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different electron densities for efficient C,H,/CO, separation. They show that the
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Regulating C,H,/CO, adsorption selectivity

by electronic-state manipulation
of iron in metal-organic frameworks

Cheng-Xia Chen,"? Tony Pham,® Kui Tan,* Rajamani Krishna,® Pui Ching Lan,? Longfei Wang,'
Songbo Chen,” Abdullah M. Al-Enizi,® Ayman Nafady,® Katherine A. Forrest,® Haiping Wang,”
Sicheng Wang,” Chuan Shan,? Lei Zhang,” Cheng-Yong Su,’?* and Shenggian Ma?”*

SUMMARY

The separation of C;H, from C,H,/CO, mixture is of great impor-
tance, yet highly challenging in the petrochemical industry due to
their similar physicochemical properties. While open-metal sites
(OMSs) in metal-organic frameworks (MOFs) are known to possess
high affinity toward C,H,, its selective adsorption performance
regulated by the electronic state of the same OMSs remains unex-
plored. Here, we report a metal electronic-state manipulation
approach to construct a pair of isostructural Fe-MOFs, namely
LIFM-26(Felll]//Fe[lll]) and LIFM-27(Fe[lll]) with different Fe[ll] or Fe
[l oxidation states on the Fe centers, which display mixed-
valent Fe[ll]/Fel[lll] centers in the former and sole Fe[lll] centers in
the latter. Remarkably, LIFM-26(Fe[lll/Fe[lll]) shows significantly
enhanced C,H, uptake capacity than LIFM-27(Fellll]), attested by
adsorption isotherms and IAST calculations, as well as simulated
and experimental breakthrough experiments. Furthermore, in situ
infrared (IR) and molecular calculations unveil that the presence of
Fe[ll] in LIFM-26(Fe[ll]/Fe[lll]) results in stronger Fe[ll]-C,H, interac-
tions than Fe[lll[-C,H5, which plays a key role in the C,H,/CO, sep-
aration.

INTRODUCTION

Industrial chemical separations account for 10%-15% of the global energy consump-
tion, which corresponds to half of the United States’s industrial energy use.” Among
them, acetylene (C,H,) purification represents an energy- and cost-intensive process.”
As one of the most widely used feedstocks in the petroleum industry, C,H, is mainly pro-
duced by the combustion of methane or thermal cracking of petroleum, with CO, as the
major byproduct.3 Therefore, separating CO5 from C,H,/CO, gas mixture is of great
importance. Presently, the industrial separation of CO, from CH; is usually imple-
mented through solvent extraction and cryogenic distillation, leading to intensive costs
and energy penalties due to their similar physicochemical properties (molecular sizes
and shapes: 3.32 x 3.34 x 5.70 A% for C;H,, 3.18 x 3.33 x 5.36 A® for CO,; boiling
points: 189.3 and 194.7 K for C;H; and COy, re5|oective|y).4'5 As a result, adsorptive
separation based on porous solid materials has drawn much attention owing to the

advantage of dramatically reducing the energy and cost consumption.®™'°

Owing to their structural diversity, designable pore size, high pore volume, and
tunable functionalities, metal-organic frameworks (MOFs) have shown great
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Scheme 1. Schematic synthetic route of Fe-MOF isostructures with different ratios of Fe[ll] and
Fellll] centers through a metal electronic-state manipulation strategy

potentials in gas adsorption and separation involving CyH,/CO,, C,Ha/CiHe,
C3He/C3Hg, N2/O5, CO/H,, and CO/N,.5"° However, it is still challenging to ratio-
nally design MOFs for C,H,/CO, separation due to their similar dynamic sizes and
volatility. Tremendous efforts have been devoted to developing highly effective
MOF adsorbents, suggesting that the introduction of open-metal sites (OMSs)
into suitable pore space is most likely to be competent for this task.'®™?* The suitable
pore space (appropriate pore size, high pore volume, and polar pore surface) can
render the framework with a high C,H, adsorption working capacity and facilitates
adsorption dynamics.”” % In addition, the OMSs with exposed partial positive
charges not only behave as Lewis-acid-accepting electrons from the electron lone
pair orbital of C;H; but also function as a m-bond back donor providing electrons
to C,H; (delocalizing d electrons to the antibonding 7t* orbitals of C;H5), thus result-
ing in preferential adsorption toward C;H; over CO,.7%3133 However, it is extremely
difficult to combine exposed positive charges and strong 7 back donors into a single
material. Actually, most MOFs with OMSs present weak m-bond back donation due
to their electron-poor metal centers, and only a few MOFs featuring exposed elec-

tron-rich metal centers are found to be suitable for -bond back donation.>?343¢

In order to functionalize MOFs with electron-rich OMSs for highly selective CoH,
adsorption, it is anticipated that the manipulation of the mixed-valent electronic
states of exposed metal centers in a suitable MOF pore space is an effective yet chal-
lenging strategy. The introduction of an appropriate low-valent metal center can
impart enhanced 7 back donation, thereby facilitating the preferential C;H; adsorp-
tion over CO,, while the presence of a high-valent metal center can allow for facile
desorption of C;H; due to the moderate metal-adsorbate interactions. Herein, we
report a pair of isostructural Fe-MOFs, namely LIFM-26(Fel[ll}/Fe[lll])*” and LIFM-
27(Fe[lll]) (LIFM stands for Lehn Institute of Functional Materials) that possess pore
spaces constructed from the same perchlorinated ligand (2,3,5,6-tetrachloride ter-
ephthalic acid [TCDC]) (Scheme S1) and oxidation-state variant Fe[lll/Fe[lll] centers
(Scheme 1). Both structures feature coordinately unsaturated Fe centers, in which
the ratios of Fe[ll] and Fe[lll] can be purposely tuned through an in situ redox process
(Scheme 1), endowing the isostructural Fe-MOFs with distinct CyH, selective
adsorption performance. It is worth noting that LIFM-26(Fe[ll]/Fe[lll]) and LIFM-
27(Fe[lll]) are interconvertible as the isostructures of (Fe[lll/Fe[lll])3O(TFBDC)3
(TFBDC = 2,3,5,6—‘ce’craf|uorobenzene—1,4—o|icarboxylate),38 providing ideal exam-
ples for studying the inherent relationship between the metal electronic-state and
adsorption performance. Compared with LIFM-27(Fe[lll]), the increased electron
density in LIFM-26(Fe[ll]/Fe[lll]) affords much higher C;H; uptake capacity and supe-
rior CzH; selectivity over CO; in the low-pressure region, due to the stronger Fe[ll]-
adsorbate interactions than Fel[lll]-CzH;, which illustrates that manipulation of the
electronic-state of OMSs can lead to enhanced preferential C,H, adsorption.
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Moreover, the combined studies of ideal adsorbed solution theory (IAST) calcula-
tions, simulated/experimental dynamic breakthrough experiments, molecular simu-
lations, and in situ infrared (IR) analysis well confirm that the exposed Fe[ll] center
with a strong 7 back-donation character plays a crucial role in the enhanced C,H,/
CO; separation.

RESULTS AND DISCUSSION

Synthesis and structure determination

LIFM-26(Fe[lll/Fe[lll]) was synthesized according to our previously reported method
with a slight modification.?” The slow diffusion of triethylamine vapor into a mixture
of N,N'-dimethylformamide (DMF) and water dissolving TCDC ligand and FeCl, for
3 days afforded LIFM-26(Fe[lll/Fe[lll]) crystals, during which Fe[ll] was partially
oxidized into Fel[lll]. In comparison, LIFM-27(Fe[lll]) was obtained by extending the
vapor diffusion time to 1 month, during which Fe[ll] was completely oxidized into
Fe[lll] (Scheme 1). Notably, LIFM-27(Fel[lll]) can be transformed back to LIFM-26(Fe
[l)/Fe[lll]) via soaking the samples in ethanol solution for 3 days at 75°C (denoted
as LIFM-27(Fe[lll])-EtOH; Figure S10), showing solvent-dependent redox property.
Single-crystal X-ray diffraction (SCXRD) analyses reveal that LIFM-26(Fe[ll]/Fe[lll])
and LIFM-27(Fe[lll]) crystalize in the P-3 and P21/n space groups, respectively (Table
S1). Both of them possess the same acs net topology as (Fe[lll/Fe[lll]);O(TFBDC)3,
which is constructed from perfluorinated ligand TFBDC and FeCl, (Figure 1).
Compared with (Fe[lll/Fe[lll)sO(TFBDC)3, the Fe3O clusters in LIFM-26(Fel[ll]/Fe
[I1]) and LIFM-27(Fe[lll]) are twisted without the C3 axis of symmetry perpendicular
to the Fe3O plane due to the large steric hindrance of chlorine atoms. The Fe-(us-
O)-Fe angles in LIFM-26(Fel[ll]/Fellll]) are 115.8°, 120.9°, and 123.3°, while those in
LIFM-27(Fel[lll]) are 118.4°, 118.8°, and 122.8°. In these three structures, every
Fe3O cluster connects six ligands, whereas every ligand links two independent
FesO clusters, thus forming a three-dimensional (3D) framework containing 1D
channels (Figures 1C-1E). Notably, (Fe[lll/Fe[lll)3O(TFBDC); presents one type of
round channel along the ¢ axis with an aperture size of ca. 13.2 A (Figures 1C and
1F), while LIFM-26(Fe[lll/Fellll]) features two types of different channels functional-
ized by chlorine atoms along the c axis, i.e., one round channel with an aperture
size of ca. 9.0 A and one elliptic channel with a pore size of ca. 8.2 x 11.5 A2
(Figures 1D, 1G, and S1). As for LIFM-27(Fe[lll]), there is one type of elliptic channel
decorated by chlorine atoms along the ¢ axis with a pore size of about 7.5 x 9.7 A?
(Figures 1E, 1H, and S2). Additionally, all three frameworks present one type of tetra-
hedral cage (diameter ca. 7.0 A) constructed from six ligands and five Fe3O clusters
(Figure 11).

In order to probe the oxidation and spin states of Fe centers, °”Fe Méssbauer spec-
troscopic experiments were carried out for LIFM-26(Fel[lll/Fellll]), LIFM-27(Fellll]),
and LIFM-27(Fellll])-EtOH (Figures 2 and S3-S5; Table S2). The spectra of LIFM-
26(Fellll/Fe[lll]) can be fitted by one type of doublet and one type of singlet,
revealing two kinds of Fe species with adsorption area ratios of 47.65% and
52.35%, corresponding to the amounts of Fe[ll] and Fe[lll] centers (0.9:1.0) (Fig-
ure 2A, D1 line). For comparison, only one type of fitting doublet in LIFM-27(Fe
[l]) was observed, confirming the existence of sole Fe[lll] species (Figure 2B).
LIFM-27(Fe[lll])-EtOH also shows two kinds of Fe species similar to LIFM-26(Felll)/
Fe[lll]) yet with different adsorption area ratios, implying a variation of Fe[ll] and
Fe[lll] species (Fe[ll]:Fe[lll] = 0.5:1.0; Figure S5). As shown in Figure 2A, the D2
line can readily be assigned to high-spin Fe[lll] species in LIFM-26(Fe[ll]/Fe[lll])
with isomer shift 6 = 0.78 mm/s,>* while the D3 line can be assigned to medium-
spin Felll] species with isomer shift 6 = 0.31 mm/s and quadrupole splitting value
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Figure 1. The schematic construction route of the 3D-MOFs

(A) Trimeric Fe3O cluster.

(B) TFBDC and TCDC ligands.

(C-E) The 3D structures of (C) (Fe[ll]/Fel[lll))3O(TFBDC)3, (D) LIFM-26(Fel[ll)/Fellll]), and (E) LIFM-27(Fe[lll]).
(F-H) The corresponding network topologies of (F) (Fe[ll]/Fe[lll])3O(TFBDC)s, (G) LIFM-26(Fe[ll]/Fe
[I11]), and (H) LIFM-27(Fel[ll1]).

(I) The tetrahedral cage in three isostructural MOFs.

AEq = 0.56 mm/s,** suggesting the existence of a strong 7 back donation in LIFM-
26(Fe[ll)/Fe[lll]). For LIFM-27(Fe[lll]), the M&ssbauer spectra reveal only one type of
high-spin Fe[lll] species with isomer shift 6 = 0.44 mm/s.

Purity and porosity

Powder X-ray diffraction (PXRD) patterns were conducted to confirm the phase purity
of the as-synthesized samples (Figures S8, S9, and S11), and the scanning electron
microscope (SEM) images unveil similar crystal morphology (Figure S7). Thermal
gravimetricanalyses (TGAs) indicate comparable thermal stability of two isostructural
MOFs up to 250°C (Figure S6). In contrast to (Fe[lll/Fe[lll])3O(TFBDC); (Figure S11),
both LIFM-26(Fel[ll]/Fe[lll]) and LIFM-27(Fe[lll]) retain good crystallinity after
activation under high vacuum, indicative of their good framework robustness
(Figures S8 and S9). N, sorption isotherms at 77 K were collected to evaluate the per-
manent porosity of all three samples. As shown in Figure 3A, LIFM-26(Fe[ll]/Fe[lll])
(356 cm® g7") and LIFM-27(Fe[lll]) (310 cm® g~ ") show much higher N, uptakes than
(Fe[ll)/Felll)3O(TFBDC); (17 cm® g~") due to loss of its crystallinity after activation
(Figure S11). Both LIFM-26(Fe[lll/Fe[lll]) and LIFM-27(Fe[lll]) show typical type |
adsorption isotherms with the Brunauer-Emmett-Teller (BET) surface areas of
1,403 and 1,174 m? g_1, respectively, and the total pore volumes are 0.55
and 0.48 cm® g’1, respectively (Figures S12-514; Table S3). The pore sizes of
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Figure 2. The >’Fe Mé&ssbauer Spectroscopy collected at 298 K
(A) LIFM-26(Fe[ll]/Fe[lll]).
(B) LIFM-27(Fe[ll1]).

LIFM-26(Fe[ll]/Fe[lll]) are calculated to be 6.8, 8.0, and 10.1 A by density functional
theory (DFT) analysis, while those of LIFM-27(Fel[lll]) are 6.8 and 8.0 A (Figure S15),
matching well with the corresponding structural analyses. Additionally, we also eval-
uated the porosity of LIFM-27(Fel[lll]))-EtOH, which exhibits the BET surface area and
pore volumes of 1,330 m? g~' and 0.53 cm® g7, falling between those of LIFM-
26(Felll]/Fellll]) and LIFM-27(Fe[lll]) (Figure S16; Table S4).

Adsorption studies

The suitable pore structures of two isostructural Fe-MOFs as described above,
including appropriate pore size and high pore volume as well as polar pore sur-
face, are anticipated to facilitate C;H, adsorption. To examine the effectiveness
of the variant electronic state of OMSs on the adsorption performance, we
selected C;H; as a model gas molecule for evaluation. The C;H; adsorption iso-
therms of both MOFs were measured at 273, 285, and 298 K, respectively
(Figures 3B, 3C, S17, S19-521, and $23-524). Evidently, LIFM-26(Fe[ll]/Fellll])
showed much higher C,H, uptake capacity (181 and 131 cm® g~' at 273 and
298 K, 1 bar, respectively) than LIFM-27(Fe[lll]) (128 and 97 cm’® g’1 at 273 and
298 K, 1 bar, respectively), suggesting that Fe[ll] center with higher electron den-
sity for stronger © back donation in LIFM-26(Fe[lll/Fe[lll]) can effectively improve
its adsorption behavior. Specifically, LIFM-26(Fe[lll/Fe[lll]) (17.0 cm® g~") can
take up more than four times of C,H, than LIFM-27(Fe[lll]) (4.2 em® g™ " at low
pressure (3.4 mbar) (Figure 3D). Moreover, the CyH, uptake capacity of LIFM-
26(Fe[lll/Fellll]) is much higher than that of (Fe[ll]l/Fe[lll])sO(TFBDC)s (Figures 3B
and S25), and is also higher than many other known MOFs like Zn-MOF-74
(122 cm® g7"),?" UTSA-74a (104 cm® g7"),*® and PCP-33 (122 cm?® g7"),*” but is
lower than some MOFs like FJI-H8-R series (174-229 cm® g~"),"’** MIL-160
(191 cm?® g™),"% SIFSIX-Cu-TPA (185 cm® g~"),"" and FJU-90a (180 cm® g~")
(Table S5).%2 To further confirm the effect of low-valent Fe(ll) center, the CyH,
adsorption of LIFM-27(Fe[lll])-EtOH, in which the amount of Fe[ll] center is less
than the prototypical LIFM-26(Fe[lll/Fellll]), was measured at 298 K. As expected,
the C,H; uptake by LIFM-27(Fellll])-EtOH was lower than LIFM-26(Fel[ll]/Fe[lll]) but
higher than LIFM-27(Fellll]) (Figures S30-532). Additionally, the CO, adsorption
isotherms were performed on both Fe-MOFs. LIFM-26(Fe[ll]l/Fe[lll]) can take up
80 cm® 971 CO; at 298 K and 1 bar, while the uptake capacity of LIFM-27(Fe[lll])
is 51 cm® g’1 under the same condition (Figures 3B, 3C, S18, and S22). These
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Figure 3. Gas adsorption properties of the three MOFs

(A) The N, adsorption of all the three MOFs at 77 K.

(B and C) The C,H, and CO; adsorption isotherms at (B) 273 and (C) 298 K.

(D) The C,H, adsorption isotherms.

(E and F) The repetitive C,H, adsorption isotherms of (E) LIFM-26(Fe[ll]/Fe[lll]) and (F) LIFM-27(Fe[lll]).

results indicate that the gas adsorption performance of the two isostructural
Fe-MOFs can be finely tuned by regulating the electron state of OMSs. Further-
more, the continuous C;H, and CO, adsorption isotherms on both Fe-MOFs
were carefully performed, verifying their excellent reusability (Figures 3E, 3F,
and S26-529).

The isosteric heat (Qg) of CoH, and CO, on both MOFs were calculated using
the Clausius-Clapeyron equation based on their adsorption isotherms at three
different temperatures (Figures S17, S18, S21, S22, and S33-S36). For CyH,,
LIFM-26(Fe[ll)/Fe[lll]) displays higher isosteric heat (53.8 kJ mol™") than LIFM-
27(Fe[lll]) (44.6 kJ mol™") at near-zero coverage corresponding to the interactions
between gas and Fe center, which further confirms the electronic effect of the
open Felll] centers (Figures S37 and S38). Afterward, the subsequent gradual
decrease in isosteric heat for CoH, on both MOFs along with increased C,H,
loading amount indicate the adsorption saturation of Fe centers. Notably, the
moderate Qg value of C,H, in LIFM-26(Felll]/Fe[lll]) is lower than some other re-
ported MOFs with OMSs, such as ATC-Cu (79.1 kJ mol™1),"® Cu@UiO-
66(COOH), (74.5 kJ mol™),*® ZJU-74a (65.0 kJ mol™),** and NKMOF-1-Ni
(60.3 kJ mol™"),** implying the sufficient adsorption reversibility of the adsorbent
owing to the presence of Fe(lll) center. For CO,, both MOFs present comparable
isosteric heats, giving values of 37.8 (LIFM-26(Fe[ll]/Fe[lll])) and 35.8 kJ mol~’
(LIFM-27(Fellll])) at near-zero coverage (Figures S37 and S38). The higher Qg value
of C;H, than CO, suggests a promising potential of C;H, purification from CyHy/
CO, gas mixture.
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Figure 4. In situ IR spectra of LIFM-26(Fe[ll]/Fe[lll]) and LIFM-27(Fe[lll]) before and after C,H, loading

3600

3400 3200 3000
Wavenumber cm™’'

(A) IR spectra of activated LIFM-26(Fel[lll/Fel[lll]) (top) and LIFM-27(Fellll]) (bottom) samples, referenced to pure KBr pellet in vacuum (<20 mTorr base

pressure).

(B) Difference spectra showing the asymmetric stretching band vas of adsorbed C,H, in LIFM-26(Fe[ll]/Fe[lll]) (top) and LIFM-27(Fe[lll]) (bottom)
samples upon loading at the pressure of ~1 bar (top spectrum in each panel) and subsequent evacuation of gas phase under vacuum for ~10 and ~5

min, respectively. Each is referenced to the spectrum of activated sample.

Adsorption mechanism

To probe the binding interaction of C;H; with the frameworks, in situ IR spectros-
copy measurements were performed. The samples of LIFM-26(Fellll/Fellll]) and
LIFM-27(Fe[lll]) were first heated under vacuum to remove trapped solvents and
then cooled to room temperature to collect IR spectra of activated samples, as pre-
sented in Figure 4A. The spectra of two samples are dominated by the vibrational
bands associated with the organic linker (Figure S44), which exhibit general similar-
ities. A noticeable difference is that the LIFM-27(Fe[lll]) sample shows extra two
bands at ~3,634 and 820 cm™', which are absent in LIFM-26(Fe[ll]/Fe[lll]). Based
on the well-established studies on Fe-based MOFs containing a hydroxyl group,***/
these two bands are attributed to the stretching and deformation modes of OH™,
which terminates one Fel[lll] of the trimeric Fe[lll]30 cluster for charge balance. In
the neutrally charged (Fe[ll]/Fe[lll))3O cluster of the LIFM-26(Fellll/Fellll]) sample,
no extra OH™ is needed. In addition, careful examination of spectra at 1,600-
1,500 cm™' reveals that carboxylate asymmetric stretching band v,(COO) in
LIFM-26(Fe[lll/Fe[lll]) occurs at a higher frequency (1,590 cm™") than that in the
LIFM-27(Fe[lll]) sample, leading to a larger separation Av between v,{(COO) and
v¢(COO).*® This is as expected since the inequivalence of the two C—O bonds con-
nected with Fe[ll] and Fe[lll], respectively, would further split Av.*7° Gas adsorption
measurement was then conducted on these activated samples by loading C;H, at
~1 bar for ~10 min to ensure adsorption saturation, which was followed by subse-
quent desorption via pumping the samples under vacuum. The adsorbed C;H; is
clearly observed in different IR spectra (Figure 4B), which demonstrate the character-
istic stretching band v,4(C2H,) of adsorbed C,H, at 3,400-3,200 cm~". A marked dif-
ference is noted for both the position and shape of the v,5(C;H>) band between in
LIFM-26(Fe[lll/Fe[lll]) and LIFM-27(Fe[lll]). LIFM-27(Fe[lll]) displays only a single
band located at 3,237 cm™", which corresponds to C,H, adsorbed at the primary
exposed Fel[lll] sites, as identified by molecular simulations (Figures 5B and S46;
vide infra). In comparison, LIFM-26(Fe[lll/Fe[lll]) shows two distinct bands appearing
at higher frequencies of 3,374 and 3,286 cm™', pointing to two types of C,H,
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Figure 5. Preferential binding sites
(A and B) The preferential C;H, binding sites in (A) LIFM-26(Felll]/Fe[lll]) and (B) LIFM-27(Fel[lll]).

adsorbed on Fe[ll] and Fellll] sites, respectively. It is noteworthy that the 3,374 cm™!

band undergoes an upward shift (blue shift) with respect to the value of the
gas phase C,H; (3,287 cm™").>" Such a shift to the higher wavenumber strongly sug-
gests that 7t back donation occurs between Felll] cations and C,H, in LIFM-26(Felll]/
Fe[lll]),>? which weakens the C—C bond but stiffens the C-H bond,>> thus resulting in
a raise of C-H stretching frequency. The broadening and asymmetric line shape of
the v45(CoH>) bands in LIFM-26(Fe[ll]/Fe[lll]) indicate vibrational dynamic coupling
between adsorbed C,H, molecules, which could account for the occurrence of the
Fe[lll]-bound C;H; band at a higher frequency of 3,286 em™ " in LIFM-26(Fe[ll]}/Fe
[Il1) compared with that in LIFM-27(Fe[lll]) (3,237 cm™~").>*

To get further insight into the adsorption mechanism with regard to the mixed-valent
Fel[lll/Fe[lll] centers, we implemented molecular simulations. For LIFM-26(Fe[ll]/Fe[ll1]),
C3H; is mainly located in the channel surrounded by one open Fe[ll] center and two
chlorine atoms, in which the strong Fe- - -C=C (2.61 A) and weak C-Cl- - -H interactions
(3.16 and 3.22 A) occur between C,H, and the framework, suggesting strong
C,H, binding affinity (Figures 5A and S45), whereas the C,H, binding site in LIFM-
27(Fel[lll]) is located in the elliptic channel surrounded by one open Fel[lll] center and
two chlorine atoms with weak Fe--- C=C (4.37 A) and C-Cl---H interactions (2.72
and 4.09 A), indicating weaker C;H; binding affinity compared with LIFM-26(Fel[lll/
Fe[lll]) (Figures 5B and S46). The calculated C,H, binding energy for LIFM-26(Felll)/
Fellll]) is 49.7 kJ mol™", which is higher than LIFM-27(Fellll]) (45.6 kJ mol™" (Table
S6), manifesting the stronger interaction between C,H, and LIFM-26(Fe[ll]/Fe[lll]). In
comparison, both LIFM-26(Fe[lll/Fe[lll]) and LIFM-27(Fel[lll]) present weaker interac-
tions toward CO,. The observed CO, binding site in LIFM-26(Fe[lll/Fe[lll]) is
mainly the Fe---O-C interaction with a distance of 2.13 A, which is similar to that
of LIFM-27(Fe[lll]) (Fe- - -O-C distance is 2.17 A) (Figures S47-549). The CO, binding
energy for LIFM-26(Fellll/Fellll]) and LIFM-27(Fe[lll]) are calculated to be 38.5 and
37.6kJmol™", respectively (Table S6), which are weaker than those of C;H,, confirming
the feasible C,H,/CO,-separation performance.

IAST adsorption selectivity and dynamic breakthrough

To evaluate the C;H,/COz-separation ability, the IAST®® calculation was conducted
on the basis of the composition of a 50:50 C,H,/CO, mixture (Figures S39-542). As
shown in Figures 6A and S43, LIFM-26(Fe[lll/Fel[lll]) gives much higher C,H,/CO,
selectivity (56.1 at 0.01 bar) than LIFM-27(Fe[lll]) (14.3 at 0.01 bar) under low pres-
sure, which can be attributed to the stronger Fe[ll]l-C,H; binding affinity as a result
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Figure 6. IAST calculated selectivity and dynamic breakthrough
(A) IAST adsorption selectivity of CoH,/CO; (v/v, 50:50) at 298 K.
(B) IAST calculated C,H, and CO, uptake capacity for equimolar CoH,/CO, mixtures.
(&)

(D)
of the increased electron density at the Fe[ll] center. Subsequently, the C;H,/CO,
selectivity for both MOFs gradually decreases as a function of the increased
pressure due to the adsorption saturation of the Fe centers. The final C,H,/CO; se-
lectivities for LIFM-26(Fe[ll]/Fe[lll]) and LIFM-27(Fe[lll]) are 4.8 and 5.5 at 298 K
and 1 bar, respectively, which are comparable with many reported MOFs, such as
SIFSIX-Cu-TPA (5.3),"" SNNU-45 (4.5),°° TIFSIX-2-Cu-i (6.5),%® FJU-90 (4.3),"?
UTSA-222 (4.0),>” JNU-1 (3.6),'® and Zn-MOF-74 (2.8).>' Additionally, the C,H,
uptake capacity was calculated based on the IAST method. Compared with LIFM-
27(Fe[lll]) (4.7 cm® g~ at 0.01 bar), LIFM-26(Fe[ll]/Fellll]) exhibits enhanced C,H,-
capture performance, especially at low pressure (20.4 cm® g~" at 0.01 bar) (Fig-
ure 6B). More importantly, the C;H, uptake capacity for both MOFs is remarkably
higher than their CO, adsorption, implying potential C;H,-separation ability from
C,H2/CO; mixture (Figure 6B).

Prompted by the outstanding C,H, uptake capacity and C,H,/CO, adsorption
selectivity, the simulated transient breakthrough experiments were carried out

100
Time (min/g)

120 140

The experimental dynamic breakthrough measurements of LIFM-26(Fe[ll]/Fe[lll]) and LIFM-27(Fe[lll]) for CoH,/CO, mixture at 298 K and 1 bar.
The cycling dynamic breakthrough measurements of LIFM-26(Fe[ll]l/Fe[lll]) for CoH,/CO, mixture at 298 K and 1 bar.
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according to the documented methodology.>® For both LIFM-26(Fe[ll)/Fe[lll]) and
LIFM-27(Fellll]), CO; elutes first, and then C,H, breaks through after some time,
demonstrating the adequate capacity for the demanding C,H,/CO, separation
(Figures S52 and S53). The C,H, capture productivity calculated on the basis of
the simulated breakthrough curves gives rise to the values of 88.9 (LIFM-26(Felll]/
Fellll) and 76.6 (LIFM-27(Fe[lll) cm® g~", unveiling the better C,H,/CO,-
separation performance of LIFM-26(Fe[ll]/Fe[lll]). It is noticeable that the C;H; pro-
ductivity for LIFM-26(Fe[ll]/Fe[lll]) is slightly lower than FJU-90 (114.2 cm® g~")*?
yet higher than other reported MOFs including FJU-22a (83.1 cm® g="),*7 ZUL-60a
(80.6 cm® g7"),%° UTSA-74a (79.7 cm® g™ "),** Zn-MOF-74 (76.6 cm® g™"),*" and
PCP-33 (75.7 cm® g~ ").%?

To further assess the practical C;H,/CO,-separation performance by both LIFM-26(Fe
[N/Felll)) and LIFM-27(Fe[lll]), dynamic fixed-bed breakthrough experiments were
conducted through a stainless-steel column under ambient condition, in which the
equimolar C;H,/CO, mixture flowed over the packed column with a flow rate of
1.0 mL min~". As depicted in Figure 6C, both Fe-MOFs present excellent C,H,-sepa-
ration performance from C;H,/CO, mixture. For LIFM-26(Fe[ll)/Fellll]), CO, undoubt-
edly elutes first and then quickly reaches a pure grade without detectable C,H,, while
C3H; remains in the packed column for a remarkable time until it is saturated in LIFM-
26(Fe[lll/Fellll])). As expected, LIFM-27(Fe[lll]) exhibits similar C;H,/CO, dynamic
breakthrough behavior but with a shorter C;H, breakthrough time. Based on the
experimental breakthrough curves, LIFM-26(Fe[lll/Fe[lll]) and LIFM-27(Fe[lll]) present
comparable C;H,/CO; selectivity with values of 1.6 and 1.7, respectively. The calcu-
lated C;H,-capture productivity for LIFM-26(Felll]/Fellll]) based on the experimental
breakthrough curve is estimated to be 60.0 cm® g~', whereas the value for LIFM-
27(Fe[lll]) is 53.7 cm® g’1. In principle, ideal adsorbents should present good recycla-
bility in practical industrial applications. Therefore, the continuous dynamic break-
through experiments were performed under the above conditions. The results indicate
that both Fe-MOFs maintain almost the same retaining time and capture productivity
in three continuous C;H,/CO, dynamic breakthrough experiments (Figures 6D, S50,
and S51), demonstrating their good reusability. The PXRD patterns after the repetitive
experiments also confirm the crystallinity is retained well (Figures S54 and S55). Taken
together, these results clearly demonstrate that the Fe-MOFs have successfully
achieved a combination of high C;H, uptake capacity, moderate-high C,H,/CO,
selectivity, and sufficient reversibility by rationally regulating the electronic state of
the open-metal centers.

In summary, a metal electronic-state manipulation strategy has been successfully
applied to constructing a pair of microporous isostructural Fe-MOFs featuring open
Fe centers with different electron densities for efficient C,H,/CO, separation. Notably,
the isostructural LIFM-26(Fe[ll}/Fe[lll]) and LIFM-27(Fe[lll]) can be interconverted, and
the electronic state of Fe centers can be finely tuned by simply changing the oxidation
conditions depending on the solvents and reaction time, thus facilitating understand-
ing of the inherent relationship between the metal electronic state and C,H, selective
adsorption. Compared with LIFM-27(Fe[lll]), LIFM-26(Fe[ll]/Fe[lll]) presents remarkably
higher C;H, uptake capacity while retaining moderate-high C,H,/CO, selectivity,
which is well supported by the simulated and experimental dynamic breakthrough ex-
periments. In situ IR and molecular calculations manifest that LIFM-26(Fe[ll]/Fellll]) ex-
hibits enhanced binding affinity toward C,H; than LIFM-27(Fe[lll]) due to the increased
electron density at the metal site, resulting in a stronger 7 back donation. Significantly,
this work provides an effective guideline to realize the challenging C;H,/CO; separa-
tion by rationally manipulating the electronic state of OMSs in MOF pore spaces.
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MATERIALS AND METHODS

See the supplemental experimental procedures for full details of synthesis, charac-
terization, modeling and analysis, and adsorption and breakthrough measurements.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Cheng-Yong Su (cesscy@mail.sysu.edu.cn), and Sheng-
gian Ma (shenggian.ma@unt.edu).

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability

The X-ray crystallographic coordinates for LIFM-27(Fe[lll]) have been deposited at
the Cambridge Crystallographic Data Centre (CCDC) under CCDC: 2114493. These
data can be obtained free of charge from the CCDC via http://www.ccdc.cam.ac.uk/
data_request/cif. All other data are available from the lead contact upon request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100977.
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Scheme S1. The structure of ligand.

Figure S2. The pore geometry of LIFM-27(Fe[lll]).
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Figure S3. The m&bauer spectrum of LIFM-26(Fe[l1]/Fe[l11]).
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Figure S4. The m&bauer spectrum of LIFM-27(Fe[ll1]).
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Figure S5. The m&bauer spectrum of LIFM-27(Fe[l11])-EtOH.
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Figure S6. The thermogravimetric analysis of LIFM-26(Fe[l1]/Fe[ll1]) and LIFM-27(Fe[ll1]).
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Figure S7. The Scanning electron microscopy images of LIFM-26(Fe[ll]/Fe[lll]) and LIFM-
27(Fe[111]).

S-4



J A - R Activated

J ‘l o *As—fxnthe‘saed
J l Simulated
A PUVEEN DV A

5 10 15 20 25 30 35 40
20/°

Figure S8. The PXRD pattern of LIFM-26(Fe[l1]/Fe[l11]).
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Figure S9. The PXRD pattern of LIFM-27(Fe[ll1]).
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Figure S10. The transformation from LIFM-27(Fe[l11]) to LIFM-26(Fe[I1]/Fe[l11]).
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Figure S11. The PXRD patterns of (Fe[ll]/Fe[I11])sO(TFBDC)a.
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Figure S12. The N2 (77 K) adsorption isotherms of LIFM-26(Fe[ll]/Fe[lll]), LIFM-27(Fe[llI]),

and (Fe[l1]/Fe[111])3sO(TFBDC)a.
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Figure S13. Plot of the linear region on the N2 isotherm of LIFM-26(Fe[11]/Fe[l11]) for the BET
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Figure S14. Plot of the linear region on the N2 isotherm of LIFM-27(Fe[111]) for the BET equation.
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Figure S15. Pore size distribution of LIFM-26(Fe[l1]/Fe[l11]) and LIFM-27(Fe[l11]) calculated by
DFT analysis.
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Figure S16. The N2 (77 K) adsorption isotherms of LIFM-26(Fe[ll]/Fe[lll]) transformed from
LIFM-27(Fe[111]).
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Figure S17. The C2H. adsorption isotherms of LIFM-26(Fe[ll]/Fe[ll1]) at 273 K, 285 K and 298
K.
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Figure S18. The CO; adsorption isotherms of LIFM-26(Fe[l1]/Fe[I11]) at 273 K, 285 K and 298
K.

20016 C,H, o CO,
{LIFM-26(Fe[ll}/Fe[ll]), 273 K L0003e888e°

. (@]
160 02200

120 ] OO°° QQQQQ

D
o
1

Gas Uptake (cm3 g'l)
)
(@)
O
O
S
©
O

0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar)

Figure S19. The C2H2 and CO; adsorption isotherms of LIFM-26(Fe[I1]/Fe[lll]) at 273 K.
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Figure S20. The CoH2 and CO; adsorption isotherms of LIFM-26(Fe[I1]/Fe[lll]) at 298 K.
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Figure S21. The CoH2 adsorption isotherms of LIFM-27(Fe[l11]) at 273 K, 285 K and 298 K.
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Figure S22. The CO> adsorption isotherms of LIFM-27(Fe[ll1]) at 273 K, 285 K and 298 K.
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Figure S23. The C2H2 and CO; adsorption isotherms of LIFM-27(Fe[I11]) at 273 K.
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Figure S24. The C2H2 and CO; adsorption isotherms of LIFM-27(Fe[I11]) at 298 K.
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Figure S25. The CzH2 and CO> adsorption isotherms of (Fe[ll]/Fe[l11])sO(TFBDC)3 at 273 K.
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Figure S26. Continuous C2H> adsorption measurements of LIFM-26(Fe[Il]/Fe[l11]) at 298 K.
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Figure S27. Continuous CO> adsorption measurements of LIFM-26(Fe[I1]/Fe[l11]) at 298 K.
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Figure S28. Continuous CoH> adsorption measurements of LIFM-27(Fe[l11]) at 298 K.
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Figure S29. Continuous CO» adsorption measurements of LIFM-27(Fe[l11]) at 298 K.
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Figure S30. The C2H> and CO; adsorption isotherms of LIFM-27(Fe[lll])-EtOH treated with

EtOH at 298 K.
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Figure S31. The CoH> adsorption isotherms of LIFM-26(Fe[ll]/Fe[lll]), LIFM-27(Fe[lll]), and
LIFM-27(Fe[l11])-EtOH at 298 K.
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Figure S32. The CO; adsorption isotherms of LIFM-26(Fe[ll]/Fe[Il1]), LIFM-27(Fe[Ill]), and
LIFM-27(Fe[111])-EtOH at 298 K.

m 273K CoHo
74e 285K
6 A 298K
54
| Equation  y=In(x)+1/T*(a0+a1*x+a2*x"2+a3*x"3
+ad*xM+ab*x"5+ab*x"6+a7*x"7)+(b0
4 ] Adj. R-Square 0.99946
— Value Standard Er
o ) D a0 -11305.96 438.05973
~ 3 a D al 10579.687 646.11713
[ = D a2 -5632.830 338.22412
- . D a3 1677.8806  99.76271
D a4 -312.2919  23.34365
2 1 D a5 37.01856 3.58658
| D a6 -2.52124 0.28883
D a7 0.07191 0.00944
1 — D b0 30.95278 1.43959
D b1 -17.70558 2.05286
1 D b2 6.79689 0.95953
0 - D b3 -1.10615 0.17892
D b4 0.0641 0.0115
T T T T T T T T T T T T T T T T 1

o 1 2 3 4 5 6 7 8 9
Amount Absorbed (mmol/g)

Figure S33. CoH> fitting (lines) of the adsorption isotherms (points) of LIFM-26(Fe[ll]/Fe[ll1])
measured at 273, 285 and 298 K.
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Figure S34. CO: fitting (lines) of the adsorption isotherms (points) of LIFM-26(Fe[ll]/Fe[lll])

measured at 273, 285 and 298 K.
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Figure S35. CoH: fitting (lines) of the adsorption isotherms (points) of LIFM-27(Fe[I11]) measured

at 273, 285 and 298 K.
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Figure S36. CO: fitting (lines) of the adsorption isotherms (points) of LIFM-27(Fe[l11]) measured
at 273, 285 and 298 K.
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Figure S37. C2H2 and COz isosteric heat of adsorption in LIFM-26(Fe[l1]/Fe[l11]) as a function of
surface coverage.
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Figure S38. CoH2 and CO; isosteric heat of adsorption in LIFM-27(Fe[l11]) as a function of surface

coverage.
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Figure S39. CoH> adsorption isotherms of LIFM-26(Fe[l1]/Fe[l11]) with fitting by LF model.
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Figure S40. CO> adsorption isotherms of LIFM-26(Fe[ll]/Fe[l11]) with fitting by LF model.
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Figure S41. C,H> adsorption isotherms of LIFM-27(Fe[I11]) with fitting by LF model.
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Figure S42. CO> adsorption isotherms of LIFM-27(Fe[l11]) with fitting by LF model.
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Figure S43. IAST calculative selectivity of C2H2/CO2 (50:50) on LIFM-26(Fe[ll]/Fe[lll]) and
LIFM-27(Fe[ll1]) at 273 and 298 K.
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Figure S44. IR spectrum of TCDC (referenced to blank KBr pellet).

Figure S45. The packing diagram of C2H> in the binding site of LIFM-26(Fe[ll]/Fe[ll1]) observed
by the molecular simulation.
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Figure S46. The packing diagram of C2H> in the binding site of LIFM-27(Fe[l11]) observed by the
molecular simulation.

(a) (b)

Figure S47. The preferential CO binding sites in LIFM-26(Fe[ll]/Fe[lll]) (a) and LIFM-
27(Fe[I11]) (b) observed by model studies.
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Figure S48. The packing diagram of CO- in the binding site of LIFM-26(Fe[Il]/Fe[l11]) observed
by the molecular simulation.
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Figure S49. The packing diagram of COz in the binding site of LIFM-27(Fe[ll1]) observed by the
molecular simulation.
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Figure S50. Continuous experimental breakthrough curves of LIFM-26(Fe[ll]/Fe[lll]) for the
50:50 C,H2/CO, mixture at 298 K and 1 bar with a constant flow rate of 1.0 mL min™.
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Figure S51. Continuous experimental breakthrough curves of LIFM-27(Fe[lll]) for the 50:50
C2H2/CO, mixture at 298 K and 1 bar with a constant flow rate of 1.0 mL min™,
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Figure S52. Simulated breakthrough curves of LIFM-26(Fe[ll]/Fe[l111]) for the 50:50 C2H2/CO>
mixture at 298 K and 1 bar with a constant flow rate of 1.0 mL min™.
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Figure S53. Simulated breakthrough curves of LIFM-27(Fe[l11]) for the 50:50 C2H2/CO2 mixture

at 298 K and 1 bar with a constant flow rate of 1.0 mL min™.
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Figure S54. The PXRD patterns of LIFM-26(Fe[ll]/Fe[lll]) after continuous breakthrough

experiments.
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Figure S55. The PXRD patterns of LIFM-27(Fe[ll1]) after continuous breakthrough experiments.
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Table S1. Crystallographic data for LIFM-27(Fe[l11])

Compound

LIEM-27(Fe[l11])

CCDC No.
Formula

Formula Weight
Shape / Color

Crystal System
Space Group
T (K)

a (A)

b (A)

c (A
a/Bly(9
V (A%

z
Deatc (9/cm®)
pu (mm?)

F (000)
Completeness to
theta
R1
WR>
GOF

2114493
C24Cl12Fes016
1137.19
Block/
Dark red
Orthorhombic
P21/n
150(2)
15.8943(5)
25.2728(9)
16.5535(4)
90/90/90
6649.5(4)

4
1.136
9.980
2216.0

96.8 %

0.0890
0.2557
1.060
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Table S2. The Méssbauer parameters of LIFM-26(Fe[l11]/Fe[l111]), LIFM-27(Fe[ll1]) and
LIFM-27(Fe[111])-EtOH derived from the fittings

Component & (mm/s) Qs (mm/s) Igr\évr?/g Area (%)

LIFM-26(Fe[I1]/Fe[l11])

D2 0.78 £0.01 0.38 +0.01 52.4

D3 0.31 +0.01 0.56 +0.01 0.50 £0.01 47.6

LIFM-27(Fe[l11])

D2 0.44 +£0.01 0.75 +0.01 0.49 £0.01 100.0
LIFM-27(Fe[l11])-EtOH

D2 0.46 +0.01 0.56 £0.01 67.7

D3 0.22 +0.01 0.87 +0.01 0.27 +£0.01 32.3

Table S3. Summary of porosity parameters of LIFM-26(Fe[l1]/Fe[l11]), LIFM-27(Fe[l11]),
and (Fe[11)/Fe[111])sO(TFBDC)s(H20)s

Structure Seer (M2 @) Total Pore Volume  Pore Size by DFT

(celg) A)
LIEM-26(Fe[11]/Fe[111]) 1403 0.55 6.8, 8.0, 10.1
LIFM-27(Fe[l11]) 1174 0.48 6.8, 8.0
(Fe[11]/Fe[111])30(TFBDC)3 36 0.026

Table S4. Summary of porosity parameters of LIFM-(Fe[ll]/Fe[lll]) transformed from
LIFM-27(Fe[111]).

Total Pore Volume Pore Size by DFT
(cc/g) (A)

1330 0.53 6.8, 8.0, 10.0

Structure Seet (M? g?)

LIEM-27(Fe[l11])-
EtOH

S-31



Table S5. Comparison of C2H2/COz2 separation performances for some representative MOFs

under ambient condition

_ CoH, uptake  CO2 uptake  IAST selectivity Qst (kI mol™)
Materials Ref
(cmdg?) (cmdgh (C2H2/COy) CoH2 CO;
LIFM- This
131 80 4.8 53.8 37.8
26(Fe[H1]/111]) work
This
LIFM-27(Fe[I11]) 97 51 55 44.6 35.8
work
FJI-H8-Me 229 106 5.6 33.7 21.8 1
FJI-H8 224 --- --- 32.0 2
FJI-H8-Et 217 102 5.7 29.4 22.7 1
FJI-H8-"Pr 179 92 6.0 29.0 22.6 1
FJI-H8-Pr 174 90 5.3 28.6 21.7 1
MIL-160 191 90 10 31.8 26.9 3
SIFSIX-Cu-TPA 185 107 5.3 39.1 25.7 4
SNNU-45 134 97.4 45 40 27.1 5
ZJU-280a 106 71 18.1 50.6 38.8 6
FeNi-M’MOF 96 61 24 27 24.5 7
ZJU-74a 85.7 66.3 36.5 45 30 8
BSF-3 80.4 47.3 16.3 42.7 22.4 9
ZJUT-2a 76 49 8.5 415 35.5 10
JCM-1 75 38 13.7 36.7 33.3 11
JNU-1 64 50.5 3.6 13 24 12
Cul@UiO-66-
52 20 185 74.5 28.9 13
(COOH)2
ATC-Cu 112 90 53.6 79.1 14
NKMOF-1-Ni 61.0 51.1 22 60.3 40.9 15
HOF-3a 47 21 21.5 2.4 --- 16
DICRO-4-Ni-i 43 23 13.9 37.7 33.9 17
JCM-1 75 38 13.7 36.9 33.4 11
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UTSA-74a 108.2 70.9 9 31 25 18

SIFSIX-3-Ni 73.9 60.5 7.7 36.7 50.9 19
TIFSIX-2-Cu-i 91.8 96.3 6.5 46.3 35.8 19
FJU-90a 180 103 4.3 25.1 20.7 20
JNU-1 61.7 50.6 3.6 13 --- 21
Zn-MOF-74a 78.2 76.1 2.8 43.8 31.7 22

Table S6. Calculated averaged total potential energies (in kJ mol) for a single C2H2 and
CO2 molecules, individually, positioned at their global minimum in LIFM-26(Fe[l1]/Fe[l11])
and LIFM-27(Fe[111]) as determined from CMC simulations at 20 K/1.0 atm

Structure MOF-C2H; Energy (kJ mol™) MOF-CO; Energy (kJ mol™)
LIEM-26(Fe[11]/Fe[111]) -49.7 385
LIEM-27(Fe[111]) -45.6 376

Supplemental Experimental Procedures

Materials and Instrumentation

All the reagents and solvents were purchased from commercial sources and directly utilized
without further purification. Tetrachloroterephthalic acid (TCDC) was purchased from Aladdin.
Tetrafluoroterephthalic acid (TFBDC) were purchased from Fisher Scientific. Solid-state IR
spectra were recorded using Nicolet/Nexus-670 FT-IR spectrometer in the region of 4000-400
cm tusing KBr pellets. Single-crystal X-ray diffraction data were collected on a Rigaku Oxford
SuperNova X-RAY diffractometer system equipped with a Cu sealed tube (A = 1.54178) at 50 kV
and 0.80 mA. Powder X-ray diffraction (PXRD) was carried out with a Rigaku SmartLab
diffractometer (Bragg-Brentano geometry, Cu Kal radiation, A = 1.54056 A). Thermogravimetric
analyses (TGA) were performed on a NETZSCH TG209 system in nitrogen and under 1 atm of
pressure at a heating rate of 10 < min™*. Gas adsorption isotherms for pressures in the range of 0-
1.0 bar were obtained by a volumetric method using Micromeritics ASAP 2020 physisorption
analyzer. Gas adsorption measurements were performed using ultra-high purity N2, CO2, CoH2 and
C2H4 gas.
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MOF Synthesis

Synthesis of LIFM-26(Fe[l11]/Fe[l11])

LIFM-26 was prepared using a literature procedure.?
Synthesis of LIFM-27(Fe[l11])

TCDC (1 g) and FeCl*4H>0 (4 g) were dissolved in the mixture of 190 mL N,N’-
dimethylformamide (DMF) and 110 mL H>O in a 500 mL glass flask, which is put into a desiccator
with 500 mL n-PrOH and 1.0 mL EtsN. Dark brown crystals were obtained after about two weeks.

The crystals were washed with DMF for 3~5 times, and then stored in 30 mL DMF.
Synthesis of (Fe[ll]/Fe[l11])sO(TFBDC)3
(Fe''/Fe''sO(TFBDC); was synthesized according to the documented procedure.?*

The transformation from LIFM-27(Fe[l11]) to LIFM-26(Fe[I1]/Fe[l11]), denoted as LIFM-
27(Fe[111])-EtOH

As-prepared LIFM-27(Fe'") (100 mg) was washed with EtOH (20mL x3) and then soaked in
20 mL EtOH. The mixture was heated at 75 °C for 72 h, during which the solvent was decanted
and freshly replenished two times a day. After cooling down to room temperature, the crystals of
LIFM-26 were collection by filtration and soaked in EtOH.

Single Crystal X-Ray Crystallography

Single crystal of LIFM-27(Fe[l11]) was carefully picked, attached to a glass silk which was
inserted in a stainless steel stick, then quickly transferred to a Rigaku Oxford Gemini S Ultra CCD
Diffractometer with the Enhance X-ray Source of Cu radiation (A = 1.54178 A) using the ®-¢ scan
technique. The structure was solved by direct methods and refined by full-matrix least squares
against F? using the SHELXL programs.?® Hydrogen atoms were placed in geometrically
calculated positions and included in the refinement process using riding model with isotropic
thermal parameters: Uiso(H) = 1.2 Ueq(-CH). Crystal and refinement parameters are listed in
Table S1.
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Calculations of Adsorption Isosteric Heats:

The isosteric heats of CoH> and CO. adsorption for LIFM-26(Fe[ll]/Fe[lll]) and LIFM-
27(Fe[I11]) were calculated from the sorption data measured at 273 K, 285 K and 298 K by the
virial fitting method, respectively. A virial-type expression (eqg. 1) which is composed of
parameters a;and bjis used. In eq. 1, P is the pressure in torr, N is the adsorbed amount in mmol g
1 T is the temperature in Kelvin, ai and b; are the virial coefficients which are independent of
temperature, and m and n are the numbers of coefficients required to adequately describe the

isotherms.
InP=InN+=XMm,a;N' + XLob N eq.1

The values of the virial coefficients ao through am were then applied to calculate the isosteric
heat of adsorption (eq 2). In eq. 2, Qs is the coverage-dependent isosteric heat of adsorption and

R is the universal gas constant.?®
Qst = _RZiH;O aj N eq. 2

C2H./CO: Selectivity Calculation via IAST

The experimental isotherm data for pure C2H2 and CO2 (measured at 273 K and 298 K) were

fitted using a Langmuir Freundlich (LF) model:

_ axbxpl/y
= ol eg. 3
Where q and p are adsorbed amounts and pressure of component i, respectively.

The adsorption selectivities for binary mixtures of CoHes/C2H4 defined by
S;i=2xA eq.4

i/j_x_]. yi

were calculated using the Ideal Adsorption Solution Theory (IAST) of Myers and Prausnitz.?’
Where X; is the mole fraction of component i in the adsorbed phase and y; is the mole fraction of

component i in the bulk.
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in situ infrared (IR) spectroscopy

In situ IR measurements were performed on a Nicolet 6700 FTIR spectrometer using a liquid
N2-cooled mercury cadmium telluride (MCT-A) detector. The spectrometer is equipped with a
vacuum cell which is placed in the main compartment with the sample at the focal point of the
infrared beam. The samples (~5 mg) were gently pressed onto KBr pellet and placed into a cell
that is connected to a vacuum line for evacuation. The samples were activated by ~5 h evacuation
at 150-180 <€, and then cooled back to room temperature for C>H: gas adsorption measurement.

Modeling Studies

The binding sites for C,H> and CO; in LIFM-26(Fe[lI]/Fe[l11]) and LIFM-27(Fe[lI1]) were
determined through classical molecular simulations. The single X-ray crystallographic structures
that were published herein for the respective MOFs were used as a starting point to perform the
parametrizations and simulations. Missing H atoms that are part of the bridging OH" groups were
manually inserted where appropriate in both MOFs. These H atoms were then optimized using the

Material Studios®® Forcite module with the lattice parameters of the MOF held constant.

All atoms of LIFM-26(Fe[ll]/Fe[l11]) and LIFM-27(Fe[l11]) were treated with Lennard-Jones
(LJ) parameters (e and )* and point partial charges in order to model repulsion/dispersion and
stationary electrostatic interactions, respectively. The LJ parameters for all aromatic C and H
atoms were taken from the Optimized Potentials for Liquid Simulations - All Atom (OPLS-AA)
force field,*® while those for all other atoms were taken from the Universal Force Field (UFF).%!
The partial charges for the unique atoms in LIFM-26(Fe[ll]/Fe[lll]) and LIFM-27(Fe[Il1]) were

determined through the extended charge equilibration (EQeq) method.*2

Simulated annealing (SA) calculations®® were performed for a single molecule of each
adsorbate through a canonical Monte Carlo (CMC) process in the 1 <1 =2 supercells of LIFM-
26(Fe[l1]/Fe[l11]) and LIFM-27(Fe[l11]). All MOF atoms were kept fixed at their crystallographic
positions throughout the simulations. A spherical cut-off distance corresponding to half the
shortest supercell dimension length was used for the simulations in both MOFs. C2H> and CO>
were modeled using electrostatic potentials of the respective adsorbates that were developed
previously.®*3® The total potential energy of the MOF-adsorbate system was calculated through

the sum of the repulsion/dispersion and stationary electrostatic energies. These were calculated
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using the LJ potential® and the Ewald summation technique,®” ® respectively. SA calculations for
each adsorbate utilized an initial temperature of 500 K, and this temperature was scaled by a factor
of 0.99999 after every 10° Monte Carlo (MC) steps. The simulations continued until 10° MC steps
were reached; at this point, the temperature of the system is below 25 K and the adsorbate is already
localized in its energy minimum position in the MOF. All simulations were carried out using the
Massively Parallel Monte Carlo (MPMC) code.3% 4°

Next, CMC simulations*! were performed for a single molecule of C2H, and CO,, individually,
positioned at their global minimum in LIFM-26(Fe[I1]/Fe[l11]) and LIFM-27(Fe[lll]). This was
done in order to evaluate the averaged classical potential energy for all three adsorbates about their
energy minimum position in the material. The CMC simulations were performed at a temperature
of 20 K and a pressure of 1.0 atm. These simulations ran for a total of 10® MC steps to ensure
reasonable ensemble averages for the total potential energy of the system. The averaged classical
potential energies for CoH. and CO> localized about their energy minimum position in LIFM-
26(Fe[I1]/Fe[ll1]) and LIFM-27(Fe[l11]) are presented in Table S6.

Breakthrough separation experiments and procedures

The breakthrough experiments were carried out in a dynamic gas breakthrough set-up.*? All
experiments were conducted using a stainless steel column (3.0 mminner diameter <120 mm) with
silica wool filling the void space. According to the different particle size and density of the sample
powder, the weight packed in the column was: 0.470 g for LIFM-26(Fe[ll]/Fe[l11]), 0.330 g for
LIFM-27(Fe[I11]). Outlet gas from the column was monitored using gas chromatography (GC-490)
with a thermal conductivity detector (TCD) coupled with a FID. The mixed gas flow rate during
breakthrough process is 1.0 mL mint for 50/50 (v/v) C2H2/CO,, respectively. After the

breakthrough experiment, the sample was regenerated under N2 flow.

Transient breakthrough simulations

Transient breakthrough simulations of the adsorption were carried out based on the
experimental breakthrough conditions with binary 50/50 C>H2/CO> mixtures at a total pressure of
100 kPa and 298 K with the total flow rate of 1 mL min, using the methodology described in

earlier publications.**7 In these simulations, intra-crystalline diffusion influences are ignored.
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Notation

b: Langmuir-Freundlich constant, Pa™; gi: component molar loading of species i, mol kg™; Qsat:
saturation loading, mol kg; pi: partial pressure of species i in mixture, Pa; pt: total system pressure,
Pa; t: time, min/g; T: absolute temperature, K.

Greek letters

v: Freundlich-exponent, dimensionless.
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