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P H Y S I C A L  S C I E N C E S

Isotope-selective pore opening in a flexible  
metal-organic framework
Linda Bondorf1†‡, Jhonatan Luiz Fiorio2†, Volodymyr Bon2, Linda Zhang1, Mariia Maliuta2, 
Sebastian Ehrling2, Irena Senkovska2, Jack D. Evans2,3, Jan-Ole Joswig2, Stefan Kaskel2*, 
Thomas Heine2,4,5*, Michael Hirscher1*

Flexible metal-organic frameworks that show reversible guest-induced phase transitions between closed and open 
pore phases have enormous potential for highly selective, energy-efficient gas separations. Here, we present the 
gate-opening process of DUT-8(Ni) that selectively responds to D2, whereas no response is observed for H2 and 
HD. In situ neutron diffraction directly reveals this pressure-dependent phase transition. Low-temperature thermal 
desorption spectroscopy measurements indicate an outstanding D2-over-H2 selectivity of 11.6 at 23.3 K, with high 
D2 uptake. First-principles calculations coupled with statistical thermodynamics predict the isotope-selective gate 
opening, rationalized by pronounced nuclear quantum effects. Simulations suggest DUT-8(Ni) to remain closed in 
the presence of HT, while it also opens for DT and T2, demonstrating gate opening as a highly effective approach 
for isotopolog separation.

INTRODUCTION
In Earth’s crust, deuterium (D or 2H), often denoted as “heavy 
hydrogen,” has a very low natural abundance of one deuterium 
atom per 6500 hydrogen atoms, while the dominant isotope is 
protium (H or 1H) (1). Tritium (T or 3H) only occurs in traces, pro-
duced by cosmic rays or in nuclear power plants. Because of its 
unique physical properties, deuterium has a broad field of applica-
tions ranging from the nuclear industry to specific analytical tech-
niques such as nuclear magnetic resonance (NMR) spectroscopy (2), 
hydrogen deuterium exchange mass spectrometry (3), medicine (4), 
drug discovery, and life science (5, 6). Therefore, the demand of pure 
deuterium and deuterated water is constantly growing since its dis-
covery by Urey et al. in 1931 (7). The concentration and separation 
of the deuterium from protium remains an important challenge, and 
the main industrial techniques are currently limited to energy-demand-
ing chemical exchange, water distillation (8), or electrolysis (9). In 
addition to cryogenic distillation, several alternative technologies 
for H/D separation have been discussed recently: gas chromatography 
(10), palladium-based membranes (11), metal-hydride–based tech-
niques (12), plasma-chemical methods (13), graphene-based mem-
branes (14), and layered materials (15). Furthermore, the discovery 
of quantum-sieving effects in confined spaces has opened pre-
viously unknown possibilities to use nanoporous solids for isotope 
separation (16).

One class of these nanoporous solids are metal-organic frameworks 
(MOFs), and the interaction of dihydrogen (H2) with such MOFs has 
been heavily studied since nearly two decades, see (17) and references 

therein. Large amounts of H2 can be adsorbed in MOFs at low 
temperature owing to huge specific surface areas, and under- 
coordinated metal sites can enhance hydrogen adsorption substan-
tially at higher temperatures (18, 19). Moreover, nuclear quantum 
effects (NQEs) contribute notably to the isotope effect and, as they 
lower the adsorption enthalpy, restrict their practical application 
for ambient temperature storage (20). Protium has the largest NQE 
of all isotopes in the periodic table. This is a consequence of being 
the most light-weight nucleus. The largest mass ratio between iso-
topes also occurs for hydrogen, leading to a pronounced isotope 
effect. Compared to other porous materials, MOFs show particularly 
strong hydrogen isotope selectivities (21). This is attributed to two 
rather different effects: The first is purely kinetic due to the effective 
molecular radius, where the larger size of H2 prevents its diffusion 
through the narrow apertures of specific diameter that are present 
in some MOFs, whereas D2 can penetrate easily (22). The second is 
due to chemical affinity, where strong adsorption sites (typically 
open metal sites) exhibit a remarkable difference in adsorption en-
thalpy for the isotopologs, i.e., 2 to 3 kJ mol−1 for H2 and D2 (23, 24). 
This difference results in remarkable separation factors for these 
isotopologs even at temperatures exceeding 100 K (24).

If the MOF is not a static framework but flexible, then it can se-
lectively respond to external stimuli adapting its pore size triggered 
by adsorption-induced gating or breathing (25, 26). Early reports 
on gating and breathing were found for [Cu(dhbc)2(4,4′-bpy)] 
(Hdhbc - 2,5-dihydroxybenzoic acid, 4,4′-bpy - 4,4′-bipyridine) (27), 
Elastic Layered Metal-Organic Framework (ELM-11) (28) and Matériaux 
de l′Institut Lavoisier (MIL-53) (29). The transition from a narrow to 
a large pore in MIL-53 leads to an optimized kinetic quantum sieving 
between H2 and D2 (30). Recent experiments on the same MOF 
showed a second breathing step, which opens isotope-responsive 
only with D2 (31). In addition, D2 shows a faster interframework 
diffusivity compared to H2, and this difference counterintuitively 
increases at higher temperatures (32). Another flexible MOF, MUF-
15-OMe, shows enhanced kinetic quantum sieving in the pressure- 
temperature window of the flexible transition (33).

The flexible framework DUT-8(Ni) (34) is in the focus of the present 
study. It consists of Ni2 paddle wheels (PWs), 2,6-naphthalenedicarboxylate 
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(ndc) linkers and 1,4-diazabicyclo(2.2.2)octane (dabco) pillars form-
ing a primitive cubic net (Fig. 1A). Crystal size, morphology, and con-
formation are used to effectively tune the responsivity of DUT-8(Ni) 
(35, 36). While macrosized DUT-8(Ni) crystals show selective guest 
responsivity associated with a pronounced cell volume change 

(~250%) upon gate opening [an adsorption-induced transition from 
a closed-pore (cp) to an open-pore (op) phase triggered by nitrogen, 
carbon dioxide, or C2-C4 hydrocarbons at their standard boiling 
points (37)], nanocrystals of DUT-8(Ni) are rigid instead and show 
reversible uptake of gasses after desolvation. This is a behavior typical 
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Fig. 1. Isotope-selective pore opening by deuterium. (A) Crystal structure of DUT-8(Ni) in cp and D2@DUT-8(Ni) op phases (Ni2 PWs are shown as green polyhedra, 
ndc carbon atoms are shown as gray sticks, and deuterium guest molecules are shown as white spheres). (B) H2 and D2 isotherms for DUT-8(Ni) at 20.3 and 23.3 K. Adsorption 
and desorption curves are measured by a volumetric apparatus with an equilibrium time of 90 min for each isotherm point. (C) NPD patterns measured on DUT-8(Ni) at 
defined pressures in parallel to (D) adsorption of D2 at 23.3 K [colors correspond to (D)]. (E) TDS with deuterium measured by a home-built cryogenic setup. Measurements 
of the flexible isomer of DUT-8(Ni) are performed at an exposure temperature of 23.3 K, exposure pressures between 10 and 70 kPa, and an exposure time of 30 min. DUT-8(Ni) 
rigid is measured after exposure to 5 kPa of deuterium for 10 min at an exposure temperature of 23.3 K. Here, the mass spectrometer reached saturation.



Bondorf et al., Sci. Adv. 8, eabn7035 (2022)     13 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 9

for conventional microporous solids (38). The mechanism behind 
gate opening relies on the hinge energetics of the network nodes, 
balancing strain energy (favoring the open form) and linker-linker 
interactions (stabilizing the closed form) (39). The guest molecules’ 
interactions with the pore interior counteract these linker-linker inter-
actions and induce gate opening. For gas separation, selective pore 
opening can induce colossal selectivity (40–43), which is a key aspect 
for energy-efficient separation processes (44). However, so far, a pore 
opening in gating MOFs triggered only by protium-free dihydrogen 
isotopologs has never been reported.

When exposing DUT-8(Ni) to H2, the MOF remains closed. The 
same is observed when exposing DUT-8(Ni) to the mixed isotopolog 
HD. In contrast, it readily opens between 23.3 and 26 K upon exposure 
to D2, where it shows pronounced and reversible gas uptake (Fig. 1B). 
In this work, we explore this intriguing isotope-triggered structural 
transition using a wide range of physicochemical methods relying 
on parallelized adsorption and in situ neutron powder diffraction 
(NPD), as well as low-temperature thermal desorption spectroscopy 
(TDS) after exposure to isotope mixtures. First-principles calcula-
tions trace back the origin of the isotope-triggered breathing 
phenomenon to the pronounced NQEs of the adsorbed dihydrogen 
phase. These calculations are in agreement with the experimental 
observations for H2, HD, and D2 and predict pore opening for T2 
and DT but not for HT.

RESULTS
Isotope-selective structural response
Low-temperature adsorption of H2 and D2 gas, each at their stan-
dard boiling points, reveals pressure-dependent responsivity toward 
D2 and H2 (Fig. 1B). The adsorbed amount of H2 is barely above the 
detection limit with a slight increase up to 1.1 mmol g−1 at 100 kPa. 
Thus, DUT-8(Ni) remains in the cp phase under H2 atmosphere. In 
stark contrast, after little to no uptake at low pressure, there is steep 
adsorption of D2 at 24 kPa, the gate-opening pressure resulting in a 
high-saturation uptake of 41.2 mmol g−1 at 100 kPa. The desorption 
branch indicates a hysteresis as expected for a first-order structural 
transformation. This isotope-selective host-guest interaction results 
in a gas uptake of 27 D2 molecules per PW at 100 kPa, whereas only 
0.7 H2 molecules are adsorbed on average.

The D2-triggered structural transition from cp to op (cp→op) 
phase (Fig. 1, A, C, and D, and fig. S4) was confirmed by NPD ex-
periments conducted on DUT-8(Ni) in parallel to the physisorption 
of D2 at 23.3 K. The NPD patterns, measured in vacuum at 23.3 K, 
resemble the calculated patterns for DUT-8(Ni) cp. At higher load-
ings, an additional reflection at 2 = 17.7° appears in the NPD 
patterns, indicating the cp→op phase transition in DUT-8(Ni). In 
the NPD patterns, measured for the loadings 2 to 4 (Fig. 1C), a mixture 
of cp and op phases is observed, which suggests a sequential switch-
ing of individual crystallites. Similar observations were made earlier 
in the series of powder x-ray diffraction (PXRD) experiments in 
parallel to adsorption of nitrogen (77 K), n-butane (273 K), and 
carbon dioxide (195 K) (37). The most intensive (110) reflection, 
which is observed at 2 = 12.4° in the theoretical NPD patterns cal-
culated for the guest-free structure, is suppressed in the experimen-
tal patterns measured at a loading of 27 mmol g−1. This phenomenon 
is caused by the ordering of D2 molecules in the channels of DUT-
8(Ni) op, which could be captured due to the large coherent scatter-
ing length of deuterium for neutrons. The Rietveld refinement of 

the NPD patterns, measured in vacuum and at 27 mmol g−1 D2 
loading, approves this hypothesis (figs. S5 and S6). The gate-open-
ing process is reversible: After desorption of D2 in vacuum at 23.3 K, 
the NPD patterns, which are characteristic for DUT-8(Ni) cp 
phase, are recovered (Fig. 1C).

To simulate the adsorption-induced cp→op phase transition, grand- 
canonical Monte Carlo (GCMC) simulations using Feynman-Hibbs 
quantum effective potentials (45) were used (for details, see the Sup-
plementary Materials). The osmotic potential difference cp→op 
between both phases (46) is shown in Fig. 2C at temperatures of 25, 
30, 50, and 70 K. In comparison to other gate-opening MOFs (47), 
DUT-8(Ni) has a relatively large Helmholtz free-energy difference 
between the op and cp phases (Fcp→op) that acts to stabilize the 
cp phase. For example, the Helmholtz free energy is approxi-
mately 20 kJ mol−1 for MIL-53(Al) (48), whereas for DUT-8(Ni), it 
is 110 kJ mol−1. As a result, the dispersion-dominated cp phase 
requires a remarkable contribution of adsorption potential to produce 
a phase transition to the op structure. The analysis of cp→op 
(Fig. 2C) illustrates very convincingly that low-temperature ad-
sorption (<50 K) can produce favorable energetics of the magnitude 
required for this transition: At 25 K, the op phase becomes thermo-
dynamically preferred upon D2 adsorption at pressures above 
26 kPa. This is in accordance with the experimental observations. 
In contrast, pressures larger than 60 kPa are required for HD and 
pressures beyond 190 kPa for H2 to be adsorbed. Thus, these simu-
lations demonstrate how the differences in adsorption enthalpy for 
D2, HD, and H2 can produce isotope-selective gate opening at these 
low temperatures.

The D2 adsorption and desorption between 23.3 and 30 K are 
shown in Fig. 2A. With increasing temperature, the opening pres-
sure increases and the maximal uptake at 100 kPa notably decreas-
es. These changes are most likely related to one another, because a 
shift to higher opening pressures reduces the pressure range avail-
able for inducing the structural transition due to the limiting max-
imum pressure of the instrument (100 kPa). At a temperature of 30 
K, no pore opening occurs below 100 kPa, and the sample remains 
in the cp phase. Consequently, the breathing of DUT-8(Ni) under 
subatmospheric D2 pressures is only observed in a narrow tem-
perature range.

The adsorbed D2 amount was analyzed by cryogenic TDS per-
formed in a homebuilt setup (Fig. 1E). After degassing, DUT-8(Ni) 
was cooled down to 23.3 K and exposed to D2 gas for 30 min. Under 
high vacuum, the sample was then cooled down to 20 K, followed by 
constant 0.1 K s−1 heating up to 300 K. During heating, the mass 
spectroscopic data (desorbed gas pressure as a function of time) were 
collected. Figure 1E shows the evolution of the D2 desorption rate 
with increasing exposure pressure from 10 to 70 kPa. Up to 20 kPa 
exposure pressure, the desorption rate, i.e., D2 uptake, is low, because 
DUT-8(Ni) remains in the cp phase. Starting at 30 kPa—which is 
above the opening pressure—the desorption peak strongly increases 
with the exposure pressure. The amount desorbed (area under the 
desorption peak) is consistently following the pressure dependence 
observed in the adsorption isotherm (Fig. 1E). The advantage of 
TDS is the high detection sensitivity allowing measurements on 
small samples (typical mass around 3 mg) and low gas usage. There-
fore, TDS experiments using HD gas are possible for testing if an 
opening will occur by HD molecules. Figure 2B shows the desorp-
tion peaks after exposure to HD in comparison to H2 and D2 for 
exposure pressures of 1 and 75 kPa at 23.3 K. It clearly indicates that 
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only D2 penetrates DUT-8(Ni) above the opening pressure, whereas 
no opening occurs for H2 and HD.

To quantify the influence of NQEs and obtain a molecular picture 
of the adsorption process, density functional theory (DFT) calcula-
tions were performed (for details, see the Supplementary Materials). 
Hereby, the NQEs were considered via the harmonic approximation 
for the adsorbed guest molecules. Figure 2D shows that none of the 
isotopologs including protium (H2, HD, or HT) can enter the closed 
pore, as the corresponding Gibbs adsorption energies are always 
positive. Opening DUT-8(Ni) cp is an endothermic process with a 
deformation energy saturating at 110 kJ mol−1 for loadings higher 
than 25 mmol g−1 (this corresponds to 15 molecules per PW). Al-
though the classical energy (i.e., no NQEs are considered) favors the 
adsorption process for loadings beyond 5 mmol g−1, NQEs are re-
sponsible for an overall unfavorable Gibbs free-energy balance. For 

loadings beyond 33 mmol g−1, the D2-loaded DUT-8(Ni) (and slightly 
earlier the T2-loaded system) becomes energetically favorable, while 
the adsorption of the lighter-weight isotopologs H2, HD, and HT 
remains energetically disfavored. During this hypothetical loading 
process, different adsorption sites in DUT-8(Ni) are successively 
occupied (Fig. 2E). First, the accessible low-energy sites at large 
connector angles (fig. S7) are occupied, followed by the linker sites. 
This adsorption starts opening the pore. Once it is opened, the con-
nector sites become equivalently accessible, and the remaining two are 
occupied as well. Only at the final stage of the loading process, the 
central void of the pore is filled with guest molecules (Fig. 2F).

The DUT-8(Ni) framework can be synthesized as a flexible and 
rigid form without notable differences in composition (for details, 
see the Supplementary Materials). The rigidification of flexible 
MOFs is a consequence of finite size effects (fig. S2) (38, 39, 49, 50). 

Fig. 2. Temperature-dependent gate opening for different isotopologs. (A) Temperature-dependent D2 adsorption of DUT-8(Ni): Deuterium isotherms from 30 to 
23.3 K. Adsorption and desorption curves are measured with the volumetric instrument, starting at the highest temperature of 30 K and with an equilibrium time of 
90 min. (B) TDS of DUT-8(Ni) obtained after exposure to 1 and 75 kPa of H2, D2, or HD at 23.3 K for a fixed exposure time (texp) of 10 to 30 min. The desorption spectra after 
evacuation at exposure temperature were measured for a heating rate of 0.1 K s−1. (C) Difference in osmotic potential energy for the gate-opening process in DUT-8(Ni) 
for H2, HD, and D2 at 25, 30, 50, and 70 K, where, for cp→op < 0, the gate opening is thermodynamically favored. (D) Gibbs free energies of MOF loading process (Gproc) 
with respect to the unloaded cp DUT-8(Ni) and gas-phase dihydrogen as function of the loading, given for all hydrogen isotopologs, DUT-8(Ni) deformation energy (Edef) 
with respect to the cp structure, and the classical adsorption energy (Eclass). The shaded areas give the statistically relevant range, resulting from 50 different configurations. 
Lines were drawn to guide the eye. (E) Distribution of D2 over different adsorption sites in DUT-8(Ni) for increasing loading and pore volume. (F) Illustrative representation 
of the different adsorption sites in DUT-8(Ni). The D2 molecules were colored matching the previous graphic, where there are two PW sites initially accessible (dark blue) 
and two others inaccessible due to the framework contraction (purple), linker site (green), and void (cyan).
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The thermal desorption spectra of the flexible and rigid DUT-8(Ni) 
material show a clear distinction (Fig. 1E): For an exposure tem-
perature of 23.3 K, the desorption curve of rigid DUT-8(Ni) has a 
broad maximum between 20 and 75 K centered around 43 ± 5 K. In 
contrast, the flexible form has a much narrower D2 desorption peak 
with a maximum at 30 K for exposure above the opening pressure. 
A desorption maximum at a low temperature usually indicates a small 
adsorption strength, as less thermal energy is necessary for desorp-
tion. In the case of flexible and rigid DUT-8(Ni), the standard inter-
pretation of TDS curves is not applicable due to similar composition 
and almost identical pore diameters in the op phase. Moreover, the 
width of the adsorption peak is extraordinarily narrow compared to 
other TDS measurements on rigid porous structures (51). The only 
plausible explanation is a pore closing of flexible DUT-8(Ni) around 
30 K under vacuum in the TDS experiment, which expels the D2 
molecules already at low temperature. This is in agreement with 
temperature-dependent D2 adsorption isotherm measurements on 
flexible DUT-8(Ni) that show a D2-triggered structural transition 
only below 30 K (Fig. 2A).

Selective isotope adsorption of H2/D2 mixtures
Using cryogenic TDS, hydrogen isotope separation of DUT-8(Ni) 
can be measured after exposure to a 1:1 H2/D2 mixture at 23.3 K. After 
evacuation, the coadsorbed isotopes can be detected simultaneously 
and quantitatively by the mass spectrometer, which has been previ-
ously calibrated according to (52). Thus, the D2-over-H2 selectivity 
can be directly determined from the ratio of the desorbed amounts.

Similar to TDS after pure D2 exposure, the desorption rate shows 
a narrow maximum for H2 and D2. However, the D2 maximum is 
much higher indicating a D2 uptake that is approximately 10 times 
higher than for H2 (Fig. 3A). For exposure at 23.3 K, the average 
selectivity is 9.9 and, thus, very high at all total exposure pressures 
(table S1). The D2 uptake increases with exposure pressure and shows 
the highest value of 9.44 mmol g−1 together with the best selectivity 
of 11.6 after 80 kPa total exposure pressure. This confirms a high 
separation performance for gas mixtures.

Figure 3B summarizes the results of the D2 and H2/D2 mixture 
exposures at 23.3 K measured by TDS and the D2 adsorption isotherm 
at the same temperature. The gas pressure is correlated to the D2 
uptake, which is, in principle, directly proportional to the fraction 
of opened crystals determined by neutron diffraction. Below 20 kPa, 
the structure remains closed; then—with increasing pressure—the 
uptake and, therefore, the fraction of the open phase increase. The 
similarity of the response between pure D2 gas and D2 partial pres-
sure of the mixture indicates that the DUT-8(Ni) phase transition is 
driven by the partial pressure of D2 rather than the total gas pres-
sure. Deviations between TDS measurements and the isotherm show 
that the fraction of the op phase does not only depend on tempera-
ture and pressure but also depend on the adsorption kinetics. While 
for the TDS measurements, each point is a new dosing step for 30-min 
exposure starting from the fully closed sample; the adsorption 
isotherm is measured by continuously adding dosing steps, which 
results in a total exposure time of several hours.

DISCUSSION
We found an isotopolog-selective switching mechanism in a flexible 
framework, demonstrating D2-selective responsivity. The D2-stimulated 
gate opening at 23.3 K was monitored by parallelized adsorption 

NPD. Unlike D2, physisorption of H2 or HD shows only negligible 
adsorption capacity, indicating high selectivity of the framework 
responsivity toward D2. This high D2 selectivity is explained by DFT 
calculations, indicating that NQEs are responsible for the unfavor-
able Gibbs free-energy balance for all isotopologs that contain 
protium (H2, HD, and HT), whereas all others (D2, DT, and T2) are 
expected to be adsorbed by DUT-8(Ni) pores under similar condi-
tions. Thermodynamic calculations confirm this finding, indicating 
that the gate-opening pressure for D2 is shifted toward lower pres-
sures in the adsorption isotherms. A direct comparison of switch-
able and rigid versions of DUT-8(Ni) via TDS reveals the important 
advantage of stimuli-responsive frameworks, leading to isotope- 
selective recognition effects (53). The narrow desorption peak cen-
tered at 30 K—in combination with high adsorption capacity of 
42 mmol g−1—represents a unique system advantageous for effec-
tive and sustainable isotopolog separation with a narrow tempera-
ture swing. This assumption was confirmed in TDS experiments 
using 1:1 mixture of D2 and H2 and resulted in the excellent selec-
tivity of 11.6 combined with a high D2 uptake of 9.44 mmol g−1 ranking 
DUT-8(Ni) as unique material able to separate D2 from H2/D2 and 
even H2/HD/D2 mixtures. Applied for gas separation, porous materials 
show typically a trade-off between selectivity and adsorption capacity 
(54), which is also observed for hydrogen isotope separation (55). 
For porous materials showing kinetic quantum sieving, the selectivity 
reaches 10 but the uptake is only 2 mmol g−1, while for higher uptake, 
the selectivity falls below 3; this has been overcome by a special 
porous organic cage cocrystal with an alternating pore structure 
reaching a selectivity of 8 and an uptake of 4 mmol g−1 (55). The 
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Fig. 3. Selective isotope adsorption of H2/D2 mixtures. (A) TDS spectra for 
DUT-8(Ni) and D2/H2 selectivities according to the exposed pressure. Measurements 
were performed under a 1:1 H2/D2 isotope mixture at 23.3 K for an exposure time 
of 30 min. (B) Applied D2 partial pressure as a function of D2 uptake determined 
from TDS spectra after 1:1 H2:D2 mixture at 23.3 K compared to D2 uptake in TDS 
measurements for pure D2 exposure and D2 adsorption isotherms both at 23.3 K.
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isotope-selective pore opening of DUT-8(Ni) outperforms clearly 
these materials with permanent porosity and opens a new strategy 
coping this trade-off problem.

Outlook
The selective adsorption of protium-free dihydrogen isotopologs 
offers a path to highly purified heavy hydrogen. Stimuli-responsive 
MOFs can selectively recognize heavy isotopologs by dynamic pore 
opening and closing transformations. Understanding the delicate 
energy balance of a flexible MOF and the dihydrogen adsorption 
energy subject to strong NQEs opens the possibility to tailor new 
adsorption materials by rational design, e.g., by linker functional-
ization, which could, for example, selectively adsorb also HD or HT, 
but not H2. Although these systems operate only at cryogenic tem-
peratures, the high gas uptake combined with their high selectivity 
may render these materials as competitive not only compared to 
cryogenic distillation but also compared to alternative two-dimensional 
(2D) material–based isotope selective membranes (14, 15).

MATERIALS AND METHODS
Synthesis of DUT-8(Ni)
The samples of DUT-8(Ni) flexible and DUT-8(Ni) rigid were syn-
thesized and desolvated according to the procedures reported 
elsewhere (38).

Characterization of DUT-8(Ni) samples
PXRD patterns were obtained at room temperature on a STOE 
STADI P diffractometer using Cu-K1 radiation ( = 1.54059 Å) 
and a 2D detector (Mythen, Dectris). All measurements were per-
formed in transmission geometry using a rotating flatbed sample 
holder, 2 steps scans, with step width of 6° and exposition time of 
120 s per step. The measured PXRD patterns (fig. S1A) well match 
with calculated patterns indicating the phase purity of the powders 
used in the study.

Volumetric low-pressure nitrogen physisorption experiments at 
77 K were conducted on a Quadrasorb apparatus (Quantachrome) 
using liquid nitrogen as coolant. Helium gas of 99.999% purity was 
used for determination of the dead volume, and nitrogen gas of 
99.999% purity was used as adsorptive. The samples were degassed 
at 120°C in dynamic vacuum for at least 6 hours before the measure-
ment. The adsorption and desorption isotherms of DUT-8(Ni) flexible 
and DUT-8(Ni) rigid are shown in fig. S1B. Both isotherms well 
match with the earlier published data in terms of total uptake in 
saturation and flexibility behavior for the flexible version, e.g., gate 
opening and closing pressures (38).

Thermal desorption spectroscopy
Low-temperature TDS experiments have been performed using the 
setup designed in-house (56). After activation, the sample is held 
under vacuum and cooled down to the exposure temperature. 
Exposure to different gas atmospheres (H2 from Westfalen AG with 
purity of 99.999%, D2 from Air Liquide with purity of 99.8%, and 
HD purchased from Sigma-Aldrich with purity of 96% HD) is con-
ducted for defined exposure times, followed by a 1-min evacuation. 
Under high vacuum, the sample is then cooled down to 20 K and 
constantly heated to 300 K with a heating rate of 0.1 K s−1. During 
heating, the mass spectroscopic data, gas pressure as a function 
of time, are collected to determine the desorption rate of each gas.

For quantitative uptake and selectivity values, the mass spectrom-
eter is calibrated according to (51). The calibration alloy Pd95Ce5 is 
placed under hydrogen or deuterium atmosphere for 2 hours at 
1.6 kPa and 353 K. After cooling to room temperature, the amount 
of loaded gas is weighted. For desorption, the alloy sample is heated 
up to 600 K with 0.1 K s−1. The integral of desorption pressure over 
time corresponds to the amount of desorbed gas molecules and 
should be the same as the loaded gas determined by weight. Hence, 
the ratio of measured weight change to determine gas amount by 
the desorption integral is used as the specific calibration constant 
for each gas.

In situ NPD in parallel to deuterium adsorption at 23 K
In situ NPD experiments were conducted at a neutron powder 
diffractometer E9-FIREPOD at the BER II neutron source of the 
Helmholtz-Zentrum Berlin using incoming neutrons with wave-
length  = 2.8172(2) Å (57). A cylindrically shaped aluminum sam-
ple holder with an inner diameter of 1 cm and a length of 12 cm was 
filled and sealed under argon atmosphere with 860 mg of DUT-8(Ni) 
flexible. The sample holder was connected to a gas handling system 
via a stainless-steel capillary that allowed controlled dosing of 
deuterium in the pressure range of 0.001 to 100 kPa with a homemade 
apparatus. The sample was cooled by a closed-cycle helium cryostat 
system, and the temperature was monitored directly at the sample 
cell by the silicone diode (accuracy, ±0.1 K) connected to a Lakeshore 
340 temperature controller. Before the NPD measurement, the sam-
ples were outgassed in dynamic vacuum (<0.1 Pa) at 298 K for at 
least 1 hour. Afterward, the samples were cooled to 23.3 K, and the 
NPD of the guest-free evacuated MOF was recorded. The calibrated 
standard volumes of the gas handling system and dead volume of the 
measuring cell allowed to exactly reproduce the ex situ measured 
isotherm (fig. S4A) and collect NPD patterns at the points of interest 
(fig. S4B). Each NPD pattern was measured for 12 hours in the 
range of 2 = 4° to 140°. The reflections from the aluminum sample 
can are marked with asterisks. The qualitative analysis of in situ 
dataset suggests the similar adsorption behavior of deuterium on 
DUT-8(Ni) at 23.3 K as it was earlier observed in ex situ experiments. 
The shift of the gate-opening pressure toward lower absolute pres-
sures can be explained by the minor difference in the temperature 
and, in particular, by much longer adsorption equilibrium times up 
to 12 hours in the case of the isotherm measured in situ. Analysis 
of the NPD patterns suggests the mechanism of “gate opening” for 
deuterium-induced DUT-8(Ni) similar to that observed for nitrogen, 
carbon dioxide, and hydrocarbons at corresponding standard boiling 
points (37). The mixture of cp and op phases observed in the NPD 
patterns measured in the gate suggests the low sequential switching 
of individual crystallites.

Rietveld refinement of DUT-8(Ni) closed and open phases 
from the NPD data
A detailed analysis of the NPD data (fig. S4b) shows that patterns 
measured on the degassed DUT-8(Ni) sample well match with the 
theoretical patterns generated for DUT-8(Ni) cp. However, NPD 
patterns measured on D2-loaded samples displayed a considerable 
mismatch to the theoretical NPD patterns calculated for the guest-
free DUT-8(Ni) op, namely, the most intensive reflection (110) 
calculated at 2 = 12.4° is not observed in the experimental NPD 
patterns even at higher loadings. Because of the high coherent 
scattering length of deuterium, which is comparable with 12C, the 
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influence of the ordered guests in the channels of DUT-8(Ni) could 
strongly influence the reflection intensities in NPD patterns. To 
prove this hypothesis, NPD patterns of degassed DUT-8(Ni) cp and 
NPD patterns measured at the loading of 27 mmol g−1 were subjected 
to the Rietveld analysis (figs. S5 and S6). The structures were refined 
using a Reflex tool in the Materials Studio 5.0 software (Accelrys 
Software Inc., San Diego, USA). The initial model for cp phase used 
in the refinement was obtained from Bon et al. (37), and the struc-
ture of the monoclinic conformer of DUT-8(Ni) op was obtained 
from Petkov et al. (39). Because of a low data-to-parameter ratio, a 
rigid body refinement with energy option (energy contribution 1%) was 
performed for the refinement of the DUT-8(Ni) cp structure. Nickel 
atoms, naphthalene cores, dabco ligands, and carboxylates were treated 
as independent rigid fragments of the structure. During the refine-
ment of the DUT-8(Ni) op structure, 18 D2 molecules per Ni PW were 
inserted in the pores and refined as rigid moieties without energy 
restrictions. In both cases, similar convergence factors could be 
reached indicating the correctness of the obtained structural models.

Density functional calculations
All calculations were carried out using DFT using the Perdew–Burke- 
Ernzerhof (PBE) functional (58), Goedecker-Teter-Hutter pseudo-
potentials (59) incorporating scalar-relativistic core corrections and 
D3 London dispersion corrections (60), together with a triple-zeta 
valence with two sets of polarization functions (TZVPP) basis set, with 
a grid cutoff of 400 Ry for geometry optimization, as implemented 
in the QUICKSTEP (61) module of the CP2K program package (62).

Periodic DUT-8(Ni) structures were loaded successively with H2 
molecules starting from the close-pore structure. For each loading, 
random positions and orientations of the guest molecules were gen-
erated using the Packmol code (63). A full geometry optimization of 
the periodic cell and the atomic positions led to adjustment of 
the pore size and the occupation of favorable adsorption sites to the 
respective filling. Moreover, averaging over results of 50 indepen-
dent, randomly generated starting configurations for each loading 
eliminated possible influence of initial structures.

A frequency analysis of each optimized geometry was performed 
within the harmonic approximation. The zero-point energy (ZPE) 
correction per adsorbed molecule was calculated according to   
E  ZPE,mol   =  1 _ 2 ∑ hc _   ν  i     following the approach of Sillar et al. (64). This 
term differs for the dihydrogen isotopologs (H2, D2, and HD) due to 
their mass differences. The respective ZPE correction term was added 
to the zero Kelvin total energy values, which are equal for the different 
hydrogen isotopologs. The frequencies of all adsorbed molecules 
were used for the ZPE correction of the loaded MOF, whereas the 
ZPE of a single gas molecule was scaled to the loading to account for 
the ZPE correction of the free gas-phase molecules.

The ZPE-corrected process adsorption energy ∆Uproc (per PW) 
was calculated from the following contributions: (i) the ZPE-corrected 
total energy of the optimized MOF loaded with n H2 molecules 
(UnH2 @ MOFn), (ii) the ZPE-corrected total energy of the close-pore 
MOF structure (UMOF0), and (iii) the ZPE-corrected total energy of 
a single gas-phase H2 molecule multiplied with the number of mole-
cules present in the structure (nUH2): ∆Uproc = UnH2 @ MOFn − (UMOF0 + 
nUH2). The same approach was used for the other dihydrogen isoto-
pologs (D2, HD, etc.).

Thermal corrections to the process adsorption energy ∆Uproc 
were considered according to G = U − TSvib to result the process 
Gibbs free energy ∆Gproc. Thereby, U was obtained as explained 

above, the temperature was set to 23 K, and Svib was calculated by 
considering the product of the individual contributions of each of 
the six normal modes involved in the vibrational partition func-
tion   S   vib  = N  k  B  ∑ [  i  

vib   T   −1   ( e   +  i  
vib /T  − 1)   −1  − ln(1 −  e   −  i  

vib /T  ) ]  with 
the characteristic vibrational temperature defined as    i  

vib  =  hc   _ v   i    _  k  B     .
Figure S7 schematically illustrates the gate-opening process 

through adsorption of guest molecules at different adsorption sites. 
Initially, only two connector sites (violet area) are accessible to guest 
molecules (cf. Fig. 2E). These accessible PW sites are occupied first, 
whereby the pore is slightly opened making the linker sites (green 
area) accessible for adsorption. Further opening results in adsorption 
at the initially inaccessible PW sites (dark blue area), and last, the inner 
void of the pore (light blue area) is occupied by guest molecules.

GCMC simulations
GCMC simulations were performed using the RASPA 2.0 software 
(65). The structure of the DFT-optimized op phase as a 2 × 2 × 3 
supercell was used. The model proposed by Levesque and co-workers 
(66) was used to treat dihydrogen isotopologs. This model describes 
hydrogen as a rigid three-site molecule with the H─H bond length 
fixed at 0.74 Å and partial atomic charges placed at the two hydrogen 
atom sites and at the center of mass to reproduce the quadrupole 
moment of molecular hydrogen. To describe the potential energy, 
the OPLS-AA force field (67) was used to assign the intramolecular 
interactions of the framework, and the parameters were computed 
with the Lorentz-Berthelot combining rules. Partial atomic charges 
were assigned using the restrained electrostatic potential method 
based on the DFT calculations (68). To account for quantum effects 
in the Monte-Carlo simulations, the Feynman-Hibbs correction to 
the Lennard-Jones potential (45) was applied

 U( r  ij  ) = 4    ij   [  (     
   ij  

 ─  r  ij     )     
12

  −   (     
   ij  

 ─  r  ij     )     
6
  ] +   

4    ij  
 ─ 

 r ij  
2  
      ℏ   2  ─ 

24    ij    k  B   T
   [132   (     

   ij  
 ─  r  ij     )     

12
  − 30   (     

   ij  
 ─  r  ij     )     

6
 ] 

Monte-Carlo moves included insertion, deletion, translation, rota-
tion, and reinsertion. A 10,000-cycle equilibration period followed 
by a 100,000-cycle production run was used to obtain converged 
quantities. Widom insertion simulations (69) were used to compute 
the adsorption enthalpy and the Henry coefficient using 100,000-cycle 
equilibration and production periods.

The osmotic potential energy cp→op to describe the gate-opening 
process (46) was calculated using

      cp→op  (T, P ) =  F  cp→op   + P V  cp→op   −  ∫0  
P
     N  op  (p, T )  V  m  (p, T ) dp  

where the Helmholtz energy Fcp → op was approximated from DFT 
calculations by the quasi-harmonic approximation used by the 
Phonopy code (70).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn7035
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