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ABSTRACT: Purification of the Cg alkylaromatics o-xylene, m-
xylene, p-xylene, and ethylbenzene remains among the most
challenging industrial separations, due to the similar shapes, boiling
points, and polarities of these molecules. Herein, we report the
evaluation of the metal—organic frameworks Co,(dobdc) (dobdc*~
= 2,5-dioxido-1,4-benzenedicarboxylate) and Co,(m-dobdc) (m-
dobdc*™ = 4,6-dioxido-1,3-benzenedicarboxylate) for the separa-
tion of xylene isomers using single-component adsorption
isotherms and multicomponent breakthrough measurements.
Remarkably, Co,(dobdc) distinguishes among all four molecules,
with binding affinities that follow the trend o-xylene > ethyl-
benzene > m-xylene > p-xylene. Multicomponent liquid-phase

Xylene Isomer Adsorption in Co,(dobdc) and Co,(m-dobdc)
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adsorption measurements further demonstrate that Co,(dobdc) maintains this selectivity over a wide range of concentrations.
Structural characterization by single-crystal X-ray diffraction reveals that both frameworks facilitate the separation through the
extent of interaction between each Cg guest molecule with two adjacent cobalt(II) centers, as well as the ability of each isomer to
pack within the framework pores. Moreover, counter to the presumed rigidity of the M,(dobdc) structure, Co,(dobdc) exhibits
an unexpected structural distortion in the presence of either o-xylene or ethylbenzene that enables the accommodation of

additional guest molecules.

B INTRODUCTION

Industrial chemical separations account for 15% of the global
energy demand.' As a consequence, the development of more
energy-efficient separations using adsorbent- or membrane-
based technologies represents a key pursuit toward mitigating
the continuous rise in worldwide energy consumption. One of
the most difficult industrial mixtures to partition consists of the
Cg isomers o-xylene, m-xylene, p-xylene, and ethylbenzene,
which are primarily obtained from either reformates or
pyrolysis gasoline.” Both sources yield mixtures of the four
isomers that do not match market demand. For example, of the
39.2 Mt of xylenes produced in 2008, 33.0 Mt was used as pure
p-xylene, 3.6 Mt as o-xylene, 0.4 Mt as m-xylene, and the
remainder was used directly without separation as mixed
xylenes solvent.” The large need for pure p-xylene stems from
its use as a precursor to terephthalic acid, a major feedstock in
the production of polyesters and polyamides.” The second
most valuable isomer, o-xylene, is mainly converted to phthalic
anhydride, a precursor to plasticizers.” Current processes do
not isolate ethylbenzene from the Cq mixture, as the isomer is
produced more economically by the alkylation of benzene with
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ethylene.® Optimizing output to meet economic demand
requires separation of the desired isomers, mainly p-xylene
and some o-xylene, followed by isomerization of the unwanted
fraction back to the thermodynamic mixture.”

The similar boiling points of the Cg isomers make distillative
separation of all four nearly impossible, while their comparable
sizes and polarizabilities limit the ability of adsorbents to
distinguish between the different isomers (Table 1). Current
state-of-the-art technology involves either crystallization (25%

Table 1. Physical Properties of the Cg Alkylaromatics™’

boiling kinetic
point diameter  dipole moment ola.rlzablhtgl
Cg isomer (°C) (A) (X10™ esu cm) (X107 cm®)
o-xylene 144.4 6.8 0.649 141-149
m-xylene 139.1 6.8 0.36 142
p-xylene 138.4 5.8 0.1 137—-149
ethylbenzene 136.2 5.8 0.59 142
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Figure 1. A portion of the crystal structures of Co,(dobdc) and Co,(m-dobdc) (dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate; m-dobdc*™ = 4,6-
dioxido-1,3-benzenedicarboxylate); purple, red, gray, and white spheres represent Co, O, C, and H atoms, respectively.

of production) or adsorption (75% of production) to effect
separation. Industrial adsorption-based techniques for the
production of pure p-xylene are carried out in the liquid
phase with faujasite-type zeolites using simulated moving bed
technology.” Although difficult, o-xylene can be separated by
fractional distillation, while the m-xylene and ethylbenzene are
obtained through other adsorption- and complexation-based
processes, such as the commonly used Parex process from
Honeywell UOP.® The isolation of all four isomers using a
single process has yet to be implemented, prompting research
efforts to pursue the development of more efficient
technologies. Several studies have focused on improving
adsorptive separations with zeolites,”"> while more recent
work has highlighted membrane-based separations as com-
petitive and less energy-intensive alternatives.”'*

Metal—organic frameworks have previously been studied for
the separation of hydrocarbon mixtures such as ethane/
ethylene, prolgane/ propylene, and Cg alkane mixtures, among
many others.”” In particular, some of these materials have been
studied for the se)paration of xylene isomers based on size and
shape selectivity.”'®™>’ For example, frameworks with small
pore apertures, such as Zn(2-methylimidazolate), or ZIF-8'°
and Zn([1,1'-biphenyl]-3,5-dicarboxylate),"” have been shown
to selectively adsorb p-xylene over o-xylene and m-xylene due to
its smaller kinetic diameter. In addition, the framework
V(0)(bdc) (H,bdc = 1,4-benzenedicarboxylic acid) or MIL-
47 affords separation based on packing differences and
adsorbate—adsorbate interactions upon adsorption, ” engender-
ing many follow-up studies on both MIL-47""*" and its
structural analogues M(OH)(bdc) or MIL-53-M (M = A],
Fe).””?** Finally, the flexible metal—organic framework
Ce(Htcpb) (Hytepb = 1,2,4,5-tetrakis(4-carboxyphenyl)-
benzene) has been demonstrated to separate the four Cg
isomers effectively through shape-selective conformational
changes in response to specific isomers.”’

Frameworks bearing coordinatively unsaturated metal
centers have been extensively investigated as adsorbents for
the separations of small gas molecules, due to the ability of their
exposed metal sites to bind specific gases preferentially.'>**~*'
Despite considerable work demonstrating the ability of these
materials to separate gas mixtures that are generally difficult to
purify, only a limited number of studies have explored their use
in the separation of larger molecules such as the Cg
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alkylaromatics.'”*° In one report, the metal—organic frame-
work Niy(dobdc) was shown to separate two-component
mixtures of o-xylene, m-xylene, and p-xylene, although the
exposed nickel(II) coordination sites in this material were
thought to play a minor role in the separation.”® Here, we
demonstrate through adsorption and breakthrough measure-
ments coupled with structural characterization by single-crystal
X-ray diffraction that the metal—organic frameworks
Co,(dobdc) and Co,(m-dobdc) (Figure 1) facilitate the
separation of the Cqy aromatics through subtle differences in
the interaction of two coordinatively unsaturated metal centers
with each Cg molecule. Furthermore, Co,(dobdc) is found to
undergo a structural distortion upon binding either o-xylene or
ethylbenzene, which significantly increases its adsorption
capacity for these isomers.

B EXPERIMENTAL SECTION

Materials and Methods. N,N-Dimethylformamide (DMF),
tetrahydrofuran (THF), ethanol, and methanol were obtained from
commercial sources and used without further purification. The solvent
n-heptane, the internal standard n-undecane, and the Cg isomers o-
xylene, m-xylene, p-xylene, and ethylbenzene were purchased from
commercial sources, dried over sodium (n-heptane) or 3 A molecular
sieves (undecane, o-xylene, m-xylene, p-xylene, and ethylbenzene),
degassed via three successive freeze—pump—thaw cycles, and then
stored over 3 A molecular sieves in an N-filled glovebox. The
compounds Co(NO;),-6H,0, Co(acetate),-4H,0, and 2,5-dihydroxy-
1,4-benzenedicarboxylic acid (H,dobdc) were purchased from
commercial sources and used as received. The metal—organic
framework Co,(dobpdc) (dobpdc*” 4,4'-dioxidobiphenyl-3,3'-
dicarboxylate), which is the expanded analogue of Co,(dobdc), and
the ligand 4,4’-dioxidobiphenyl-3,3’-dicarboxylic acid (H,dobpdc)
were synthesized according to a previously published procedure as
detailed in the Supporting Information.*

Synthesis of Hy(m-dobdc). Resorcinol (1,3-dihydroxybenzene;
37.6 g, 0.340 mol) and KHCOj; (100 g, 1.00 mmol) were pulverized
separately and dried under vacuum. The two powders were then mixed
together thoroughly and placed in a glass jar that was sealed in a Parr
reaction bomb equipped with an internal thermocouple and a pressure
gauge. The reaction bomb was evacuated under vacuum and then
dosed with CO, to 40 bar pressure. The bomb was heated to 250 °C
(as measured by the internal thermocouple) in a sand bath for 24 h
and then slowly cooled to room temperature. The pressure was vented
and 1 L of water was added to the solid in the jar, which was broken
up mechanically, followed by sonication of the mixture. The resulting
suspension was filtered, and the filtrate was acidified with 12 M HCI
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until reaching a pH < 2, at which point white solid H,(m-dobdc) had
precipitated. The solid product was collected by filtration. Yield: 53.2
g, 79%. "H NMR (400 MHz, DMSO-d) 5 9.22 ppm (br, 4H), 8.28
ppm (s, 1H), 6.22 ppm (s, 1H); *C NMR (400 MHz, DMSO-d;) &
172.0 ppm, 167.7 ppm, 134.3 ppm, 107.3 ppm, 103.0 ppm.

Synthesis of Co,(dobdc). The framework Co,(dobdc) was
synthesized using a slight modification to a previously published
procedure.’® A 1 L Pyrex jar was charged with H,dobdc (2.23 g, 11.3
mmol), Co(NO),-6H,0 (10.9 g 37.5 mmol), and a 1:1:1 (v/v/v)
mixture of DMF/ethanol/water (900 mL), and then sealed with a
PTFE-lined cap. The resulting mixture was sonicated until all reactants
were fully dissolved to form a violet solution. The reaction mixture was
then placed in an oven that was preheated to 100 °C and kept at this
temperature for 24 h, yielding violet needle-shaped single crystals. The
crystals were soaked three times in 1 L of DMF for 24 h at 120 °C,
followed by soaking three times in 1 L of methanol at 60 °C. The
crystals were then heated at 180 °C under dynamic vacuum for 24 h to
give fully desolvated Co,(dobdc). Langmuir surface area (N,, 77 K):
1410 m*/g.

The single crystals obtained from the large-scale synthesis of
Co,(dobdc) were all found to exhibit obverse/reverse twinning, which
complicated analysis of the structures showing distortion of the lattice
upon soaking with o-xylene or ethylbenzene. Nontwinned single
crystals were therefore synthesized using a slight modification to a
previously published procedure.*> A solution of H,dobdc (74.3 mg,
0.375 mmol) in 2.5 mL of THF was added to a solution of
Co(acetate),-4H,0 (93.4 mg, 0.375 mmol) in 2.5 mL of deionized
water in a PTFE-lined Parr-reactor. The reactor was placed in an oven
that was preheated to 110 °C and kept at this temperature for 5 days
to give pink needle-shaped single crystals. The crystals were soaked
three times in 20 mL of DMF for 24 h at 120 °C, followed by soaking
three times in 20 mL of methanol at 60 °C. Fully desolvated
Co,(dobdc) single crystals were obtained by heating at 180 °C under
dynamic vacuum for 24 h.

Synthesis of Co,(m-dobdc). The framework Co,(m-dobdc) was
synthesized according to literature procedures.** A 1 L three-neck
round-bottom flask was charged with 310 mL of methanol and 310 mL
of DMF and sparged with N, for 1 h while stirring. The solids H,(m-
dobdc) (2.00 g, 10.1 mmol) and CoCl, (3.27 g 25.2 mmol) were
added, and the flask was equipped with a reflux condenser and sealed
under N,, forming a blue-pink suspension. The reaction mixture was
then stirred at 120 °C for 18 h, yielding a pink microcrystalline solid
that was isolated by filtration. The powder was soaked in 500 mL of
DMEF at 60 °C for 24 h, followed by soaking three times in 500 mL of
methanol at 60 °C for 24 h. The resulting powder was collected by
filtration and heated to 180 °C under dynamic vacuum for 24 h to give
fully desolvated Co,(m-dobdc). Langmuir surface area (N,, 77 K):
1500 m*/g.

Single crystals of Co,(m-dobdc) were prepared by adapting the
procedure used for the large-scale synthesis of Co,(dobdc). A 100 mL
Pyrex jar was charged with H,(m-dobdc) (198 mg, 1.00 mmol),
Co(NO),-6H,0 (970 mg, 3.33 mmol), and 80 mL of a 1:1:1 (v/v/v)
mixture of DMF/ethanol/water, and then sealed with a PTFE-lined
cap. The resulting mixture was sonicated until all reactants were fully
dissolved to form a pink solution. The reaction mixture was then
placed in an oven that was preheated to 100 °C and kept at this
temperature for 24 h, yielding pink needle-shaped single crystals. The
crystals were soaked three times in 100 mL of DMF at 120 °C for 24
h, followed by soaking three times in 100 mL of methanol at 60 °C.
Fully desolvated Co,(m-dobdc) single crystals were obtained by
heating at 180 °C under dynamic vacuum for 24 h.

Single-Component Vapor-Phase Adsorption Experiments.
Approximately 150 mg of each sample was loaded into a preweighed
sample tube in an N,-filled glovebox, and the sample tubes were
capped with a Transeal equipped with Kalrez O-rings. The samples
were then transferred to a Micromeritics 2420 instrument degas
manifold and heated at a rate of 0.2 °C/min to a temperature of 180
°C while each sample was under vacuaum. When a degas rate of <1
pbar/min was achieved, each sample was considered to be activated.
Following this procedure, the samples were transferred to a
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Micromeritics 3Flex gas adsorption analyzer equipped with a vapor
dosing tube for single-component xylene adsorption measurements.
Each sample tube was subsequently immersed in a temperature-
controlled oil bath that surrounded most of the tube. Each xylene was
stored over 3 A molecular sieves prior to being placed in the vapor
dosing tube, and was degassed on the instrument via three freeze—
pump—thaw cycles. The vapor dosing tube was then heated to 35 °C
with a heating mantle and kept at this temperature for the duration of
the experiment. The manifold of the instrument itself was heated to 45
°C to prevent condensation of liquid xylenes. Experiments were
conducted with the instrument in fixed pressure incremental dose
mode in increments of 0.1 mmol/g. Importantly, to ensure full
equilibration of each isomer with the metal—organic framework
adsorbent, each dose was allowed to equilibrate until the change in
pressure was below 0.01% of the average pressure measured over a 90
s interval.

Multicomponent Vapor-Phase Breakthrough Experiments.
Qualitative breakthrough experiments were carried out using a custom-
built breakthrough apparatus consisting of Swagelok fittings and
copper tubing connecting an N, cylinder, several valves, a sample
holder, and a bubbler to a PerkinElmer Clarus 500 gas chromatograph
(GC). A mixture of o-xylene, m-xylene, p-xylene, and ethylbenzene was
loaded into a glass bubbler connected to the setup. Nitrogen (N,
99.999%) was flowed through the bubbler at a rate of 40 mL/min,
which was controlled by a Parker Porter mass flow controller. The
composition of the four components in the bubbler was adjusted until
a 1:1:1:1 mixture was achieved in the vapor phase, as detected by the
GC equipped with a Supelco SCOT Bentone 34/DNDP capillary
column. Each sample was then loaded into one vertical portion of a U-
shaped Swagelok assembly equipped with a fritted gasket to hold the
sample in place, and then connected to the apparatus and heated to
125 °C. The Cg mixture from the bubbler was carried by this nitrogen
flow through the sample and to the GC, which sampled the effluent
gas every S min. Peak integration of each sampling event allowed for
the determination of the relative amounts of each component over
time.

Multicomponent Liquid-Phase Adsorption Experiments. In
an N,-filled glovebox, equimolar stock solutions of o-xylene, m-xylene,
p-xylene, and ethylbenzene (0.010—1.7 M for each isomer) in dry n-
heptane were prepared with n-undecane (0.01 M) as an internal
standard. For each concentration, a 250 uL aliquot of Cg isomer
solution was added to a preweighed (~20 mg in most cases) sample of
Co,(dobdc) in a 4 mL vial. Each sample vial was sealed with a PTFE-
lined cap and kept at 33 °C for 24 h. The concentrations of both the
stock solution and the solution over the Co,(dobdc) were both
analyzed by gas chromatography using an SRI instruments 8610 V GC
equipped with a Supelco SCOT Bentone 34/DNDP capillary column
and a Cobra autosampler. The amount of each isomer adsorbed was
then calculated from the difference between the initial and equilibrium
concentrations of the isomer and the mass of the Co,(dobdc) sample.
Two-component selectivities, S, were calculated according to eq 1,
where g; and g; represent the quantities adsorbed for components i and
j, respectively, while C; and C; represent the equilibrium concen-
trations for components i and j, respectively.

q,/4;
=G

(1)

Single-Crystal X-ray Diffraction. In an N,-filled glovebox, fully
desolvated single crystals of either Co,(dobdc) or Co,(m-dobdc) were
soaked in ~3 mL of o-xylene, m-xylene, p-xylene, or ethylbenzene for
at least 24 h at 33 °C in 4 mL vials sealed with PTFE-lined caps.
Sample vials were kept sealed and taken out of the glovebox prior to
data collection. Immediately after opening the sample vial, crystals
were coated with Paratone-N oil, mounted on MiTeGen loops, and
then cooled to 100 K using an Oxford Cryostreams cryostream for
data collection. X-ray diffraction data for all samples were collected at
Beamline 11.3.1 at the Advanced Light Source at Lawrence Berkeley
National Laboratory using synchrotron radiation (4 = 0.8856 A for
Co,(dobdc)-0.99(o-xylene), Co,(dobdc)-0.36(ethylbenzene),
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Figure 2. Single-component vapor-phase o-xylene (yellow), ethylbenzene (green), m-xylene (blue), and p-xylene (red) adsorption isotherms for
Co,(dobdc) (a) and Co,(m-dobdc) (b) at 150 °C. Multicomponent vapor-phase breakthrough measurements for an equimolar mixture of o-xylene
(yellow), ethylbenzene (green), m-xylene (blue), and p-xylene (red) vapor with Co,(dobdc) (c) and Co,(m-dobdc) (d) at 125 °C. To facilitate
comparisons between the two breakthrough experiments, time is normalized by assigning the time of p-xylene breakthrough as t,.

Co,(dobdc)-0.82(p-xylene), and Co,(m-dobdc)(H,0)q4,0.77-
(ethylbenzene); A = 0.7749 A for Co,(dobdc)-0.74(m-xylene) and
Co,(m-dobdc)-0.92(o-xylene)) with a Bruker D8 diffractometer
equipped with a Bruker PHOTON100 CMOS detector.

Raw data were integrated and corrected for Lorentz and
polarization effects using Bruker AXS SAINT™ software and corrected
for absorption using SADABS.*® The structures were solved using
direct methods with SHELXS*”** or intrinsic phasing using
SHELXT™ and refined using SHELXL*"*° operated in the OLEX2
interface.”’ Thermal parameters were refined anisotropically for all
non-hydrogen atoms. In all structures, disorder of the Cg isomers
required the use of displacement parameter and distance restraints. In
some cases, the disorder was so severe that geometric constraints were
necessary to model the aromatic ring of the Cg isomers. All hydrogen
atoms were refined using the riding model. In the presence of either o-
xylene or ethylbenzene, Co,(dobdc) undergoes a structural distortion
that involves the elongation of three out of four hexagonal channels
along the direction normal to two opposing walls of the pore. This
distortion results in the formation of a supercell, characterized by the
doubling of both the a and b axes of the undistorted structure.
Refinement of the distorted structures (Co,(dobdc)-0.99(o-xylene)
and Co,(dobdc)-0.36(ethylbenzene)) revealed significant residual
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electron density at positions that match the structure of the
undistorted framework (Figures S10 and S11), suggesting that a
small fraction of these crystals remain undistorted. This likely arises
from defects in the crystals where the cobalt(II) sites are inaccessible,
which has been reported in the M,(dobdc) series of metal—organic
frameworks based on gas adsorption measurements.”> A suitable
structural model that accounts for this electron density could not be
generated, leading to high R-factors for both structures.

B RESULTS AND DISCUSSION

Cy Isomer Adsorption Experiments. The isomeric
metal—organic frameworks Co,(dobdc) and Co,(m-dobdc)
both possess one-dimensional hexagonal channels lined with a
high density of coordinatively unsaturated cobalt(II) cen-
ters.’”** To determine the ability of these frameworks to
distinguish the four Cg isomers, single-component adsorption
isotherms were collected at 150 °C. Comparison of the
adsorption isotherms for Co,(dobdc) (Figure 2a) reveals that
the affinity of the framework for each isomer follows the trend
o-xylene > ethylbenzene > m-xylene > p-xylene, suggesting that
all four molecules can be separated by the framework. In
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contrast, the order of adsorption strength in Co,(m-dobdc) is
o-xylene > ethylbenzene &~ m-xylene > p-xylene (Figure 2b),
which indicates that the framework cannot discriminate
between ethylbenzene and m-xylene despite having a structure
similar to that of Co,(dobdc). Previous work has shown that
Ni,(dobdc) exhibits the same trend in affinity for o-xylene, m-
xylene, and p-xylene.”® Both cobalt frameworks show saturation
capacities that range from 3.1—3.6 mmol/g at ~7 mbar, which
are much higher than those reported for the Ni variant (1.9—
2.1 mmol/g), and correspond to the adsorption of one xylene
molecule per two metal centers (3.2 mmol/g). Notably,
Co,(dobdc) and Co,(m-dobdc) also display greater volumetric
capacities (3.8—4.2 mmol/cm?®) than those reported for the
industrially relevant faujasite-type zeolites (2.4—2.8 mmol/cm?
for NaY)."***>3? In general, the adsorption isotherms for the
C isomers in Co,(dobdc) and Co,(m-dobdc) show consid-
erable uptake at low pressures (0.1 to 1 mbar) and relatively
high temperature, indicating strong interactions between the
framework and the alkylaromatics.

Additional single-component isotherms were collected at 140
and 160 °C (Figures S18 and S19) for each Cg isomer in both
frameworks to determine differential enthalpies of adsorption.
These were found to range from —63 =+ 4 kJ/mol for
ethylbenzene to —77 + 6 kJ/mol for o-xylene in Co,(dobdc),
and from —67 + 2 kJ/mol for p-xylene to —81 + 1 kJ/mol for
ethylbenzene in Co,(m-dobdc) at about half saturation capacity
(Figure S20). The adsorption isotherm data at 140, 150, and
160 °C were not of sufficient quality to obtain accurate
differential enthalpies of adsorption. As a result, the large errors
associated with the calculated enthalpies preclude meaningful
comparisons between the different isomers for each framework,
although these highly exothermic adsorption enthalpies are
consistent with the steep adsorption isotherms and likely arise
from a combination of multiple framework—guest interactions.

Qualitative multicomponent vapor-phase breakthrough
measurements were performed on Co,(dobdc) and Co,(m-
dobdc) to evaluate their performance in separating an actual
mixture of the four Cg alkylaromatics. In these experiments, N,
was bubbled through a mixture of o-xylene, m-xylene, p-xylene,
and ethylbenzene to produce an equimolar vapor mixture that
was subsequently flowed through approximately 1 g of each
material at 125 °C. The components of the eluent from the
sample columns were determined via gas chromatography and
plotted as a function of normalized time (Figure 2c).
Consistent with the order of adsorption strengths determined
from the single-component adsorption isotherms, p-xylene
breaks through the Co,(dobdc) column first followed by m-
xylene, ethylbenzene, and finally o-xylene. In contrast, as was
also predicted from the single-component adsorption iso-
therms, the breakthrough profile of Co,(m-dobdc) shows the
elution of p-xylene first, followed by m-xylene and ethylbenzene
simultaneously, and finally o-xylene (Figure 2d). Overall, these
experiments establish that a four-component mixture of the Cg
isomers can be partitioned in Co,(dobdc), whereas Co,(m-
dobdc) can separate all isomers except ethylbenzene and m-
xylene.

Although the breakthrough measurements clearly demon-
strate separation of the four Cg isomers in Co,(dobdc), this
experiment was conducted under adsorbate concentrations
(~9—13 mbar partial pressure for each isomer) that are much
lower than those typically employed in current adsorption-
based processes, which operate in the liquid phase.” As the
selectivity of an adsorbent can show strong dependence on feed

~
~

3416

concentration,”’ Co,(dobdc) was further evaluated through
liquid-phase batch adsorption experiments at 33 °C using
equimolar solutions of the four isomers (0.040—6.8 M total
concentration) in n-heptane. The results of these measure-
ments confirm that Co,(dobdc) maintains its separation
performance over a wide range of concentrations (Figure 3

1.2
1 o-xylene
] ethylbenzene
14 m-xylene N
) 1 p-xylene I ¢
Sool Lo i
g 08' ° + ¢
-8 : o © §
£ 0.61
5 |
2 1
® 1 8 o o b s
0047 5 ¢ +
Iw ] 28 o o ; E
o 15N
0.2 %
O:? 33°C
0O 02 04 06 08 1 12 14 16

Equilibrium concentration (M)

Figure 3. Multicomponent liquid-phase o-xylene (yellow), ethyl-
benzene (green), m-xylene (blue), and p-xylene (red) adsorption
measurements for Co,(dobdc) at 33 °C using equimolar solutions of
the four isomers in n-heptane. Data points with error bars (for
measurements with initial Cg isomer concentrations of 0.010, 0.050,
0.10, 0.50, 1.0, and 1.7 M) were determined from an average of three
replications. The error bars for data points obtained from measure-
ments with an initial concentration of 0.010 M are smaller than the
markers.

and Figure S22), even when approaching the concentrations in
a pure xylenes mixture (~8 M total concentration). The
selectivities calculated from these liquid-phase adsorption
experiments (Table 2) agree well with the trends observed in

Table 2. Cg Isomer Selectivities for Co,(dobdc)”

Cg isomers selectivity
o-xylene/m-xylene 2.5+ 0.1
o-xylene/p-xylene 39 £ 0S5
o-xylene/ethylbenzene 1.21 + 0.02
ethylbenzene/m-xylene 2.05 + 0.0S
ethylbenzene/p-xylene 321 £ 04
m-xylene/p-xylene 1.6 + 0.2

“Determined from a multicomponent liquid-phase adsorption experi-
ment with equimolar amounts of the Cg isomers (1.7 M in each
isomer; 6.8 M total concentration) in n-heptane at 33 °C.

both the single-component vapor-phase adsorption experi-
ments and the multicomponent breakthrough experiments. At
the highest total concentration (6.8 M; 1.7 M in each isomer),
Co,(dobdc) is most selective for o-xylene over p-xylene (3.9 +
0.5) and least selective for o-xylene over ethylbenzene (1.21 +
0.02). Comparable values have been reported for two-
component mixtures of o-xylene, m-xylene, and p-xylene in
Ni,(dobdc), although the reported capacities are much lower.*®

The foregoing data suggest that Co,(dobdc) could facilitate
the separation of all four Cg isomers in a single industrial
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Figure 4. Structural distortion of Co,(dobdc) upon adsorption of o-xylene as determined by single-crystal X-ray diffraction at 100 K. Three out of
four channels distort to accommodate an additional equivalent of o-xylene. The o-xylene molecules in the undistorted pore were found to be
disordered over two sets of locations due to the 3 symmetry of the framework, but only one set is shown here for clarity. Purple, red, gray, and white

spheres represent Co, O, C, and H atoms, respectively.

adsorption process, which would be especially useful for
removing ethylbenzene from Cg mixtures. Although unable to
separate all four isomers, Co,(m-dobdc) could conceivably be
applicable in current xylenes separation processes, wherein the
p-xylene and o-xylene are obtained by separation and the
mixture of m-xylene and ethylbenzene is regioisomerized to the
equilibrium mixture. In addition, Co,(m-dobdc) and its
isostructural analogues with other metal cations also offer the
advantage of combining high adsorption performance with low
materials’ cost as compared to that of other metal—organic
frameworks.”* The selectivity of both cobalt frameworks for the
other isomers over p-xylene could even be used in the
separation of these components from the 90+% p-xylene
product mixtures of toluene disproportionation processes.’

Structural Characterization of Cg Isomer Adsorption.
Single-crystal X-ray diffraction studies were performed to
elucidate the structural features that underlie the ability of
these frameworks to bind and differentiate the Cg isomers. In
general, structures were obtained from data collected at 100 K
on single crystals that were soaked for ~24 h in an aliquot of
each C; alkylaromatic. Contrary to the structural rigidity
maintained by the M,(dobdc) series of metal—organic
frameworks upon adsorption of different small mole-
cules,>™35%3977% Co,(dobdc) exhibits appreciable flexibility
upon adsorption of the two strongest binding isomers, o-xylene
and ethylbenzene. Upon binding either of these isomers, three
out of every four pores in the framework elongate along the
direction perpendicular to two opposing edges of the hexagonal
channel (Figure 4). The arrangement of six deformed channels
around a single undistorted channel maintains the R3 symmetry
of the lattice but lowers its translational symmetry, which
manifests in the formation of a supercell with a and b edges that
are double that of the undistorted framework. Notably, these
experimental results corroborate computational work predicting
similar adsorbate-induced lattice distortions in expanded
variants of this framework.”"
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Remarkably, each distorted pore in the o-xylene structure
accommodates four xylene molecules for every three adsorbed
in an undistorted channel, resulting in three distinct binding
sites for o-xylene in the framework (Figure 4 and Figure S3).
Two cobalt(II) centers interact with a single o-xylene molecule
at two of these sites, one located in a deformed channel and the
other in an undistorted channel. In the third site, o-xylene binds
to only a single cobalt(II) center through 7> coordination of the
aromatic ring. Only one binding site was resolved in the
structure of ethylbenzene in Co,(dobdc), which is located in
the distorted pore of the framework (Figure SS). In contrast, no
framework distortion occurs when m-xylene or p-xylene bind to
Co,(dobdc), and for these isomers only one xylene molecule is
adsorbed for every two cobalt sites at full occupancy (Figures
S1 and S2), consistent with the saturation capacities measured
from the single-component adsorption isotherms.

In the o-xylene and ethylbenzene structures, the two cobalt
centers interacting with a single molecule in the distorted
channels are brought ~0.2 A closer together than in the
activated framework (7.854(2) A with o-xylene and 7.897(3) A
with ethylbenzene as compared to 8.0771(12) A in the
activated framework). This contraction facilitates a closer
contact between the exposed cobalt sites and the adsorbate,
resulting in greater stabilization of the adsorbed o-xylene or
ethylbenzene molecules. As the framework distortion only
occurs upon adsorption of the two strongest binding isomers,
we can infer that this structural change requires sufficiently
strong framework—guest interactions, while the tight packing of
o-xylene molecules in the deformed channels suggests that
guest—guest interactions also play a key role. Altogether, these
structural results indicate that distortion of the framework is
governed by an interplay between the energetic penalty
incurred upon framework deformation and the thermodynamic
stability gained through enhanced framework—guest interac-
tions and the adsorption of additional molecules upon
distortion.
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To determine whether the structural distortion of
Co,(dobdc) occurs at temperatures relevant to those employed
in evaluating Cg isomer separations, we carried out variable-
temperature powder X-ray diffraction studies on o-xylene- and
ethylbenzene-soaked samples of the framework from 27-127
°C (Figures S23 and $24). These experiments revealed that the
distortion only happens at temperatures well below those of the
single-component adsorption isotherms (150 °C) and break-
through measurements (125 °C). Specifically, o-xylene induces
framework distortion at temperatures lower than or equal to 67
°C, while the ethylbenzene-soaked sample remained undis-
torted even as low as 27 °C. Moreover, diffraction experiments
at 100 K on single crystals taken from the multicomponent
liquid-phase batch adsorption measurements showed no
evidence of the distortion, indicating that the presence of the
other isomers prevents o-xylene and ethylbenzene from
distorting the framework. Thus, the observed separation
performance of Co,(dobdc) under the conditions of the
breakthrough and liquid-phase adsorption experiments cannot
be attributed to the flexibility of the framework. Comparing the
o-xylene adsorption isotherms at 50 and 150 °C, however,
demonstrates the distortion does impact the adsorption
properties of the framework. Indeed, the saturation capacity
at 150 °C corresponds to the loading of one o-xylene per two
cobalt sites in the undistorted pore (3.2 mmol o-xylene),
whereas the isotherm at 50 °C displays the anticipated 25%
increase in capacity that accompanies the distortion (Figure S).
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Figure S. Comparison of the o-xylene adsorption isotherms for
Co,(dobdc) at 50 °C (blue) and 150 °C (red). The saturation capacity
at 50 °C corresponds well with full crystallographic occupancy of all of
he o-xylene sites in the structure of o-xylene in Co,(dobdc) at 100 K,
whereas the capacity at 150 °C matches a loading of one o-xylene per
two cobalt sites in an undistorted pore.

Comparison of the structures of the four isomers in
Co,(dobdc) at 100 K reveals that each isomer interacts with
both the exposed cobalt(II) sites and the linker aromatic rings
(Figure 6). All four isomers display comparable arene 7—7x
interactions with the dobdc*™ linker, with centroid-to-centroid
distances that range from 3.583(4) A for p-xylene to 3.651(9) A
for o-xylene. The similarity of these distances and lack of an
apparent trend with binding affinity suggest that z—x
interactions do not contribute significantly to the xylene isomer
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selectivity. In contrast, clear differences can be identified in the
interactions of each isomer with the exposed cobalt(II) sites of
the framework. Significantly, o-xylene, ethylbenzene, and m-
xylene are capable of interacting with two cobalt(II) centers
situated at opposite ends of a linker, whereas p-xylene, the
weakest binding isomer, interacts with only a single metal site.
Two of the binding sites for o-xylene feature the interaction of a
methyl group and an aryl C—H group at the 1 and 4 positions
of the o-xylene ring with two cobalt(II) centers on opposing
sides of a dobdc*™ linker (Figure 6 and Figure S4), with Co--
Chnethyl distances of 3.101(19) and 3.13(5) A and Co+Cyyi
distances of 2.789(19) and 2.9130(18) A, respectively. These
distances are much longer than those observed for agostic
interaction in alkyl and aryl complexes,””””® indicating that the
xylene molecule binds through weak noncovalent interactions
that arise from polarization by the exposed partial positive
charge on the cobalt centers. We note that, although another
binding mode was identified for o-xylene in the distorted
structure of Co,(dobdc) (Figure S4), this site is less relevant as
the distortion does not occur under the conditions of the
multicomponent separation.

Ethylbenzene also interacts with two metal sites through a
benzylic carbon and an opposing aryl C—H group. Both
interactions are longer than those observed with o-xylene, in
line with the lower affinity of Co,(dobdc) for ethylbenzene
(Figure 6). These comparatively weaker Co'—ethylbenzene
interactions likely result from the additional steric bulk of the
ethyl group, which prevents a closer approach of molecule to
the cobalt sites and is evident in the much longer Co-+Cpeyyyl
distance (3.35(3) A) of ethylbenzene as compared to the Co-
Cinethyl distance of o-xylene (3.101(19) A).

The second weakest adsorbing isomer, m-xylene, also binds
to two cobalt(II) sites through opposing alkyl and aryl C—H
groups. In comparison to o-xylene and ethylbenzene, m-xylene
exhibits a longer Co--C,,, distance of 3.0164(3) A, which can
be attributed to steric repulsion between the adjacent methyl
group and a linker oxygen atom that is only 3.34(3) A away.
The longer Co---C,,,; distance suggests that a weaker Co'—aryl
interaction leads to the lower affinity of the framework for this
isomer.

The 1,4 substitution of p-xylene causes it to be too long to
adopt the same orientation as the other Cq isomers, precluding
its interaction with two metal sites. As a consequence, this
isomer is only stabilized by the interaction of an aryl C—H
group with a single cobalt(I) center and an arene 7—x
interaction with the linker. The absence of a second Co"—p-
xylene interaction results in this isomer binding the weakest to
Co,(dobdc). Single-component adsorption isotherms from an
expanded analogue of this material, Co,(dobpdc) (dobpdc*™ =
4,4’-dioxidobiphenyl-3,3’-dicarboxylate),** corroborate that
interaction with only a single metal site leads to weaker
adsorption of the Cq isomers, as the longer distances between
the two cobalt(II) centers across each linker in this material
prevent any of the four isomers from interacting with both
cobalt sites (Figure S21).

Interestingly, Co,(m-dobdc) does not exhibit pore distortion
upon binding any of the isomers at the investigated
temperatures. The lack of any observed distortion likely arises
from the closer distance between the cobalt(II) centers in
Co,(m-dobdc) (7.7923(15) A) as compared to Co,(dobdc)
(8.0771(12) A). This difference of ~0.2 A matches well with
the observed change in Co--Co distance upon framework
distortion in Co,(dobdc) and likely precludes the need for a
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Figure 6. A portion of the structures of o-xylene, ethylbenzene, m-xylene, and p-xylene in Co,(dobdc) at 100 K as determined through analysis of
single-crystal X-ray diffraction data, showing the interactions of each isomer with two exposed cobalt(Il) sites and the linker arene ring. The
structures shown for o-xylene and ethylbenzene correspond to binding sites within the distorted hexagonal channels. Two additional binding sites
were located for o-xylene (Figure S4). Purple, red, gray, and white spheres represent Co, O, C, and H atoms, respectively.

distortion to maximize the interaction between two metal sites
and a single Cg molecule in Co,(m-dobdc). Furthermore, this
difference in behavior between the isomeric frameworks
highlights how subtle changes in the framework structure can
affect its adsorption properties. As in Co,(dobdc), o-xylene and
ethylbenzene were also observed to bind to two cobalt(II) sites
in Co,(m-dobdc) through the interaction of an alkyl group and
an aryl C—H group (Figure 7), resulting in three binding sites
in each hexagonal channel related by 3-fold symmetry (Figures
S6 and S7). The stronger binding isomer, o-xylene, displays a
shorter Co--C,,; distance of 2.7954(7) A and a similar Co---
Caiy distance of 2.89(3) A as compared to the respective
distances of 3.09(3) and 2.81(4) A for ethylbenzene, suggesting
that Co,(m-dobdc) also distinguishes between the two isomers
through the strength of their interactions with two metal sites.
Although sufficiently resolved structures of the other Cg
alkylaromatic molecules in Co,(m-dobdc) could not be
obtained due to severe disorder enforced by the mirror
symmetry of the framework, the selectivity of Co,(m-dobdc)
for the different isomers is expected to be controlled by factors
similar to those identified in Co,(dobdc).

B CONCLUSIONS

The foregoing results demonstrate that the Cq alkylaromatics o-
xylene, m-xylene, p-xylene, and ethylbenzene can be separated
by the metal—organic frameworks Co,(dobdc) and Co,(m-
dobdc) through the varied extent of interaction of each isomer
with two adjacent coordinatively unsaturated cobalt(II) centers.
Single-component adsorption isotherms, multicomponent
vapor-phase breakthrough measurements, and multicomponent
liquid-phase batch adsorption experiments show that
Co,(dobdc) effectively separates all four isomers and has the
strongest affinity for o-xylene, followed by ethylbenzene, m-
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Figure 7. A portion of the structures of o-xylene and ethylbenzene in
Co,(m-dobdc) at 100 K as determined through analysis of single-
crystal X-ray diffraction data, showing the interactions of each isomer
with two exposed cobalt(Il) sites and the linker arene ring. The Cg
isomers in both structures are disordered over two positions due to the
mirror symmetry of the framework. Water was found to contaminate
30% of the cobalt(Il) sites in the structure of ethylbenzene in Co,(m-
dobdc), but only ethylbenzene is shown here for clarity. Purple, red,
gray, and white spheres represent Co, O, C, and H atoms, respectively.
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xylene, and p-xylene. In contrast, Co,(m-dobdc) can only
distinguish between three of the four isomers, due to its similar
binding affinity for m-xylene and ethylbenzene.

Single-crystal X-ray diffraction experiments indicate that the
strong adsorption of the Cg alkylaromatics arises from their
interactions with a linker aromatic ring and exposed cobalt(1I)
sites in both Co,(dobdc) and Co,(m-dobdc). In particular, a
comparison of the structures of the four xylene isomers in
Co,(dobdc) shows that the framework distinguishes among the
isomers due to nuanced differences in the interaction of o-
xylene, ethylbenzene, and m-xylene with two adjacent cobalt-
(W) centers and the inability of p-xylene to interact with a
second metal site. Furthermore, the structures of o-xylene and
ethylbenzene in Co,(dobdc) reveal that the framework
undergoes an unprecedented structural distortion upon binding
of these isomers, allowing the accommodation of additional
adsorbate molecules.

Altogether, these results highlight how leveraging the
interaction of multiple coordinatively unsaturated metal centers
with a single molecule may lead to the design of new
adsorbents for the separation of hydrocarbons. In particular,
altering the distance between the exposed metal sites in related
materials could afford control over their selectivity for the
different Cgq isomers and could potentially enable the separation
of mixtures containing other adsorbates.
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