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Fine-tuning of gas uptake and selectivity in a
hexafluorozirconate pillared coordination network
that features two porous phases†
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Hybrid coordination networks, sustained by divalent transition metal ions and a combination of organic and

inorganic linker ligands, are an emerging class of physisorbents for adsorptive gas and vapour capture,

especially under trace (≤1%) concentrations. Herein, we report a Cu(II) hybrid coordination network using

the anionic pillar hexafluorozirconate ZrF6
2−, [Cu(pypz)2ZrF6]n; ZRFSIX-21-Cu (21 = 4-(3,5-dimethyl-1H-

pyrazol-4-yl)pyridine). ZRFSIX-21-Cu possesses two ultramicroporous phases, a two-dimensional square

lattice phase (α), and a three-dimensional primitive cubic unit phase (β), a rarity among hybrid

ultramicroporous materials. Interestingly, ZRFSIX-21-Cu-α revealed better selectivity for C2H2 over CO2,

and ZRFSIX-21-Cu-β for C2H2 over C2H4.

Introduction

Hybrid ultramicroporous materials (HUMs),1 a subfamily of
hybrid coordination networks (HCNs), have emerged as a
class of porous physisorbents suitable for gas separations.1–3

By taking advantage of ultramicroporous channels (<7 Å) and
highly fluorinated pillars (SiF6

2−, TiF6
2−, etc.), HUMs offer

strong electrostatic-rich high density of sorbate binding sites.
Such strong binding often enables HUMs to demonstrate i)
highly selective trace gas capture; ii) record-high binary and
multicomponent gas separations (CO2/N2, C2H2/CO2, C2H2/
C2H4; C2H2/C2H4/CO2, C2H2/C2H4/CH4, among others).2,4

Owing to their modular nature and amenability to the crystal
engineering design principles, new HUMs can be readily
synthesized.5 Simply put, fine-tuning of components within
the core blueprint of HUMs enables superior control of their
pore environment. This is key to optimising the resulting

performance parameters,2 such as gas uptake, binding
energy, selectivity, and separation potential.6–8 To optimise
these aspects, several iterations of HUMs have been
synthesized, often by varying the inorganic pillaring linkers.
These include the first and second generation HUMs, namely,
MFSIX (SiF6

2−, TiF6
2−, GeF6

2−),8,9 DICRO (Cr2O7
2−),10 MOFFIVE

(NbOF5
2−, TaOF5

2−),11 MFFIVE (AlF5
2−, FeF5

2−),12 and the mmo
nets (CrO4

2−, MoO4
2−, WO4

2−).13

Traditionally, the above-mentioned HUMs relied upon
pyrazine or pyridyl linkers to dictate pore size and/or
promote interpenetration.7 The latest generation of HUMs
have advanced this area by utilizing other N-heterocyclic
derivatives, namely pyrazole. A recent report demonstrated
the crystal engineering of a series of HUMs incorporating
4-(3,5-dimethyl-1H-pyrazol-4-yl) pyridine (pypz).14 Inclusion of
this ligand into the HUM platform afforded materials
possessing both high selectivity and working capacity of C2H2

over CO2.
15 Additionally, use of such ligands has been found

to promote increased hydrolytic stability, which has been a
prevalent issue in both HUMs and metal–organic materials
(MOMs), in general.16,17 Previous studies have shown that
exposure to water or water vapour in HUMs typically leads to
a structural transformation of the 3D pcu network to a 2D
square lattice sql or sql-c* network. In the latter case, the
square grids are interlocked, and the pillaring anions
displaced, resulting in non-porous structures (Fig. 1).17,18

To further explore the capabilities of the pypz ligand
within a HUM platform, we report here the synthesis of
[Cu(pypz)2ZrF6]n (ZRFSIX-21-Cu), a new HUM featuring the
ZrF6

2− pillar. Unlike its parent HUM, SIFSIX-21-Cu,15 ZRFSIX-
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21-Cu exists in two distinct ultramicroporous phases, a 2D
square lattice (sql) α-phase and a conventional 3D pillared
pcu β-phase. Strikingly, and different to other anion-pillared
HUMs, ZRFSIX-21-Cu is shown also to be porous in its 2D
phase, a first in this family of materials. The work here
reveals the structural differences between the phases and the
impact these have on the porosity and separation potential
for different gas mixtures.

Results and discussion
Synthesis and structural characterization

Single crystals of ZRFSIX-21-Cu-α were isolated following the
evaporation of an acetonitrile solution containing a mixture
of pypz, Cu2+ and ZrF6

2−, whereas single crystals of ZRFSIX-
21-Cu-β were obtained through layering the reagents atop
each other in methanol at room temperature. Bulk samples
of the α-phase were synthesized directly by mixing the
reagents in acetonitrile, whereas methanol solvent afforded
the β-phase (see synthesis section of ESI† for further details).
Single-crystal X-ray diffraction (SC-XRD) revealed that
ZRFSIX-21-Cu-β is isostructural to the previously reported
pypz-based HUMs (SIFSIX-21-Cu, SIFSIX-21-Ni, etc.),
crystallising as a pcu topology framework in the
orthorhombic space group Pnna.15 Whereas ZRFSIX-21-Cu-α
crystallises as an sql network in the orthorhombic space
group Pna21, it can be characterised as an incomplete or
intermediate phase in the formation of ZRFSIX-21-Cu-β. The
key difference between the two phases is that ZRFSIX-21-Cu-α
contains only one axially bound ZrF6

2− anion per Cu2+ node,
rather than two, resulting in a square pyramidal {N4F}
coordination chromophore around the Cu(II) centre (Fig.
S1†). The absence of a second axial ZrF6

2− anion in ZRFSIX-
21-Cu-α leads to sequential sql layers exhibiting AB stacking,
instead of being locked into a pcu network (Fig. S2†).

Ultramicroporosity is present in both phases due to one-
dimensional channels aligned along the crystallographic
c-axis for α and b-axis for β, respectively. ZRFSIX-21-Cu-α was
found to feature a minimum pore window of ca. 2.5 Å, and a
maximum pore window of ca. 6.0 Å (Fig. 2a and b). In
ZRFSIX-21-Cu-β, the pore window was determined at ca. 4.8
Å, comparable to the isostructural HUM, SIFSIX-21-Cu (4.5

Å), and TIFSIX-4-Cu (4.7 Å) (Fig. 2c).15 Interestingly, the pore
chemistry of ZRFSIX-21-Cu-α resembles that of the previously
reported sql HUM, sql-16-Cu-NO3-α (16 = 4,4′-(2,5-dimethyl-
1,4-phenylene)dipyridine).19 In both cases, the pore window
is partially occupied by the coordinating anion, causing the
axial anions to interdigitate between the undulating 2D
layers. The presence of the NO3

− anion in sql-16-Cu-NO3-α
contributed to strong sorbent–sorbate interactions observed
for C2H2 compared with CO2,

19 suggesting a similar effect
might be observed with the ZrF6

2− anion in ZRFSIX-21-Cu-α.
Powder X-ray diffraction (PXRD) was employed to confirm

the bulk phase purity of ZRFSIX-21-Cu-α and β, as well as to
verify the structural distinction between the two materials
(sql vs. pcu). The PXRD diffractogram recorded after air
drying revealed that ZRFSIX-21-Cu-α exists in a desolvated α′
phase, as indicated by subtle differences between the
simulated and experimental diffractograms.
Thermogravimetric analysis (TGA) showed thermal
decomposition occurring at 473 K and 538 K for ZRFSIX-21-
Cu-α and ZRFSIX-21-Cu-β, respectively (Fig. S5†).

Phase transition studies

To establish the relationship between and interconversion of
ZRFSIX-21-Cu-α and ZRFSIX-21-Cu-β phases, we conducted a

Fig. 2 Crystal structures of ZRFSIX-21-Cu (α and β). (a)
Ultramicropores of ZRFSIX-21-Cu-α generated through AB stacking of
2D layers. (b) Packing of the guest solvent molecules within the pores
of ZRFSIX-21-Cu-α. (c) Ultramicropores of 3D ZRFSIX-21-Cu-β. (d)
ZrF6

2− pillars of ZRFSIX-21-Cu-β used to generate the 3D structure and
to potentially facilitate strong sorbate binding sites (due to short F–F
distances between the neighbouring pillars). Colour code: Cu (cyan),
Zr (pale blue), F (green), N (blue), C (grey) and H (white).

Fig. 1 Illustration showing the phase transition of a prototypical pcu
topology HUM to an sql-c* topology CN, in the presence of excess
water.
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series of experiments to track the transition between crystals
of the α and β phases.

When soaked in a solution of MeOH, violet crystals of
ZRFSIX-21-Cu-α were observed to slowly undergo a gradual
phase transition to yield characteristic light-blue crystals of
the ZRFSIX-21-Cu-β phase, over a period of 48 hours (Fig.
S42†). PXRD measurements showed that in 24 hours, the
sample comprised of a mixture of α and β phases, with
complete conversion to ZRFSIX-21-Cu-β observed at 48 hours
(Fig. 3). TGA measurements also confirmed successful phase
transition as the decomposition profile complements that of
the directly synthesized ZRFSIX-21-Cu-β (Fig. S5†). Attempts
to reverse the phase change through heating crystals of
ZRFSIX-21-Cu-β in acetonitrile or water to regenerate ZRFSIX-
21-Cu-α were unsuccessful, suggesting thermodynamic
stability of the β phase over the α phase.

Attempts were also made to induce a phase transition
through direct heating of dried ZRFSIX-21-Cu-α to remove
any residual solvent and potentially enable the ZrF6

2− anions
to lock the 2D layers together, forming ZRFSIX-21-Cu-β. These
efforts were inspired by our previous work on the HUM
SIFSIX-3-Ni, where the 3D material was realised by heating
the sql precursor at 80 °C under vacuum. Heating ZRFSIX-21-
Cu-α at 120 °C under vacuum resulted in the formation of an
additional poly-crystalline phase, ZRFSIX-21-Cu-γ (Fig. S6 and
S8†), distinguishable by its green colour (Fig. 4). No phase
transition was observed below 120 °C, with ZRFSIX-21-Cu-α
remaining unchanged.

Gas adsorption studies

Single-component gas adsorption studies were conducted on
all three phases to evaluate their porosity. Activation of
ZRFSIX-21-Cu-α at 50 °C and 120 °C under vacuum generated
the phases ZRFSIX-21-Cu-α′ and ZRFSIX-21-Cu-γ (Fig. S6†),
while ZRFSIX-21-Cu-β was activated at room temperature
under vacuum. N2 adsorption isotherms at 77 K revealed that

both ZRFSIX-21-Cu-α′ and ZRFSIX-21-Cu-β displayed typical
type I isotherms, with BET surface areas calculated at 367
m2 g−1 and 404 m2 g−1, respectively, whereas ZRFSIX-21-Cu-γ
showed no N2 uptake (Fig. S9, S18 and S25†). Since ZRFSIX-
21-Cu-γ was subjected to harsh activation at 120 °C under
high vacuum, quality of the single crystals was no longer
suitable for SC-XRD studies. Notably, the surface area of
ZRFSIX-21-Cu-β was found to be markedly reduced compared
to the other pypz-based HUMs, which typically report surface
areas ranging from 747 m2 g−1 to 931 m2 g−1.14 CO2 isotherms
at 195 K showed similar uptake levels and pore size
distributions in ZRFSIX-21-Cu-α′ and ZRFSIX-21-Cu-β (Fig. S9
and S18†), whereas ZRFSIX-21-Cu-γ exhibited lower CO2

uptake at 195 K, resulting in a BET surface area of 343 m2 g−1

(Fig. S25†). In ZRFSIX-21-Cu-γ, the lack of N2 uptake and
minimal CO2 uptake at 195 K were further supported by no
uptake observed across several other gas isotherms at 298 K
(Fig. S26–S29†). The conspicuously low BET surface areas of
ZRFSIX-21-Cu-α′ and ZRFSIX-21-Cu-β, relative to other pypz-
based HUMs, prompted us to explore their ability to adsorb
CO2 and C2 gases under ambient conditions. C2H2, C2H4,
and CO2 adsorption isotherms were measured at 273, 283,
and 298 K for ZRFSIX-21-Cu-α′ and at 273 and 298 K for
ZRFSIX-21-Cu-β. All measurements recorded at 273 K and
above displayed type I isotherms.

ZRFSIX-21-Cu-α′ at ambient temperatures

At 1 bar and 298 K, the C2H2 uptake was 57.0 cm3 g−1, while
the CO2 uptake was less than half this value, at 24.2 cm3 g−1

(Fig. 5a).
The C2H2/CO2 uptake ratio for ZRFSIX-21-Cu-α′ was

calculated to be 2.4, comparable to previously reported sql
networks UTSA-83a (3.1)20 and sql-16-Cu-NO3-α′ (2.1).19

Although it has a lower uptake ratio, ZRFSIX-21-Cu-α′ exhibits
a much higher C2H2 uptake capacity, nearly five times that of
UTSA-83a (57.0 cm3 g−1 vs. 11.9 cm3 g−1).20 The isosteric
enthalpies of adsorption (Qst) for C2H2 and CO2 were
determined from the isotherms at 273, 283, and 298 K. Low-
loading Qst values for C2H2 (32.0 kJ mol−1) and CO2 (22.8 kJ
mol−1) were consistent with the significant difference in pure
gas isotherm uptakes (Fig. 5c and S30†).

Fig. 3 PXRD patterns of ZRFSIX-21-Cu. ZRFSIX-21-Cu-α (red)
undergoes a phase transition to ZRFSIX-21-Cu-β (green) upon
treatment with methanol, over a 48 hour period (blue and yellow).
Optical images on the right illustrate colour change observed during
the α to β phase transition.

Fig. 4 Reaction pathways for the synthesis of ZRFSIX-21-Cu-α,
ZRFSIX-21-Cu-β and ZRFSIX-21-Cu-γ.
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The selectivity of C2H2/CO2 was determined using IAST by
fitting the pure gas isotherms to the dual-site Langmuir–
Freundlich equation. For a binary mixture of C2H2/CO2 (1 : 1,
v/v) at 1 bar and 298 K, the selectivity of C2H2/CO2 was 4.8
(Fig. S34†), which is lower than that of sql-16-Cu-NO3-α′
(27.8)19 and UTSA-83a (6.2),20 yet still higher than several 3D
C2H2 adsorbents such as UTSA-220 (4.4),21 FJU-89a (4.3),22

ZNU-8 (3.7),23 JNU-1 (3.0),24 and Zn-MOF-74 (2.0) (Fig. 6a).25

Notably, at 1 bar and 283 K, the selectivity of ZRFSIX-21-Cu-α′
increases significantly to 15.2, suggesting more favourable
conditions for C2H2/CO2 separation. With its relatively low
binding energy and high C2H2 capacity, ZRFSIX-21-Cu-α′
demonstrates potential as a versatile, C2H2-selective sorbent,
with implications for mild regeneration conditions.
Adsorption isotherms for C2H4 were also collected for
ZRFSIX-21-Cu-α′, showing an uptake of 34.8 cm3 g−1 at 1 bar
and 298 K and a C2H2/C2H4 uptake ratio of 1.6 (Fig. 5b).
However, similar Qst values for C2H2 (32.0 kJ mol−1) and C2H4

(30.7 kJ mol−1) (Fig. 5c and S31†), along with a low selectivity
of 1.7 (1 : 1, v/v), indicated that ZRFSIX-21-Cu-α′ is not well-
suited for C2H2/C2H4 separation (Fig. S34†).

ZRFSIX-21-Cu-β at ambient temperatures

As observed in isostructural analogues, ZRFSIX-21-Cu-β also
demonstrated a higher affinity for C2H2 over CO2, with
uptakes of 49.4 cm3 g−1 and 42.0 cm3 g−1 at 1 bar and 298 K,
respectively (Fig. 5d), and a significantly lower C2H4 uptake
of 22.2 cm3 g−1 (Fig. 5e). Although the C2H2/CO2 uptake ratio
for ZRFSIX-21-Cu-β is lower than that of ZRFSIX-21-Cu-α′ (1.2
vs. 2.4), ZRFSIX-21-Cu-β exhibited superior uptake kinetics
for C2H2 relative to CO2. Calculated Qst values revealed

binding energies of 46.6 and 28.3 kJ mol−1 for C2H2 and CO2

at zero loading, respectively (Fig. 5f and S32†). Compared to
ZRFSIX-21-Cu-α′, ZRFSIX-21-Cu-β exhibits a much greater
affinity for C2H2, with a difference of 14.6 kJ mol−1 in their
C2H2 binding energies, while the CO2 values remain relatively
similar. This change in Qst is likely due to differences in the
pore environment between the α and β phases. Considering
Qst values at half-loading, an important metric for assessing
1 : 1 C2H2/CO2 separations, the binding energy difference
(ΔQst)C2H2/CO2

for ZRFSIX-21-Cu-β increases substantially to
28.5 kJ mol−1. This (ΔQst)C2H2/CO2

value exceeds those of many
high-performing C2H2/CO2 selective materials, such as the
TCuX series (X: Br, Cl, I; 5.5–8.2 kJ mol−1),26 UTSA-74a (6.0 kJ
mol−1),27 NKMOF-1-Ni (9.5 kJ mol−1),28 and sql-16-Cu-NO3-α′
(11.4 kJ mol−1).19 Only benchmark materials such as ATC-Cu
exhibit a greater (ΔQst)C2H2/CO2

at half-loading, a value heavily
influenced by its exceptionally high binding energy for C2H2

(Qst = 79.1 kJ mol−1).29

As shown in previous studies of isostructural HUMs
(e.g., SIFSIX-21-Ni, SIFSIX-21-Cu),15 ZRFSIX-21-Cu-β benefits
from multiple ZrF6

2− pillars and methyl groups that line
the walls of the material. These features create strong
electrostatic binding sites within the HUM, effectively
trapping acetylene. ZRFSIX-21-Cu-α′ can be considered an
“incomplete” phase of ZRFSIX-21-Cu-β. SC-XRD analysis
reveals that the ZrF6 anions bound in ZRFSIX-21-Cu-α′ are
isolated from neighbouring ZrF6

2− anions due to the
interdigitation of sql layers, which could significantly
reduce the effectiveness of the binding sites, limiting
C2H2 interactions to a single ZrF6

2− pillar and weaker
interactions with the ligand. Furthermore, the larger
ZrF6

2− anion in ZRFSIX-21-Cu-β results in a greater

Fig. 5 Adsorption isotherms of ZRFSIX-21-Cu-α′ for (a) C2H2 and CO2 at 298 K and (b) C2H2 and C2H4 at 298 K. Closed and open symbols
represent adsorption and desorption, respectively. (c) C2H2 adsorption enthalpy for ZRFSIX-21-Cu-α′. Adsorption isotherms of ZRFSIX-21-Cu-β for
(d) C2H2 and CO2 at 298 K and (e) C2H2 and C2H4 at 298 K respectively. (f) C2H2 adsorption enthalpy for ZRFSIX-21-Cu-β.
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protrusion of F atoms into the pore windows due to
longer Zr–F bonds (2.015 Å) and short F–F distances (6.43
Å) between adjacent ZrF6

2− pillars (Fig. 2d), leading to a
contracted pore volume and enhanced binding between
sorbent and sorbate. IAST selectivity calculations for 1 : 1
binary mixture confirmed SC2H2/CO2

and SC2H2/C2H4
values of

3.7 and 24.6 at 1 bar and 298 K, respectively (Fig. S35†),
with C2H2/CO2 selectivity comparable to ZRFSIX-21-Cu-α′
(SC2H2/CO2

(1 : 1) = 4.8). With a selectivity of 24.6, ZRFSIX-
21-Cu-β is well-suited for C2H2/C2H4 separation. However,
these values still lag a few HUM physisorbents and other
materials (Fig. 6b), such as the benchmark material ZJU-
300a.30 Additionally, SIFSIX-14-Cu-i and UTSA-300a exploit
molecular sieving to achieve record-high selectivities.31,32

Conclusions

Ultramicroporous materials ZRFSIX-21-Cu-α, with a sql
topology, and ZRFSIX-21-Cu-β, with a pcu topology, are
additions to the MFSIX series of sorbents. Although they

share an identical chemical formula, they form distinct
structures due to variations in the Cu(II) coordination
geometry and can be synthesised separately depending on
the reaction conditions. Gas adsorption analysis revealed that
both α and β phases are selective for C2H2, though
unexpectedly, each favours a different gas pair. The α phase
is more selective for C2H2 over CO2, while the β phase shows
higher selectivity for C2H2 over C2H4. Notably, IAST
calculations indicate that ZRFSIX-21-Cu-β exhibits excellent
C2H2/C2H4 selectivity (24.6). These newly discovered materials
as physisorbents exemplify the nuances of crystal engineering
and underscore the value of tuneable phases for specific gas
separations.
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Crystallographic Data Centre (CCDC) as deposition numbers
2408456 and 2408457, respectively.
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