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Anthropogenic greenhouse gas emission poses as serious threat to our environment and it is therefore of utmost
importance that efficient systems are developed to mitigate these issues. SFe, in particular, has attracted more
attention in recent years due to its global warming potential which severely exceeds that of CO». In this study we
present the SFg sorption properties of four highly porous 1,3,6,8-tetrakis(4-carboxyphenyl)pyrene-based
(TBAPy4’) metal-organic frameworks containing either ytterbium(IIl), thulium(IIl), cerium(Ill), or hafnium
(IV). These MOFs can be synthesized with high crystallinity in as little as 5 h and were found to have good SFg
uptakes due to their suitable pore size. The SFs uptake of the Yb-TBAPy MOF reached 2.33 mmol g~! with high
Henry’s law SFg-over-Nj selectivity of ~80 at 1 bar and 293 K. The TBAPy-MOFs were also found to have good
chemical stability and good cyclic SFg sorption stability with fast SFe uptake. These TBAPy-MOFs possesses many
of the properties desired for an efficient SF¢ sorbent and may be suitable sorbents for further development,
including sorbent processing for industrial applications.

1. Introduction

The effect of increased concentrations of greenhouse gases in the
atmosphere has been confidently linked to the observed climate change
and global warming in recent years. Of the typical greenhouse gases,
carbon dioxide (CO,) and methane (CH4) are perhaps the most well-
known as they are connected to our everyday lives - e.g. the combus-
tion of fossil fuel, or animal farming. Other greenhouse gases, such as
sulfur hexafluoride (SFg), is less known at least in the mainstream media.
SF¢ has excellent dielectric properties, it is non-toxic, and thermally
stable. This has made SF¢ a popular choice in a number of applications
where these properties are desired, such as in high-voltage systems,
circuit breakers, and the semiconductor manufacturing industries. On
the other hand, the global warming potential of SFg is over 22,000 times
higher than that of CO5 [1], which means that the emission of SF is also
a significant contributor to global warming. A number of technological
solutions have been employed to reduce the emission of SFg, these
include incineration, SF¢ recirculation, plasma discharge, and radio
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frequency discharge etc. However, the removal of SFg from its point
sources through the use of solid-based adsorption processes has, in
recent years, garnered attention and has been proposed as a potentially
efficient alternative. Adsorption of SFg would require a good adsorbent
and a number of potential microporous materials have been considered
as candidate sorbents, including zeolites [2,3], porous carbons [4,5], as
well as metal-organic frameworks (MOFs) [6,7]. A good adsorbent needs
to possess desirable properties, including high capture capacity, good
selectivity, low heats of adsorption for easy regeneration, high cycling
stability over a number of adsorption cycles and more. Metal-organic
frameworks, being a class of porous materials that are constructed
from organic linkers coordinating the metal centers, have interesting
constructions which allow them to possess enormous structural di-
versity. Many properties of MOFs can be tailored such as pore size,
surface chemistry, flexibility, and stability [6,8]. The diverse structural
possibilities and chemistries allow MOFs to be considered as promising
functional materials for many applications, which include drug delivery,
catalysis, energy conversion, gas sensing, and luminescence-based
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sensing [9-14]. Tetratopic pyrene-based organic molecules have shown
to be interesting building blocks for the construction of novel MOF
structures [15]. Pyrene-based frameworks have successfully been pre-
pared from various main group and transition metals, such as Mg(II)
[16-18], Zn(I) [19-22], Ni(II) [23], In(IlI) [24], Eu(ll) [25], Zr(IV)
[26], Hf(IV) [27], and U(IV) [28,29], resulting in a large number of
MOFs with diverse structural features. Examples of such features can be
seen in many 1,3,6,8-tetrakis(4-carboxyphenyl)pyrene-based frame-
works such as the 3D indium(II)- and cadmium(II)-based frameworks
ROD-7 [24] and ROD-8 [30]. Both ROD-7 and ROD-8 both exhibit
structures composed of infinite 1D ROD secondary building units (SBUs)
interconnected through the tetratopic pyrene ligands. Forming two
types of 1D channels with dimensions of 4.93 x 9.83 A/6.82 x 8.96 A
along the b-axis [24] and 8.5 x 9.5 A/6.5 x 11.8 A along the a-axis [30]
for ROD-7 and ROD-8, respectively. Both frameworks exhibited appre-
ciable porosities — with Brunauer-Emmett-Teller (BET) surface areas
ranging from approximately 1189 m? g~ for ROD-7 [24] to 369 m? g~!
for ROD-8 [30]. The CO, uptake capacities of the frameworks were not
found to correlate to the specific surface areas of the MOFs, as ROD-8
displayed a higher CO, adsorption capacity (1.8 mmol g~) [30] as
compared to ROD-7 (1.5 mmol g’l) [31] at 298 K and 1 bar. Although
the authors did not provide an explanation for this phenomenon, it may
likely be related to the interplanar distance between the pyrene cores in
ROD-8 (4.35 A [30]). The interplanar distance in ROD-8 is closer in
distance as compared to ROD-7 (7.12 A [31]), resulting in an increased
interaction between the CO2 molecules and the pore surface. Similarly,
the europium-based ROD-MOF JXNU-5 shares some structural similar-
ities to ROD-7 and ROD-8. The 3D framework possesses 1D channels
with apertures of 4.6 A and 6.7 A (as determined by nonlocal density
functional theory- NLDFT) but has a less symmetric structure due to the
inherently different rod-metal-SBU in JXNU-5. The framework was
found to have comparable BET surface area (406 m? g~ 1) and CO, up-
take capacity (1.55 mmol g~* at 298 K and 1 bar) to ROD-7 and ROD-8
despite the slight structural distortion [25]. The formation of framework
structures with large pores have also been successfully obtained in the
zirconium(IV)- and hafnium(IV)-based pyrene-based frameworks
NU-1000 [26,27]. Unlike the previously mentioned ROD-MOFs, Zr- and
Hf-NU-1000 exhibit both meso- (31 A/29 10\) and micropores (12 Aands
A/13 A) [32] resulting in highly porous frameworks with BET surface
areas of 2320,/1780 m? g~! and a total pore volumes of 1.26/1.14 cm®
g’l (of which 43% constitutes the micropore volume in Zr-NU-1000)
[27,32]. Although the CO, uptake capacity of Zr-NU-1000 (7.92 wt%)
[31] is comparable to that of ROD-8, it can be assumed that this phe-
nomenon is due to the high porosity and not to an increased CO,-pore
surface interaction, as is evident by the low CO; heat of adsorption on
Zr-NU-1000 [31]. The pore size of many 1,3,6,8-tetrakis(4-carboxy-
phenyl)pyrene (TBAPy)-based frameworks has shown to be capable
for the sorption of small gaseous adsorbates, such as CO5 (3.3 A [33D
and CH4 (3.8 A [34]) [19,23,25,31,35], however the relatively large
crystallographic pore aperture (>4 A) of structures such as ROD-7, -8,
JXNU-5, and NU-1000 may indicate that pyrene-based frameworks
could be promising for the capture of SFg (5.5 A [36D).

In this study, we tested four highly porous MOFs based on TBAPy*~
coordinated with different metals, namely ytterbium (Yb(III)), thulium
(Tm(IID), cerium (Ce(Ill)), and hafnium (Hf(IV)). These MOFs are
similar to other TBAPy-based MOFs previously reported in literature,
including ROD-7 [24], JXNU-5 [25], and Hf-NU-1000 [27]. The sorption
properties of these TBAPy-MOFs were examined and specifically the
possibility of using these MOFs as SF¢ adsorbents are be discussed.

2. Experimental section
2.1. Materials

Hafnium(IV) chloride (HfCly), Ytterbium(III) acetate tetrahydrate
(Yb(C2H302)3-4H20), and  Thulium  acetate hydrate (Tm
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(C2H302)3-xH20) were purchased from Sigma-Aldrich (USA). Ammo-
nium cerium(IV) nitrate (Ce(NH4)2(NO3)g), N,N-dimethylformamide
(DMF) were obtained from VWR AB (Sweden) and 1,3,6,8-tetrakis(4-
carboxyphenyl)pyrene (H4TBAPy) was purchased from AmBeed Inc.
(Arlington, USA).

All solvents and chemicals were used as received without further
purification.

2.2. Experimental procedures

2.2.1. Synthesis of Yb-TBAPy

Yb(C2H302)3'4H20 (84.45 mg, 0.20 mmol) and H4TBAPy (136.54
mg, 0.20 mmol) were dissolved in 10 ml DMF. The mixture was trans-
ferred to a Teflon-lined stainless-steel autoclave and heated in an oven to
200 °C. After 48 h the autoclave was removed from the oven and
allowed to cool to ambient temperatures. The product was collected
using centrifugation at 3,800 rpm for 10 min, washed in DMF three
times, and dried in a ventilated oven at 70 °C.

2.2.2. Synthesis of Tm-TBAPy

The synthesis of Tm-TBAPy was carried out in a similar manner to
Yb-TBAPy. Briefly, Tm(CoH302)3xH20 (69.21 mg, 0.20 mmol) and
H,4TBAPy (136.54 mg, 0.20 mmol) were dissolved in 10 ml DMF. The
mixture was heated in a Teflon-lined stainless-steel autoclave and left in
an oven at 200 °C. After 48 h the autoclave was removed from the oven
and allowed to cool and the product was collected using centrifugation
at 3,800 rpm for 10 min, washed with DMF three times, and finally dried
in a ventilated oven at 70 °C.

2.2.3. Synthesis of Hf-TBAPy

Hf-TBAPy was synthesized using different procedures than those
presented in literature for Hf-NU-1000 [27]. Briefly, a mixture of HfCl4
(128.12 mg, 0.40 mmol) and H4TBAPy (273.08 mg, 0.40 mmol) was
dissolved in 10 ml DMF. The mixture was heated in a Teflon-lined
stainless-steel autoclave at 200 °C for 24 h, after which the cooled
product was collected by centrifugation at 3,8000 rpm for 10min,
washed with DMF three times, and dried in a ventilated oven at 70 °C.

2.2.4. Synthesis of Ce-TBAPy

A mixture of Ce(NH4)2(NOs3)g (109.64 mg, 0.20 mmol) and H4TBAPy
(136.54 mg, 0.20 mmol) in 10 ml DMF was heated in a Teflon-lined
stainless-steel autoclave at 200 °C. The mixture was left in the oven
for 5 h and the cooled product was thereafter collected by centrifugation
at 3,800 rpm for 10 min, washed with DMF three times, and dried in a
ventilated oven at 70 °C.

2.3. Materials characterization

Powder X-ray diffractograms (PXRD) of the synthesized materials
were recorded on a Bruker D8 Advance TwinTwin diffractometer (Bre-
men, Germany) using Cu Ka-radiation (A = 1.5418 ./0\) and operated at
40 kV and 40 mA. PXRD data were collected within a 26-range of 5-50°
using a step-size of 0.015° and a time-per-step of 0.4 s. Scanning electron
microscopy (SEM) images were obtained using a Zeiss Merlin Field
Emission Scanning Electron Microscope (Oberkochen, Germany) oper-
ated at 1 kV and 50 pA. All samples were pre-sputtered using Ag/Pd
prior to imaging. Core-level XPS spectra were recorded on a ULVAC-PHI
II Scanning XPS Microprobe (Chanhassen, MN, US) using mono-
chromatic Al Ka radiation and Ar* ions as well as low-energy electrons
for charge neutralization. Obtained spectra were calibrated using the C
1s peak for adventitious carbon at 284.8 eV.

2.4. Gas sorption analysis

Equilibrium sorption isotherms were collected on a Micromeritics
ASAP2020 surface area analyzer (Norcross, GA, USA) on samples pre-



M. Ahlén et dl.

degassed at 448 K for 3 h under dynamic vacuum (1 x 10~ Pa) using a
Micromeritics SmartVacPrep (Norcross, GA, USA). Langmuir specific
surface areas were calculated from nitrogen (N5) isotherms recorded at
liquid nitrogen temperatures (77 K) and the corresponding density
functional theory (DFT) pore size distributions were estimated from the
Ny isotherms using the slit pore mode for Ny. CH4, CO2, No, and SFg
equilibrium isotherms were recorded using a Micromeritics ASAP2020
surface area analyzer (Norcross, GA, USA) at 273-303 K using an
insulated dewar containing temperature adjusted/controlled water or
an ice-water slurry. Brunauer-Emmett Teller (BET) was calculated with
the recorded isotherm data using the BET surface identification (BETSI)
software provided by Adsorption and Advanced Materials Lab (AAML),
Department of Chemical Engineering & Biotechnology, University of
Cambridge, UK [37]. Gas selectivities for theoretical gas mixtures con-
taining SFe/N3 (10:90), CO2/Ny (15:85), and CO,/CHy4 (50:50) were
calculated using the Ideal Adsorption Solution Theory (IAST) [38] from
single component isotherms recorded at 273-303 K. The CH4, CO3, Ny,
and SF¢ isotherms were fitted using either the single- or dual-site
Langmuir model for the IAST calculations. Henry’s law selectivities (s
= Kg, gas 1/KH, gas 2) for SFs/N2, CO2/N», and CO2/CH4 were calculated
using the Henry’s law constants (K, gqs) obtained from single compo-
nent isotherms collected at 273-303 K. Isosteric enthalpies (-AHggs) of
SFe, COy, and CH4 adsorption were calculated from isotherms collected
at 273-303 K using the Clausius-Clapeyron equation [39]. All isotherms
were modeled using either the single- or dual-site Langmuir model.

Gravimetric SFg adsorption profiles were obtained using a Mettler
Toledo TGA/DSC 3+ (Schwerzenbach, Switzerland) on approximately
15 mg samples at 303 K using a SFe flow-rate of 60 ml min~'. All samples
were degassed in-situ prior to adsorption at 423 K for 1 h in a Ny at-
mosphere (60 ml min~1). Further, SFq diffusivities were estimated using
the intracrystalline diffusion model [40] on corrected gravimetric SFg
profiles.

2.5. Stability study

The stability of the TBAPy-based MOFs were studied using various
aqueous and organic solvents. 5 mg of each sample was stirred in 5 ml of
MeOH, EtOH, acetone, toluene, deionized water, 1 M NaOH (aq.), and 1
M HCI (aq.) for 5 h at room temperature. The samples were thereafter
collected by centrifugation at 3,800 rpm for 10 min and analyzed using
PXRD (A = 1.5418 f\). The thermal stability of the samples were inves-
tigated using thermogravimetric analysis (Mettler Toledo TGA/DSC 3+,
Schwerzenbach, Switzerland). The as-synthesized TBAPy-MOFs were
heated from 298 K to 1073 K in the presence of air (60 ml min ! flow-
rate).

3. Results and discussion
3.1. Structure of TBAPy-based MOFs

The TBAPy-based MOFs were solvothermally synthesized in DMF at
200 °C yielding yellow and dark orange micro-crystalline products.
Despite our best efforts, no single crystals could be grown, but good
powder diffractograms were obtained (Fig. 1) showing the products to
be crystalline. Thus, while no definite proof of structure can be pre-
sented, a discussion based on known chemical similarities of the
different metal ions, can be made with similar MOFs and their simulated
powder patterns compared with those obtained for the as-synthesized
TBAPy-based structures (Fig. 1). The Yb- and Tm-TBAPy MOFs had
PXRD patterns that were close to the simulated PXRD pattern of the Eu
(I11) based JXNU-5 (Fig. S1), which suggested that Yb- and Tm-TBAPy
MOFs shared structural similarities to JXNU-5, (MeaNH3)s[Euy(us-
0)2(TBAPy)5(H20)6]-12 DMF [25]. Pawley refinements account for all
except one or two very minor signals (Fig. S1, Table S1) with a weighted
profile R-factor, Ry, of 9.9 and 6.2 for Yb- and Tm-TBAPy, respectively.
Pawley refinement of the PXRD pattern of Hf-TBAPy fitted well with the
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Hf-TBAPYy (as-synthesized)

MJ\ NU-1000 (simulated)
LA

Ce-TBAPy (as-synthesized)

ROD-7 (simulated)
Al j

Yb-TBAPy (as-synthesized)
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Tm-TBAPy (as-synthesized)

JXNU-5 (simulated)
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35 40 45 50

I 1 1
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26 (°)

Fig. 1. Powder X-ray diffractograms of the as-synthesized MOFs and the
simulated diffraction patterns of ROD-7 [24], JXNU-5 [25], and NU-1000 [26]
(» = 1.5418 A).

Zr(IV) MOF Zr-NU-1000, [Zre(pns-OH)s(OH)s(TBAPy).] [26] (Fig. S1,
Table S1) with no unexplained features giving a Ry, of 2.7. Significant
peak broadening was also noted in this PXRD pattern which was found
to be due to the small particle size of this sample (Fig. S3). Ce-TBAPy, on
the other hand, appeared closer to ROD-7 and a subsequent Pawley fit
gave a Ry, of 7.8, with all peaks except for a small peak at 10.4° and a
shoulder at 13.6° accounted for (Fig. S1, Table S1). These two peaks may
possibly be related to a small impurity of a JXNU-5-like phase. Based on
our data analysis, we suggest that Ce -TBAPy is isoreticular to ROD-7,
[Iny(OH)2(TBAPy)] [24], and Yb- and Tm-TBAPy to JXNU-5. Although
ROD-7 and JXNU-5 are rod-MOFs with similar architectures, they
however feature different SBUs and thus contain slightly different types
of pore channels (Fig. S2). The main difference between JXNU-5 and
ROD-7 is that the latter structure possesses straight channels as well as a
less complex and more symmetric structure due to a different
rod-metal-SBU (Fig. S2). According to the chemical formulas of JXNU-5
[25], ROD-7 [24], and NU-1000 [26] MOFs in literature, the Yb- and
Tm-TBAPy were therefore presumed to be [M7(13-0)2(TBAPy)s(H20)g]-
xDMF (where M = Yb(III), Tm(III), TBAPy = C44H60g), Ce-TBAPYy to be
[Cex(OH)»(TBAPy)], and Hf-TBAPy as [Hfg(p3-OH)g(OH)g (TBAPY),].

SEM images of the TBAPy-based MOFs (Fig. S3) show that the par-
ticle size for all samples were in the nanometer (nm) scale. In particular,
the particle shape of Yb- and Tm-TBAPy were found to be similar to each
other and appeared as small plate-like particles. Ce-TBAPy had a
comparatively more distinct shape, the individual particles were also of
nm scale in size but appeared to adopt a cross-shape. Microscopically the
Ce-TBAPy cross-shape particles assembled to form rounded cube-like
aggregated microparticles (Figs. S3c—-d). The Hf-TBAPy particles were
the smallest of all the TBAPy-MOFs in this study, these somewhat
irregularly shaped particles also appear aggregated according to the
SEM images (Figs. S3g-h). Increasing the synthesis time of Hf-TBAPy did
not noticeably increase the particle size, but yielded samples with
decreased porosity. Although Hf-TBAPy is similar to Hf-NU-1000 pre-
sented by Beyzavi et al. [27], the particle size and shape of the two
materials were noticeably different.

The TGA decomposition profiles of the Yb-, Tm-, and Hf-TBAPy
(Fig. S9) revealed that the metal content of these MOFs were reason-
ably close to the expected values according to their respective chemical
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formula (Table S2). Ce-TBAPy contained a lower metal content than
expected (when calculated using the assumed chemical formula based
on ROD-7) and was found to be related to the presence of residual linker
that was not removed despite repeated washing. According to the TG
analysis, the residual linker amount was close to 30 wt% (see Fig. S9 and
Table S2) which may require supercritical CO washing to remove. Due
to the significant presence of residual linker on Ce-TBAPy, we will not
focus the discussion on Ce-TBAPy in the rest of this study. Further an-
alyses, including X-ray photoelectron spectroscopy (XPS) (Fig. S10) and
gas sorption data (Fig. S21) related to Ce-TBAPy can be found in the
Supporting Information for references.

3.2. Pure gas sorption on TBAPy-MOFs

The porosity of the TBAPy-based samples was studied using nitrogen
sorption at 77 K (Fig. 2 and Figs. S11-S12). All samples showed IUPAC
type I isotherms which are typical of microporous materials [41]. The
BET specific surface areas (SSApgr) were found to range between
approximately 716-940 m? g™ (SSArangmur ~750-1000 m?* g !)
(Figs. S13-520, Table 1, and Table S3). The hysteresis observed for
Hf-TBAPy between p/p, ~0.43-0.98 may indicate mesoporosity, which
has also been observed on NU-1000 [26]. The distinct isotherm shape
and the narrow pore size distribution of the 2-3 nm pores of Zr-NU-1000
was not observed for Hf-TBAPy. Furthermore, the SSAggT of Hf-TBAPy in
this study was noticeably less than that shown by Beyzavi et al. [27] and
may be related to the differences in sample washing procedures, as well
as differences in particle size and crystallinity. As a comparison, large
single crystals were noted by Beyzavi et al. [27], in contrast to the
sub-pm-sized particles observed in this study. Yb-TBAPy was found to
have the highest porosity as indicated by the calculated SSAs and pore
volume (i.e. 0.35 cm® g’l). The recorded SSAggr values of both Yb- and
Tm-TBAPy were higher than those presented for Eu-JXNU-5 (406 m?
g™ 1). The porosities of the synthesized samples were not found to
directly correspond to the atomic mass of the metal cations in the
structures, as is evident by the discrepancy in SSAggr between Yb-TBPAy
and Tm-TBAPy. This discrepancy between Yb- and Tm-TBAPy (and also
with Eu-JXNU-5) was probably related to a difference in crystallinity
between the samples.

The calculated density-functional theory pore size distributions
(DFT-PSD) of the samples (Fig. S11) showed that Yb- and Tm-TBAPy
have the same average pore size distributions, with the most
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Fig. 2. Equilibrium nitrogen (N5) sorption isotherms recorded at 77 K. Filled
and open symbols represent the adsorption and desorption branches,
respectively.
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predominant type of pore bearing a diameter of ~0.64-0.69 nm. A small
number of pores with a diameter of approximately 0.72 nm was also
observed on these samples. The pore size distributions of Hf-TBAPy
differed slightly when compared with Yb- and Tm-TBAPy - only the
pores with a diameter of approximately 0.72 nm were observed. In all
cases, pores larger than 1 nm were detected, but the differential pore
volume of these larger 1 nm pores was noticeably higher on Hf-TBAPy
than in the other samples. DFT pore size analyses echoed the observa-
tion that Yb- and Tm-TBAPy may indeed have the same structure (i.e.
being isoreticular to JXNU-5), which is somewhat different from that of
Hf-TBAPy that likely shares structural similarities with NU-1000. It is
important to note that the experimentally obtained DFT-PSDs do not
represent the true crystallographic pore size of the structures and that
the PSDs presented should be taken as estimates and not absolute values.
Furthermore, no correlations between the average pore size and the
cation radii of the Yb(III) and Tm(III) metal were noted for the two
TBAPy-MOFs.

The crystallographic micropore sizes of JXNU-5 and NU-1000 range
between 5 and 9 A [24,42] and may be suitable for SF¢ sorption. We
previously demonstrated that pore sizes of ~7 A could enhance the
sorption of SFg (5.5 A kinetic diameter [36]) on mixed-linker ZIF-7-8s
[43]. As the TBAPy-MOFs also have pore sizes within the discussed
range, the SF¢, as well as CHa4, CO,, and Ny, sorption equilibrium iso-
therms were recorded at 273-303 K (Fig. 3, Figs. S21 and S26, Fig. S28,
and Fig. S30) in order to study their gas sorption properties. The highest
SFg uptake at 293 K and 1 bar (Fig. 3 and Table 2) was observed for
Yb-TBAPy (2.33 mmol g’l), then Tm-TBAPy (1.83 mmol g’l), and
Hf-TBAPy (1.38 mmol g~?). The difference in SF¢ uptake between Yb-
and Tm-TBAPy correlated very well and with the recorded SSAggr of the
two MOFs (2.78 pmol m~2 for Yb-TBAPy and 2.77 pmol m™2 for
Tm-TBAPy, Table S6), suggesting that the chemistries related to the
sorption and uptake capacity of SF¢ (as well as for other gases, as dis-
cussed later) of the two MOFs were comparable.

The SFg isotherms for the TBAPy-based MOFs also showed a Lang-
muir shape. Yb- and Tm-TBAPy-MOFs in this study demonstrated that
the comparatively smaller pores on these MOFs (~6.4-6.9 A) could
further enhance the sorption of SFs when compared with the ~7 A pores
on mixed-linker ZIF-7-8s [43]. Fig. 4 compares the sorption isotherms of
the most SFg selective ZIF-7-8 in our previous study with Yb-TBAPy, it is
clear that the SF¢ sorption isotherm of Yb-TBAPy had a steeper increase
in uptake capacity at low pressure when compared with the
mixed-linker ZIF-7-8 (Fig. 4a). The same observation was noted for
Tm-TBAPy (Fig. 3b). The steep isotherm at low pressure demonstrated
the effect of pore size enhanced sorption of SFg, which is also reflected in
the Henry’s law SF¢/N3 selectivity for Yb- and Tm-TBAPy of ~80 (at
293 K) - the highest value of the selected materials (Fig. 4b and
Table S9). Note that the sorption of SFg on TBAPy-MOFs were exclu-
sively physisorption and was fully reversible (demonstrated by the lack
of hysteresis on the desorption isotherm), therefore, no strong interac-
tion between SFg and the pore surface was expected (i.e. strong elec-
trostatic interactions or chemisorption). The SFg uptake capacity, as
discussed early, was entirely dependent on the available BET surface
area of the TBAPy-MOF (i.e. no observable effect from the different
metals present in the MOF). In the case of Hf-TBAPy it may be assumed
that the dimensions of the pores on Hf-TBAPy were less ideal than Yb-
and Tm-TBAPy for enhanced interaction with SFe. In fact, the ~7.2 A
pores on Hf-TBAPy were very similar in size to one type of pores on the
mixed-linker ZIF-7-8 (~7.3 A) [43], and Fig. 4a also shows that the
shapes of the SFg on these two materials were very comparable. The SFg
uptake capacity of the TBAPy-based MOFs were found to be similar to
other porous sorbents (Table S5) such as DUT-9 (2.32 mmol g’1 at 298 K
and 1 bar) [44], MIL-101(Cr) (2.01 mmol g’1 at 298 K and 1 bar) [44],
UiO-66-Zr (1.45 mmol g_1 at 293 K and 1 bar) [45], Zeolite-13X (1.75
mmol g’l at 298 K and 1 bar) [45], and CAU-17 (1.45 mmol g’1 at 293 K
and 1 bar) [46]. However, SFg uptake capacity was observed to be lower
in other MOFs such as Zn4O(dmepz)3 (2.54 mmol g’1 at 298 Kand 1 bar)
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Table 1
Summary of surface area and pore volumes calculated from N sorption isotherms recorded at 77 K for the MOFs.
Sample SSALangmuir” (M g™ SSApsr” (m* g ") Ve (em®g ") Viniero” (cm® g ™) Vineso' (cm® g™
Yb-TBAPy 1065 940 0.35 0.35 -
Tm-TBAPy 815 716 0.33 0.27 -
Hf-TBAPy 760 620 0.45 0.19 0.22

# Langmuir specific surface areas (SSApangmuir) Were calculated using the Langmuir equation within the pressure range of 4-17 kPa.

> Brunauer-Emmett Teller specific surface areas (SSAggr) were calculated using the BETSI software, analysis plots are available in the Supporting Information
Fig. S13 - S20.

¢ The representative total pore volumes (V) were calculated using a single point of the adsorption branch at p/p, 0.90, this pressure point was chosen to avoid the
effect of N, condensation observed on some samples and a slight underestimation is expected. For Hf-TBAPy the value at p/p, = 0.98 was used.

4 The micropore and mesopore volumes (Vp,) Were estimated using the t-plot method.
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Fig. 3. CHy, CO3, Ny, and SF¢ equilibrium sorption isotherms recorded at 293 K for (a) Yb-TBAPy, (b), Tm-TBAPy, and (c) Hf-TBAPy. Filled and open symbols

represent the adsorption and desorption branches, respectively.

Table 2
Summary of CHy, CO, Ny, and SFg uptakes at 293 K and 1 bar.
Sample CH,4 (mmol CO, (mmol N, (mmol SFg (mmol
g g g g
Yb-TBAPy 1.05 2.70 0.33 2.33
Tm- 0.81 2.09 0.25 1.83
TBAPy
Hf-TBAPy 0.49 1.44 0.21 1.38

[44], MIL-100(Fe) (2.60 mmol g’1 at 293 K and 1 bar) [45], Zn-MOF-74
(3.80 mmol g’1 at 298 K and 1 bar) [47], Cus(btc), (4.77 mmol g’1 at
298 K and 1 bar) [44], Co-MOF-74 (5.30 mmol g_1 at 298 K and 1 bar)
[47], and Mg-MOF-74 (6.45 mmol g’1 at 298 K and 1 bar) [47].

The CO; uptake capacity at 1 bar and 293 K was found to be slightly
higher as compared to the SFg uptakes but was found to follow the same
trend. The highest CO5 uptake was observed in Yb-TBAPy (2.70 mmol
g1, 4.29 pmol m~?) followed by Tm- (2.09 mmol g1, 4.26 pmol m~2),
and Hf-TBApy (1.44 mmol g, 3.45 pmol m~2). A lower affinity be-
tween the CO, molecules and the pore surface when compared to SFg
can be assumed due to the isotherm shape, which appeared to be more
linear than the SF¢ isotherms. This was somewhat expected as the kinetic

diameter of CO4 (3.3 A [33]) is smaller than that of SFe. The CO, uptake
in the TBAPy-based samples was found to be comparable to other MOFs
such as BUT-11 (2.39 mmol g’1 at 298 K and 1 bar) [50], SIFSIX-3-Zn
(2.55 mmol g! at 298 K and 1 bar) [51], SNU-M10 (2.10 mmol g}
at 298 K and 1 bar) [52], and NH,-MIL-125 (2.18 mmol g’1 at 298 K and
1 bar) [53].

The CH4 uptake was found to be moderately low on all samples
(ranging from 0.49 to 1.05 mmol g~! at 293 K and 1 bar) and the shape
of the isotherm showed no affinity between the CH4 molecules and the
pore surface of the MOFs. As such, it will not be the focus of the rest of
this study, however, data concerning CH4 sorption on TBAPy-MOFs are
documented in the Supporting Information.

3.3. TBAPy-MOFs as selective SFg sorbent

In order to consider TBAPy-MOFs as possible SFg sorbents, a number
of different aspects of the sorption performance need to be evaluated,
including the chemical/thermal stability of the sorbent, gas uptake at
relevant pressures, selectivity, and sorption kinetics. The chemical and
thermal stability of the TBAPy-MOFs in a range of organic solvents as
well as at pH 1 and 14 was monitored using PXRD and is discussed in the
Supporting Information (Section S3). In short, the synthesized TBAPy-
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Fig. 4. (a) SF¢ sorption isotherms for Yb- and Hf-TBAPy and selected reference materials (SU-100 [48], SU-101 [46], porous carbon (PC-CaCit) [49], ZIF-8 [43],
ZIF-70.26-80.74 [43], CAU-33 [46], and CAU-17 [46]) at 293 K and 1 bar (isotherms for SU-100 and PC-CaCit was recorded at 298 K), and b) calculated Henry’s law
constant (Ky,sre) for SF¢ adsorption on Yb-, Hf-TBAPy and selected materials [43,48].

MOFs were found to be stable under the different test conditions, aside
from in acidic (1 M HCL, pH 1) and basic (1 M NaOH, pH 14) conditions.
The partial pressure of SFg in many gas mixtures used in high-voltage
circuit breakers is usually kept at ~10 kPa and ~90 kPa N (or other
gases). It is therefore of crucial importance to consider the SFg uptake
capacities of a sorbent at the relevant pressure range in order to evaluate
its accessible SFg capacity in realistic conditions. The SF¢ adsorption
capacity of the TBAPy-based MOFs at 10 kPa was found to be appre-
ciably high and ranged from 0.54 to 1.60 mmol g~! at 293 K. Fig. 5
compares the uptake of SF¢ on different sorbents at 10 kPa (298 K). The
low-pressure uptake of SF¢ for the TBAPy-based MOFs was found to be
comparable or higher than other sorbents with appreciable SFg sorption
capacities at 100 kPa, such as DUT-9 (~0.45 mmol g’1 at 0.1 bar and
298 K) [44], MIL-100(Fe) (~0.30 mmol g’1 at 0.1 bar and 293 K) [45],
Zn-MOF-74 (~1.35 mmol g’1 at 0.1 bar and 298 K) [47], and Cugz(btc),
(~1.12 mmol g_l at 0.1 bar and 298 K) [44] (Fig. 5 and Table S5).
The SFg/Ny selectivity of the TBAPy-MOFs were estimated using the
Ideal adsorbed solution theory (IAST) as well as the Henry’s constants of
each gas. IAST selectivities were calculated based on hypothetical gas
mixtures containing 10 kPa of SFg and 90 kPa N. The IAST selectivities
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Fig. 5. Comparison of SFg uptake capacity of the TBAPy-based MOFs and other
porous sorbents at 10 kPa and 100 kPa SF¢. Data for Yb-, Tm-, and Hf-TBAPy
are from this study (with green symbols), other data are obtained from litera-
ture [43-48] and a tabulated comparison is available in Supporting Informa-
tion, Table S5. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

at different temperatures can be found in Fig. 6a, Figs. S22-S25 and are
also listed in Table S10. The IAST selectivities of Yb- and Tm-TBAPy
were effectively the same across all temperatures, at 293 K the values
were 47 and 48 (at 100 kPa). These selectivities are comparable to a
number of well-known sorbents, including zeolite 13X (~43 at 293 K
and 1 bar) [45] and Zn-MOF-74 (46 at 298 K and 1 bar) [47]. The IAST
selectivities of H-TBAPy were lower than the other TBAPy-MOFs across
all temperatures, this was related to the shape of the SFg sorption iso-
therms, which itself is an effect of the effective pore size as discussed
earlier. Interestingly, the IAST selectivities of all Yb- and Tm-TBAPy
MOFs increased with increasing temperature, but Hf-TBAPy showed
the opposite trend. Henry’s law selectivities were also calculated
(Table S9) to complement the IAST selectivities, although the Henry’s
law selectivies were generally higher across all samples than the IAST
selectivities, the same increasing/decreasing trend with a change in
temperature was also observed. CO2/N3 and CH4/Nj selectivities (both
IAST and Henry’s law) were also calculated and presented in the Sup-
porting Information (Tables S10 and S9). These selectivities were not
higher than other similar sorbents reported in literature.

The isosteric enthalpies of SF¢ adsorption (-AHggs,srs) Was found to
range from ~25 to 35 kJ mol™! between 0.3 and 1.1 mmol g~! SFg
loading (Fig. 6b and Fig. S32). The calculated -AHggs,srs Was found to be
within the range typically observed for physisorption, confirming that
the adsorbate-adsorbent interaction occurs through weak VdW forces
[54]. This is to be expected due to the non-polar nature of the SFg
molecule and confirmed by the lack of hysteresis in the adsorption/de-
sorption isotherms shown in Fig. 3. The -AHg4s srs can also be seen to
decrease slightly with increasing loading for Hf-TBAPy indicating the
possibility of preferred adsorption sites. The cyclic SF¢ uptake on the
MOFs were also investigated gravimetrically at 303 K (Fig. S33). The SF¢
uptake capacity was found to remain stable for up to 10 cycles and a less
than 1 wt% decrease from the first to the last cycle was observed when
using mild heating (423 K) to generate the sorbents between each cycle.

The SF¢ adsorption kinetics was investigated gravimetrically at 303
K (Fig. 7). The adsorption rate was found to occur relatively rapidly in
the samples, with 80% total uptake being reached after 45-174 s. The
SFe adsorption kinetics was further investigated gravimetrically at 303 K
using approximately 15 mg of sample. The intracrysalline diffusion
model was used to evaluate the SF¢ diffusion in the TBAPy-MOFs at both
the initial stages of adsorption (Fig. S34a) and at near equilibrium
(Fig. S34b). Deviations from the model was observed at both stages of
adsorption which may in part be due to heat-transfer effects and
external-mass transfer resistance, as a single sample size was used for the
analysis and the particle size of the TBAPy-MOFs were found to be
within the nm range. The calculated SFe diffusivities (Table 3 and
Table S16) ranged from ~3 x 10 *s1to6 x 10~*s ! and were within
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Table 3
Calculated SF; diffusivities obtained from the intracrystalline diffusion model.

Sample Intracrystalline diffusion model, Intracrystalline diffusion model,
short-time long-time
D (s Di(sh)
Yb- 6.22 x 107* 5.54 x 107*
TBAPy
Tm- 6.33 x 10°* 5.08 x 10°*
TBAPy
Hf- 5.66 x 10°* 334 x 1074
TBAPy

the same magnitude as the SF¢ diffusivities in other porous sorbents such
as SU-101 and CAU-17 [46]. It is important to note that the calculated
values should be taken as a rough estimate of the SF¢ diffusivity in the
TBAPy-MOFs due to the discrepancy between the experimentally
observed data and the theoretical model.

4. Conclusions

Four metal-organic frameworks based on Yb-, Tm-, Ce-, and Hf-
TBAPy were synthesized in this study. The four MOFs have structures
that resemble either JXNU-5, ROD-7, or NU-1000 previously reported.
The SFg adsorption properties of these Yb- Tm- and Hf-TBAPy-MOFs

were examined. These MOFs were found to selectively adsorb SFg-
over-Ny with IAST high selectivity of up to ~50 (303 K, 100 kPa, in
10:90 SF¢:N») and high SFe uptake of over 2.61 mmol g~! (273 K, 100
kPa). Yb- and Tm-TBAPy had suitable pore sizes of ~0.65 nm that can
result in the enhanced interaction with SFg and the selective adsorption
of SFe. Isosteric enthalpies of SFg adsorption was also calculated to be
within the physisorption range and all TBAPy-MOFs showed good cyclic
stability. The SFg adsorption was also found to occur relatively rapidly
on all MOFs and 80% of the total uptake capacity was reached within 3
min. Furthermore, the SFg diffusivity was found to range from ~3 — 6 x
10~* s71. We demonstrate that TBAPy-MOFs possess a number of
desirable properties that make them candidate adsorbents for further
development, including good chemical and thermal stability and high
porosities. It could be interesting to further develop TBAPy-MOFs for
application using post-synthesis structural processing, such as pelleti-
zation or formulation for 3D printing.
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