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Temperature-regulated synthesis of
carbonate-pillared zinc-triazolate
frameworks for precise molecular
recognition

Jiaqi Liu 1, Tong Li1,2, Qiyi Bu2, Xiaowei Bai2, Li Wang 2 , Jiafeng Miao3,
Hao Wang 3 & Jinping Li 1,2

The efficient discrimination of industrially relevant gases, particularly those
with closely analogous physicochemical properties, remains a formidable
challenge within the realm of adsorptive separation technologies. Achieving
satisfactory separation efficiency poses stringent requirements on the precise
control over the pore structures of adsorbents. Here we introduce a strategy
for the precise modulation of pore structures in a carbonate-pillared Zn-tria-
zolate framework, Zn2(datrz)2CO3 (datrz = 3,5-diamino-1,2,4-triazolate),
through the straightforward adjustment of the solvothermal synthesis tem-
perature. Utilizing this approach, we have successfully fabricated a series of
Zn2(datrz)2CO3 materials with tunable pore structures while maintaining the
framework composition and overall connectivity. These materials demon-
strate selective recognition for challenging gasmixtures, including C3H6/C3H8,
CO2/CH4, and CO2/N2. Density functional theory (DFT) calculations confirm
that the precisely engineered pore environment plays a decisive role on
selective gas adsorption. Further, the high reproducibility and scalability of
this temperature-controlled synthesis method underscore its immense
potential for industrial-scale applications in gas purification and separation
processes.

The precise discrimination of gas molecules with similar physico-
chemical properties remains a persistent challenge in adsorptive
separation technologies, yet it is critical for applications ranging
from carbon capture to hydrocarbon purification1,2. The high degree
of similarity in molecular dimensions, polarizability, and/or quad-
rupole moments among the target molecules imposes stringent
demands on the pore structure and functionality of adsorbents. To
achieve satisfactory separation efficiency, it is imperative that
the adsorbent exhibits precise control over its pore shape, pore
size, and pore surface chemistry3,4. However, this level of precision

is often elusive with traditional porous solids such as zeolites
and carbons, where fine-tuning of pore features can be difficult or
even unattainable5. In contrast, emerging crystalline framework
materials, exemplified by metal-organic frameworks (MOFs), offer
a promising solution6. The pore characteristics of MOFs, which
are defined by the self-assembly of preselected building blocks,
can be precisely manipulated by adjusting the physical and
chemical characteristics of these building units, the way they com-
bine, and their geometric configurations within the integrated
structures7.
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The tunability of MOFs' pore structures has been primarily prac-
ticed through several strategies. The most widely adopted approach
involves linker engineering, which entails modifying the skeletal
structure, dimensions, configuration, and functional groups of organic
linkers8–10. This directly influences the pore size, pore shape, and sur-
face functionality of the resulting MOFs. Nevertheless, precise linker
engineering can sometimes be challenging or even unfeasible using
common organic synthesis reactions. Another strategy, known as pore
space partition (PSP), involves creating tailored pores by post-
synthetically subdividing existing larger pores using auxiliary
ligands11,12. Effective PSP requires a precisematchbetween the installed
linker and the partitionedporeswith respect to geometry, dimensions,
and binding characteristics. Additionally, recent studies have demon-
strated that pore engineering can also be achieved through the
replacement of inorganic secondary building units (SBUs)13–15. For
instance, substituting Zr6 nodes in Zr-MOFs with analogous Y6 clusters
while preserving the overall framework topology can finely tune the
accessible pore dimensions16. However, this strategy is limited to
specific types of networks where isoreticular SBU displacement is
possible.

Apart from the aforementioned pore engineering strategies that
involve elaborate modifications of the building blocks and/or the
overall networks, synthetic regulation of the solvothermal parameters
offers a distinct yet straightforward method for tuning the structures
and pore features ofMOFs17,18. This is accomplishedwithout additional
pre- or post-modifications of the inorganic nodes or organic linkers. By
employing the same building units, the topology and/or pore struc-
tures can be engineered through slight variations in solvothermal
conditions (e.g., temperature, solvents, modulators), which alter the
geometry/configuration of the building blocks or their connection
modes19. Although extensive studies have been carried out on con-
structing different MOF structures from the same combination of
building units through synthetic modifications, precise pore engi-
neering through delicate solvothermal optimization remains undocu-
mented, despite its crucial importance for efficient molecular
discrimination.

In this work, we present an approach for the precise regulation of
the pore structure of a carbonate-pillared Zn-triazolate framework,

Zn2(datrz)2CO3, by finely tuning its synthetic temperature. Systematic
variation of the solvothermal temperature yielded four crystalline
phases, all constructed from the same building units but exhibiting
two types of topologies and varied pore geometries. In particular,
three of these structures—Zn2(datrz)2CO3-180, 200, and 220—feature
identical topology. However, subtle rotations of the datrz2− ligands
along the channels resulted in the formation of sub-angstrom gra-
dients in pore dimensions, enabling fine-tuning of their molecular
recognition behaviors. Specifically, these structural variants demon-
strate high discrimination efficiency for physicochemically similar yet
industrially relevant mixtures, including CO2/N2, CO2/CH4, and C3H6/
C3H8 (Fig. 1). Experimental validation has confirmed that these
carbonated-pillared porous structures synthesized at precisely con-
trolled temperatures exhibit excellent reproducibility, stability, and
scalability. Unlike traditional pore engineering strategies that rely on
modifying framework components, our approach offers a structurally
minimalist yet functionally effective route to precisely tune pore
structures and separation efficacy ofMOFs by regulating solvothermal
synthetic temperature.

Results
Synthesis and structure
A solvothermal reaction involving zinc nitrate hydrate, H2datrz, and a
mixed solvent of water and N, N-dimethylformamide (DMF) at four
different temperatures (160, 180, 200, and 220 °C) yielded four dis-
tinct crystalline phases, denoted as Zn2(datrz)2CO3-160, -180, -200,
and -220 (Fig. 2a). The structure of these four phases was exclusively
analyzed by single-crystal X-ray diffraction (SCXRD). The asymmetric
units and crystallographic data are presented in Supplementary Fig. 1
and Supplementary Table 1, respectively. Structure analysis revealed
that Zn2(datrz)2CO3-160 crystallizes in the orthorhombic crystal sys-
tem with a space group of Pnma, while the remaining three analogs
share the same space group of P21/c in the monoclinic crystal system.
All four compounds exhibit a pillar-layered framework. Specifically,
the structures consist of Zn2+ nodes coordinatedwith datrz2− ligands to
form two-dimensional layers, which are subsequently pillared by car-
bonate anions, forming a three-dimensional architecture. It's worth
noting that the carbonate anions in the structures originate from the
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Fig. 1 | Schematic diagram of the solvothermal temperature-regulated pore
evolution of Zn2(datrz)2CO3 series. Increasing solvothermal temperature induces
gradual ligand rotation, widening the pores from Zn2(datrz)2CO3-180 to -220 and

shiftingmolecular recognition fromC3H6/C3H8 sieving toCO2 capture. (Color code:
C, gray; N, blue; O, red; H, white).
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thermal decomposition of DMF at high temperatures, as no carbonate
salts were added to the starting materials20.

In the structure of Zn2(datrz)2CO3-160, thewave-shaped layers are
arranged in an alternatingmanner (peak-to-valley), while the networks
of Zn2(datrz)2CO3-180–220 adopt a more parallel stacking configura-
tion (Supplementary Figs. 2 and 3). This structural transition resulted
in two distinct topologies: {4 · 6 · 8} {4 · 62 · 83} for Zn2(datrz)2CO3-160
and a dma topology for Zn2(datrz)2CO3-180–220 (Supplementary
Fig. 4). This leads to notable differences in their pore structure. In
Zn2(datrz)2CO3-160, the stacking layers create interlayer voids that are
enclosed by the layers and carbonate pillars. A potential through-layer
channel defined by Zn-datrz connectivity exists, however, it remains
closed due to the large angle between the datrz2− ligand and the
channel direction (31.35°) (Supplementary Fig. 5). In contrast, the
stacking mode in Zn2(datrz)2CO3-180–220 eliminating the interlayer
channel observed in Zn2(datrz)2CO3-160 but preserved the through-
layer channel (Supplementary Fig. 3). As the temperature increases,
the angle between datrz2− and the channel direction systematically
decreases from 24.84° at 180 °C to 12.41° at 220 °C, effectively mod-
ulating the pore size with sub-angstrom precision (Fig. 2b, Supple-
mentary Fig. 5). To the best of our knowledge, this represents the
demonstration of continuous and precise pore structure modulation

in MOFs solely through tuning the solvothermal temperature, offering
a feasible route for MOF pore engineering.

To further verify the influence of temperature on Zn coordination
environment, the Zn oxidation state and local coordination environ-
ment were investigated by X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (XAS). In the XPS survey spectra,
the peaks of C 1s, N 1s, O 1s, and Zn 2p are observed. High-resolution Zn
2p spectra consistently display the Zn2+ doublet at ~1019 and ~1042 eV,
with negligible binding-energy shifts among the samples (Supple-
mentary Fig. 6), confirming that Zn remains divalent regardless of
synthesis temperature. Complementary ZnK-edgeXASwas conducted
on the dma phases (180–220 °C). The X-ray absorption near-edge
structure (XANES) shows absorption energies lying between Zn foil
and ZnO references, closely matching ZnO, further verifying the Zn2+

oxidation state (Supplementary Fig. 7). The corresponding Fourier-
transformed (FT) k3-weighted extended region (EXAFS) yields ~4 N/O
neighbors at ~1.95–1.96 Å (Fig. 2c, Supplementary Fig. 8, and Supple-
mentary Table 2), demonstrating an invariant Zn2+ coordination
environment, in agreement with SCXRD results.

Since adsorbents are typically employed at ambient temperature
and in the activated state, we further collected SCXRD data at room
temperature (Zn2(datrz)2CO3-180RT, -200RT, and -220RT) and for

Fig. 2 | The channel and structural characteristics of Zn2(datrz)2CO3 series.
a Structure of Zn2(datrz)2CO3-160–220. b Rotation degree of datrz and the regu-
latedpore size evolutionof Zn2(datrz)2CO3-180–220.c FTk3-weighted χ(k)-function

of the EXAFS spectra at ZnK-edge. d Relative framework energy of Zn2(datrz)2CO3-
160–220. (Color code: C, gray; N, blue; O, red; Zn polyhedron, magenta).
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their activated analogs (Zn2(datrz)2CO3-180A, -200A, and -220A) to
confirm that the pore structure modulation persists under these con-
ditions. The structures collected at RT show rotation angles of the
datrz2− ligands that are essentially identical to those obtained at 193 K
(Supplementary Fig. 9 and Table 3). Upon activation, all three analogs
display slightly reduced rotation angles, yet the ordering remains
unchanged (Zn2(datrz)2CO3-180A > 200A> 220A), indicating that
activation preserves the trend (Supplementary Fig. 10 and Table 4).
Furthermore, a crystal synthesized at 190 °C (test at room tempera-
ture) shows an intermediate rotation angle (20.4°, Supplementary
Fig. 9) between Zn2(datrz)2CO3-180RT and Zn2(datrz)2CO3-200RT,
indicating that the aperture evolution follows a continuous rather than
a discrete trend.

To delineate the onset of pillaring, we further conducted control
hydrothermal reactions below the main temperature window. At
120 °C, only the layered Zn(datrz)(fa) (fa = formic acid, Supplementary
Fig. 11) precursor was obtained. Near the phase boundary (140 °C), a
partially transformed product was isolated, consistent with the coex-
istence of the layered precursor and the carbonate-pillared framework
(Supplementary Fig. 11). These observations indicate that higher
thermal input is required to generate carbonate in situ and to initiate
the pillaring process. Powder X-ray diffraction (PXRD) profiles of
products collected at different reaction times at 180, 200, and 220 °C
(Supplementary Figs. 12–14) further reveal that the layered inter-
mediate initially coexists with the carbonate-pillared framework but is
consumed more rapidly as the temperature increases. The character-
istic reflections of the dma phase emerge earlier at 200 and 220 °C
than at 180 °C, evidencing a shortened induction period and acceler-
ated nucleation and growth of the thermodynamically favored
framework.

These synthetic temperature-dependent structural evolutions in
local coordination geometries have profound effects on the overall
framework energetics. The total energy of the framework decreases as
solvothermal temperature rises, suggesting that elevated synthetic
temperatures facilitate the overcoming of energy barriers to access
thermodynamically favored structures (Fig. 2d).

Stability and porosity
To assess the structural robustness, porosity, and thermal response of
these compounds, a comprehensive set of characterizations was
conducted. PXRD patterns of both the as-synthesized and activated
samples of Zn2(datrz)2CO3-180–220 are in good agreement with the
simulated patterns, confirming their good stability during activation
(Supplementary Fig. 15). It is worth noting that the relative PXRD peak
intensities change after activation, although the peak positions remain
unchanged. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images collected before and after activa-
tion (Supplementary Figs. 16–19) show partial fragmentation of the
crystallites after solvent removal. Such breakage alters the preferred
orientation of the crystals during PXRD measurement, thereby
accounting for the variation in relative diffraction intensities. A notable
phase transition occurs for Zn2(datrz)2CO3-160 upon activation. Spe-
cifically, new peaks associated with the dma topology appear at
approximately 10.5, 13.5, 14.3, and 27.3°, indicating partial conversion
of the original phase into a dma framework. This transition is con-
sistent with themetastable nature of the intermediate phase formed at
160 °C, which transforms to the thermodynamically more favorable
structure upon activation. Crystal of Zn2(datrz)2CO3-180A was also
heated at 220 °C under vacuum (Zn2(datrz)2CO3-180VT) and in a DMF
solvothermal environment (Zn2(datrz)2CO3-180ST) for 12 h to probe
possible phase transition. The resulting single-crystal structures exhi-
bit rotation angles comparable to those of activated Zn2(datrz)2CO3-
180A (Supplementary Fig. 20, and Table 4), thereby excluding the
occurrence of a phase transition. Therefore, in the following sections,
we focus on a detailed study of Zn2(datrz)2CO3-180–220. Thermal

stability was evaluated by thermogravimetric analysis (TGA) under a
nitrogen atmosphere (Supplementary Fig. 21). All samples exhibit
good thermal stability, withmajor weight loss occurring above 300 °C,
which is associated with structural decomposition. This is further
confirmed by variable-temperature PXRD (VT-PXRD) measurements
(Supplementary Fig. 22), where no notable variations in PXRDpatterns
were observed up to 300 °C. Long-term stability of the materials was
systematically evaluated under various conditions for one week. The
samples were immersed in aqueous solutions with pH values ranging
from3 to 13, aswell as in commonorganic solvents (methanol, ethanol,
and acetone). PXRD patterns collected afterwards revealed no sig-
nificant loss of crystallinity or peak shifts, indicating that the frame-
works remain stable across pH 3–11 and in common organic solvents.
Among all samples, only Zn2(datrz)2CO3-220 preserved its crystallinity
under the harsher alkaline condition of pH 13, highlighting its
enhanced chemical robustness. In addition, the samples maintained
their crystallinity after exposure to a 150 °C atmosphere, confirming
their good thermal robustness (Supplementary Figs. 23–25).

All three compounds take up negligible N2 at 77 K, which can be
attributed to their limiting pore size (Supplementary Fig. 26). Thus,
CO2 adsorption-desorption isotherms at 196K were carried out to
evaluate the BET (Brunauer-Emmett-Teller) surface area and porosity
(Supplementary Figs. 27–29). The samples exhibit reversible type-I
adsorption profiles, indicative of permanent microporosity. The BET
surface areas were calculated to be 198.83m2/g for Zn2(datrz)2CO3-
180, 212.59m2/g for Zn2(datrz)2CO3-200, and 189.13m2/g for
Zn2(datrz)2CO3-220. Pore size distributions (PSD) derived from the
CO2 isotherms using the Horvath–Kawazoe method provide further
insight into the pore size evolution. The PSD graph shows ranges of
Zn2(datrz)2CO3-180, -200, and -220 partially overlap; however, their
dominant PSD peaks (most-probable pore sizes) shift systematically
from 3.59Å to 4.06Å and 4.23Å with increasing synthesis tempera-
ture. In ultramicroporous systems, both molecular transport and
adsorption affinity are primarily governed by the most-probable pore
size rather than by the overall distribution range21,22. Therefore, subtle
shifts in the most-probable pore size enable effective modulation of
the adsorption and separation performance.

Gas adsorption and separation
The gas adsorption and separation capabilities of Zn2(datrz)2CO3-
180–220 for industrially relevant gases includingC3H6, C3H8, CO2, CH4,
and N2 were systematically evaluated using single-component iso-
therms (Fig. 3a, b) and ideal adsorbed solution theory (IAST)23 selec-
tivity calculations for equimolar and real-world conditions at 298K
(Supplementary Fig. 30, fitting parameters were listed in Supplemen-
tary Table 5). Among the three compounds, Zn2(datrz)2CO3-180 pos-
sesses the smallest pore size (3.0 × 3.4 Å), which is close to the
minimum cross-section of C3H6 (3.3 × 4.2 Å), however much smaller
than that of C3H8 (3.8 × 4.1 Å)24. This leads to a pronounced molecular
sieving effect for the C3H6 and C3H8. Zn2(datrz)2CO3-180 exhibits a
C3H6 uptake of 17.07 cm3/g at 298K and 1 bar while completely
excluding C3H8 (<1.0 cm3/g), yielding a C3H6/C3H8 IAST selectivity
(50/50, v/v) exceeding 1 × 107 (Fig. 3a). This selectivity is among the
highest for reportedporousmaterials and surpasses that ofmost state-
of-the-art adsorbents, including Co-gallate25, JNU-326, and KAUST-727.
Notably, the selectivity is further enhanced under propylene-rich
conditions, reaching 2.31 × 107 at a 95/5 feed composition, highlighting
the robustness of the sieving effect at industrially relevant con-
centrations(Supplementary Table 6). The kinetic uptake profiles for
C3H6 and C3H8 are shown in Supplementary Fig. 31. To quantify the
diffusion rates, the profiles were fitted to obtain the diffusion time
constants (D′ =D/r2). The D′ of C3H6 is determined to be 5.93 × 10−3/s,
which is approximately twice that of C3H8 (2.90 × 10−3/s). Moreover,
the C3H6 diffusion constant of Zn2(datrz)2CO3-180 is significantly
higher than those reported for benchmark MOFs such as HAF-1

Article https://doi.org/10.1038/s41467-025-66346-y

Nature Communications |        (2025) 16:11424 4

www.nature.com/naturecommunications


(3.0 × 10−5/s)28 and NCU-20 (2.32 × 10−5/s)29, further highlighting the
good kinetics of Zn2(datrz)2CO3-180. Differential scanning calorimetry
(DSC) was employed to directly determine the adsorption heat. The
heat of adsorption for C3H6 was 34.58 kJ/mol, while a low value was
observed for C3H8 due to its negligible adsorption (Supplemen-
tary Fig. 32).

As the solvothermal temperature increases, the pore size of
Zn2(datrz)2CO3-200–220 gradually increases. This structural evolution
results in increased uptake of both C3H6 and C3H8; however, the
molecular sieving effect is significantly diminished, highlighting the
critical importance of precise pore size control for achieving effective
molecular sieving. The enlarged pores (4.4 × 4.6 Å) in Zn2(datrz)2CO3-
220 allow gases CO2 (3.3 × 3.2 Å), N2 (3.0 × 3.1 Å), and CH4 (3.8 × 3.9 Å)
into the framework, where the values in parentheses denote the

smaller cross-sectional dimensions of the respective molecules30. It is
worth noting that the CO2 adsorption isotherm at low pressure
becomes steeper, indicating a stronger affinity between CO2 and the
framework. In contrast, the adsorption of CH4 and N2 was significantly
suppressed with a minimal uptake (Fig. 3b). This can be attributed to
the size-matching effect: as the pore size enlarges, the confinement
weakens, leading to reduced CH4 uptake. The IAST selectivity values
exceed 1.1 × 104 for CO2/N2 (15/85, v/v) and 3.4 × 105 for CO2/CH4(50/
50, v/v), exceeding most state-of-the-art MOFs, including, MIP-202
(2129)31, In(aip)2 (2635)

32, TYUT-ATZ-β (2031)33 for CO2/N2 separation,
andZUL-100 (3.2 × 105)34, Qc-5-Cu-sql-β (3300)35, ZU-66 (136)36 forCO2/
CH4 separation. Under equimolar CO2/N2 conditions, the selectivity
further rises to 9.41 × 105, while for CO2/CH4 mixtures with a CO2-lean
feed (15/85, v/v), a high value of 5.7 × 103 is still maintained,
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underscoring the robustness of the separation performance across
varying compositions. (Supplementary Table 6). The adsorption heats
of CO2, CH4, and N2 by fitting isotherms using the Virial equation37

were 28.00, 22.42, and 11.67 kJ/mol, respectively (Supplementary
Figs. 33–35), confirming the much stronger interaction between CO2

and the framework.
Notably, this temperature-directed pore structure tuning strategy

exhibits excellent reproducibility and scalability. As shown in Supple-
mentary Figs. 36 and 37 and Table 7, independently synthesized three
batches of Zn2(datrz)2CO3-180 and Zn2(datrz)2CO3-220 display highly
reproducible gas adsorption and separation performance. The mean
IAST selectivity values obtained from three independent measure-
ments are presented in Fig. 3c, d and Supplementary Fig. 38 34–36,38–43,
together with literature benchmarks, demonstrating the excellent
performance of the materials (Supplementary Tables 8–10). Further-
more, a 50-fold scale-up synthesis of Zn2(datrz)2CO3-180 yields pro-
ducts that not only retain structural integrity as confirmed by
consistent PXRD patterns but also preserve their gas adsorption
characteristics.

Computational studies
Inspired by the well-defined structure-function relationship, we use
density functional theory (DFT) calculations to explore the molecular-
level insights of the selective adsorptionmechanisms44–46. As shown in
Fig. 4, the diffusion barriers of C3H8 and C3H6 were calculated across
the three Zn2(datrz)2CO3 series frameworks (Fig. 4a, b). The optimized
structures and C3H6/C3H8 molecules served as the reference energy
state (State I, Supplementary Fig. 39). A single molecule was then
placed near the framework (State II), diffused through the channel
aperture (State III), and entered the internal cavity (State IV). The
energy barrier (ΔE) was calculated to assess the difficulty of gas

diffusion. The results indicate that theΔE for C3H6 is consistently lower
than that for C3H8, implying that the pore sizes of all materials are
suitable for the preferential diffusion of C3H6 over C3H8. Additionally,
by analyzing the difference in ΔE for two gas molecules (Fig. 4c), we
observed that the ΔE difference gradually decreases from
Zn2(datrz)2CO3-180 to Zn2(datrz)2CO3-220, which aligns well with the
changes in pore size and the corresponding C3H6/C3H8 separation
performance. Furthermore, the adsorption sites for C3H6 in
Zn2(datrz)2CO3-180 were also investigated using DFT calculations. The
C3H6 molecule interacts with one oxygen atom from the CO3

2− ligands
through CH···O interactions (1.78 Å) and one nitrogen atom from the
datrz2− ligands through C–H···N interactions (1.79 Å) (Fig. 4d). The
calculated binding energy was 32 kJ/mol, which is consistent with the
adsorption heat.

As shown in Fig. 4e, CO2 adsorption on Zn2(datrz)2CO3-180 occurs
through two NH···O hydrogen bonds (1.63 and 1.59Å), each formed
with amino groups from two datrz2− ligands, yielding a calculated
binding energy of 27 kJ/mol. In contrast, on Zn2(datrz)2CO3-220
(Fig. 4f), the reduced rotation angle of the datrz2− ligands generates a
confined pocket that allows CO2 to simultaneously interact with four
amino groups via NH···O interactions (ranging from 1.92 to 2.68Å). This
multidentate interaction site significantly enhances the binding energy
to 34 kJ/mol, which accounts for the steeper CO2 adsorption profile
observed at low pressure. For CH4, both materials exhibit similar
interaction modes, where the CH4 molecules interact with the amino
groups via CH···N interactions andwith the carbonate groups via CH···O
interactions (Supplementary Fig. 40). However, the interaction dis-
tances in Zn2(datrz)2CO3-180 (2.23 and 2.29 Å for CH···O and CH···N
respectively) were shorter than Zn2(datrz)2CO3-220 (2.32 and 2.63Å for
CH···O and CH···N respectively). This leads to a markedly lower binding
energy in Zn2(datrz)2CO3-220 (15 kJ/mol) compared to Zn2(datrz)2CO3-
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180 (21 kJ/mol). The reduction can be attributed to the larger pore size
in Zn2(datrz)2CO3-220, which weakens the confinement effect and thus
decreases the interaction strength with CH4 molecules. For N2 in
Zn2(datrz)2CO3-220, DFT locates a primary site in which the linear N2

molecule sits near the channel wall with an end-on orientation toward
the amino groups of the datrz linker. The terminal N atom engages in
anNH···N interaction (2.20 and 2.79Å), but the number of simultaneous
interactions is small, resulting in a binding energy of only 18 kJ/mol
(Supplementary Fig. 40). Consequently, the uptake of N2 is lower than
that of CO2. Together, these calculations highlight how subtle rota-
tional changes in the datrz2− ligands influence both pore geometry and
the local adsorption environment, which plays a crucial role in deter-
mining gas adsorption strength and selectivity.

Dynamic breakthrough experiments
The dynamic separation performance of the Zn2(datrz)2CO3 series was
systematically evaluated via fixed-bed breakthrough experiments
using C3H6/C3H8, CO2/CH4, and CO2/N2 binary mixtures at 298K. Each
gas pair was tested under both equimolar and dilute feed composi-
tions to simulate realistic separation scenarios (C3H6/C3H8: 95/5; CO2/
N2: 15/85; CO2/CH4: 15/85, v/v). Zn2(datrz)2CO3-180 showed excellent
separation performance for C3H6/C3H8, exhibiting well-defined
separation windows (Fig. 5a, b). The desorption profiles revealed
C3H6 recovery with high purity levels of 95.69% and polymer-grade
purity of 99.53% under 50/50 and 95/5 compositions, respectively,
with corresponding productivity of 13.32 and 13.69 L/kg (Supplemen-
tary Table 11). Zn2(datrz)2CO3-220 demonstrated high dynamic CO2

selectivity in both CO2/CH4 and CO2/N2 separations, where a single
adsorption-desorption cycle enabled the recovery of high-purity CO2

(96.82% at 50/50 and 95.33% at 15/85 for CO2/N2; 95.75% at 50/50 and
89.20% at 15/85 for CO2/CH4) and >99.99% purity of CH4 (Fig. 5c, d and

Supplementary Fig. 41). The corresponding productivities further
confirm the practical working capacity of the materials (Supplemen-
tary Table 11). For CO2/N2 mixtures, Zn2(datrz)2CO3-220 delivers CO2

productivities of 20.70 L/kg (50/50, v/v) and 14.59 L/kg (15/85, v/v). For
CO2/CH4 mixtures, the CO2 productivities are 16.53 L/kg (50/50, v/v)
and 12.62 L/kg (15/85, v/v), while the co-produced CH4 productivities
reach 17.27 L/kg and 49.39 L/kg, respectively. This performance high-
lights thematerial’s potential for low-concentration natural gas/biogas
purification and flue gas CO2 capture. To simulate realistic conditions,
we have performed additional CO2/N2 (15/85, v/v) breakthrough
experiments under humid conditions (relative humidity = 43%). The
results (Supplementary Fig. 42) confirm that the separation perfor-
mance of Zn2(datrz)2CO3-220 is well retained in the presence of water
vapor, demonstrating good water resistance. All materials exhibited
stable performance over four consecutive breakthrough-regeneration
cycles and maintained consistent PXRD patterns (Supplementary
Figs. 43 and 44) afterwards, confirming the structural robustness and
long-term durability of the Zn2(datrz)2CO3 series.

Discussion
By optimizing the solvothermal temperature, we developed an
approach for the fine regulation of MOF pore structures. The obtained
Zn2(datrz)2CO3 series exhibits a precise pore gradient, demonstrating
engineered gas separation performance for industrially relevant mix-
tures, including C3H6/C3H8, CO2/N2, and CO2/CH4. The scalability and
reproducibility of Zn2(datrz)2CO3 validate the potential of the pro-
posed solvothermal temperature-regulated pore structure engineer-
ing approach for practical applications. This synthetic temperature-
guided strategy enriches the current pore engineering toolbox and
may contribute to the development ofMOFs with enhancedmolecular
recognition capabilities.
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Methods
Materials and characterizations
All chemicals were commercially available and used without further
purification. SCXRD data were collected on a Bruker D8 VENTURE
diffractometer equipped with a PHOTON II CPAD detector. The crystal
structures were solved using SHELXT (version 2018/2) and refined by
full-matrix least-squares methods using SHELXL (version 2018/3) via
the OLEX2 graphical interface. PXRD patterns were recorded on a
Bruker D8 Advance diffractometer using Cu-Kα radiation (λ = 1.5418Å)
over a 2θ range of 3–40° at a scan rate of 5° min−1, with an operating
voltage and current of 40 kV and 40mA, respectively. TGA was per-
formed under a static nitrogen atmosphere using a NETZSCH simul-
taneous thermal analyzer at a heating rate of 10 °C min−1. The
morphology of the compounds was collected using SEM (10 kV, JSM-
IT800) and TEM (200 kV, JEOL JEM-F200). Surface chemical states
were investigated by XPS using a Kratos AXIS SUPRA+ spectrometer.
Transmission XAS measurements were performed on a laboratory
device (easyXAFS300, easyXAFS LLC), which is based on Rowland
circle geometries with spherically bent crystal analyzers (SBCA) and
operated using an Ag X-ray tube source and a silicon drift detector
(AXAS-M1, KETEK GmbH). Data reduction, data analysis, and EXAFS
fitting were performed and analyzed with the Athena and Artemis
programs of the Demeter data analysis packages that utilize the FEFF6
program to fit the EXAFS data47,48.

Synthesis of MOFs
Small-scale synthesis. Zn(NO3)2·6H2O (0.5mmol) and 3,5-diamino-
1,2,4-triazolate (0.5mmol) were dissolved in DMF/H2O (3/3mL). The
mixture was transferred to a 20-mL Teflon-lined stainless-steel auto-
clave and left in a 160, 180, 200, and 220 °C oven for 24 h to form
crystals suitable for structure resolution by single-crystal X-ray crys-
tallography. The as-synthesized products were harvested by filtration
and washed with fresh hot DMF five times, and then exchanged with
methanol by Soxhlet extraction overnight. Finally, the crystals were
activated at 120 °C in dynamic vacuum for 12 h to yield an activated
sample.

Large-scale synthesis. Zn(NO3)2·6H2O (25mmol, 7.44 g) and 3,5-dia-
mino-1,2,4-triazolate (25mmol) were dissolved in a mixed solvent of
DMF (150mL) and deionized water (150mL) under stirring. The solu-
tion was transferred into a 0.5 L Teflon-lined stainless-steel autoclave
and heated at 160, 180, or 220 °C for 24 h. After cooling to room
temperature, the resulting colorless bulk crystals were collected by
filtration and washed thoroughly with DMF. The as-synthesized pro-
ducts were then exchanged with methanol five times. Finally, the
crystals were activated under dynamic vacuum at 120 °C for 12 h to
yield the fully desolvated samples.

Multicomponent column breakthrough tests
Breakthrough tests were carried out in a homemade breakthrough
apparatus. The adsorption bed was a stainless-steel column (inner
diameter: 6mm, 150mm). The mass of adsorbents filled into the col-
umn was 1.20 g and 1.35 g for Zn2(datrz)2CO3-180 and -220, respec-
tively. The humid gas stream was generated by passing the feed gas
through a saturated potassium carbonate solution, corresponding to
43% relative humidity. The adsorbents were activated for 10 h under
helium purging (10mL/min). When the temperature cooled down to
298K, heliumflowwas stopped, and the feedmixedgases at aflowrate
of 5mL/minwere introduced to the adsorption column. The outlet gas
was analyzed by using a mass spectrometer (HPR-20, Hiden). After the
adsorption reached dynamic equilibrium, the columnwas purgedwith
helium (10mL/min) at 298K for desorption.

The purity, using CO2/CH4 mixture as example, was calculated by
the following method: the desorption gas amount (qi) was calculated

by integrating the desorption curve f(t) as Eq. (1).

qi =

R t0
0 f ðtÞdt

m
×Q× ci ð1Þ

Where them represents the adsorbentmass,Q represents the feed gas
flow rate and ci represents the fraction of components in the feed gas
mixture.

And then thepurity (p) of desorptionCO2was calculatedusing the
following Eq. (2).

p=
qCO2

qCO2 + qCH4
ð2Þ

Data availability
All data generated in this study are provided in the Supplementary
Information/Source Data file. Crystallographic data for the structures
reported in this article have been deposited at the Cambridge Crys-
tallographic Data Centre, under deposition numbers CCDC 2447138
(Zn2(datrz)2CO3-220), 2447139 (Zn2(datrz)2CO3-160), 2447140
(Zn2(datrz)2CO3-200), 2447141 (Zn2(datrz)2CO3-180), 2491950
(Zn2(datrz)2CO3-180A), 2491951 (Zn2(datrz)2CO3-200A), 2491952
(Zn2(datrz)2CO3-220A), 2491953 (Zn2(datrz)2CO3-180RT) 2491954
(Zn2(datrz)2CO3-190RT), 2491955 (Zn2(datrz)2CO3-200RT), 2491956
(Zn2(datrz)2CO3-220RT), 2491957 (Zn2(datrz)2CO3-180ST) and
2491958 (Zn2(datrz)2CO3-180VT). Copies of the data can be obtained
free of charge via https://www.ccdc.cam.ac.uk/structures/. Source
data are provided with this paper.
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