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ving of C3F6 and C3F8 by a copper-
based MOF with interconnected gourd-shaped
channels

Zijian Wang,ab Mu-Yang Zhou,b Shanshan Mao,b Yilu Wu,b Shenfang Li,ab Xin Zhou,b

Fu-An Guo,ab Liang Yu,*b Manglai Gao*ac and Hao Wang *b

Targeting the challenging purification of electronic-grade C3F8, we report the size-sieving separation of

C3F6 and C3F8 by a robust copper-based metal–organic framework, CuHTPO, that features a distinctive

interconnected “gourd”-shaped pore architecture. This compound completely excludes C3F8 while

strongly adsorbing C3F6, achieving an adsorption capacity as high as 71.3 cm3 g−1 at 298 K and 100 kPa.

Dynamic breakthrough experiments demonstrate the direct production of ultra-high-purity C3F8 (>5N)

from a C3F6/C3F8 (10 : 90, v/v) gas mixture. The underlying size-sieving-based separation mechanism is

corroborated by in situ infrared spectroscopy and density functional theory calculations.
Introduction

Peruoropropane (C3F8), owing to its unique carbon-to-uorine
ratio (C/F = 0.375) and favorable thermodynamic properties,
exhibits an excellent process window in HARC (high aspect ratio
contact) etching and CVD (chemical vapor deposition) chamber
cleaning.1 However, as process nodes approach near-zero defect
tolerance, the purity requirement for C3F8 has been elevated to
above 99.999% (5N).2–5 Beyond the electronics industry, C3F8
plays an irreplaceable role in the medical eld particularly in
complex vitreoretinal surgeries, where similarly stringent purity
standards are required.6 The presence of any toxic impurities
may lead to irreversible damage to the retinal neuroepithelium
or unintended elevation of intraocular pressure,7,8 potentially
resulting in severe clinical complications. C3F6 is one of the
most ubiquitous impurities encountered during both industrial
purication and exhaust gas recovery of C3F8.9–13 Owing to the
small boiling point difference between C3F6 and C3F8 (DTb z
7.3 K), achieving >5N purity via cryogenic distillation requires
exceptionally high reux ratios and oversized distillation
columns, resulting in prohibitive energy consumption and
capital costs.14–16 Consequently, the development of efficient
and low-energy separation strategies for C3F6 removal from C3F8
is of critical industrial importance.
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Adsorptive separation utilizing porous materials has
emerged as a compelling alternative to cryogenic distillation,
driven by its superior energy efficiency and lower capital
expenditure.17 Conventional adsorbents, exemplied by acti-
vated carbon and zeolites, have demonstrated the potential for
physical discrimination of C3F6 and C3F8.18–23 Metal–organic
frameworks (MOFs), exhibiting remarkable tunability in pore
size, topology, and surface chemistry, hold particularly promise
for precise separation of physicochemically similar
molecules.24–31 Given the ultrahigh purity requirement of
electronic-grade C3F8, molecular sieving is widely considered
the most desirable separation mechanism for removing trace
C3F6 and directly producing high-purity C3F8. However,
achieving precise size-dependent discrimination is frequently
accompanied by a signicant reduction in adsorption capacity.
Recent strategies involving framework exibility,31,32 pore envi-
ronment engineering,33,34 electrostatic modulation,35 and
biomimetic design36 have largely mitigated this limitation,
nevertheless, sieving-basedMOFs with high adsorption capacity
remains highly needed.

In this work, we demonstrate high-capacity sieving of C3F6
and C3F8 using a MOF featuring large cages accessible through
narrow windows. This architecture allows for the maximal
packing of guest molecules within the internal voids while
maintaining strictly dened apertures for size-selective
discrimination.37–42 The robust copper-based MOF, CuHTPO
(H3TPO = tris-(4-carboxylphenyl) phosphine oxide), featuring
interconnected “gourd”-shaped pore channels, effectively over-
comes the “trade-off” between adsorption capacity and size-
sieving precision. CuHTPO completely excludes C3F8 while its
large internal cavities provide abundant adsorption sites for
C3F6. As a result, it exhibits negligible uptake of C3F8 but
a record-high C3F6 adsorption capacity of 71.3 cm3 g−1 at 298 K
Chem. Sci.
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and 100 kPa. Dynamic breakthrough experiments further
demonstrate the direct production of high-purity C3F8 (>5N)
from a C3F6/C3F8 (10 : 90, v/v) mixture with excellent cycling
stability, while in situ infrared spectroscopy and density func-
tional theory calculations provide insight into the underlying
separation mechanism.
Results and discussion

CuHTPO was synthesized via a slightly modied procedure
based on a previously reported method,43 with detailed
synthetic protocols provided in the SI. Briey, Cu(NO3)2$3H2O
and H3TPO were subjected in a mixed solvent of N,N-di-
methylformamide/H2O/methanol, and the subsequent sol-
vothermal reaction afforded crystals of CuHTPO (Fig. S1 and
S2). It crystallizes in the orthorhombic crystal system with the
space group Pbcn. The framework is constructed from phos-
phine oxide ligand HTPO2− coordinated to classical
paddlewheel-type Cu2(COO)4 secondary building units (SBUs)
(Fig. 1a). Each HTPO2− ligand laterally bridges two copper
clusters through two carboxylate groups, while a phosphine
oxide moiety coordinates monodentately to a copper center
along the axial direction; notably, the non-coordinated carbox-
ylic acid groups engage in hydrogen-bonding interactions with
carboxylate groups from neighboring ligands (Fig. 1b). CuHTPO
assembles into a robust three-dimensional network, featuring
pore channels extending along the a axis that exhibit a charac-
teristic gourd-like architecture composed of alternating large
Fig. 1 Crystal structure of CuHTPO. (a) 3D structure built from H3TPO a
scheme: Cu, blue; O, red; C, gray; P green.

Chem. Sci.
cavities of approximately 6.9 Å and narrow pore apertures of
about 5.5 Å (Fig. 1c). Distinct from conventional one-
dimensional gourd-shaped channels,44,45 the pores of CuHTPO
form a two-dimensional interconnected “gourd”-shaped
channel system propagating along the ac plane, in which large
cavities are interconnected by four narrow apertures (Fig. 1d).
This unique pore topology not only mitigates the intrinsic trade-
off between selectivity and adsorption capacity in molecular
sieving but also provides multiple and efficient diffusion path-
ways for guest molecules within the framework.

The phase purity of as-synthesized CuHTPO was conrmed
by powder X-ray diffraction (PXRD). As shown in Fig. S3, the
PXRD patterns of the as-synthesized and methanol-exchanged
samples match well with the simulated pattern derived from
single-crystal data. Notably, the activated sample and the
sample aer adsorption measurements retain identical
diffraction features, indicating full preservation of crystallinity
throughout activation and adsorption processes. Thermogravi-
metric analysis (TGA) of the as-synthesized sample reveals
continuous mass loss upon heating, whereas the methanol-
exchanged sample exhibits an extended plateau up to 320 °C
(Fig. S4). Furthermore, the chemical and thermal stability of
CuHTPO were systematically investigated. The material was
immersed in various organic solvents and aqueous solutions
with pH values ranging from 3 to 9 for seven days. PXRD anal-
yses reveal that the framework structure is largely preserved in
different organic solvents (Fig. S5), while maintaining good
structural integrity in mildly acidic aqueous media (Fig. S6).
nd Cu2(COO)4. (b and c) Cavities and 2D channels of CuHTPO. Color

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This stability is particularly relevant considering that industrial
production of C3F8 typically introduces trace amounts of acidic
impurities,46 rendering the crude product weakly acidic.
Therefore, materials exhibiting resistance to mildly acidic
environments are better suited for practical separation
processes in such systems. In addition, variable-temperature in
situ PXRD measurements under a nitrogen atmosphere
demonstrate that the crystalline structure of CuHTPO remains
essentially intact up to 320 °C (Fig. S7). Combined with its
stability in various solvents, this robustness enables the use of
more rigorous yet efficient solvent-exchange and activation
procedures. The permanent porosity of CuHTPO was evaluated
by N2 adsorption at 77 K, revealing two types of pores with
diameters of 5.5 and 6.8 Å, respectively (Fig. 2a and S8), in good
agreement with the crystal structure. The adsorption displays
an N2 uptake of 239 cm3 g−1, and a corresponding Brunauer–
Emmett–Teller (BET) surface area of 1000.3 m2 g−1 (Fig. S9).

The robust framework and precisely dened pore dimen-
sions of CuHTPO prompted us to evaluate its adsorption and
separation performance toward C3F6 and C3F8. Single-
component adsorption isotherms for C3F6 and C3F8 were
measured at 273, 298, and 308 K (Fig. 2b). Across this temper-
ature range, CuHTPO exhibits negligible adsorption of C3F8,
whereas a typical type-I adsorption prole is observed for C3F6.
Fig. 2 (a) N2 adsorption isotherms of CuHTPO measured at 77 K (ins
component adsorption isotherms of C3F6 and C3F8 on CuHTPO measu
obtained at 298 K and a partial pressure of 0.5 bar. (d) Comparison of the
CuHTPO and representative benchmark material.

© 2026 The Author(s). Published by the Royal Society of Chemistry
At 298 K and 100 kPa, CuHTPO delivers a substantial C3F6
uptake of 71.6 cm3 g−1 (3.2 mmol g−1). These results clearly
demonstrate that CuHTPO is capable of completely excluding
the bulkier C3F8 while efficiently adsorbing C3F6, highlighting
its potential for purifying C3F8 by removing trace C3F6. Notably,
the C3F6 adsorption capacity of CuHTPO surpasses previously
reported molecular-sieving-based benchmark MOFs for C3F6/
C3F8 separation, including Ca-tcpb31 (44.8 cm3 g−1), Ni(INA)2-
NH2 (ref. 33) (56.7 cm

3 g−1), Zr-PMA34 (59.1 cm3 g−1), Zn-bzx-CF3
(ref. 35) (47.0 cm3 g−1), and CoFA36 (44.8 cm3 g−1) (Fig. 2d and
Table S3). Adsorption kinetics measurements reveal that
CuHTPO takes up C3F6 quickly, whereas C3F8 remains essen-
tially being excluded, conrming its selective molecular exclu-
sion behavior (Fig. 2c). The calculated diffusion time constant
for C3F6 (3.3 × 10−3 s−1) surpasses that of C3F8 (6.4 × 10−5 s−1)
by a factor of over 50 (Fig. S10). We attribute this precise size-
sorting to the optimal pore window of the large-cavity-small-
aperture architecture of CuHTPO.

To quantitatively evaluate the binding strength of C3F6 and
C3F8 within the CuHTPO framework, differential scanning
calorimetry (DSC) measurements were performed at 298 K. The
adsorption enthalpy (DHads) for C3F6 was determined to be
43.02 kJ mol−1, whereas the value for C3F8 was negligible
(Fig. 3a). Furthermore, the isosteric heat of adsorption (Qst)
et: pore size distribution derived from the DFT method). (b) Single-
red at different temperatures. (c) Adsorption kinetics of C3F6 and C3F8
C3F6/C3F8 uptake ratio and the C3F6 uptake at 298 K and 100 kPa for

Chem. Sci.
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Fig. 3 (a) Differential scanning calorimetry (DSC)-derived adsorption enthalpies of CuHTPO toward C3F6 and C3F8. (b) Binary breakthrough
curves of a C3F6/C3F8 (10 : 90, v/v) mixture recorded at 298 K using a fixed-bed column packed with CuHTPO; The purity of C3F8 exceeded
99.999% before the breakthrough of C3F6. (c) Comparison of three consecutive dynamic separation cycles. (d) C3F6 adsorption–desorption
cycling performance of CuHTPO over 10 consecutive cycles at 298 K.
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calculated from the C3F6 isotherms at various temperatures is
z38.7 kJ mol−1 (Fig. S11–S16), generally matching the
adsorption enthalpy measured by DSC. On this basis, the
dynamic separation performance of CuHTPO toward the C3F6/
C3F8 mixture was further evaluated at 298 K using a xed-bed
column packed with CuHTPO under a feed composition of
C3F6/C3F8 (10 : 90, v/v). As shown in Fig. 3b, C3F8 eluted imme-
diately upon introduction of the gas mixture, whereas C3F6 was
retained in the column and did not break through until
approximately 240 min g−1, thereby enabling the production of
ultrapure C3F8 (>99.999%) with a high yield of 323.65 cm3 g−1.
Furthermore, subsequent adsorption–desorption breakthrough
cycling experiments, in which the column was regenerated
under a He ow at 423 K, revealed nearly identical breakthrough
proles over three consecutive cycles (Fig. 3c), demonstrating
the excellent recyclability and cycling stability of CuHTPO.

In addition, to systematically assess its long-term recycla-
bility, temperature-swing adsorption–desorption cycling tests
were conducted, during which the sample was exposed to pure
C3F6 at 298 K followed by regeneration under an N2 atmosphere
at 373 K. Notably, no discernible loss in uptake capacity was
observed over 10 consecutive cycles (Fig. 3d), highlighting the
structural stability and reusability of CuHTPO.

To gain deeper insights into the adsorption mechanism of
peruorinated gases within the CuHTPO framework, in situ
Chem. Sci.
infrared (IR) spectroscopy measurements were performed
(Fig. 4a and b). Upon activation, approximately 20 Torr of pure
C3F6 or C3F8 was introduced into the IR cell, and difference
spectra at various time intervals were obtained by subtracting
the activated-state spectrum from the adsorption spectra. As
shown in Fig. 4a and b, upon introduction of C3F6, a red shi of
approximately 5 cm−1 was observed in the 1193–1178 cm−1

region, which can be assigned to the asymmetric C–F stretching
vibration (nas) of C3F6, while a distinct negative band appears
around 1000 cm−1, attributed to the in-plane bending vibration
of aromatic C–H (d), indicating that this mode is sensitive to
guest occupancy and suggesting the presence of specic host–
guest interactions dominated by C–H/F hydrogen bonding
between C3F6 and the framework; in contrast, upon exposure to
C3F8, no signicant changes were observed in the aromatic C–H
in-plane deformation region and only gas-phase C–F vibrational
features were detected near 1000 cm−1 These results directly
demonstrate, at the molecular level, that CuHTPO discrimi-
nates C3F6 from C3F8 through a molecular sieving mechanism.

Density functional theory (DFT) calculations further
corroborated the conclusions drawn from the in situ IR experi-
ments. As illustrated in Fig. 4c, C3F6 preferentially resides in the
corner regions of the pore, where the dominant interactions
arise from multiple C–F/H hydrogen bonds formed between
uorine atoms of C3F6 and hydrogen atoms on the phenyl rings
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 IR difference spectra of CuHTPO upon loading C3F6 and C3F8 (z20 Torr) at 298 K: (a) referenced to the activated sample under vacuum,
with gas-phase signals subtracted and (b) time-resolved spectra collected at 20 min intervals. (c) The optimal adsorption sites of C3F6 on
CuHTPO. (d) DFT-calculated energy profiles and relative energies for C3F6 and C3F8.
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of the framework, with F/H interaction distances ranging from
2.538 to 3.153 Å (indicated by black dashed lines). To further
validate the molecular sieving mechanism of CuHTPO toward
C3F6 and C3F8, diffusion energy barrier calculations were per-
formed. The calculated energy barrier for C3F6 is 22.2 kJ mol−1,
whereas that for C3F8 is as high as 90.6 kJ mol−1 (Fig. 4d),
conrming that the diffusion of C3F8 is essentially prohibited.
In addition, the calculated binding energy of C3F6 is
40.76 kJ mol−1, which is in good agreement with the results
obtained from DSC measurements. The charge density differ-
ence analysis reveals pronounced electron redistribution
around the pore apertures and metal–ligand coordination sites
upon C3F6 adsorption, indicating strong host–guest interac-
tions accompanied by signicant molecular polarization
(Fig. S18). Consistently, electrostatic potential calculations
show an overall positively charged framework and a negatively
charged C3F6 molecule, conrming a favorable electrostatic
affinity between the guest and the framework (Fig. S19). These
theoretical results are in excellent agreement with the experi-
mental adsorption behavior, further conrming that the
optimal pore aperture of CuHTPO enables effective size-
exclusive molecular sieving for C3F6/C3F8 separation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Conclusions

We have demonstrated here the high-capacity size-sieving
separation of C3F6 and C3F8 by a stable and robust copper-
based metal–organic framework, CuHTPO. The unique coordi-
nation mode between the phosphine oxide-carboxylate ligand
and copper nodes not only signicantly enhances the structural
stability of CuHTPO, but also constructs a distinctive inter-
connected “gourd”-shaped pore architecture, in which large
cavities are connected through narrow pore apertures. This pore
conguration effectively breaks the trade-off between selectivity
and adsorption capacity commonly observed in conventional
molecular-sieving MOFs, while simultaneously maintaining
excellent framework robustness. Binary dynamic breakthrough
experiments demonstrate that CuHTPO can stably produce
ultra-high-purity C3F8 (>99.999%) over multiple cycles.
Furthermore, in situ infrared spectroscopy combined with
density functional theory calculations elucidates the interaction
strengths of C3F6 and C3F8 within CuHTPO at the molecular
level and reveals the underlying separation mechanism. This
work provides important structure–performance relationship
insights for the development of high-performance adsorbents
for C3F6/C3F8 separation under stringent purity requirements.
Chem. Sci.
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