.1−4 While
adsorption-based technologies have been established for xylene
separation, their widespread implementation is hindered by the
moderate capacity (∼15 wt %) and selectivity (∼5) of
currently used adsorbents, i.e., FAU zeolites.5

To address this matter, sorbent materials of many types have
been investigated, including molecular materials, such as
coordination complexes,6−9 organic molecules and
cages,10−13 and network materials like porous coordination
polymers/networks (PCPs/PCNs) and metal−organic frame-
works (MOFs).14−32 The latter represents a promising class of
metal−organic materials (MOMs)33,34 as they can offering
precise control over pore size, shape, and chemistry through
crystal engineering or reticular chemistry.35,36 That there is
significant potential for benchmark hydrocarbon separation

performance is now evident.37−42 To date, a considerable
number of rigid MOMs with fixed pore geometries have been
investigated for xylene separation.41,42 However, they typically
lack the desired combination of strong selectivity (>5) and
high adsorption capacity (>15 wt %). In contrast, flexible
MOMs are attractive because they can undergo guest-induced
structural transformations enabled by breathing, switching/
gate-opening, swelling, or induced-fit mechanisms.43−49 Such
sorbent materials can dynamically adjust pore size and shape to
enhance adsorption capacity and/or selectivity. Nevertheless,
flexible MOMs still remain underexplored, partly due to the
difficulty in determining their guest-loaded structures,50,51

which in turn hampers the elucidation of their structural
transformations and, consequently, insight into adsorption
mechanisms and structure−property relationships.

Recently, we reported the sorption properties of a family of
square lattice (sql) coordination networks (CNs) [M-
(bpy)2(NCS)2], sql-1-M-NCS (1 = bpy = 4,4′-bipyridine, M
= Fe, Co, and Ni).52−57 The sorption isotherms for gases
(CO2, C2Hx and C3Hx) and vapors (xylene isomers) exhibited
stepped or sigmoidal profiles (denoted as type F−IV
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isotherms).48 Crystallographic studies elucidated that the
interlayer distance in the closed phase (4.5 Å) can undergo
guest-induced expansion to 5.4, 6.3 or 9.1−9.3 Å for the CO2,
C2H4 and xylene-loaded phases, respectively.52−54,57 Such
sorbate-dependent phase switching behavior prompted us to
evaluate the xylene separation performance of sql-1-Co-NCS,
which exhibited a strong preference for OX with high
adsorption uptake of up to 87.5 wt %.53 Subsequently, by
substituting half of the bpy linkers with 4,4′-bis(4-pyridyl)-
tetrazine (bptz), we synthesized a new rectangular mixed-linker
sql CN [Co(bpy)(bptz)(NCS)2]n, which exhibited good
xylene adsorption capacity (∼37 wt %) and high selectivity
(∼10) for each xylene isomer over ethylbenzene.58

In this contribution, we study a new analog of sql-1-Co-
NCS by substituting the metal cation Co(II) with Cu(II) and
replacing the NCS− counteranion with CF3CO2

−. This
material, sql-1-Cu-CF3CO2, was investigated for its xylene
separation performance through competitive adsorption
experiments in binary and ternary liquid xylene mixtures, as
analyzed by gas chromatography (GC). Additionally, powder
and single-crystal X-ray diffraction (PXRD/SCXRD) studies
were conducted to identify the xylene-loaded phases and gain
insights into the structural flexibility driven by the host−guest
interactions.

■ RESULTS AND DISCUSSION
Single crystals of {[Cu(bpy)2(CF3CO2)2]·2TFT}n (sql-1-Cu-
CF3CO2·2TFT, TFT = α,α,α-trifluorotoluene) were synthe-
sized via solvent diffusion following a procedure similar to that
used for sql-1-Co-NCS·2TFT.52 Bulk phase purity was
confirmed by PXRD (Figure S1). SCXRD analysis (Table
S1) revealed that sql-1-Cu-CF3CO2·2TFT crystallizes in the
monoclinic space group C2/c (a: 22.59 Å, b: 11.16 Å, c: 16.43
Å, β: 112.54°) and exhibits the expected sql topology, with 4-
connected Cu(II) cations equatorially coordinated by four bpy
ligands and axially by two terminal CF3CO2 ligands. TFT
molecules reside in the interlayer space with an interlayer
distance of 7.7 Å (Figure 1), much larger than that of sql-1-

Co-NCS·2TFT (6.6 Å), thanks to the bulkier CF3CO2 ligands
and the more vertical orientation of TFT molecules (Figure
S2a,b). The bpy ligands in sql-1-Cu-CF3CO2·2TFT adopt two
conformations: half coplanar and half twisted (43.5°), closely
resembling those in sql-1-Co-NCS·2TFT (Figure S2c,d).52

The activated phase, sql-1-Cu-CF3CO2, was isolated by
heating sql-1-Cu-CF3CO2·2TFT at 100 °C for 30 min as

confirmed by thermogravimetric analysis (TGA) and variable-
temperature PXRD (Figures 1 and S3−S5). Although crystal
structural determination was unsuccessful, the 77 K N2 and
273 K CO2 adsorption isotherms indicate that sql-1-Cu-
CF3CO2 remains nearly nonporous, with minimal N2 and CO2
uptakes at low pressure (Figure S6).

Soaking sql-1-Cu-CF3CO2 in pure OX, MX, and PX
resulted in the formation of three distinct phases, as revealed
by PXRD (Figure 2a). In contrast, exposure to equimolar
binary (PX/MX and PX/OX) or ternary (PX/OX/MX) xylene
mixtures led to a single phase with a PXRD pattern that
matches the PX-soaked phase (Figure 2a). This suggested to us
a strong preference for PX adsorption. To quantify its PX
selectivity, adsorbed xylene molecules were extracted using
dichloromethane and the compositions were determined by
GC (Figure 2b). The GC results show much higher PX peaks,
with selectivity values of 10.83 and 14.18 for PX over OX and
MX, respectively (Figure S7a,b). The PX selectivity derived
from the ternary mixture is 10.01 (Figure S7c), outperforming
typical commercial zeolites such as ZSM-5, BaX and KX
(Table S2).5 As seen in Figure 2c,d, these selectivity values are
superior or comparable to those of most reported PX-selective
adsorbents, including AgLClO4,

7 EtP5/6,10 AZO-cage,11

P[4]Q[1]L,13 MIL-125-NH2,
16 [Ce(HTCPB)],17 DUT-8-

(Cu),21 NU-2000,25 MAF-88,27 sql-4,5-Zn,28 polyIRMOF-1−
7a,31 MOF-monoclinic,59 ZIF-68,60 Cu(CDC),61 MIL-140B/
MOF-48,62 CoPzNi,63 NIIC-30(Ph),64 HIAM-201,65

[Cu2Cl4L2],
66 CAU-1/OH,67 Zn-ETTOB,68 and MIL-120-

(Al),69 and are surpassed only by a few materials such as Cu-
metallocycle,9 TPBD-αI,12 MAF-36,20 ZIF-8/67,24 Mn-
dhbq,26 MAF-89,27 HIAM-203,29 and Co(aip)(bpy)0.5.

70

To understand the high PX selectivity of sql-1-Cu-CF3CO2,
single crystals of the three xylene-loaded phases were prepared
using the same solvent diffusion method, with xylene replacing
TFT. The corresponding crystal structures were successfully
determined (Table S1). Although all the xylene-loaded phases
adopt the monoclinic space group C2/c, their structural
characteristics differ. SCXRD analysis revealed that the OX-
loaded phase hosts two OX molecules per unit formula (Figure
3a, denoted as sql-1-Cu-CF3CO2·2OX), with unit-cell
parameters (a: 22.47 Å, b: 11.15 Å, c: 16.46 Å, β: 111.75°)
and crystal packing (Figure 3d) similar to those of sql-1-Cu-
CF3CO2·2TFT, and the same interlayer distance of 7.7 Å
(Figures 1 and 3a). Whereas the MX-loaded phase also
accommodates two MX molecules per unit formula (Figure 3b,
denoted as sql-1-Cu-CF3CO2·2MX), its unit-cell parameters
(a: 15.25 Å, b: 16.34 Å, c: 16.24 Å, β: 106.42°) differ from
those of sql-1-Cu-CF3CO2·2OX, and its interlayer distance
(7.8 Å) is slightly larger (Figure 3a,b). Notably, the PX-loaded
phase is quite different as it contains only one PX molecule per
formula unit (Figure 3c, denoted as sql-1-Cu-CF3CO2·1PX),
with unit-cell parameters (a: 14.27 Å, b: 14.45 Å, c: 16.95 Å, β:
106.99°) different from the OX and MX-loaded phases. It also
features a reduced interlayer distance (6.8 Å), suggesting a
stronger host−host and/or host−guest interactions. In all three
xylene-loaded phases, the xylene molecules adopt an ordered
and commensurate packing arrangement (Figure 3d-f and S8),
occupying exclusively the interlayer space rather than the
square grid cavity, as observed in sql-1-Co-NCS.53 The
saturation xylene uptakes of sql-1-Cu-CF3CO2 are 35.2 wt %
for OX/MX and 17.6 wt % for PX, comparable to most
reported PX-selective adsorbents (Figure 2c,d and Table S2).

Figure 1. Crystal structure of sql-1-Cu-CF3CO2·2TFT (H atoms
omitted for clarification), which can be fully activated by heating at
100 °C as indicated by the desolvation kinetics curve.
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These different crystal packing patterns resulted in distinct
host−guest interactions (Table S3). In the OX-loaded phase
(Figure 3g), two types of C−H···π interactions are present:
one between the pyridine hydrogen and the benzene ring of
OX (3.745 Å), and another between the methyl hydrogen of

OX and the pyridine ring (3.638 Å). Additionally, there are
two C−H···F and one C−H···O hydrogen bonds. Two H
atoms from the phenyl and methyl groups form two C−H···F
hydrogen bonds (3.187 and 2.574 Å) with the F atoms of two
CF3CO2 groups, while another phenyl H atom forms one C−

Figure 2. (a) PXRD patterns of sql-1-Cu-CF3CO2 before and after soaking in unary, binary, and ternary xylene solutions. (b) GC analysis of the
xylene composition extracted from the soaked samples in the binary and ternary xylene mixtures. (c, d) Comparison of PX selectivity and uptake
with PX-selective adsorbents (red star represents for sql-1-Cu-CF3CO2).

Figure 3. (a−c) Crystal structures, (d−f) packing arrangements, and (g−i) host−guest interactions of sql-1-Cu-CF3CO2·2OX, sql-1-Cu-CF3CO2·
2MX, and sql-1-Cu-CF3CO2·1PX, respectively (OX: violet, MX: pink, and PX: sea green).
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H···O hydrogen bond (3.007 Å) with the O atom of the
CF3CO2 group. Similarly, in the MX-loaded phase (Figure 3h),
three C−H···F and one C−H···O hydrogen bonds are
observed. A phenyl H atom and two methyl H atoms of the
MX contribute to three C−H···F hydrogen bonds (2.845,
3.078, and 3.145 Å), and another methyl H atom forms one
C−H···O hydrogen bond (2.655 Å) with the O atom of the
CF3CO2 group. One phenyl H and one methyl H atom engage
in two C−H···π interactions (3.380 and 3.402 Å) with two
pyridine rings. Interestingly, in the PX-loaded phase (Figure
3i), PX establishes symmetric host−guest interactions with the
host network. Two methyl H atoms and two phenyl H atoms
participate in four symmetric C−H···F hydrogen bonds (3.088
and 3.487 Å). Two additional methyl H atoms form two C−
H···π interactions (3.311 Å) with pyridine rings. Furthermore,
two H atoms from the pyridine rings contribute to additional
C−H···π interactions (3.012 Å) with the phenyl ring of PX.
These synergistical noncovalent interactions anchor PX
molecules within the pores, explaining why PX is the most
strongly adsorbed guest in sql-1-Cu-CF3CO2. This is further
supported by Monte Carlo molecular simulations, which
yielded average isosteric heats of xylene adsorption of
132.67, 137.24, and 141.29 kJ mol−1 for OX, MX, and PX,
respectively.

Due to the adaptive structural rearrangements of the host
network induced by xylene isomers, the channel voids (probe
radius 1.2 Å) of the MX, OX, and PX-loaded phases are 48.4,
45.8, and 33.9% (Figure 4a−c), respectively. Their channel
dimensions also vary (Figures S9−S11): 3D for the MX-loaded
phase, 2D for the OX-loaded phase, and 1D for the PX-loaded
phase. The 2D channel of sql-1-Cu-CF3CO2·2OX is divided
into two equal segments due to the staggered packing of the
adjacent layers (Figure 4d), which merge into one at the

connection zone where the OX molecules reside (Figure S9).
For the 3D channel of sql-1-Cu-CF3CO2·2MX, it can be
classified as 1D because the channel windows from the other
two sides are relatively small (Figure S10). Indeed, when the
probe radius is increased to 2.0 Å, these two small windows
disappear, and the channel becomes effectively like sql-1-Cu-
CF3CO2·1PX (Figure S11). The main differences between the
channels of MX and PX-loaded phases lie in the orientations of
the bpy and CF3CO2 ligands. In sql-1-Cu-CF3CO2·2MX, the
pyridine rings of the bpy ligands align parallel to the 1D
channel while they penetrate into the 1D channel in sql-1-Cu-
CF3CO2·1PX to reduce the channel void. Furthermore, the
CF3CO2 ligands protrude into the channel from two opposite
sides that further constrict the void, thereby allowing only one
PX molecule to be accommodated per unit formula. The
smallest void in the PX-loaded structure suggests that it
requires the least energy input for the structural rearrangement,
therefore making sql-1-Cu-CF3CO2·1PX the preferred phase
for xylene mixture adsorption.

Although it is not uncommon that flexible MOMs exhibit
varying saturation uptakes for adsorbates with different sizes,
the pore or channel dimensions of the guest-loaded phases
typically remain unchanged, as exemplified by the MIL-53
family.15 In contrast, the xylene-induced structural changes in
sql-1-Cu-CF3CO2 are unusual, leading to different unit-cell
parameters and host−guest ratios (1:1 for PX and 1:2 for OX/
MX), along with three distinct pore/channel dimensions
ranging from 1D to 3D. This behavior also differs from that of
sql-1-Co-NCS,53 where the host−guest ratio remains 1:4 for
all three xylene isomers, despite variations in unit-cell
parameters. These differences arise from the flexibility
imparted by the clay-like nature of the 2D layered structure,
which is held by noncovalent interactions. This enables both

Figure 4. Channel profiles (a−c) and the corresponding enlarged view (d−f) of the red dash line regions for sql-1-Cu-CF3CO2·2OX, sql-1-Cu-
CF3CO2·2MX, and sql-1-Cu-CF3CO2·1PX, respectively.
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phase switching/gate-opening (global structural transitions
such as layer expansion and sliding) and induced-fit behavior
(local structural adaptations such as ligand rotation and
network grid deformation), as summarized in Table S4. In
addition, sql-1-Co-NCS exhibits OX selectivity, whereas sql-1-
Cu-CF3CO2 is PX-selective, further demonstrating how the
pore size, shape, and chemistry profoundly impact guest
binding, and consequently, uptake and selectivity. These
findings highlight the versatility of 2D switching coordination
networks in hydrocarbon separations.

■ CONCLUSIONS
In conclusion, we report herein an investigation of the xylene-
induced phase-switching behavior of sql-1-Cu-CF3CO2
through xylene adsorption studies under equilibrium con-
ditions. Its dynamic separation performance, which is relevant
to industrial simulated moving bed processes, deserves further
investigation through breakthrough experiments. Based on
several previous examples,14,15 it is expected to exhibit
selectivity trends similar to those observed in equilibrium
mixture adsorption experiments. While flexible MOMs have
been investigated for their guest-induced structural changes,
the emergence of distinct pore profiles in 2D switching CNs
induced by xylene isomers remains rare. Crystallographic
studies revealed that the choice of metal center and
counteranion strongly influences the selective preference of
flexible MOMs. Combined with PX selectivity exceeding 10
and PX uptake of 17.6%, sql-1-Cu-CF3CO2 demonstrates
promising separation performance compared to zeolites and
other types of adsorbents. To our knowledge, this is only the
second example of a 2D MOM exhibiting PX selectivity,
following sql-4,5-Zn.28 However, there is still room for
improvement in xylene uptake, as sql-1-Co-NCS adsorbs
>85 wt % of xylenes.53 In addition, its limited thermal stability
(∼140 °C) may hinder recyclability (Figure S12) and
underscores the need to develop more thermally robust
materials. Further investigations will focus on exploring the
adsorption behavior of other aromatic hydrocarbons in this
family of 2D switching layered materials.

■ EXPERIMENTAL SECTION
All materials were used as received from commercial sources.
Synthesis of Square Lattice (sql) Coordination Net-

works (CNs). {[Cu(bpy)2(CF3CO2)2]·2TFT}n (sql-1-Cu-
CF3CO2·2TFT) was prepared by the solvent diffusion method.
In a typical procedure, a mixture of 2.5 mL methanol and 2.5
mL α,α,α-trifluorotoluene (TFT) was slowly layered over 4,4′-
bipyridine (0.3 mmol, 46.8 mg) dissolved in 5 mL TFT. A
solution of Cu(CF3CO2)2 (0.15 mmol, 43.5 mg) in 5 mL
methanol was carefully layered over the methanol/TFT layer.
The solution was left undisturbed for a few days to yield
turquoise block crystals, which were collected by filtration and
washed with TFT three times.

{[Cu(bpy)2(CF3CO2)2]·2OX}n (sql-1-Cu-CF3CO2·2OX),
{[Cu(bpy)2(CF3CO2)2]·2MX}n (sql-1-Cu-CF3CO2·2MX),
and {[Cu(bpy)2(CF3CO2)2]·1PX}n (sql-1-Cu-CF3CO2·1PX)
were prepared using the same method, with TFT replaced by
OX, MX, and PX as the solvent media, respectively.
Single-Crystal X-Ray Diffraction Measurements. Suit-

able single crystals of all compounds were chosen for single
crystal X-ray diffraction measurements. The data was collected
on a Bruker D8 Quest diffractometer equipped with a IμS

microfocus Cu anode (λ = 1.54178 Å) and Photon II detector.
For low temperature measurements, an open-flow nitrogen
attachment from Oxford Cryosystem was used. In all cases,
data was indexed, integrated and scaled in APEX3. Absorption
correction was performed by multiscan method. Space groups
were determined using XPREP implemented in APEX3.
Structures were solved using an intrinsic phasing method
(SHELXT) and refined on F2 using nonlinear least-squares
techniques with SHELXL contained in OLEX2 v1.2.8
programs packages. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were located from the
molecular geometry at idealized positions and assigned
isotropic thermal parameters depending on the equivalent
displacement parameters of their carriers.

Crystallographic data for the as-synthesized sql CNs are
summarized in Table S1. All crystal structures (open phases)
have been deposited with the Cambridge Crystallographic
Data Centre (CCDC 2433537−2433540).
Thermogravimetric Analysis (TGA). TGA experiments

were conducted under N2 atmosphere using a TA Instruments
Q50 thermal analyzer between room temperature (rt) and 500
°C at a constant rate of 10 °C/min. Desolvation kinetics were
measured using a ramp-hold program, where the temperature
was raised from rt at 10 °C/min and held at 100 °C for 30 min.
Powder X-Ray Diffraction. Powder X-ray diffraction

experiments were conducted using microcrystalline samples
on a Panalytical Empyrean diffractometer (40 kV, 40 mA, Cu
Kα1,2, λ = 1.5418 Å). A scan speed of 0.111747°/s (6.7°/min),
with a step size of 0.026° in 2θ was used at room temperature
with a range of 5°< 2θ < 40°.
Variable Temperature Powder X-Ray Diffraction. For

VT-PXRD experiments, reflections were collected on Philips
X’Pert diffractometer (40 kV, 40 mA, Cu Kα1,2, λ = 1.5418 Å)
at 10 °C intervals from 25 to 120 °C by heating at 1 °C/min
under N2 atmosphere. Water cooling system was adopted to
control the temperature. Diffraction patterns were collected in
the 2θ range of 5−40°.
Gas Adsorption. N2 and CO2 adsorption experiments of

sql-1-Cu-CF3CO2 were conducted on the Micromeritics
TriStar II PLUS 3030 at 77 and 273 K, respectively. The
measurement temperatures were maintained using a 4 L Dewar
flask filled with liquid nitrogen (for 77 K) or a Julabo F25-ME
chiller (for 273 K).
Xylene Selectivity Studies. About 20 mg samples of sql-

1-Cu-CF3CO2 were separately immersed in 3 mL equimolar
binary or ternary liquid of xylene isomers for 2 days to ensure
saturation uptake. The saturated samples were then filtered
and air-dried (ca. 15 min) under ambient conditions (ca. 20
°C) to remove xylenes adhering to the surface of samples. After
that, the samples were soaked in 3 mL dichloromethane
(DCM) for 2 days. The supernatant of each sample was
collected for gas chromatography (GC) measurement. The
typical procedure was reported in our recent publication,12

where GC traces of pure xylene isomers were recorded and
subsequently used as references in this study. GC analyses
were carried out on an Agilent 6890A gas chromatograph fitted
with a 7683B ALS (automated liquid sampler) equipped with a
flame ionization detector (FID). The column used was an
Agilent DBWax column (length: 30 m, inner diameter: 320
μm, film thickness: 0.25 μm). The injector and detector were
kept at 220 °C and nitrogen was used as carrier gas with a flow
rate of 1 mL/min. One μL of each liquid sample was injected
through the GC inlet with a split ratio of 100:1 and a split flow
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rate of 142.45 mL/min. Dichloromethane HPLC/GC grade
99.9% (Sigma-Aldrich) was used as the eluent and solvent.
Molecular Simulations. Molecular simulations were

conducted based on the crystal structures of xylene-loaded
phases in the P1 space group, with xylene molecules in the
pores removed prior to simulation. Xylene sorption at 298 K
and 1 kPa was performed using the Sorption module in
Materials Studio (task: fixed pressure; quality: ultrafine;
equilibration steps: 1,000,000; Monte Carlo method: Metrop-
olis; force field: Universal). The isosteric heats of adsorption
for each xylene isomer were obtained as output.
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