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Targeted Capture and Pressure/Temperature-Responsive Separation in
Flexible Metal-Organic Frameworks

Libo Li, Yong Wang, Jiangfeng Yang, Xiaoqing Wang, and Jinping Li*

Based on an in-house-constructed separation apparatus, controlled and targeted CO, and CH, capture,
respectively, from binary mixtures (CO,/CH, or CH,/N,) has been realized on two flexible MOFs,
[Cu(dhbc),(4,4'-bipy)] and [Cu(4,4"-bipy).(BF,),], in the form of packed bed of particles. These gas
mixtures were effectively separated on the flexible MOFs by using a unique two-stage separation
technique. Molecular dynamic simulations have been performed to assess the atomistic interactions of
small molecules in flexible MOFs that directly influence the dynamic gas separation. Furthermore,
structural stability and the effect of H,O in these gas separations have been investigated, and the results
suggest that the flexible MOFs show significantly improved gas separation performances.

40 in the MIL-53 family of MOFs."*""7 In 2010, Kitagawa et al.

Introduction studied the separation ability of CO, over CHy from CH,/CO,
) . . mixture using [Cu(dhbpc),bipy]-2CH;COCH; (H,dhbpe = 4,4'-

Gas capture and separation of mixtures are important for many dihydroxybiphenyl-3-carboxylic acid) at a total pressure of

energy and environmental applications, such as CO, capture and 0.1 MPa and 273 K, but the breakthrough profiles were not
CO,/CH,4 or CH4/N, puriﬁcation.1 CH,, with the highest heat of

combustion per mass unit (55.7 kJ/g), is poised to be one of the
most important energy source candidates in the future.> However,

45 observed.'® In 2012, Kitagawa’s group attempted CH,/CO, and
CH,4/C,Hg separation experiments on flexible ligand-base solid
o L . solution compounds designated as [Zn(5NO,-ip)(bipy)], (CID-5),
significant quantities of natural gas and biogas cannot be used [Zn(5MeO-ip)(bipy)], (CID-6), and CID-5/6 (5NO,-ip = 5-
. . n B
efﬁmently because t'he presence of CO, and N, in th'e'se £as nitroisophthalate, SMeO-ip = 5-methoxyisophthalate, bipy = 4,4'-
n.nxt.ures lowers thel'r energy con.tent. T.hus, ap rerequl.sne for so bipyridine), which made a contribution for study the separation
significant advances is the generation of improved materials that ability of flexible frameworks.'®
L3S :
can enable CO;(CH4 and CH“/NZ separations. . | In 2009, Coudert et al. proposed the so-called osmotic framework
Amon.g the - diverse “adsorptive sepa.ranon mat.er.lals, met.a - adsorbed solution theory (OFAST) to study the evolution of gate
organic frameworks (MOFs) have studied as promising materials opening in [Cu(44"-bipy)(dhbe),] (dhbe = 2,5-dihydroxybenzoic
for ga§ separation. Chemical a'nfl .thermal robystness of MQFS, « acid, 44"bipy = 4,4bipyridine) and the breathing of MIL-53
1nc1ud11.1g stru.ctural rigidity .durmg revers¥ble upon adsorption of CO,/CH, mixtures. OFAST adequately
adsorption/desorption, are key features with regard to possible explained the structural transitions occurring upon adsorption of a

. . . . . . . 6-9

industrial apphcfatlons n cat'aly31s and gas' storage/separation. binary gaseous mixture.2’ Rec ently, molecular simulations using

A so-called third generation of functional MOFs has been - . .
atomistic force fields and ab initio quantum mechanical

. . . . . 10 . e
cfelme'rbgllng s1nc; its c9ncept10n 1nf1 998. Tliles; materials exhlzlt a calculations have been extremely helpful in explaining flexibility
exible (or dynamic) porous framework that can respond to effects, but these methods typically require prior knowledge of

p ressure,' tfarnp erature, 110 r adsorption of guest molecules by flexibility modes that need to be determined experimentally.*'*
changes in its structure. ~ Although many authors have stated that Sarkisov et al. reported a simple and computationally efficient

flexible MOFs are good candidates for gas separation, it should method for predicting whether an MOF is flexible, based on

be noted that such expectations have commonly been based ¢s treating it as a system of rigid bodies connected by flexible joints,

.solely 01112 1nspect.1on of  their pure-compon@t adso.rp.tl.on which allowed systematic prediction of large amplitude flexibility
isotherms. = Most direct measurements of adsorption selectivities regimes 24

for gaseous mixtures in flexible MOFs have related to separations
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Fig.1 Elastic structure deformations in [Cu(dhbc),(4,4'-bipy)] (A,C) and [Cu(4,4'-bipy),(BF.).] (B,D) in Macro and Micro Level %

Two flexible MOFs [Cu(dhbc),(4,4'-bipy)]-H,O and [Cu(4,4'-
bipy),(BF,4),]:(H,0), with stacked two-dimensional (2D)
s frameworks were first reported by S. Kitagawa et al.”> in 2003
and by P. Hubberstey”® in 1997. Square-grid structures
[Cu(dhbc),(4,4"-bipy)] and [Cu(4,4'-bipy),(BF,),] were obtained
after activation at 393 K to remove the H,O molecules.
[Cu(dhbc),(4,4"-bipy)] showed a gate-opening phenomenon at
certain pressures of nitrogen, oxygen, or methane, corresponding
to a subnetwork displacement in its structure.'” This phenomenon
is restricted to systems having discrete frameworks that are not
interconnected through strong chemical bonds, but interact only
through weak van der Waals interactions, such that the subnets
1s can drift, relocate, or shift with respect to one another
(Figure 1C).* The gate-opening phenomenon of [Cu(4,4"-
bipy),(BF,4),] was clarified by detailed synchrotron radiation
experiments on CO, adsorption.?” After CO, adsorption, the inter-
layer distance was increased by 1.20 A from 4.58 A to 5.78 A
(26%), and the staggered stacked layers could slide with respect
to one another, accompanied by rotation of the pyridine rings
(Figure 1D).***" These two flexible MOFs have received a lot of
attention with such potent characteristics such as gate opening,
and have been mainly studied from a structural point of view, as
2s well as with regard to their behavior upon adsorption of various
guests. The most intriguing aspects relate to cases in which one
guest molecule induces a structural transition or two guests work
together. For example, the question arises as to how the guest-
induced structural transitions during gate opening evolve upon
the adsorption of gas mixtures.
To describe the dynamic separation process of binary gas
mixtures in the flexible MOFs [Cu(dhbc),(4,4-bipy)] and
[Cu(4,4'-bipy),(BF,),], experimental data for the separation of
CO,/CH; and CH4/N, mixtures have been collected on an in-
35 house-constructed apparatus. The column dimensions, total
pressure, temperature, and humidity have been systematically
varied. In most previous studies in this field, equilibrium gas
adsorption properties on MOFs have been considered. However,
we surmised that studies of dynamic adsorption and diffusion
40 processes on the MOF structures would provide more insight into
the gas separation processes.’'*? Hence, in this work, the
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adsorption and desorption kinetics of CO,, CHy, and N, in the
gate-opening process have been investigated in detail at 0—20 bar
and 195-298 K based on the two aforementioned flexible MOFs.
With regard to practical application, their mechanical/chemical
stabilities and separation cycle lifetimes have been compared by
several quantitative and qualitative methods.”> Furthermore, a
combination of site—site Lennard—Jones (LJ) and Coulombic
potentials has been employed to calculate the intermolecular
interactions between adsorbate molecules as well as between
adsorbate molecules and the flexible MOFs.** The results suggest
that these flexible MOFs are good candidates for gas separations.

Experimental section
Materials

Syntheses of [Cu(dhbc),(4,4"-bipy)]-H,O and [Cu(4,4'-
bipy),(BF,4),](H,0), were first reported by S. Kitagawa in 2003
and by P. Hubberstey in 1997,°% respectively, and the synthetic
processes were subsequently improved as described in our
previous work.*® All chemicals were purchased in their highest
available commercial purity (>98%) from Sigma—Aldrich.

Characterization

The crystallinities and phase purities of the samples were
measured by powder X-ray diffraction (XRD) with a Rigaku
Mini Flex II X-ray diffractometer employing Cu-K,, radiation
operated at 30 kV and 15 mA, scanning over the range 5-40° (20)
at a rate of 1°/min.

Single-component adsorption measurements

The purities of the carbon dioxide, methane, and nitrogen used
were each 99.999%. Their adsorption isotherms were collected
with an Intelligent Gravimetric Analyzer (IGA 001, Hiden, UK).
Samples were activated overnight under reduced pressure at
393 K or until no further weight loss was observed.

Adsorption kinetics

Adsorption and desorption kinetic data were collected with the
aforementioned Intelligent Gravimetric Analyzer (IGA 001,
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Hiden, UK). The IGA system uses a gravimetric technique to
accurately measure the magnitude and dynamics of gas sorption
on materials under diverse operating conditions.’' In this work,
activated [Cu(dhbc),(4,4'-bipy)] and [Cu(4,4'-bipy),(BF,),]
samples of about 50 mg were introduced into the IGA for gas
sorption measurements. The pressure controller had ranges of
0—-0.1 and 0.1-2 MPa with pressure increments of 50 mbar/min
and 200 mbar/min, respectively. The set pressure point was
maintained by computer control throughout the course of the
experiment. The unique IGA method exploits the gas behavior of
the adsorption process after stabilizing the pressure and
temperature. During this process, the adsorption and desorption
kinetic data can be determined at each point.*®

Breakthrough separation experiments and procedures

The experimental set-up consisted of two fixed-bed stainless steel
reactors, each with inner dimensions of $9x150 mm, connected
in parallel. The horizontal reactors were placed in a temperature
controlled environment, maintained at 195, 273, or 298 K. The
gas flow and pressure were set and controlled at the outlet and
inlet by a pressure controller valve and a mass flow meter, and a
gas chromatograph continuously monitored the effluent gas from
the adsorption bed. A guard tube loaded with desiccant was
installed before the main bed in order to remove trace amounts of
water from gaseous mixtures, or else a vapor generator was
installed to simulate the effect of water on separation of the gases.
When the gas mixture was adsorbed in reactor no. 1 at close to
saturation, the inlet was turned off and the outlet pressure was
reduced to release the gas adsorbed. At the same time, the gas
flow was switched to reactor no. 2 to repeat the above step as a
cyclic system.

For practical considerations, powder samples of [Cu(dhbc),(4,4'-
bipy)] and [Cu(4,4"-bipy),(BF,),] were pelletized into particles of
a certain size (220-320 pm). Details of the particle preparation
process are given in the supporting information. The reactors
were loaded with particles of 1 [Cu(dhbc),(4,4'-bipy)] (4.1380 g)
and 2 [Cu(4,4"-bipy),(BF,),] (3.936 g), respectively. To ensure
the homogeneous nature of the synthesized materials, samples of
each batch were tested by powder X-ray diffraction and CO,
adsorption analyses (Figure S2). More details of the pelletization
procedure (Figure S1) and pre-treatment process for this
apparatus are given in the supporting information.

The influence of water on the adsorption and separation of
gas mixtures

Water vapor adsorption on the MOFs was determined by vapor
sorption measurements on an Autosorb-iQ Quantachrome
(volumetric technique) with vapor generator. The adsorption and
separation of moist gases were measured on the IGA and our in-
house-constructed separation apparatus.

Structural stability

Inevitably, the structural instability of MOFs has been a major
deterrent to their commercial application. To examine the
structural stability of [Cu(dhbc),(4,4"-bipy)] and [Cu(4,4'-
bipy),(BF,),], samples were placed under various conditions
(high temperature; with H,O, CH;0H, and mixtures thereof) and

a5
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Monte Carlo molecular dynamic simulation for adsorption of
gas mixtures on the flexible MOFs

The potential parameters and partial charges for all of the
adsorbates are shown in supporting information.*”*® And the
MOF material studied here was modeled by the atomistic
representation. The LJ potential parameters for the framework
atoms of the MOFs were taken from the Dreiding force field,*
and the missing parameters for Cu were taken from the universal
force field (UFF),* as given in supporting information. The
Lorentz—Berthelot mixing rules were used to determine all of the
LJ cross-potential parameters of adsorbate—adsorbate and
adsorbate—MOF interactions. In this work, atomic partial charges
for the frameworks of the MOFs were estimated using the CBAC
method developed by Zhong’s group, with slight variation to
make the total charge equal to zero.*'**

GCMC simulations were then performed to study the adsorption
behaviors of equimolar (50:50) CO,/CH, and CHy/N, gas
mixtures at 298 and 273 K, at pressures from 0.1 to 2.0 MPa.

Results and discussion
1. Dynamic separation of gas mixtures in flexible MOF's

The breakthrough curves of CO,/CHy4 (50:50, v/v) and CH4/N,
(50:50, v/v) gas mixtures on [Cu(dhbc),(4,4'-bipy)] and [Cu(4,4'-
bipy),(BFy4),] particles were measured on the in-house-
constructed separation apparatus (Figure 2) by applying purged

so He flows at 373 K for 2 h before cooling to room temperature.

Pressure

gauge Dleiicﬁants Buffer No.treactor
|
© @ SO0 PATAIIA
Mass Flow : o7 Flexible MOFs Particles %3 f —D8—
controler |} | @y ACO RN HHITRIGAA
Lo
Vapor Temperature Controller
generator| No.2reactor
7 OOQ*W(QOO% z Pressure
-(:on—-f Flexible MOFs Particles ot Control
CORORHFFHGWN | vawe

Temperature Controller

- i

Gas chromatography

€O,/CH, CH,/N,
50%/50% 50%/50%

Fig.2 Breakthrough separation apparatus for flexible MOFs.

The most noteworthy observation was the volume changes in the
flexible MOFs (Figure 1). However, the traditional PSA (Pressure

ss Swing Adsorption) technique was generally not designed to

handle adsorption beds that constantly undergo volume changes,
and the swelling and shrinking of the pellets would lead to a
significantly fluctuation of gas flows. So, it is clear that flexible
MOFs adsorbent required flexible materials to support them.***

9 To solve this problem, two buffer zones (porous polyethylene

fiber with high gas permeability and elasticity at 173-373 K)
were placed on either side of the adsorbent bed to give a column
of undefined dimensions, thereby allowing regular operation
when volume changes occurred in the flexible MOFs (Figure 2).

ss monitored over the course of 7 days.

95
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Fig.3 Breakthrough curves for binary gases separation experiments with Particles 1 versus Particles 2 using CO,/CH4 (50%/50%) mixtures at flow rates of
20 cm’/min and pressure of 1/10/20 bar at 298 K.

Targeted Capture of CO, from CO,/CH, mixtures

s The breakthrough profiles of CO,/CH,; (50%/50%) mixture are
shown in Figure 3. The two flexible MOFs displayed excellent
CO,/CH, separation abilities in the pressure regions 1/10/20 bar
at 298 K. CO, molecules were effectively captured from the gas
mixtures. Furthermore, an obvious increase in separation

10 capacities with increasing pressure is evident from Figure 3 A
and B: for particles 1, the elution times at 20 bar were about 3.3
and 1.2 times those at 1 bar and 10 bar, respectively; for particles
2, the elution times at 20 bar were about 21.7 and 1.1 times those
at 1 bar and 10 bar, respectively. Particles 2 failed to separate

15 COp/CH, at 298 K and 1 bar, which was because the partial
pressure of CO, was lower than the gate-opening pressure of
[Cu(4,4'-bipy),(BF,),] and hence the CO, molecules could not
diffuse into its structure.** To further study the temperature
effect on separation, breakthrough experiments were conducted at

20 273 K and the results are shown in Figure S4. Detailed elution
times and CO,/CH, adsorption selectivities are given in Table 1.
Targeted capture of CH, from CH,/N, mixtures
The CHy/N, separation abilities of the flexible MOFs
[Cu(dhbc),(4,4'-bipy)] and [Cu(4,4"-bipy),(BF,),] were studied at

25 various temperatures and pressures. Figure 4 shows the elution
profiles of CH; and N, upon separation of a CHy/N, (50:50)
mixture at 298/195 K and 1/10/20 bar, detailed elution times and
CH4/N, adsorption selectivities are given in Table 2. At 298 K,
both flexible MOF particles showed poor separation efficiencies

30 for the CHy/N, mixture, even when the pressure was increased to
20 bar. At 195 K, N, readily passed through the adsorbent bed,
whereas a large amount of CH, was captured. In summary, CH,
and N, were effectively separated by the flexible MOFs on our
in-house-constructed apparatus, even though these gases have

35 similar physicochemical properties. The separation capacities of
the MOF particles were strongly affected by the temperature and
pressure, since gate-opening occurred only under certain
conditions for each kind of gas molecule. And detailed analysis
of the breakthrough experiments, presented in section 5 of the

40 supporting information shows that the pure CO, and pure N, can
be recovered at high productivities from CO,/CH,; and CH4/N,
mixtures.

Table 1 Dynamic separation of CO,-CH,4 (50%/50%) mixture by particles

for [Cu(dhbc),(4,4'-bipy)] (1) and [Cu(4,4'-bipy)2(BF4).] (2) at 298/273 K
45 and 1/10/20 bar.

Particles 1 Particles 2
Elution time (s)  Scoxcns  Elution time (s)  Scocua
298 K-1 bar 337 14.8 36 3.4
10 bar 938 28.9 768 31.0
20 bar 1110 6.4 868 17.9
273 K-1 bar 1087 53.4 1011 66.7
10 bar 1122 7.3 1042 28.2
20 bar 1030 1.2 1096 16.2

Selectivity (S) is defined at the adsorption ratio of two gases at a given
temperature and pressure.*®

Table 2 Dynamic separation of CH4-N, (50%/50%) mixture by particles

for [Cu(dhbe),(4,4'-bipy)] (1) and [Cu(4,4"-bipy)»(BF,),] (2) at
50 298/273/195 K and 1/10/20 bar.

Particles 1 Particles 2
Elution time (s) Scramnz Elution time (s)  Schamz
298 K-1 bar 17 1.2 27 1.1
10 bar 33 1.4 26 1.3
20 bar 117 1.7 30 14
273 K-1 bar 16 1.4 15 1.2
10 bar 35 3.8 36 1.5
20 bar 388 5.5 43 1.7
195 K-1 bar 140 10.3 39 22
10 bar 436 8.6 31 5.5
20 bar 424 1.6 404 8.7

4 | Journal Name, [year], [vol], 00—00
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Fig.4 Breakthrough curves for CHy/N, (50%/50%) separation experiments with Particles 1 versus Particles 2 at flow rates of 10 cm*/min and pressure of
1/10/20 bar at 298/195 K.

s Two-stage pressure-responsive separation

A unique two-stage separation technique was adopted for the
flexible MOFs based on their good gas separation abilities and
adsorption behavior due to gate opening. As shown in Figure 5,
high-pressure CO,/CH, or CH4/N, mixtures were passed through
10 the adsorption beds at 298 K or 195 K, respectively. The two

flexible MOFs showed excellent adsorption selectivity; the gas
gsev v v v v s sssvorw ]

mixtures were well separated, such that the concentrations of the
non-retained gas at the outlet were more than 99%. When the
adsorption bed was nearly saturated, the gas inlet was closed and

1s the pressure was lowered, whereupon the adsorbed gas was
slowly released from the column. By using this method, the
components of the gas mixtures could be separated by controlling
the pressure (Figure 5).

CH,>99 % CO,>99 %
08|
ko
5 Turnff the inlet
E 06| 20 bar ﬂn_eme, 1 bar
2 Decrdase pressure
€ B
g
§ 04} Particles 1 ® CoO,
8 298 K s _cH,
02}
CO,<1% CH,<1%
0.0
0 400 800 1200 1600 2000
Time (min)

1.0
CH,>99 % CO,>99 %
08}
k]
5 Turnoff the inlet
S s 20 bar |— 1 bar
s Decrease pressure
£ |
K]
§ 041 Particles 2 e Co,
8 298K ® CH,
02}
CO,<1% CH,<1%
0.0
0 400 800 1200 1600 2000
Time (min)

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



[

o

S

Journal of Materials Chemistry A

Gas content of outlet

Vrgeo—o oo o v ;w7
N,>99 % CH,>99 %
08|
3
E Turnoff tHe inlet
E 06} 20 bar |, 1bar
s Decrease pressure
£ 8
Q
§ 0.4}
o Particles 1 ® CH,
1%}
S 195K ® N,
02f
CH 4 < 1% N2 <1%
oollee .o r'y a ry a P
0 200 400 600 800
Time (min)

Wrgeo—o v v o ——w» ]

N,>99 % CH,>99 %
08|

Turnoff the inlet
| » 1bar
Decrease [pressure

0.6 |- 20 bar

04 Particles 2 e CH,
195K ® N,

0.2 |-
CH,<1% N,<1%

ol®ee .0 o o o e .
0 200 400 600 800

Time (min)

Fig.5 Schematic diagram of two staged pressure-responsive separation and breakthrough curves of CO,/CH,and CH4/N; on flexible MOFs particles

Cycling measurements

To ensure the regenerability of the flexible MOFs, we performed
CO,/CH, separation cycling experiments on particles 1 and 2 at
20 bar and 298 K (Figure S11). In the above CO,/CH, separation
experiments, we found that nearly all of the CH, and most of the
CO, molecules were released from the adsorbent bed when the
temperature and pressure were returned to normal conditions. For
more accurate results, the adsorbent beds were flushed with
helium for 1 h at 323 K between each cycle measurement. After
three high-pressure separation cycles, the breakthrough profiles
on particles 1 and 2 were clearly well retained (Figure S11).
Sorption kinetics is crucial for the separation of gas mixtures.
To further investigate the adsorption kinetics of the flexible
MOFs, we performed dynamic sorption of CO,, CH,, and N, on
the two flexible MOFs, as shown in Figure S12.

46-48

Effect of humidity on the flexible MOFs for adsorption and
separation of gas mixtures

On the basis of previous studies, the gas adsorption capacities of
the MOFs were expected to decrease after the pre-adsorption of a
large amount of water. Indeed, some MOFs may lose their gas
adsorption capacities after complete saturation by water and
repeated regeneration processes. Therefore, it was necessary to
study CO, and CH, adsorption in the two flexible MOFs in the
presence of moisture, which may represent a future practical
situation for CO, capture and separation from flue gases.**>

H,O vapor adsorptions for particles 1 and 2 are depicted in
Figure 8 A and B, respectively. In the low-pressure region (P <
0.03 bar), particles 1 showed hydrophobicity. With increasing
pressure, H,O molecules were adsorbed in the [Cu(dhbc),(4,4'-
bipy)] structure, and a typical hysteresis phenomenon of flexible
MOFs was observed in the desorption isotherm.'® A
transformation from hydrophobicity to hydrophilicity triggered
by pressure alone is unusual in MOFs and even in traditional
materials.

At very low pressures, particles 2 showed a higher H,0O
adsorption capacity than particles 1, indicating stronger
interactions between the H,O molecules and the [Cu(4,4'-
bipy),(BF,),] structure. A similar reversible rehydration process
was also observed for particles 2, but a higher temperature was
needed for dehydration. Such results were previously reported by
Cheng et al. based on the reversible structural change of [Cu(4,4'-
bipy)»(BE,),].>' Moreover, macroscopic volume changes with

a5
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4s gate-opening behavior were found during H,O adsorptions on

particles 1 and 2 (Figure S13). The structure expansion
phenomenon was similar to that upon adsorption of CO, on
[Cu(4,4'-bipy),(BF,),], which was clarified by detailed
synchrotron radiation experiments, as reported in the literature.?’
To assess the adsorption of gases in the presence of moisture,
competitive adsorptions of H,O with CO,, CH,y, and CO,/CH,
mixtures were carried out. The two flexible MOF particles were
first exposed to 1 bar saturated with H,O vapor and the cell was
evacuated by pumping, taking ca. 20 min to reach 20 mbar,
whereupon CO, and CH4 were introduced. Using the highly
accurate balance of the IGA apparatus, weight changes were
recorded after the introduction of gases into the cell to monitor
their adsorption in the presence of pre-adsorbed H,O (Figure 6 C
and D). The results showed that CO, and CH,; adsorption
capacities and gate-opening behavior were not affected by
residual H,O in particles 1 after the pre-adsorption of H,O vapor.
In particles 2, however, the adsorption capacities for CO, and
CH, were almost completely lost after the pre-adsorption of H,O
vapor because a large number of H,O molecules were retained in
the structure and occupied the relevant adsorption sites. This
phenomenon is indicated by the H,O  vapor
adsorption—desorption profiles in Figure 6 A and B.

In normal industrial environments, water vapor is inevitably
present in gas mixtures. Therefore, we measured the gas
separations in the presence of moisture, saturating the gas flows
with H,O vapor before entering the adsorbent bed, keeping the
gas lines at constant temperature.’>> CO,/CH, separation
experiments under humid conditions were performed in triplicate
on particles 1, and the results were compared with those under
dry conditions (Figure 6 E and F). The results showed that
CO,/CH, separation capacities at 10 bar for particles 1 were not
significantly affected after conditioning with water vapor at room
temperature. A possible explanation for this is that
[Cu(dhbc),(4,4'-bipy)] showed hydrophobicity in the low-
pressure region, such that H,O molecules did not bond strongly
with its structure.*® In particles 2, however, the presence of water
resulted in loss of its CO,/CH, separation ability at 10 bar and
298 K, since a large number of H,O molecules were quickly
adsorbed at the relevant sites in its structure, consistent with the

ss results for CO, and CH, adsorption in the presence of water.

6 | Journal Name, [year], [vol], 00—00
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Fig.6 CO, and CH, adsorption (A, B), CO,/CH,4 separation (C, D) were measured at 298 K for particles 1 and 2 with H,O loadings.

Structural stability

Particles of [Cu(dhbc),(4,4'-bipy)] and [Cu(4.,4'-bipy),(BF,),]

s were placed under various conditions [high temperature; with
H,0, CH;0H, or HO/CH30H (1:1, v/v)]. After 1, 3, and 7 days,
particles were removed, activated at 393 K, and outgassed for 4 h.
The final structures were analyzed by PXRD and the patterns
(Figure S14) showed that both flexible MOFs retained their

10 structural integrity under the given conditions for more than
7 days. This can be attributed to the use of H,O/ethanol mixtures
as the solvent in the synthetic process. Both flexible MOFs
exhibit good structural stability towards H,O and ethanol.

Monte Carlo molecular dynamic simulation for adsorption of
15 gas mixtures on the flexible MOF's

In previous studies, the interpretation of isotherm measurements
has been particularly challenging for gas mixtures. However, gas
mixture adsorption data are required to describe the interactions
between the gases and the MOF structures. The flexible structures

wof the two MOFs change during the dynamic
adsorption/separation process, a situation that is too complex for
GCMC simulations. Hence, the “gate-opened” structures of the
two flexible MOFs were used here as rigid frameworks, with
atoms frozen in their crystallographic positions.

»s The distributions of the adsorbed CO,, N,, or CH, in equimolar
mixtures in [Cu(dhbc),(4,4'-bipy)] and [Cu(4,4'-bipy),(BF,),]
were investigated at pressures from 0.1 to 20 bar. As shown in
Figure 7, the density of CO, was always much higher than that of
CHy in the co-adsorption of CO,/CH, on both flexible MOFs, and

30 the density of CH4 was always much higher than that of N, in the
co-adsorption of CHy/N,. With increasing pressure, the amount of
CO, molecules adsorbed increased significantly, with these guest
molecules occupying the inner space of the pores, as is evident
from Figure 7 A and B. When the temperature was decreased to

35 273 K, the similar phenomenon occurred in Figure S14. In
summary, the simulated results illustrate the excellent
performance of the flexible MOFs for the separation of CO, or
CH, from their binary mixtures.

This journal is © The Royal Society of Chemistry [year]
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Equimolar CO,/CH, adsorption on Cu(dhbc),(4,4'-bipy)(A) and Cu(4,4'-bipy),(BF,),(B) at 298 K
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Equimolar CH4/N, adsorption on Cu(dhbc),(4,4'-bipy)(C) and Cu(4,4'-bipy),(BF,),(D) at 298 K

C 0.1 bar 1 bar 10 bar 20 bar

Fig.7 The distribution for an equimolar CO,/CH,; and CH4/N, mixtures in Cu(dhbc),(4,4'-bipy) and Cu(4,4'-bipy).(BF4), at 298 K simulated by GCMC
(Cu, pink; O, red; C, gray; H, white; N, blue; CHy, yellow).

s Conclusion Separation experiments on binary gas mixtures have been
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performed using layered flexible MOFs of undefined dimensions.
The obtained breakthrough curves could be interpreted in terms
of gate-opening behavior of the MOFs. For the first time, sorption
kinetics has been combined with a study of the structural
transformation in flexible MOFs during the gate-opening process.
Although [Cu(4,4"-bipy),(BF,),] exhibits a good capacity for gas
separations, this capacity was drastically diminished in the
presence of H,O. Under the same conditions, [Cu(dhbc),(4,4'-
bipy)] showed hydrophobicity in the low-pressure region, and its
initial capacity was maintained during the separation process. The
results of GCMC simulations have indicated that the two flexible
MOF structures can captured CO, or CHy from CH,/CO, and
CH4/N, mixtures, based on the interactions between the gases and
the MOFs under different conditions. In summary, we believe
that the studied on flexible MOFs could be promising for
practical application in the separation of gas mixtures.
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The pressure-responsive CO, and CH,4 targeted separation were studied on the flexible

Metal-Organic Frameworks (MOFs) in dynamic conditions.



