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A flexible zinc tetrazolate framework with breathing
behaviour on xenon adsorption and selective
adsorption of xenon over other noble gases

Shunshun Xiong*, Qiang Liu“, Qian Wang“, Wei Li“, Yuanming Tang“, Xiaolin
Wang*“, Sheng Hu** and Banglin Chen”

Given the fact that the traditional cryogenic rectification is highly energy and capital intensive
during the purification of xenon, effectively selective adsorption of xenon over other noble
gases at room temperature using porous materials is a critical and urgent issue. Here we
present a flexible zinc tetrazolate framework ([Zn(mtz),]), which exhibits high capture
capacity of xenon and selective adsorption of xenon over other noble gases at room
temperature. Due to its high adsorption enthalpy for xenon, the suitable pore size that matches
well with xenon atom, as well as the high polarizability of Xe, [Zn(mtz),] shows breathing
behaviour on xenon adsorption, which is confirmed by experimental adsorption isotherms of
xenon and thermodynamic analysis of breathing transition. Isosteric heats of adsorption and
S(DIH) calculations indicates that [Zn(mtz),] has significantly higher adsorption affinity and
capacity for Xe compared with Kr, Ar and N,. The high capture capacity of Xe (2.7 mmol/g) in
idealized PSA process and high Xe/Kr selectivity (15.5) from breakthrough experiment

promise its potential application for Xe capture and separation in Xe-Kr gas mixture.

Introduction

The noble gases are important industry commodity and have
many significant uses including medical imaging, anesthetics,
insulation, commercial lighting and lasers.' However, the
extremely low concentration of xenon (0.087ppmv) and
krypton (1.14 ppmv) in the atmosphere,” and the difficulty of its
purification, give rise to the high price of noble gases, which
imposes restriction on their extensive use. Conventionally, a
20/80 molar mixture of xenon-krypton is obtained as a by-
product in cryogenic air separations and must undergo further
cryogenic distillation to produce pure xenon and krypton.
However, cryogenic process is highly energy and -capital
intensive. On the other hand, radioisotopes of Xe and Kr, *¥*Kr
and '3Xe for example, are emitted as by-products of nuclear
fission and treatment of spent nuclear fuel.’ Because of the long
half-life of ®°Kr (10.8 years), separating Kr from Xe to produce
pure Xe in Xe-Kr mixture is an important step in removing
radioactive °Kr during treatment of spent nuclear fuel.’ Hence,
capture and selective adsorption of Xe over other noble gases at
room temperature is industrially important and remains a
critical and urgent issue.

As an alternative to cryogenic processes, separation via
selective adsorption at room temperature using porous solids
such as zeolites and activated carbons has been investigated.*
NaA and NaX zeolites can selectively adsorb Xe over Kr with
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selectivities of approximately four to six, but with low
capacities.” Tris(o-phenylenedioxy)cyclo-triphosphazene (TPP),
a zeolite-like material with a pore diameter of ~4.5 A can
absorb 1.7 mmolg™" Xe at 298K and 1 bar.’ The emerging
Metal-organic frameworks (MOFs), hybrid lattices of organic
ligands and metal nodes (metal ions or clusters), have been
promised as the cost-effective and efficient materials for gases
storage and separation due to their mild synthetic conditions,
high thermal stability, high surface areas and controllable pore
structures.”® Very recently, effective separation of noble gases
using MOFs has received significant attention and become a
new focus area.’'? Thallapally et al. reported a switch in the
Xe-Kr selectivity in FMOFCu at different temperatures.” Li
and co-workers showed that Co3(HCOO)¢ can commensurately
adsorb Xe and have high IAST selectivity for Xe-Kr.'°
Computational screening studies carried by Snurr et al. suggest
that porous materials with cavities diameter of 4.1~8.2 A
would have the highest Xe/Kr selectivity and better materials
remain to be discovered.''" Cooper et al. reported a porous
organic cage CC3 with ~4.4 A cavity showing significantly
high selectivity for noble gas separation at low
concentrations.'? Recently, Thallapally et al. reviewed the
potential of MOFs for separation of Xe and Kr.*® On the other
hand, flexible or soft porous networks show reversible structure
transitions (breathing or gate-opening) dependent on the nature
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and quantity of adsorbed guest molecules and are extremely
interesting for applications in selective gas
adsorption/separation.'* However, there is rare systematic
investigation of flexible MOFs on selective adsorption of Xe
over other noble gases.

In this work, we reported previously a flexible zinc
tetrazolate framework, [Zn(mtz),] (also named as UTSA-49,
UTSA = University of Texas at San Antonio; Hmtz = 5-methyl-
1H-tetrazole) exhibits high capture capacity and selective
adsorption selectivity for xenon over other noble gases at room
temperature. 5 [Zn(mtz),] shows a breathing behaviour on Xe
adsorption which has been demonstrated by experimental
adsorption isotherms of xenon and thermodynamic analysis of
breathing transition. The pressure dependent Xe/Kr, Xe/Ar and
Xe/N, selectivities were calculated using a S(DIH) equation.
The Xe capture capacity in an idealized PSA process was
calculated to be 2.7 mmol/g. In order to mimic real world
conditions, the breakthrough experiment was carried out on a
binary gas mixture of xenon-krypton (50/50).

Experimental section

Materials and Measurements:

were used as received from
suppliers further  purification.
Thermogravimetric analyses (TGA) were performed on a
Shimadzu TGA-50 analyzer under a nitrogen atmosphere with a
heating rate of 3 K min™' from 30 to 800 °C. Powder X-ray
diffraction (PXRD) patterns were recorded by a RigakuUltima
IV diffractometer operated at 40 kV and 44 mA with a scan rate

of 1.0 deg min™".

All reagents and solvents

commercial without

Preparation of [Zn(mtz),]:

A mixture of Hmtz (5.00mg, 0.0079mmol) and Zn(NOj3),*6H,0
(30.00mg, 0.0587mmol) was dissolved in DMF/EtOH (2.5mL,
4:1, v/v) in a screw-capped vial (20 ml). The vial was capped
and placed in an oven at 90°C for 24 h. The resulting colourless
block single crystals were washed with DMF several times to
give [Zn(mtz),]. Elemental analysis: Calcd. for
[Zn(mtz),]*(DMF)*H,O (C;H;sNyO,Zn,): C, 26.06%; H,
4.69%; N, 39.07%; Found: C, 26.32%; H, 4.77%; N: 38.83%.

Gas Adsorption Measurements:

A QUDRASORB SI-M surface area analyzer was used to
measure gas adsorption isotherms. To have a guest-free
framework, the fresh sample was guest-exchange with dry
methanol 3 times per day for 3 days, filtered and vacuumed at
23 °C for 10 hours to measurements. The activated sample was
used for the sorption measurements and was maintained at 77 K
with liquid nitrogen and at 273 K with an ice—water bath. As
the center-controlled air conditioner was set up at 25 °C, a
water bath was used for adsorption isotherms at 298 K. Dry
ice/acetonitrile bath was used for isotherm at 220K. For the
isotherm at 323K, a temperature-programmed water bath was
used. Ultrahigh-purity-grade (>99.999%) N,, Ar, Xe, Kr and
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window-2

window-1

Figure 1. (a) The largest inclusion sphere (yellow sphere) inside the adamantine
cage (constructed by 10 Zn® ions and 12 mtz’ lignds) and the dia topology
network of [Zn(mtz),] (b) The ball-and-stick model showing the two different 6-
membered ring windows: window-1 (left) and window-2 (right) in the
adamantine cage of [Zn(mtz),] (c) Perspective view of the 3D network of
[Zn(mtz),]. (Zn, purple; C, gray; N, blue; H, white)

He gases were applied in adsorption measurements.

Results and discussion

[Zn(mtz),] was synthesized according to the procedure (ref 15).
The phase purity of the samples was confirmed by Elemental
Analysis (EA). As shown in the previous work," [Zn(mtz),]
has a 3D network with dia topology, which is constructed by
mtz ligands and Zn** ions. As shown in Figure 1, the
adamantine cage in the framework has an internal cavity that is
precisely the right size to accommodate a single xenon atom.
The diameter of the largest inclusion sphere in this cavity is
estimated to be ~4.3A, which is very close to the diameter of
Xe (4.10A). The adamantine cages pack in the crystalline state
to give 3D pore structure and have two kinds of 6-membered
Zn-mtz-Zn ring window with the effective aperture size of 2.9
A x 3.6 A for window-1 and 3.6 A x 4.0 A for window-2,
respectively (considering the Van der Waals radii of atoms).
The narrowest point, the pore-limiting diameter, for window-1
and window-2 is 2.9A and 3.6A, respectively, which is in
principle too narrow to permit the diffusion of either Xe or Kr
(3.69A). However, considering the vibrational motion of atoms
in the cage molecules in molecular dynamics simulations,
window-2 (3.6 A x 4.0 A) is broad enough to permit diffusion
of Xe and Kr, which has been demonstrated by Cooper’s
work."?

The suitable pore and cavity size for Xe capture encouraged
us to examine its potential application on adsorption of Xe. As
shown in Figure 2, the Xe low pressure adsorption-desorption
isotherms were measured at various temperatures (323K, 298K,
273K and 220K). The Xe uptake of [Zn(mtz),] is 3.0 mmol/g
(39.2 wt%) at 298K, corresponding to 0.69 Xe molecules per
adamantine cage. The Xe uptake at 220K and 1 bar is 4.75
mmol/g and approaches saturation, corresponding to one Xe
atom per adamantine cage. Considering its low BET surface
area (Sgpr = 355.3 m? g_l), [Zn(mtz),] has a high adsorption
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Figure 2. Experimental xenon adsorption isotherms in [Zn(mtz),]. Filled symbols:
adsorption branch; open symbols: desorption branch.

capacity of Xe at 298K and lbar, which is comparable with
MIL-53-Al (3.0 mmol/g) and higher than Coz;(HCOO)4 (2.0
mmol/g) and CC3 (~2.3 mmol/g).'"'*'® The coverage-
dependent adsorption enthalpies for Xe were calculated by
Clausius-Claperyron equation. The isosteric heat of adsorption
(Qq.. n=0) for Xe at zero surface is estimated to be 23.53+0.54
kJmol'. The Q, value for Xe changes dramatically as the
amount adsorbed increases and the whole curve looks like a
piece of wave, which indicates that the interaction between Xe
atoms and pores of the framework transforms during the
adsorption of Xe. Although, the Xe enthalpy of [Zn(mtz),] is
lower than those of HKUST-1 (26.9 kJ mol'), Co;(HCOO),
(29 kImol™") and CC3 (~25.2 kImol™"), but is still a high value
and higher than most reported MOFs, which indicates the
strong interaction between the adamantine cage and Xe
molecules.'*%&!3

It is interesting that [Zn(mtz),] exhibits breathing transition
during the Xe adsorption and desorption between narrow pore
(np) and large pore (Ip) phases. The 273K and 298K isotherms
clearly display a phase transition with a hysteresis loop that can
be attributed to the np-lp transition. The 220K isotherm also
displays a np-lp phase transition but without a hysteresis loop.
Finally the 323K isotherm shows no sign of phase transition in
the accessible pressure range, and the framework is thus
believed to remain in the np form. Such breathing behaviour on
Xe adsorption has been observed on MIL-53.'® The breathing
transition on Xe adsorption is firstly found in such tetrazolate
frameworks with a robust dia topologic network. It should be
noted that only adsorption of Xe can induce structural breathing
in [Zn(mtz),] and structural breathing doesn’t happen during
adsorption of other gases (such as Kr, Ar, CO,, CHy, N,) at 298
or 273K. This is different from MIL-53, which exhibits
structure transition upon ad sorption of both Xe and CO, at
room temperature. The special breathing behaviour on Xe
adsorption of [Zn(mtz),] could be attributed to its right cavity
size that matches well with Xe atom, the high adsorption
enthalpy for Xe, as well as the higher polarizability of Xe
(40.44 x 10°% cm®) compared with Kr (24.844 x 10 cm?), Ar

This journal is © The Royal Society of Chemistry 2012
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Figure 3. adsorption (solid) and desorption (open) isotherms of xenon (red
circles), krypton (blue squares), argon (green triangles) and nitrogen (magenta
rhombus) on [Zn(mtz),] at 298k (a) and 273 K (b). Pressure-dependent
adsorption selectivities of [Zn(mtz),] in the equimolar Xe-Kr mixture (black
squares), Xe-Ar mixture (red circles) and Xe-N, mixture (blue triangles) predicted
using a modified DIH equation at 298 (c) and 273 K (d).

(16.411 x 10% cm’) and N, (17.403 x 10 cm?).¥

Thermodynamic analysis of the data reported in Figure 2 has
been carried out using the thermodynamic model developed by
Coutert et al.'” Langmuir fits of the experimental isotherms
have been carried as approximations to the “rigid host”
isotherms for both lp and np forms. The AFy., (free-energy
differences) values between np and lp forms are calculated to
be 5.45 and 7.28 kJ mol™ for 298 and 273k, respectively, using
the 298 and 273K stepped isotherms (see details in the ESI,
Table S4). While, the transition enthalpy value (AH.q = Hip-
H.,p) and entropy value (ASpoq = Sip-Syp) are calculated to be 27
kIJmol! and 73 JK’lmol’l, which is comparable with MIL-53
(AHoq = 15 kJ mol™, ASpoq = 74 T K 'mol™).

In order to evaluate the potential application of selective
adsorption Xe over other gases, the Kr, Ar and N, low-pressure
adsorption isotherms have also been measured. As shown in
Figure 3a, [Zn(mtz),] takes up very low amounts of Kr (0.38
mmol/g), Ar (0.16mmol/g) and N, (0.11lmmol/g) at 298K,
compared with Xe. The Qg at zero surface values for Kr, Ar
and N, were calculated by Clausius-Claperyron equation and
estimated to be 16.2, 12.0, and 11.0 kJmol’l, respectively.
These values are significantly lower than the Qg for Xe, which
shows that [Zn(mtz),] has much stronger affinity for Xe
compared with Kr, Ar and N,. Different from Xe, the Q values
for all three gases show small variations as a function of uptake,
which indicates that [Zn(mtz),] exhibits the energetically
homogeneous characters of pores during the sorption of Kr, Ar
and N,.

The adsorption selectivities of gases mixtures containing Xe
based on the ideal adsorbed solution theory (IAST) is difficult
to estimated, since the S shape adsorption isotherm of Xe for
[Zn(mtz),] can’t be fitted well using common Langmuir, dual-
site Langmuir, Langmuir-Freundlich and dual-site Langmuir-
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Freundlich fitting model. Therefore, we used a S(DIH) equation
which has been demonstrated to be precise in prediction of
adsorption selectivity for gases mixture in low pressure and
requires only the adsorption isotherms and adsorption heats of
pure components as input (see details in the ESI).'® As shown
in Figure 3¢ and 3d, when the pressure is lower than 75 kPa, the
adsorption selectivities of Xe/Kr, Xe/Ar and Xe/N, (equimolar
mixtures) at 298K are 6.4, 23.2 and 31.4, respectively. As the
pressure exceeds 75 kPa, the Xe/Kr, Xe/Ar and Xe/N,
selectivities increase obviously and reach their highest values at
95~100 kPa: 9.2, 32.5 and 44.0 respectively. While, the
pressure-dependent adsorption selectivities of Xe/Kr, Xe/Ar
and Xe/N, at 273K have the same tendency, reach the highest
values at 40 kPa: 12.4, 33.1 and 44.6 respectively, but decease
gradually after that. This interesting change of adsorption
selectivities dependent pressure for [Zn(mtz),] may be due to
the S shape adsorption isotherm (298K and 273K) caused by
np-Ip phase transition. Although, the Xe/Kr selectivity at 298K
of UTSA- 49 is lower than MOF-74-Co (Henry law selectivity:
10.37 at 298K, 1bar) and Coz;(HCOO)4 (IAST selectivity: 12 at
298K, 1bar), but is still a high value and higher than most
reported MOFs.>!1e1d The Xe/N, selectivity of [Zn(mtz),] is
also than MOF-74-Co (Henry law
selectivity: 18.18 at 298K, 1bar), IRMOF-1 (Henry law
selectivity: 8.56 at 298K, 1bar) and other reported MOFs, '2!24
Pressure swing adsorption (PSA) or
(VSA) at moderate temperatures is
considered economically feasible in gas separation such as

significantly higher

vacuum swing

adsorption process

natural or biogas upgrading.' In the interest of potentially
using [Zn(mtz),] in swing adsorption processes for Xe capture
from Kr in Xe-Kr gas mixture, as would be useful in
reprocessing of by-product of air separation. We have estimated
the Xe capturing capacity in an idealized PSA process using the
Xe adsorption isotherms in Figure 2. The estimates in Figure 4
assume that the gas mixture, by-product after air separation,
contains 20 mol% Xe and 80 mol% Kr. The total pressure of
the process is assumed to swing from 1 bar to 5 bar in a simple
and hypothetical PSA process at 25°C. In the gas mixture, the
partial pressure of Xe at 1 bar and 5 bar in the by-product gas
corresponds to 0.2 bar and 1 bar, respectively. For these
conditions, the Xe capture capacity can be defined as the
difference between Xe uptake at 1 bar and 0.2 bar and the
represent the moles of Xe gas that can be removed in a PSA
cycle per kilogram of the adsorbent. Fig. 4 shows the Xe
capture capacity of [Zn(mtz),] in the highlighted region that
corresponds to this PSA condition, i.e. varying pressure from 1
bar to 5 bar. The Xe capture capacity of [Zn(mtz),] is estimated
to be 2.7 and 3.25 mmol/g at 298 and 273K respectively. The
Xe capture capacity of [Zn(mtz),] at 298K is significantly
higher than Co;(HCOO)¢ (0.7 mmol/g), CC3 (0.8 mmol/g),
MOF-74Ni (2.0 mmolg/g) and similar with Ag@MOF-74Ni
(2.7 mmol/g) (see details in the ESI, Fig. S10). Considering the
high price of metal Ag on the Ag@MOF-74Ni, [Zn(mtz),]
maybe a more favorable material in reprocessing of by-product
of air separation through PSA technology.

To evaluate the feasibility of using [Zn(mtz),] as a candidate
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Figure 5. Column breakthrough experiment for a Xe/Kr: 50/50 gas mixture
carried out on [Zn(mtz),] at 296K and 1 bar. (Xe, red circles; Kr, black squares).
The flow rate of He and Xe-Kr gas mixture is 10 ml/min.

for separating Kr from Xe in Xe-Kr mixture in real world
conditions, we carried out dynamic breakthrough measurements
with an adsorption column packed with [Zn(mtz),] crystals (see
details in the ESI). Fig. 5 shows the breakthrough curves for
50:50 mixtures of Xe and Kr on [Zn(mtz),] at 296K and 1 bar.
Kr was detected after the gas mixture was introduced into the
column for ~4 minutes. While Xe was not detected until a
breakthrough time of 10.5 minutes was reached. It should be
noted that the Kr concentration at the column outlet
significantly exceeds the feed concentration and has a sharp
growth before the Xe is about to pass through the column. This
indicates that [Zn(mtz),] shows significantly stronger
interaction for Xe molecules than Kr molecules and the more
favoured Xe displaces the already adsorbed Kr during the
breakthrough process. The Xe/Kr selectivity was calculated to
be 15.5 based on the adsorption capacity of the two gases,
which is significantly higher than most reported porous

This journal is © The Royal Society of Chemistry 2012
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materials such as Ni/DOBDC, Co;(HCOO)s, MOF-505 and
HUKST-1 and is the highest Xe/Kr selectivity measured by
breakthrough experiment using binary Xe-Kr gas mixture.'®!?
These results indicate that [Zn(mtz),] exhibits high Xe/Kr
selectivity under flow conditions suggesting that it is a
promising candidate for Xe capture and separation in Xe-Kr gas

mixture.

Conclusions

In summary, we investigated adsorption and separation capacity

of a flexible microporous zinc tetrazolate framework,
[Zn(mtz),], for noble gases in detail. For the first time, we
reported a breathing behaviour during the Xe adsorption and
desorption on a tetrazolate framework [Zn(mtz),] with a rigid
dia topology, confirmed by experimental adsorption isotherms
of xenon and thermodynamic analysis of breathing transition
between narrow pore (np) and large pore (Ip) phases. [sosteric
heats of adsorption and S(DIH) calculations indicate that
[Zn(mtz),] has significantly higher adsorption affinity and
capacity for Xe compared with Kr, Ar and N,. The breathing
behaviour and preferred adsorption of Xe could be attributed to
the high adsorption enthalpy for Xe atoms, the right cavity size
that matches well with Xe atom, as well as the high
polarizability of Xe. [Zn(mtz),] exhibits both high capture
capacity of Xe (2.7 mmol/g) in idealized PSA process and high
Xe/Kr selectivity (15.5) under flow conditions which promises
its potential application for separation of Xe from Kr in Xe-Kr
gas mixture.
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A flexible zinc tetrazolate framework shows breathing behaviour on
xenon adsorption, due to its high adsorption enthalpy for xenon, the
suitable pore size that matches well with xenon atom and the high
polarizability of Xe. The high capture capacity of xenon, as well as high
Xe/Kr, Xe/Ar and Xe/N, separation selectivities promise its potential

application for selective adsorption of Xe over other noble gases.
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