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ABSTRACT

Metal-organic frameworks with coordinatively unsaturated metal sites (open metal sites) capable
of engaging in orbital interactions with m-acidic gases are of interest for enabling ambient-
temperature gas separations, such as hydrogen isotope separations. In view of the weakly n-acidic
nature of H», we sought to strengthen m-backbonding-mediated H, adsorption through pore
confinement effects. Toward that end, we synthesized and characterized the ultramicroporous
metal-organic framework Cu.Zns .ClsH.(bbta); (Cu'Zn-MFU-4; Hbbta = 1H,5H-benzo(1,2-
d:4,5-d")bistriazole), featuring m-basic trigonal pyramidal Cu' sites that reside within 7 A at the
closest of one another. Gas adsorption measurements reveal an Hy adsorption enthalpy of —38
kJ/mol, exceeding that of the larger-pore analog (Cu'Zn-MFU-4/; =33 kJ/mol) and representing
the strongest H> adsorption yet achieved in a metal-organic framework. The stronger H»
adsorption in Cu'Zn-MFU-4 is attributed to a combination of pore confinement effects and the
increased c-accepting nature of the Cu' sites caused by a more electron-withdrawing bbta" linker,
as supported by structural, spectroscopic, and computational evidence. With the strongest H»
adsorption, equilibrium isotope effects in Cu'Zn-MFU-4 lead to a D./H; selectivity (as estimated
by ideal adsorbed solution theory) of 1.35 even at 298 K, approaching the values reported below

200 K for conventional porous materials.



INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline, porous adsorbents that can be synthetically
tuned by deliberately selecting specific metal nodes and organic linkers to realize diverse pore
sizes and three-dimensional structures with well-defined surface functionalities.! One of the key
functionalities in metal-organic frameworks is coordinatively unsaturated metal sites (also known
as open metal sites).>> When a small molecule is adsorbed at an open metal site through
coordination interactions, it can exhibit stronger and more selective adsorption than typical
physisorption, which relies on van der Waals interactions. The synthetic tunability of open metal
sites in such porous solid materials makes them promising candidates for various applications,
including gas storage and separations,*> catalysis,*’ and sensing.® 1

While typical open metal sites in metal-organic frameworks are recognized as Lewis acids that
primarily adsorb gas molecules through polarization due to their cationic charge,'! some
frameworks with m-basic metal sites have been shown to adsorb m-acidic gas molecules, such as
H> and N, via orbital interactions (i.e., m-backbonding). Gas adsorption via orbital interactions in
these frameworks is stronger than that with Lewis acidic metal sites, leading to a significant
enhancement in m-acidic gas uptake compared to adsorbents without orbital interactions.!?*
Furthermore, because m-backbonding interactions occur exclusively with m-acidic molecules, =-
basic metal sites can exhibit gas selectivity that is difficult to achieve with traditional adsorbents,
which typically differentiate gases based on their kinetic diameter or polarizability.'?

Among metal-organic frameworks with 7-basic metal sites,!*'® the frameworks
CuyMs-,X4-n(btdd)s (Cu'M-MFU-4/, where [ stands for large; M = Zn, Mn, Cd; X = Cl, I; Hobtdd
= bis(/H-1,2,3-triazolo)-[4,5-b],[4",5'-i]dibenzo[ 1,4]dioxin)'*!® with trigonal pyramidal Cu' sites

drew our attention for understanding the critical factors that control their n-backbonding-mediated



gas adsorption. The MFU-4/ class of frameworks features a primitive cubic net with pentanuclear
cluster nodes connected by linear bistriazolate linkers (Figure 1).!*!7 Each pentanuclear cluster
contains one octahedral metal ion in the central position and four pseudo-tetrahedral metal ions at
peripheral sites. Although MFU-4/ itself (ZnsCla(btdd)s, hereafter referred to as ZnCI-MFU-4/) is
composed of Zn'"" ions,!” various post-synthetic modifications such as metal-exchange and anion-

exchange for the peripheral Zn"-Cl moieties have been employed to introduce desired metal

species into the framework. 61819
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Figure 1. (a) The structures of Hobbta and H,btdd linkers, and comparison of their properties. The
pK. values were calculated using Rowan’s method.?’ (b) Portions of the crystal structures of
Cu'Zn-MFU-4 and Cu'Zn-MFU-4/*' obtained through Rietveld refinement of powder neutron
diffraction patterns. Gray, blue, red, white, brown, light blue, and green spheres represent C, N, O,
H, Cu, Zn, and CI atoms, respectively. Yellow and orange spheres represent larger and smaller
pores, respectively, as guides to the eye. (c¢) Post-synthetic modifications of the cluster nodes in

ZnC1l-MFU-4 to generate Cu'Zn-MFU-4.

One of the most investigated variants of functionalized MFU-4/ is Cul-MFU-4/ (hereafter
referred to as Cu'Zn-MFU-4/),'¢ which has trigonal pyramidal Cu' sites at approximately two of
the peripheral sites. The m-basic Cu' sites facilitate various gas separations, including selective
capture of olefin over paraffin gases,?” oxygen separation from air,”* and nitrogen removal from
natural gas.>* Recently, we reported that the m-basicity of the Cu! sites in Cu'M-MFU-4/ can be
systematically altered by replacing the M"" (M = Zn, Mn, Cd) ion at the center of the pentanuclear
cluster.'*?* The strength of n-backbonding depends on the pyramidal geometry of the Cu! sites,
with the strongest Cu'-H> interactions observed in Cu'Zn-MFU-4/.

Although the control of n-basicity at the trigonal Cu' sites is achieved by altering their first
coordination sphere, we sought to investigate whether we can further strengthen H> adsorption at
these sites by a unique tuning parameter that is not present in molecular coordination complexes:
pore size. In the gas adsorption literature, it is established that porous materials with pore apertures
below 7 A, known as ultramicropores, generally physisorb gases more strongly than materials with
larger pores.?6?° Such an enhancement of adsorption within ultramicropores is thought to be due

30,31

to pore confinement effects, which are caused by the overlap of adsorption potentials of



different sides of the pore to deepen and sharpen the overall potential well.>>*} Because the pores
of Cu'Zn-MFU-4/ are too large to induce pore confinement effects, we sought to introduce open
Cu! sites in a framework with a shorter linker to investigate whether pore confinement effects can
influence orbital-interaction-mediated gas adsorption.

The importance of achieving strong, reversible H> adsorption is underscored by the challenge of
hydrogen isotope separations (D2, HD, Ha, etc.) due to the similar properties of these isotopes.
Currently, the most common approach to these separations involves cryogenic distillation, which
is conducted at extremely low temperatures due to the boiling points of these diatomic molecules
near 20 K.**¥ With deuterium demand expected to rise in the semiconductor industry,’¢-’
medicinal chemistry,®® and nuclear power technology,®*° the need for an energy-efficient
separation process for deuterium is escalating. For developing porous materials with hydrogen
isotope separations, one popular strategy entails the design of pore apertures comparable to the de
Broglie wavelength of an H molecule to capitalize on kinetic quantum sieving (KQS).*'™#
Although this mechanism is effective below 50 K, the de Broglie wavelength of an H> molecule is
inversely dependent on temperature to significantly decrease the selectivity at temperatures above
70 K.¥% A complementary approach uses chemical affinity quantum sieving (CAQS) in
adsorbents with strong H> adsorption sites to exploit the thermodynamic preference for adsorption
of heavier isotopologues arising from differences in zero-point energy.*#’ These two strategies,
individually or in combination, realized outstanding D»/H» selectivity. However, most porous
adsorbents have been evaluated only at cryogenic temperatures, typically below 100 K. Weak H»
adsorption in porous materials generally limits uptake to less than 0.1 mmol/g at ambient
conditions (298 K, 1 bar),* hindering explorations toward separations under these more favorable

conditions. Achieving strong yet reversible H> adsorption could enable isothermal processes for



hydrogen isotope separations at room temperature, significantly reducing energy costs by
eliminating large temperature swings during adsorption and desorption.
Because molecular H, complexes are known to favor D> binding over H» binding through

equilibrium isotope effects (also referred to as “chemical affinity quantum sieving” in recent
porous adsorbent studies)* even at ambient temperatures,’*>* strong H> adsorption in metal—
organic frameworks should induce thermodynamic selectivity toward heavier isotopologues under
these conditions. Furthermore, the permanent porosity of metal-organic frameworks provides a
higher density of accessible metal sites and facile gas diffusion, overcoming limitations of
molecular complexes.>*> Strengthening H» adsorption to increase gas capacity may also enhance
D2/H» selectivity, given an empirical relationship between H» adsorption enthalpy and D2/H»
selectivity in porous materials.**%% In view of the mechanism of equilibrium isotope effects, n-
backbonding interactions have opposing effects on zero-point energy around metal—H> vibrations
by lowering the H-H stretching energy while increasing energies of the librational and torsional
modes of Hz due to increased metal-hydride bond character.’®>! Strengthening H» adsorption at -
basic metal sites through pore confinement and examining its influence on equilibrium isotope
effects (D2/H» selectivity) can inform the material design strategy for hydrogen isotope
separations.

Here, we report the synthesis and characterization of the metal-organic framework Cu'Zn-MFU-
4 (CuxZns-Cls— H:(bbta)s; Hobbta = 1H,5H-benzo(1,2-d:4,5-d")bistriazole), which is isoreticular
to Cu'Zn-MFU-4/ with a shorter neighboring Cu'---Cu' distance in the pore (~7 A, Figure 1b).
Through gas adsorption measurements, we show that this compound exhibits the largest H»

adsorption enthalpy of —38 kJ/mol among porous framework materials. /n situ spectroscopy,

diffraction studies, and computational analyses suggest that enhancement of H> adsorption in



Cu'Zn-MFU-4 compared to Cu'Zn-MFU-4/ arises from a combination of pore confinement effects
and the increased c-accepting nature of the Cu' sites. We further evaluate thermodynamic and
kinetic differences between H,, HD, and D> adsorption at ambient temperatures in Cu'Zn-MFU-4.
Finally, we conduct a preliminary assessment describing how Cu'Zn-MFU-4 might be utilized to
implement hydrogen isotope separations at ambient temperatures by repetitive enrichment, as

57,58

illustrated with a McCabe—Thiele diagram>’->® combined with the ideal adsorbed solution theory.>

EXPERIMENTAL SECTION

Detailed synthetic and characterization procedures for the frameworks, along with computational
details, are provided in the Supporting Information (SI). The compounds ZnCl-MFU-41,'” Cu'Zn-

MFU-4/,% and ZnCIl-MFU-4% were synthesized following a previously reported procedure.

Synthesis of Cu,Zns—Cls(bbta); (Cu"ZnCIl-MFU-4). Desolvated ZnCI-MFU-4 (0.100 g,
0.106 mmol, 1.00 equiv.) was suspended in a solution of copper(II) chloride (0.713 g, 5.30 mmol,
50.0 equiv.) in 20 mL of methanol at 55 °C for 10 days. The supernatant was decanted and the
product was washed with methanol at 55 °C for 6 h. This procedure was repeated eight times. For
isolation of the product, the resulting orange powder was collected by filtration. The resulting
material was further desolvated by heating at 180 °C for 24 h under dynamic vacuum, yielding
0.063 g (63% yield) of guest-free microcrystalline powder. The typical x value is 1.4—1.8 with an
average of 1.6. Elemental analysis calcd for Cu.6Zn34Cla(CéHaNe)3: C, 23.00%; H, 0.64%; N,
26.82%. Found: C, 22.78%; H, 0.71%; N, 26.14%.

Synthesis of Cu.Zns—Cls-,(02CH),(bbta)s (Cu''Zn(02CH)-MFU-4). The methanol-solvated

Cu''ZnC1-MFU-4 powder from the above procedure prior to desolvation was suspended in 20 mL



of a methanol solution containing lithium formate monohydrate (0.742 g, 10.6 mmol, 100 equiv.).
The mixture, contained in a capped 20-mL vial, was allowed to stand without stirring at 25 °C for
6 days, during which the supernatant was decanted and freshly replenished after 3 days. Following
this, the supernatant was decanted and the product was washed with methanol at 25 °C for 6 h.
This procedure was repeated eight times. The resulting yellow powder was collected by filtration
and dried under dynamic vacuum at room temperature for 1 h, followed by heating at 60 °C for 6
h. The product was subsequently dried at 80 °C for 48 h to afford 0.084 g of the orange-gold
microcrystalline powder (82% yield based on the starting ZnCl-MFU-4 material). The typical y
value is 3.2-3.6 with an average of 3.4. FElemental analysis caled for
Cu1.6Zn3.4Clo.6(0O2CH)3.4(CsH2Ne)3: C, 26.43%; H, 0.97%; N, 25.92%. Found: C, 26.40%; H,
1.05%; N, 25.36%.

Synthesis of CuyZns-Cls—,H (bbta)s (Cu'Zn-MFU-4). The desolvated Cu"'Zn(O,CH)-MFU-4
powder was slowly heated to 240 °C under dynamic vacuum (see a detailed procedure in the SI),
followed by continuous heating at 240 °C under dynamic vacuum for 48 h to yield 0.072 g of
product as a dark orange powder (quantitative yield from Cu''Zn(O.CH)-MFU-4). The z value is
calculated by z = y — 0.25xy. Elemental analysis calcd for Cui.6Zn3.4ClosH2.0(bbta)s: C, 26.31%;

H, 0.98%; N 30.69%. Found: C, 26.16%; H, 0.96%; N, 29.48%.

RESULTS AND DISCUSSION

The metal—organic framework ZnsCla(bbta); (ZnCl-MFU-4)% is isoreticular with ZnsCla(btdd)s
(ZnC1-MFU-4[),'” but contains a shorter linker (Figure 1). The bbta®" linkers run parallel to each
crystallographic axis while alternating the angle of the aromatic plane by 90°. This linker

arrangement results in two distinct types of pores alternating within MFU-4-type frameworks



(Figure 1b). Both cubic pores are defined by twelve bbta’" linkers at the edges and eight
pentanuclear cluster nodes at the corners. However, the peripheral metal species of the cluster
nodes (i.e., Zn''Cl sites) point only toward the center of the smaller pore, creating a pore aperture
with a diameter of just ~2.5 A, as measured by the available room surrounded by Zn''—Cl sites with
their van der Waals radii.®® This small pore aperture has been cited as the reason underlying
unsuccessful attempts to post-synthetically substitute the metal ions in ZnCl-MFU-4,!3248! despite
multiple reports on post-synthetic metal-exchange for the larger pore analog, ZnCIl-MFU-4/.16:18:19
Yet, reports demonstrating post-synthetic anion-exchange in ZnCl-MFU-4% appear to contradict
this diffusion-limiting small pore hypothesis, which prompted us to further investigate the
feasibility of Cu-exchange in ZnCl-MFU-4, after which reduction of Cu' could be adapted from
the procedure for Cu'Zn-MFU-4/.1¢

Synthesis of Cu'Zn-MFU-4. By screening of exchange conditions, we found that using a polar
protic solvent (specifically, methanol) is important for achieving successful Cu'-exchange in
ZnCI-MFU-4 (Table S4). In contrast, the use of aprotic solvents, such as N,N-dimethylformamide
or N,N-dimethylacetamide, which are often used for metal-exchange in other MFU-4-type

frameworks, !8:19:63.64

resulted in a low extent of Cu'! incorporation.

The crystallinity, phase purity, and porosity of the Cu'l-exchanged product (hereafter termed
Cu''ZnCIl-MFU-4) were confirmed using powder X-ray diffraction analysis, scanning electron
microscopy (SEM) observations, and CO> adsorption measurements at 195 K (see the SI for
complete characterizations). The Cu:Zn ratio in the framework was estimated to be 1.6:3.4 on
average using inductively coupled plasma optical emission spectroscopy (ICP-OES) for Cu"'ZnCl-

MFU-4 after acidification to achieve a homogeneous solution. Upon successfully exchanging

ZnC1l-MFU-4 with Cu', the Cu" sites were reduced to form coordinatively unsaturated Cu' sites



with a trigonal pyramidal geometry, as shown in Figure 1c.!®? In brief, the peripheral chloride
anion was exchanged with a formate anion, and subsequently peripheral Cu"~O,CH and Zn'-
0,CH sites were thermolyzed to yield open trigonal Cu' sites and Zn'-H species.

The resultant framework, which we denote as Cu'Zn-MFU-4, exhibited a Type-I adsorption
isotherm for N at 77 K (Figure S12), with Brunauer—Emmet—Teller (BET) and Langmuir surface
areas of 1370 and 1530 m?/g, respectively (Table 1). The micropore volume of 0.54 cm?/g is also
close to the expected value from its modeled structure, within a 10% difference. The facile gas
accessibility to the pores in Cu'Zn-MFU-4 suggests larger pore apertures than those of ZnCl-MFU-
4, consistent with the presence of terminal Zn"-H species and coordinatively unsaturated Cu' sites.
The gas accessibility in Cu'Zn-MFU-4 sharply contrasts with the parent frameworks ZnCl-MFU-
4, Cu''ZnCI-MFU-4, and Cu'Zn(O.CH)-MFU-4, where the experimentally obtained N> or Ar
uptake at 77 K or 87 K was much lower than expected due to the small pore aperture (~2.5 A),
which hinders gas diffusion.®® However, the use of CO2, with a smaller kinetic diameter than N
and Ar (CO2: ~3.3 A, Na: 3.64 A, Ar: 3.40 A),%5¢ allowed the evaluation of the porosity of these
precursor frameworks to ensure the structural integrity after each post-synthetic modification
(Tables 1 and S12).

Table 1. Summary of Surface Areas, Pore Volumes, Unit Cell Parameters, and Isosteric

Enthalpies of H2 Adsorption for MFU-4 and MFU-4/ Frameworks

2 3
surface area (m?/g) pore volume (cm’/g) ~AH,qs at 0.5
material Langmuir | Langmuir DR a (A mmol/g renfceefe
d
BET | “(obsd) | (caled)® | (obsdyr | <3¢ (i/mol)

ZnCL-MFU-4¢ | 1030 1180 1260 0.43 0.46 | 21.675893) | 7.1 (77-87K) Vg:fk

Cu'Zn-MFU-4 | 1370 1530 1620 0.54 058 | 21.67178(8) | >/ (78318 | this
K) work




ZnCl-MFU-4/ 3470 3880 3990 1.38 1.42 31.0736(5) 6.5 (77-87 K)

33.1 (278-318 this
K) work
Cu'Zn-MFU-4/ | 3660 4080 4470 1.45 1.59 31.1286(5) 33.4 (223-263 14
K)

32 (163-193 K)

“Calculated based on the available free volume of a model structure, assuming monolayer formation of probe
molecules (N, or CO») within the pore and using the cross-sectional area of the probe molecule (further details are
provided in the SI). *Pore volume estimated by the Dubinin—Radushkevich (DR) method. “Cubic lattice parameter
obtained by Pawley fit for a powder X-ray diffraction pattern collected at 298 K. Values in parentheses indicate error
bars as +1c. “Isosteric enthalpy of H, adsorption estimated by the Clausius—Clapeyron method at an H, loading of
0.50 mmol/g. Numbers in parentheses indicate the temperature range of the adsorption isotherm data “Surface areas
and pore volumes were examined with CO; at 195 K.

The formation of trigonal pyramidal Cu' sites in Cu'Zn-MFU-4 was confirmed by Cu K-edge X-
ray absorption spectroscopy (Figure 2). Specifically, the X-ray absorption near-edge fine structure
(XANES) of Cu'Zn-MFU-4 lacks the quadrupolar 1s—3d pre-edge resonance diagnostic of
formally Cu" species,®” which was observed for Cu'ZnCI-MFU-4 at ~8978 eV. The XANES for
Cu'Zn-MFU-4 additionally reveals a rising-edge feature around ~8983 eV, which was observed
for Cu'Zn-MFU-4/ albeit differing intensity and not observed in Cu"ZnCI-MFU-4. This feature is
primarily due to transitions into the low-lying 4p, orbital of trigonal Cu' sites. The lower intensity
of this feature for Cu'Zn-MFU-4 than for Cu'Zn-MFU-4/ implies the more pyramidal geometry of
the Cu' sites in Cu'Zn-MFU-4. The more pyramidal Cu' sites could exhibit greater overlap between
the Cu 4p. orbital and triazolate donor orbitals, leading to greater metal-ligand orbital mixing and

lowering the 1s—4p; transition probability.
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Figure 2. Copper K-edge X-ray absorption spectra for Cu''ZnCI-MFU-4 (red), Cu'Zn-MFU-4
(blue), and Cu'Zn-MFU-4/ (orange) collected at 10 K. Difference spectra with respect to the
Cu""ZnCI-MFU-4 spectrum are shown at the bottom to illustrate the energy alignment and the
relative intensity of the rising-edge feature arising from trigonal Cu' sites for Cu'Zn-MFU-4 and

Cu'Zn-MFU-4/.

H: Adsorption Properties. We expected that the formation of open trigonal Cu' sites would
enable strong H» adsorption at the Cu' sites in Cu'Zn-MFU-4.!%1623 To test this hypothesis, low-
pressure H> adsorption isotherms were collected at 77 K. Because almost all accessible Cu!' sites
are expected to be occupied by H» at 1 mbar and 77 K, the H» uptake under these conditions should
reflect the density of active Cu' sites in the framework.?® As anticipated, steep H> uptake was
observed below 1 mbar at 77 K, which is reminiscent of the Hz adsorption profiles of Cu'M-MFU-

4] frameworks (Figure S23).!%?* The steep increase in H» uptake in Cu'Zn-MFU-4 reaches 1.3



mmol/g at 1 mbar, equivalent to approximately 90% of the expected uptake for 1 H, per Cu' based
on the formula unit of Cui6Zn34ClosH2.0(bbta)s. As a reference, we collected H> adsorption
isotherms for the parent ZnCIl-MFU-4 framework and two Cu(Il)-exchanged frameworks (i.e.,
Cu''ZnC1-MFU-4 and Cu""Zn(O,CH)-MFU-4). These parent and intermediate MFU-4 frameworks
exhibited Type-I adsorption profiles upon H; adsorption due to the smaller kinetic diameter of Ha
(2.89 A),%-%¢ unlike N, adsorption at 77 K. The frameworks did not show a significant H» uptake
below 1 mbar at 77 K (Figure S23). This finding suggests that the strong H> adsorption sites are
obtained only following the autoreduction of the Cu-0>CH sites to Cu'. Notably, Cu'Zn-MFU-4
retained its open Cu' sites, crystallinity, and porosity after exposure to water vapor or air, as
supported by H> and N> adsorption isotherms and powder X-ray diffraction analyses (Figures S76—
S85; see the SI for additional information).

Although H» uptake at 1 mbar and 77 K can be a useful measure of the density of Cu' sites
available for strong gas adsorption, the initial slope of the isotherm at this temperature is too steep
to compare the adsorption strength with other reported frameworks with open Cu' sites. Therefore,
we collected the Hz adsorption isotherm for Cu'Zn-MFU-4 at 298 K, enabling an easier comparison
of the H» adsorption strength with that of the expanded analog, Cu'Zn-MFU-4/ (Figure 3a). The
slope of the H; isotherm for Cu'Zn-MFU-4 is steeper than that of Cu'Zn-MFU-4/ below 0.1 bar at
298 K, indicating stronger H» adsorption at the Cu' site in Cu'Zn-MFU-4 compared to the Cu' sites
in Cu'Zn-MFU-4/. High-pressure adsorption isotherm data revealed a volumetric excess Hx uptake
of 7.5 g/L for Cu'Zn-MFU-4 at 100 bar and 298 K (Figure S71), which is ~80% greater than that
of Cu'Zn-MFU-4/ and exceeds that of any other porous adsorbent under these conditions (Table

S23), thus demonstrating high gas densification effects within the pores.
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Figure 3. Low-pressure H> adsorption isotherms for Cu'Zn-MFU-4 (blue) and Cu'Zn-MFU-4/
(orange) at 298 K (a), and H, adsorption isotherms for Cu'Zn-MFU-4 collected in 10 K intervals
from 278 to 318 K (b). Filled and open circles represent adsorption and desorption data,
respectively. Solid lines represent fit to the triple-site Langmuir—Freundlich model. (c¢) Isosteric
enthalpy of H, adsorption in Cu'Zn-MFU-4 (blue) and Cu'Zn-MFU-4/ (orange) calculated by the

Clausius—Clapeyron method.

To evaluate the Cu'-H: interaction more quantitatively, the isosteric enthalpy of H> adsorption
(AHads, also referred to as the isosteric heat of adsorption, —Qs) for Cu'Zn-MFU-4 was estimated
by collecting H> adsorption isotherms at multiple temperatures. The adsorption isotherms collected
between 278 and 318 K were fit using a triple-site Langmuir—Freundlich model to obtain the
pressure for the specific Hz loading in the framework, allowing the Clausius—Clapeyron analysis
to calculate AHags values (Figure 3b). The plot of the logarithm of pressure versus the reciprocal
temperature (i.e., In P vs. 1/7, known as a Clausius—Clapeyron plot) shows excellent linearity with
the slope corresponding to —AHads/R, where R is the gas constant (Figure S34). This trend indicates
minimal temperature dependence of AHags across this relatively large temperature range (40 K)
and the small errors in the linear regression analysis. The slopes of the Clausius—Clapeyron plots

appear nearly parallel for different H> loadings until reaching the maximum H> loading, indicating

1.0



a constant AHags until saturation of the Cu' sites, which suggests that each Cu—H, adsorption event
can be considered as approximately independent. The resultant AHags value derived from the slope
is —37.8 kJ/mol at 0.5 mmol/g, with a slight decreasing trend from —39.1 to —37.2 kJ/mol across
H> loading of 0.05 to 0.75 mmol/g within the examined temperature range of 278-318 K.

The magnitude of AH,ds for Cu'Zn-MFU-4 is ~5 kJ/mol larger than that of Cu'Zn-MFU-4/ (-33

kJ/mol; Figure 3c),'*!

reflecting the largest reported H, adsorption enthalpy among reported
porous materials. The 5 kJ/mol difference in AH,q4s between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ is
relatively large and unusual, as H» adsorption enthalpies are often insensitive to the first
coordination sphere, even upon changing the ligand identity for typical Lewis acidic open metal
sites.!1'636889 Furthermore, changing the bistriazolate linker from btdd?>  to bbta?>" does not
significantly change AHaq4s between the hexagonal frameworks Ni>Clx(btdd) and Ni>Cly(bbta) (—7.6
kJ/mol® vs. —7.5 kJ/mol (Figure S30), respectively), both of which feature Lewis acidic Ni' sites.
Compared to the negligible change in AHags between Ni2Clx(bbta) and Ni,Cla(btdd), the response
of AHags at trigonal Cu' sites in Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ frameworks is much more
significant. In the following sections, we will elucidate the origin of the larger AH,gs in Cu'Zn-
MFU-4.

In Situ D2-Dosing Powder Neutron Diffraction. To examine structural differences in Cu'-H;
interactions between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, powder neutron diffraction experiments
with in situ D>-dosing were performed for Cu'Zn-MFU-4 (further details are provided in the SI).”
We chose D as a probe gas molecule instead of H» for powder neutron diffraction analyses due to
the very large incoherent scattering cross section of 'H that typically strongly affects the

background. Although a quantum rotation of the D> molecule precludes the accurate determination

of the positions of its individual atoms, the D> adsorption sites can be located by the super atom



approach, #7172 in which a single D> molecule was represented as one super atom capable of
having up to twice occupancy and a large displacement parameter. In this work, we first collected
diffraction data for activated Cu'Zn-MFU-4 to obtain the gas-free structure at ~1.5 K. The sample
was subsequently warmed to 80 K and dosed with 0.75 equivalents of D2 per Cu!, and equilibrated
at 80 K. The sample was then recooled to 1.5 K to obtain a diffraction pattern under 0.75
equivalents of D». This procedure was repeated to collect diffraction patterns under dosing
conditions of 1.5 and 2.5 equivalents of D,.

Pawley fits against the collected diffraction patterns revealed a decrease in the lattice parameter
by ~0.055(2) A between the activated framework at 1.5 K and the framework under 0.75
equivalents of D> at 1.5 K (Figure S58). The lattice parameter did not further change significantly
under 1.5 equivalents of D». Such lattice contraction upon gas binding was also observed during
non-dissociative D> chemisorption at the Cu' sites, as reported in our previous powder neutron
diffraction study of the CuM-MFU-4/ (M = Zn,*! Mn'%) frameworks. This phenomenon has been
attributed to an increase in the degree of pyramidalization of the Cu' sites upon H» binding.?!

To obtain the atomic-scale structure of gas-free Cu'Zn-MFU-4, the diffraction pattern for
activated Cu'Zn-MFU-4 was analyzed using a Rietveld refinement with the occupancies of the
peripheral Zn/Cu metal sites and capping CI/H anions fixed based on the ICP-OES and '"H NMR
results for the digested sample (Figure S10). Successful modeling of the bare framework was
confirmed by analysis of the Fourier difference map, which does not show missing volumes of
scattered intensity near the cluster. We also collected a powder synchrotron X-ray diffraction
pattern for activated Cu'Zn-MFU-4 for Rietveld refinement analysis, which yielded a structural
model for the framework consistent with that obtained by neutron diffraction analysis (Figure

S68). Based on the refined structure of the activated framework against the powder neutron



diffraction data collected at 1.5 K, the nearest Cu'---Cu' distance across the pore is 6.54(3) A
(Figure 4), whereas the nearest Cu'--H and Cu':--Cl distances are 5.87(3) and 5.63(3) A,
respectively. From the perspective of pore confinement, a neighboring CI atom is located closer to
the Cu! adsorption site and can exert stronger van der Waals interaction to influence the local
environment experienced by adsorbed H>. The probability that a Cu' site has at least one
neighboring M"-C1 (M = Zn, Cu) species at the adjacent clusters is ~40%, assuming a random
distribution of peripheral species (Cu!, Cu'~Cl, Zn"-H, and Zn"—Cl) in the proposed chemical
formula of Cui.6Zn34ClosH2.0(bbta)s. Considering the van der Waals radii of each atom, the pore
aperture surrounded by peripheral species is approximately 4-5 A regardless of the identity of the
peripheral species (Figure S69). This narrow pore offers a highly confining environment around
the Cu' adsorption sites, consistent with the stronger H> adsorption enthalpy observed for Cu'Zn-
MFU-4 relative to the linker-expanded version, while still allowing diffusion of small gas

molecules, as evidenced by gas adsorption analyses.



activated under 0.75 equiv. D2/Cu! under 1.5 equiv. D2/Cul

¢

1_50(3)AI : 1.55(3)AI .

Figure 4. Structures of Cu'Zn-MFU-4 under vacuum, with 0.75 equivalents of D, per Cu!, and
under 1.5 equivalents of D, per Cul, as obtained from Rietveld refinement against the powder
neutron diffraction patterns. The top row highlights the pentanuclear cluster node, and the bottom
row highlights one of the six faces of the cubic cage. Gray, blue, white, brown, light blue, and
green spheres represent C, N, H, Cu, Zn, and Cl atoms, respectively. Pink and yellow spheres
represent D> molecules modeled as super atoms at the first adsorption site (I) and the second
adsorption site (II), respectively. The numbers of D, molecules and peripheral species (Cu!, Cu''-
Cl, Zn"-H, and Zn"-ClI sites) illustrated in this figure have been adjusted to reflect their

occupancies.

Using the structural model determined for the activated framework at 1.5 K as the initial

structure, Rietveld refinement was performed against the diffraction pattern collected under 0.75



equivalents of D». The resulting crystal structure for Cu'Zn-MFU-4 under 0.75 equivalents of D>
per Cu' displays a Cu—D; distance of 1.50(3) A measured from the Cu atom to the centroid of the
D> molecule, represented by the super atom position, with an occupancy of D> within error of 0.75
equivalent of D, per Cu' (Figure 4). This Cu—D> distance is similar, within error, to that observed
for Cu'Zn-MFU-4/ (1.53(2) A) as determined by similar powder neutron diffraction experiments.?!
The comparable Cu—D; distance in these two frameworks is in good agreement with our previous
computational study, which predicted that Cu'-H, distances may only differ by ~0.04 A even if
the adsorption enthalpy varies by ~10 kJ/mol.!4%

The refined structure under 1.5 equivalents of D> loading revealed a Cu—D»> distance of 1.55(3)
A, which falls within the error range of the substoichiometric D> loading measurement of 1.50(3)
A under 0.75 equivalents, with full occupancy at the Cu' site. The distance between each D2 bound
to Cu' across the pore was 4.75(2) A (Figure 4), which is larger than the typical intermolecular
separation in liquid Hz (3.3-3.5 A).”® Therefore, an adsorbed D> (and Hz) molecule on one Cu' site
minimally or negligibly impedes D> (and H») adsorption at nearby open metal sites. A second
adsorption site was observed at the corner of the large pore, surrounded by three triazoles of the
pentanuclear cluster (Figure 4). This adsorption site is analogous to that observed in an isoreticular
framework Cu'Mn-MFU-4/ but with a shorter distance from the center of the triazole moiety
(3.39(2) A for Cu'Zn-MFU-4 and 3.53(1) A for Cu'Mn-MFU-4/).!* This secondary adsorption site
is far from the Cu' sites, and therefore cannot interact with D> molecules at the Cu' sites. Rietveld
refinement against the diffraction pattern collected under 2.5 equivalents of D, revealed a structure
similar to that under 1.5 equivalents of D> with an increased occupancy for site I (Figure S62).
Overall, the refined structures under excess D indicate that each Cu' site and secondary adsorption

sites likely behave independently for D> (and H») adsorption.



In situ Gas-Dosing Infrared Spectroscopy. Examinations of vibrational and rotational modes
of H» bound to a metal binding site provide insights into the degree of H> bond activation and
therefore the strength of m-backbonding of the metal site.!*>* Although the symmetric H-H
vibration is infrared inactive in a free H> molecule, metal-H; interactions couple the H-H vibration
with other modes, such as translation along the metal-H> bond, inducing a change in the dipole
moment and making it infrared active.*>>* We collected in situ Ho- and D2-dosed infrared spectra
on Cu'Zn-MFU-4 to investigate the H-H and D-D stretching vibration upon adsorption. Spectra
were recorded under ~600 mbar of H or D> at 90 K, and a difference spectrum was created by
subtracting the D>-dosed spectrum from the H>-dosed spectrum to isolate the signals arising from
the adsorbed species (Figure 5a). Generating a difference spectrum is essential because vibrational
signals related to Cu' and linkers are noticeably perturbed upon gas binding. The assignments of
adsorbed species are difficult without canceling these effects by conducting measurements using
the isotopically labeled gas.

The difference spectra for Ho- and D>-dosed Cu'Zn-MFU-4 revealed a broad asymmetric signal
of adsorbed H» with a peak maximum at ~3270 cm ™! and a sharper peak at ~4120 cm™! (Figure
5a). The broad asymmetric peak is characteristic of the H-H stretching mode (v(H-H)) of H» that
is strongly bound to Cu' sites, while the sharp peak arises from weakly physisorbed H». The signals
for adsorbed D2 in Cu'Zn-MFU-4 were observed at ~2344 cm ™' and ~2970 cm™! for strongly bound
Cu! sites and nonmetal physisorption sites, respectively. The isotope shift for each adsorption site
closely matches the expected change based on the reduced mass of H> and D; under a simple
harmonic oscillator approximation, corroborating the assignment (for physisorption sites

4120:2970 ~ 1.39:1 while for H, at Cu' sites 3270:2344 ~ 1.40:1; the expected ratio is 1.41:1).



Given the v(H-H) frequency of bulk H> (4161 cm™"),”* the v(H-H) frequency of 3270 cm™! for
the H2 molecule at a Cu' site suggests a weakened H—H bond via n-backbonding interactions. This
stretching band for Cu'Zn-MFU-4 is ~20 cm ™! higher compared to Cu'Zn-MFU-4/, indicating that
the H-H bond observed in Cu'Zn-MFU-4 is less activated through m-backbonding. Nevertheless,
when comparing the v(H-H) position across a series of Cu'M-MFU-4/ (M = Zn, Mn, Cd) and
Cu'Zn-MFU-4, the v(H-H) frequency in Cu'Zn-MFU-4 is closest to that in Cu'Zn-MFU-4/ (Table
2). The weaker n-backbonding in Cu'Zn-MFU-4 compared to Cu'Zn-MFU-4/ does not necessarily
contradict the stronger AHa.gs observed in gas adsorption study, due to the amphoteric nature of the
H> molecule, which can act as a 6-donor and a m-acceptor. Indeed, some molecular H> complexes
with strong H» binding exhibit a smaller shift in v(H-H) than those with weaker H> binding, due
to differences in o-interactions.”> The D-D stretching (v(D-D)) peak in Cu'Zn-MFU-4 appeared

1

at a marginally smaller wavenumber by ~10 cm . However, because this observed difference is

close to the resolution of the spectra (4 cm™'), we elected not to discuss the trend for D; in detail.
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Figure 5. (a) In situ H>- and D>-dosed infrared spectra collected at 90 K for Cu'Zn-MFU-4 (blue)
and Cu'Zn-MFU-4/ (orange),'* where the D>-dosed spectrum was subtracted from the H-dosed
spectrum. The signals corresponding to H» and D> appear as positive and negative peaks,

respectively. The blue and orange vertical lines represent the peak maximum for H, and D, bound



to Cu' sites in Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, respectively. (b) In situ para-H>-dosed inelastic
neutron scattering spectra for Cu'Zn-MFU-4 (blue) and Cu'Zn-MFU-4/ (orange)*® from 0 to 15
meV. The spectrum of an activated framework was subtracted from the gas-dosed spectrum to
isolate signals from Ha. The vertical lines represent the splitting center, which is approximated to
the rotational constant B of an H, molecule bound to Cu' under the quasi-two-dimensional rotor
model. (¢) The relationship between the H-H distance and the rotational constant of an H»

molecule.

Table 2. Summary of H-H Stretching Peak of H2 Bound to a Cu' Site

W(H-H) (cm!) full width 2(12 rl:illg maximum
material
observed’ chfsicrdrﬁio;el » | calcd. by MD¢ observed calcd. by MD*
Cu'Zn-MFU-4 3270 3425 3350 190 167
Cu'Zn-MFU-4/ 3250 3420 3340 150 157
Cu'Mn-MFU-4/" 3300 130
Cu!Cd-MFU-4/' 3380 110

2At 90 K. *Obtained by DFT calculations for pentanuclear cluster models with the ®B97X-D4/Basis-1 level theory.
“Obtained by molecular dynamics simulations using periodic boundary conditions.

While the positions of the peak maximum for v(H-H) at Cu' sites were similar between Cu'Zn-
MFU-4 and Cu'Zn-MFU-4/, the peak width for v(H-H) at Cu' sites is noticeably broader for Cu'Zn-
MFU-4 (Table 2). We also observed a trend in the peak width for v(H-H) across Cu'M-MFU-4/
(M = Zn, Mn, Cd) frameworks, in which the v(H-H) peak becomes broader for a framework that
strongly binds H, (Table 2).!* The observations in gas-dosed infrared spectra (both peak positions
and widths) will be revisited in the computational sections with cluster model calculations and

molecular dynamics simulations.



Inelastic Neutron Scattering Measurements. To further understand the dynamics and
potential energy surface of the H> molecule bound to Cu!, inelastic neutron scattering (INS) spectra
were recorded for both the activated framework and the framework under 0.75 equivalents of para-
H; at 5 K (Figure 5b). Inelastic neutron scattering measurements probe quantum rotational
transitions of the H> molecule at low energy transfer values, offering information about electronic
interactions between the H> and the metal site, and steric effects through the rotational constant
and the barrier to rotation.!***7¢ We employed a simplified model of a quasi-two-dimensional rotor
to compare the inelastic neutron scattering results of Cu'Zn-MFU-4 with the previous studies on
Cu'Zn-MFU-4/.4

In brief, a quasi-two-dimensional rotor model has the center of the H> molecule on the Cs axis
(z axis) of the C3,-symmetric trigonal Cu site and allows the H, molecule to rotate about the
azimuthal angle within the plane perpendicular to the Cs axis. The potential profile of a quasi-two-
dimensional rotor model predicts that the lowest excitation energy levels, (J, M,) = (1, £1), which
are originally degenerate in an isotropic environment, will split due to the directional requirement
for m-backbonding interactions with the Cu' site. According to this simplified model, the degree of
the splitting increases as the in-plane anisotropy of the potential energy surface increases, while
the center of splitting can be approximated to the rotational constant B. Despite the simplification
compared to the three-dimensional landscape in real space, this model has been successful in
capturing the trend in m-backbonding strength through the estimated rotational constant B for
Cu'Zn-MFU-4/ and Cu'Mn-MFU-4/ in our previous study.'* Here, we aim to compare qualitatively
the potential energy surface of H, rotation between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/.

The inelastic neutron scattering spectrum of Cu'Zn-MFU-4 dosed with 0.75 equivalents of para-

Ho, subtracted with that of the bare framework collected at 5 K, features doubly split peaks at 4.87



and 6.62 meV (Figure 5b). We assign these peaks to rotational excitations of para-H; from the J
= 0 to J = 1 states. The center of the splitting was 5.8 meV, which can be approximated to the
rotational constant B of the H> molecule in the quasi-two-dimensional rotor model. Because the B
value for a diatomic molecule is inversely proportional to the square of the bond distance under a
rigid rotor approximation (Figure 5¢), the estimated rotational constant B of 5.8 meV suggests an
H-H distance (d(H-H)) of 0.85 A for H> bound to Cu'Zn-MFU-4. This d(H-H) value is longer
than that in free Hz, which is 0.74 A with B = 7.54 meV, indicating that the H-H bond elongates
via m-backbonding at Cu' sites in Cu'Zn-MFU-4.

We next compared the inelastic neutron scattering spectrum of para-Ha-dosed Cu'Zn-MFU-4
with that reported for Cu'Zn-MFU-4/ (Figure 5b).*¢ Although inelastic neutron scattering spectra
under para-Ha are almost overlapping for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ in the region for the
rotational excitations of para-H> from the J = 0 to J = 1 states, closer inspection reveals that the
center of splitting is located at a slightly higher energy by ~0.1 meV, implying a slightly larger B
for Cu'Zn-MFU-4. The slight shift in the position of the splitting center to higher energy for Cu'Zn-
MFU-4 could correspond to a shorter H-H distance for the H> molecule bound to the Cu' sites,
suggesting less H-H activation. Although the resolution of the spectra (~0.09 meV) prohibits
interpretation of the data based on the subtle shift observed (~0.1 meV), the comparable or only
slightly weaker H-H activation in Cu'Zn-MFU-4 aligns with the slightly larger H-H stretching
frequency observed by in situ gas-dosing infrared spectroscopy.

While the peak splitting center of the doublet for rotational excitations from the /J=0to J =1
states relates to the rotational constant B in a quasi-two-dimensional rotor model, the gap of
splitting is associated with the anisotropy of the potential surface along the rotation axis. The

splitting gap appears wider in Cu'Zn-MFU-4 compared to that in Cu'Zn-MFU-4/, suggesting a



more anisotropic potential energy surface in Cu'Zn-MFU-4 along the Cu'-H: axis under the quasi-
two-dimensional rotor model because n-backbonding interactions are directionally dependent. The
larger anisotropy of the potential surface of H» rotation in Cu'Zn-MFU-4 could arise from its
stronger H» binding than that of Cu'Zn-MFU-4/.

In addition to a larger gap in the splitting, we observe that each peak is broader for Cu'Zn-MFU-
4. This broadening could originate from heterogeneity in pore environments caused by the partial
Cu and anion exchange. Although Cu'Zn-MFU-4/ also exhibits partial Cu' occupancy to have a
heterogeneous pore environment, its larger pore size spaces each pentanuclear cluster node ~11 A
apart. This increased separation reduces the influence of neighboring cluster compositions on the
potential energy surface for H, binding around Cu' at each cluster node. Conversely, in
ultramicroporous Cu'Zn-MFU-4, the distance between a Cu' site and other peripheral species (Zn—
H, Zn—Cl, Cu"-Cl, or Cu') in adjacent clusters can be as short as ~6.5 A (Figure 4). This short
cluster—cluster distance may affect the potential energy well for Hz at Cu' sites, depending on the
neighboring cluster composition. The discussion on the peak width could also be applied to
interpret the width of the H-H stretching peak observed in infrared spectroscopy. Such broadening
of vibrational and rotational modes represents an additional indicator of pore confinement in
Cu'Zn-MFU-4, alongside the enhancement of adsorption enthalpy.

In situ H2-Dosing L-edge X-Ray Absorption Spectroscopy. Previously, in situ gas-dosing Cu
L-edge X-ray absorption spectroscopy was employed for elucidating metal-gas interactions in
Cu'Zn-MFU-4/."7 Metal L-edge X-ray absorption spectroscopy can probe dipole-allowed
excitations of a core-level 2p electron to 3d holes, as opposed to the weaker dipole-forbidden
transitions of a 1s electron to 3d holes probed by metal K-edge X-ray absorption spectroscopy. In

the case of Cu' with a formally filled d'° configuration, in situ gas-dosing Cu L-edge X-ray



absorption spectroscopy can probe unoccupied antibonding orbitals between Cu and the adsorbed
molecule with Cu 3d character (Figure 6a).2!"

We performed in situ Hy-dosing Cu L-edge X-ray absorption spectroscopic measurements on
Cu'Zn-MFU-4 to compare the energy of these transitions with those of Cu'Zn-MFU-4/, aiming to
understand the electronic differences in orbital interactions caused by H» binding between the two
frameworks. The spectrum for Cu'Zn-MFU-4 under vacuum reveals a broad edge feature that is
most intense at 935 eV, with a minor pre-edge feature at 931 eV (Figure 6b). The pre-edge feature
in the L-edge spectrum was also observed for Cu'Zn-MFU-4/, which was synthesized using a
procedure similar to Cu'Zn-MFU-4 (i.e., Cu-exchange and formate-exchange followed by

II

autoreduction of Cu'-0,CH), and was attributed to a small amount of residual Cu'" species

resulting from incomplete formate-exchange or trace Cu'! defects.””-’”8 The main edge feature could
result from excitations to empty antibonding orbitals between Cu 3d orbitals and -systems of the

linkers.””7°
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Figure 6. (a) A simplified molecular orbital diagram showing interactions between Cu' and H»
with cartoon representations of the resultant molecular orbitals as a linear combination of atomic
orbitals. The degenerate 3dy, orbital is omitted for clarity. The o," orbital of a free H» molecule is
lowered in energy when the molecule approaches Cu! by the positive charge. The red arrow
illustrates the transition observed in Cu L-edge X-ray absorption spectra for Cu'Zn-MFU-4 and
Cu'Zn-MFU-4/ dosed with Hz. (b) In situ H>-dosed Cu L-edge X-ray absorption spectra for Cu'Zn-

MFU-4/ (orange)’” and Cu'Zn-MFU-4 (blue).



Upon Hz dosing to Cu'Zn-MFU-4 at 298 K, a new spectral feature appears at 935.2 eV, which
is ~1 eV lower in energy than that corresponding peak at 936.3 eV in the H»>-dosed spectra of
Cu'Zn-MFU-4/ (Figure 6b). In both cases, we assign the new feature to an excitation into the m*
orbital between Cu and Ha. In our prior study of Cu'Zn-MFU-4/,7" we determined that the energy
of this feature depends on several factors, including the 2p core level energy for the Cu' sites, and
the strength of the m-backbonding interaction between the Cu' sites and Ha, which is related to the
energy gap between the Cu' 3d shell and the o,* orbital of the H> molecule. The lower energy of
the 2p-to-m* feature in the Hz-dosed Cu'Zn-MFU-4 spectrum compared to that in the Cu'Zn-MFU-
4/ spectrum indicates a lower energy level for the n* orbital between Cu and H> and/or a higher
energy level for 2p core orbital. Of these possibilities, we expect that the former explanation—the
energy level of the n* orbital of Cu'Zn-MFU-4 is lower than that of Cu'Zn-MFU-4/—is more
reasonable. The electron-deficient bbta?” linker in Cu'Zn-MFU-4 should increase the effective
nuclear energy of the metal to lower the energy of the Cu 3d orbitals, and to a lesser extent the 6,*
orbital of Ha through electrostatic interaction with Cu' (Figure 6a).”” The net result should be to
widen the energy gap between the Cu 3d orbitals and the H> o* orbital for Cu'Zn-MFU-4
compared to the gap for Cu'Zn-MFU-4/, leading to a weaker m-backbonding interaction and a
lower energy for the n* orbital. This explanation is corroborated by the vibrational and rotational
spectra that indicate weaker n-backbonding interactions in Cu'Zn-MFU-4.

The second possibility to explain the lower energy for the 2p-to-n* feature—the Cu 2p core
levels are higher in energy for Cu'Zn-MFU-4 than for Cu'Zn-MFU-4/—is unlikely. The energy of
the Cu core 2p electrons in Cu'Zn-MFU-4 should instead be lower than in Cu'Zn-MFU-4 due to
the more electron-deficient bbta®~ linker, consistent with the stabilization of the Cu 3d orbitals as

discussed above. We expect that the stabilization of the 2p core level is less than the lowering shift



of the * orbital, leading to an overall lower energy for the 2p-to-n* transition for H>-dosed Cu'Zn-
MFU-4.

Note that, although L-edge peak intensity is often used to gauge the degree of d character in an
unoccupied orbital to which the L-edge transition takes place, thereby probing the strength of n-

80.81 hartial Ha coverage at Cu' sites at 1 bar and 298 K for these Cu'Zn-

backbonding interactions,
MFU-4 and Cu'Zn-MFU-4/ frameworks precludes direct comparison of the peak intensities.

Computational Analysis. To further understand the origins of the differences in H> adsorption
at Cu' sites in Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, density functional theory (DFT) calculations
were performed using a truncated cluster model of the pentanuclear secondary building unit.
Previous computational studies using similar pentanuclear cluster models have successfully
replicated the experimentally observed trends in Ha adsorption enthalpies across the Cu'M-MFU-
4/ (M = Zn, Mn, Cd) series, with different M metal centers at the core of the pentanuclear cluster
node.!*? In the present study, we focus on understanding how the identity of the triazolate linker
affects H> binding. To do this, we constructed two pentanuclear cluster models with one peripheral
open Cu' site. One model features the Cu' site surrounded by partially protonated bbta®" linkers
and the other features the Cu' site surrounded by 5,6-dihydroxybenzotriazolate (dhbta"),
representing Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, respectively. Benzotriazolate ligands farther from
the Cu' site are truncated to retain only a 1,2,3-triazolate fragment (ta”) for computational
efficiency. The resulting cluster compositions are CuZn4Cl3(Hbbta)s(ta)s and
CuZn4Clz(dhbta)s(ta); for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, respectively (Figure 7a).

The geometry optimization of the cluster models with H> bound at the Cu' site was performed

using the ®B97X-D4 functional with the def2-TZVPP basis on Cu and H», and the def2-SVPD

basis on all other atoms (denoted as Basis-1 hereafter, see details in the SI).#*%3 In both models,



the H2 molecule binds side-on at the same distance between Cu' and the centroid of Ha (d(Cu—H.)
= 1.659 A; Figure 7a). The H-H distance (d(H-H)) is elongated by ~0.05 A compared to free Ha
due to m-backbonding in both models, with just a 0.001 A difference between the two models
(0.793 A for the Cu'Zn-MFU-4 model and 0.794 A for the Cu'Zn-MFU-4/ model). The almost
identical and only slightly shorter d(H-H) in the Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ model clusters

align with the results from in situ H>-dosing inelastic neutron scattering spectroscopy.
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Figure 7. (a) Optimized structures of cluster models for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ with
an adsorbed H> molecule using DFT. (b) A snapshot of molecular dynamics (MD) simulations for
H; binding in periodic boundary models of Cu'Zn-MFU-4 and Cu'Zn-MFU-4/. (c) Experimental
(solid line; a magnified view of Figure 5a) and simulated (broken line) vibrational spectra for the

H-H stretching mode of an H, molecule bound to Cu'Zn-MFU-4 (blue) and Cu'Zn-MFU-4/



(orange). Solid vertical lines represent the wavenumber at the peak maximum for each
experimental spectrum, and the broken vertical lines represent the weighted average of the
vibrational frequencies obtained from the MD simulations. Atom colors: gray, blue, red, white,

brown, light blue, and green spheres represent C, N, O, H, Cu, Zn, and Cl, respectively.

The estimated H> adsorption enthalpies for these models (AH°prr) are —29.3 kJ/mol and —28.2
kJ/mol for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, respectively (Table 3). The cluster models thus
successfully capture the trend that Cu'Zn-MFU-4 adsorbs H> more strongly than Cu'Zn-MFU-4/.
This trend remains unchanged regardless of the density functional employed (Table S20),
confirming that the linker identity measurably affects the Cu'-H, binding energy at the
pentanuclear cluster node. However, we note that the difference in AHprr between the two cluster
models is smaller than that in the isosteric enthalpy of adsorption obtained via the Clausius—
Clapeyron method (AHags). These cluster-based calculations do not include pore confinement
effects,>> which are expected to further influence adsorption behavior and could enhance Ha
adsorption in Cu'Zn-MFU-4. Therefore, pore confinement may explain the larger difference in
experimentally measured AH,ds between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ (as determined by the
Clausius—Clapeyron analysis) compared to the predictions from the cluster models.

Given the insensitivity of Hz adsorption enthalpies upon the first coordination sphere of the metal
site,% the 1 kJ/mol difference between the two cluster models remains significant. To understand
the reason for the increased H» binding strength when changing the ligand observed in these cluster
model calculations, we performed energy decomposition analyses based on absolutely localized

molecular orbitals (ALMO-EDA).3+-8



Among different interaction components, the frozen interaction energy term AEF; (wWhich
includes electrostatic interactions, dispersion, and Pauli repulsion) showed a lower energetic
penalty for the Cu'Zn-MFU-4 model compared to the Cu'Zn-MFU-4/ model (Table 3). The
reduction in AEF:, can be attributed to the more positively charged Cu' site in Cu'Zn-MFU-4, which
results from the presence of a more electron-withdrawing triazolate functional group on the
benzotriazolate ligand. The amount of charge transferred from Cu' to H, in terms of electrons is
smaller for the Cu'Zn-MFU-4 model, suggesting weaker m-backbonding, consistent with
spectroscopic experiments. Although the amount of charge transfer by n-backbonding is smaller,
the charge transfer energy term (AEcr) is slightly more favorable for the Cu'Zn-MFU-4 model.
This observation indicates that the decrease in n-backbonding from Cu' to H; is offset by the more
favorable o-donation from H» to Cu'. Overall, the cluster model calculations indicate that the
stronger H, binding in Cu'Zn-MFU-4 may partly result from the more positively charged Cu' site,
which outcompetes reduced m-backbonding. This balancing effect between c-donation and -
backbonding, as reflected in changes in charge density at the trigonal Cu' site, illustrates the
amphoteric nature of H» as a ligand.®” We note that the additional increase in adsorption enthalpy
for Cu'Zn-MFU-4 relative to Cu'Zn-MFU-4/ absent in the cluster models could be due to pore
confinement effects that are challenging to model.

Table 3. Enthalpy of Adsorption Calculation and Energy Decomposition Analysis Results
from Application of the ALMO-EDA Method to Pentanuclear Cluster Models at the

®wB97M-V/Basis-1 Level

material Cu'Zn-MFU-4 Cu'Zn-MFU-4/

CuZnsCl3(Hbbta) | CuZnsCls(dhbta)s

lust 1
cluster mode «(t2)s (ta)s

energy contribution (kJ/mol)




AEprep® 15.6 15.9

AEt,” 43.0 442
AEpof —49.3 —49.8
AEct? —46.2 —46.0
AE ol -36.9 -35.7

enthalpy of adsorption (kJ/mol)

AH°prr -29.3 —28.2

charge transfer (atomic units)

Cu' to H, 0.0242 0.0246

“Energy required to distort each fragment to the geometry in the bonded state. *Energy change arising without
relaxation of the fragment orbitals, which includes interfragment electrostatics, Pauli repulsion, and dispersion
interactions. “Energy arising from relaxation of self-contained fragment orbitals in the presence of the field of the
other fragment. “Stabilization energy by charge transfer between the fragments.

The calculated vibrational frequency for the H-H stretch (v(H-H)) in the Cu'Zn-MFU-4 cluster
model is higher—corresponding to a less activated H-H bond—than that for the Cu'Zn-MFU-4/
cluster model (Table 2), which agrees with the trend observed experimentally. However, the
difference in vibrational frequencies between these models, based on static harmonic calculations
with anharmonic corrections, was only 5 cm ™!, which is less than the experimental difference of
~20 cm !,

To better understand the vibrational dynamics of the adsorbed H> molecules, we conducted
molecular dynamics (MD) simulations using periodic boundary conditions. The unit cell for
molecular simulations includes eight pentanuclear cluster nodes in both frameworks, with Cu' sites
placed at all four peripheral sites of each cluster to simplify the periodic model (Figure 7b; see the
SI for other technical details). We expect that MD calculations can capture the probability density
distributions of H-H bond lengths and their coupling with lower-frequency vibration modes,

providing more detailed insights into both vibrational frequencies and peak broadening.



Simulated spectra derived from molecular dynamics revealed a larger difference of 10 cm ™! in
the weighted average of v(H-H) between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/, which is closer to
the difference observed experimentally (Figure 7c). Addressing the shape of the v(H-H) peaks for
H> molecules bound to Cu' sites, the Cu'Zn-MFU-4 framework exhibited a broader band than that
in the Cu'Zn-MFU-4/ framework both experimentally and computationally, as indicated by the full
width at half maximum (Table 2). Specifically, the v(H-H) peak is distributed more to the higher-
wavenumber side for Cu'Zn-MFU-4, while the peak profile on the lower-wavenumber side
overlaps almost completely for both frameworks. A similar trend—peak shift to higher
wavenumbers and peak broadening—was also observed for MD simulations with D> (Figure S70).

The broadening of the v(H-H) (and v(D-D)) peak could result from several factors, including:
(1) the dependency of the v(H-H) frequency with respect to the Cu'-H> distance,*® (2) coupling

46:47 and rotation®® of

with lower-frequency vibration modes such as the center-of-mass translations
H: (D), and (3) the heterogeneity of the pore environment around Cu' sites due to the partial metal-
exchange and ligand exchange. To elaborate further on the first point, the Cu'-H distance has a
probability density distribution.*® While the Cu'-H, distance cannot be shorter than the sum of
atomic radii of the atoms, the probability density distribution of the Cu'-H» distance could be
extended toward the longer Cu'-H: distance side for Cu'Zn-MFU-4 due to stronger H» adsorption.
Because n-backbonding strength depends on the Cu'-H: distance, the difference in the probability
density distribution of the Cu'-H, distance between two frameworks leads to the broadening of the
v(H-H) signal at a higher frequency side for Cu'Zn-MFU-4, as observed experimentally and
computationally. Regarding the second point, the broadening of the v(H-H) peak in Cu'Zn-MFU-

4 could arise from enhanced coupling between v(H-H) and lower-frequency modes, enabled by

the reduced m-backbonding character of the Cu'-H> interaction. Because n-backbonding typically



favors a more directional interaction, its reduction in Cu'Zn-MFU-4 may allow greater vibrational
freedom and stronger coupling with the framework lattice modes, leading to the observed spectral
features. The third point, heterogeneity of the pore environment around Cu' sites, was discussed
earlier when considering the inelastic neutron scattering (INS) spectra. We note that, because the
MD simulations were performed for periodic models that have four Cu! per pentanuclear cluster
to create a homogeneous pore environment, this heterogeneity point is applicable only to
experimental spectra and the broadening in the simulated spectra are explained solely by the first
and second points.

Investigation of HD and D2 Adsorption for Hydrogen Isotope Separations. In the previous
sections, we examined fundamental differences in H» adsorption properties between Cu'Zn-MFU-
4 and Cu'Zn-MFU-4/ to understand the reason for the stronger H, adsorption in Cu'Zn-MFU-4.
We then sought a potential application of the strongest Ha adsorption in Cu'Zn-MFU-4 among the
reported porous adsorbents. Because H> adsorption at the Cu' sites in Cu'Zn-MFU-4 is strong
enough, while still being reversible, to approach saturation even at 1 bar and 298 K, the material
could be suitable for an isothermal pressure swing separation process. Of particular significance
from energy and cost perspectives, this might even be viable at 298 K swinging between adsorption
at 1 bar (with no compression) and desorption near 0.1 bar (enabling use of industrial-grade
vacuum).?>%

We therefore elected to examine the possibility of ambient-temperature hydrogen isotope
separations using Cu'Zn-MFU-4. Our expectation is that thermodynamic selectivity for the heavier
isotopic molecules (HD and D;) will arise from differences in the zero-point energies of the
vibrational modes associated with the metal-gas bond. Such effects are known as equilibrium

50,51,56

isotope effects’’*? for molecular hydrogen complexes and can enable what is referred to as



chemical affinity quantum sieving (CAQS) for porous adsorbents.*’ In addition to Cu'Zn-MFU-4,
we analyzed Cu'Zn-MFU-4/ for HD and D, adsorption, as this material was previously identified
as one of the top-performers for D2/H, separations at cryogenic temperatures.**’ Significantly,
the stronger H, adsorption in Cu'Zn-MFU-4 is expected to lead to a larger D2/H; selectivity relative
to Cu'Zn-MFU-4/ and potentially allow separations to be practical at room temperature.
Adsorption isotherms of hydrogen deuteride (HD) and dideuterium (D2) were collected near
ambient temperature (545 °C; 278-318 K) for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/. Notably,
although the adsorption isotherm profiles of the isotopic gases are similar, the initial slopes of the
isotherms for heavier isotopic gas molecules were distinctly steeper for both Cu'Zn-MFU-4 and
Cu'Zn-MFU-4/ (Figures 8a and S39), with the expected trend of gas uptake following D, > HD >
H,.”> We note that the difference in uptake between these gases in Cu'Zn-MFU-4 is smaller above
1 bar than at lower pressures, because the isotherm profiles level off near 1 bar, approaching the
saturation of the Cu' sites at these temperatures. Instead of focusing solely on the uptake value at
a specific condition from a single-component isotherm, we need to consider binding strength to

better understand selectivity.
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Figure 8. (a) Adsorption isotherms of hydrogen isotopes (D, HD, and H») for Cu'Zn-MFU-4
collected at 278, 298, and 318 K (see Figure S32 for data collected at 288 and 308 K). Filled and
open circles represent adsorption and desorption data, respectively. (b) Isosteric enthalpies of
adsorption for D,, HD, and H; in Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ estimated using the Clausius—
Clapeyron method with adsorption isotherms from 278 to 318 K. (¢) Summary of D2/H> selectivity
with respect to temperature in selected porous adsorbents: Mn(ta), (light green),”* MIL-53(Al)
(pale purple),” Cocrystl (6ET-RCC3-R/CC3-S; purple),** ZnCI-MFU-4 (brown),* Nix(dobdc)
(green),’® Cu-ZIF-gis (red),”® zeolite 13X (pink),”” Cu'Zn-MFU-4/ (yellow),***” and Cu'Zn-MFU-
4 (blue). Symbols denote different methods for determining D»>/H> selectivity, with squares,
triangles, and diamonds representing selectivities determined by breakthrough experiments,
temperature programmed desorption (TPD) analyses, and ideal adsorbed solution theory (IAST)
based on single-component adsorption isotherms. (d—e) Single-component adsorption (d) and

desorption (e) kinetics data with H, and D, for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/. (f) McCabe—



Thiele analyses to assess the theoretical number of equilibrium stages required to enrich HD from
natural abundance (0.015 mol D%; HD/H, = 0.0003/99.9997) by four-fold (the horizontal gray
line) using Cu'Zn-MFU-4 (blue) and Cu'Zn-MFU-4/ (orange) at 298 K and a total pressure of 1

bar.

Table 4. Summary of H2 Adsorption Uptake, Isosteric Enthalpy of Adsorption for H2, HD,
and D2, and Estimated Selectivity of Binary Mixtures of Hydrogen Isotope Molecules at

Ambient Temperature for Cu'Zn-MFU-4 and Cu'Zn-MFU-4/

—AHygs (kJ/mol)?
H, z;:gkzeggté bar selectivity at 298 K¢
(—AH°ppr)?
mmol/ g mol/ Ld Hz HD Dz Dz/ Hz HD/ Hz Dz/ HD
37.8 39.0 39.9
17n- -
Cu'Zn-MFU-4 0.95 1.0 (29.3) (30.8) (31.8) 1.35 1.20 1.12
33.1 344 35.7
17n- -
Cu'Zn-MFU-4/ 1.0 0.51 (28.2) (30.0) (31.0) 1.31 1.16 1.13

“Isosteric enthalpy of adsorption estimated by the Clausius—Clapeyron method for the H> loading
of 0.50 mmol/g with adsorption data of 278-318 K. ?Adsorption enthalpy calculated by DFT
calculations for cluster models. “Calculated for an equimolar mixture (50/50) with the total
pressure of 1 bar using the ideal adsorbed solution theory (IAST) with single-component
adsorption isotherms collected for 278-318 K. “Calculated based on the crystallographic density
of an activated framework.

The isosteric enthalpies of adsorption (AHads) for HD and D> were calculated using the Clausius—
Clapeyron method following the same procedure as discussed above for H>. At a loading of 0.50
mmol/g in Cu'Zn-MFU-4, the estimated AH,gs values for D2 and HD were —39.9 and —39.0 kJ/mol,
respectively, which are more exothermic compared with the value of —37.8 kJ/mol estimated for
H; (Figure 8b and Table 4). The Cu'Zn-MFU-4/ framework showed AH,ds values of —35.7, —34.4,
and —33.1 kJ/mol for D,, HD, and H», respectively, under the same conditions. The slight increase

in adsorption enthalpy for heavier isotopic gases aligns with expectations based on equilibrium



isotope effects®® and also the trend reported in other porous adsorbents.*>® Indeed, DFT
calculations for the cluster models indicate a similar magnitude of increase in adsorption enthalpies
for heavier isotopic gases (Table 4).

We next evaluated gas selectivity using ideal adsorbed solution theory (IAST),>® which is known
to provide a reasonable estimate of the gas ratio in the adsorbed phase for a binary gas feed in
porous materials, including metal-organic frameworks, across a wide range of gas mixtures.”®
Although TAST assumes common adsorption sites for the competing gases as well as site
independence, these assumptions are likely valid for simulating hydrogen isotope separations. The
gas molecules of interest (Ho, HD, and D) compete for the same adsorption sites through the same
binding mechanism. Also, as observed in the D>-dosed powder neutron diffraction study, Cu'---Cu!
distances in Cu'Zn-MFU-4 are not so close as to hinder adsorption at neighboring cluster sites.
Selectivity () in a binary mixture of A and B is defined by S = (xa/xB)/(ya/yB), where xa represents
the fraction of component A in the adsorbed phase, xs (= 1 — xa) represents the fraction of
component B in the adsorbed phase, ya represents the fraction of component A in the gas phase,
and yB (= 1 — ya) represents the fraction of component B in the gas phase. Using IAST with the fit
to the Langmuir—Freundlich model from the single-component isotherm data, we can estimate xa
for a given gas feed ratio ya to obtain the selectivity S.

Estimated selectivities for 50/50 mixtures of D2/H»>, HD/H», and D»/HD at 1 bar and 298 K are,
respectively, 1.35, 1.20, and 1.12 for Cu'Zn-MFU-4, and 1.31, 1.16, and 1.13 for Cu'Zn-MFU-4/
(Table 4). Thus, Cu'Zn-MFU-4 exhibits improved D./H, and HD/H; selectivity compared to
Cu'Zn-MFU-4/. The larger D2/H; selectivity in Cu'Zn-MFU-4 might be attributed to entropic
factors (i.e., entropy of adsorption) because the difference in AHads between D2 and H» is smaller

for Cu'Zn-MFU-4 than that of Cu'Zn-MFU-4/ (Table 4). The more favorable entropic factor for



D»/H: selectivity in Cu'Zn-MFU-4 could partly arise from the reduced n-backbonding interaction
in Cu'Zn-MFU-4 and therefore decreased metal-hydride bond character, which facilitate access to
vibrational excitations for D> through low-energy librational and torsional modes. We note that
the D2/H; selectivity in Cu'Zn-MFU-4 at 298 K is comparable to reported values obtained at much
lower temperatures for existing adsorbents, such as Nix(dobdc) (dobdc* = 2,5-dioxido-1,4-
benzenedicarboxylate) for which § = 1.4 at 150 K and 1 bar was estimated by IAST analysis
(Figure 8c).>®

Investigations of Kinetic Isotope Effects on Adsorption and Desorption. The selectivity
estimated by IAST reflects a thermodynamic preference for adsorption of heavier isotopologues,

associated with chemical affinity quantum sieving (CAQS).*

Although the equilibrium isotope
effects dominate ambient-temperature hydrogen isotope separations, we examined kinetic
differences between H> and D> adsorption to assess whether kinetic effects could influence the
separations under our experimental conditions. Both Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ reached
H> adsorption equilibrium within ~20 s at 298 K under comparable sample masses (Figure 8d),
suggesting that the smaller pore of Cu'Zn-MFU-4 does not hinder the H diffusion. Adsorption of
H> and D> occurred at nearly the same rate at 298 K, but D> required a slightly longer time to reach
the equilibrium capacity for both Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ (Figure S98). The adsorption
kinetic isotope effects, estimated from the ratio of the effective adsorption rate constants for H»
and D,, were similar among Cu'Zn-MFU-4, Cu'Zn-MFU-4/, and ZnCl-MFU-4, which lacks open
Cu! sites, and showed minimal temperature dependence over the ambient temperature range (278—
318 K; Tables S28 and S29). Therefore, the slightly slower D> adsorption is likely to originate

primarily from mass-transfer factors, including interparticle and intraparticle diffusion,” rather

than from adsorption properties at the Cu' sites. However, since the estimated adsorption rate



depends on the amount of gas dosed and sample mass (see the SI for details), a rigorous comparison
of the rate or kinetic isotope effects between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ is beyond our
scope.

Notably, the trend in the time required to reach adsorption equilibrium for H> versus D> is
opposite to that reported under cryogenic temperatures (below 70 K) with porous adsorbents with
small pores, where H> adsorption is kinetically impaired relative to that of D> due to kinetic
quantum sieving (KQS) effects.***”%> The inverted kinetic trend highlights a fundamental
difference between the kinetic isotope effects for adsorption at ambient and cryogenic
temperatures. Furthermore, the adsorption time scale in our materials at 298 K is on the order of
several seconds, whereas porous materials that rely on KQS require several minutes due to slower
diffusion associated with their small pores and low adsorption temperatures.**** Therefore,
ambient-temperature hydrogen isotope separations that do not rely on the KQS effect could
inherently provide much faster adsorption kinetics at the material level, which in turn can enable
higher gas throughput per unit time and a more efficient separation process.

We next analyzed the desorption kinetics of Hy and D> at 298 K, which revealed slower D>
desorption than H, for both Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ (Figure 8e). For example, the time
required to obtain 90% desorption was ~80 and ~136 s for H> and D, respectively, for Cu'Zn-
MFU-4 at 298 K. The slower desorption of D> is rationalized by the classical mechanism of normal
kinetic isotope effects with a weakly bonded transition state.’’"!% In particular, the lower zero-
point energy of the Cu-D» vibrations relative to those of the Cu'-H; species results in a
thermodynamically more stable binding of D>. Because the transition state of desorption has a
weakened Cu'-gas bond, it is less affected by differences in zero-point energy by isotope

substitution, resulting in a larger activation barrier for D> dissociation due to its thermodynamically



more stable binding. This mechanism is analogous to chemical affinity quantum sieving (CAQS).*

We anticipate that the desorption kinetic isotope effects become larger when adsorption is stronger,
similarly to the equilibrium isotope effects by CAQS. The slower D, adsorption can help D>
enrichment kinetically for pressure-swing processes by judiciously designing desorption
conditions.

Assessing Cascade Deuterium Enrichment Processes. Although existing studies on hydrogen
isotope separations mostly report their separation performance for the D»/H» selectivity at a 50/50
ratio as a basic test, we note that an equal mixture of D>/H> does not usually appear as a feed in
industrial applications. Since the study of hydrogen isotope separations is driven by either
deuterium production from natural abundance (0.015 mol D%) or recovery of nuclear fuel waste
from deuterium—tritium reactors, we were motivated to analyze the properties of Cu'Zn-MFU-4
for hydrogen isotope separations under conditions more relevant to these uses. Deuterium
production was chosen for evaluation because the initial feed gas is simply a binary mixture of HD
and H», which allows easier theoretical simulations via IAST than separations involving multi-
component gas mixtures in nuclear fuel waste streams that may also contain tritium.

We assume that the initial feed for deuterium production from natural abundance is a 0.00030
/99.99970 ratio of HD/H», corresponding to 0.015 atom D%. Due to the extremely low
concentration of HD, repeated cascade processes are required to gradually increase HD content,
followed by isotopic equilibration with metal catalysts (such as palladium)*>'°! to convert HD into
H> and D>. We will focus on the initial HD enrichment steps to illustrate the cascade processes,
since subsequent D> separations involve a ternary mixture of D>, HD, and H>, which complicates

analysis and will be examined in future studies.



To examine selectivity during the repetitive HD enrichment cascade, we used IAST to analyze
HD/H; selectivity values in Cu'Zn-MFU-4 and Cu'Zn-MFU-4/ at different gas feed ratios, with a
constant total pressure of 1 bar at 298 K. The HD/H> selectivities remained nearly constant, with
a difference of less than ~0.01 from 0.00030/99.99970 to 99.9/0.1 (Figure S47), and therefore the
selectivity estimated for a 50/50 mixture can represent the HD/H> selectivity for these compounds
under these conditions. Next, we plotted the ratios of HD/H> in the adsorbed phase against the gas

feed ratios to generate a McCabe—Thiele diagram,>’-*8

which is traditionally used to estimate the
theoretical number of equilibrium stages needed in binary distillations for target separations
(Figure 8f). Note that, in the McCabe—Thiele diagram in Figure 8f, xa (the fraction of A in the
adsorbed phase) is plotted on the y-axis, following the convention of the letters for the fraction in
the adsorbed phase and gas phase. Typically, the enriched phase is plotted on the y-axis of the
diagram.

When the HD/H, mixture with a 0.00030/99.99970 ratio is fed into the Cu'Zn-MFU-4
framework, the HD/H» ratio in the adsorbed phase is expected to be 0.00036/99.99964. The
adsorbed gas mixture will be desorbed and sent to the next stage as a feed gas to achieve a HD/H»
ratio of 0.00043/99.99957 in the adsorbed phase. This process can be visualized in the McCabe—
Thiele diagram by drawing a short horizontal line at the present xup value (the HD fraction in the
adsorbed phase on the y-axis) toward the diagonal line (y = x), transforming the current xpn value
into the next yup value (the ratio in the gas feed on the x-axis) and reflecting it onto the equilibrium
curve with a short vertical line. This procedure visually provides the xup value (on the y-axis) in
the next stage. Repeating this calculation graphically enables estimation of the theoretical number

of equilibrium stages needed to achieve the target HD/H; ratio. In this work, we estimated the

theoretical number of equilibrium stages for four-fold enrichment from the natural abundance of



0.015 mol D% to 0.060 mol D% (i.e., from 0.030 HD% to 0.12 HD%), which is often used to
characterize the efficiency of hydrogen enrichment processes.>*

The McCabe-Thiele analysis demonstrates the theoretical stage numbers of 8 and 10 for Cu'Zn-
MFU-4 and Cu'Zn-MFU-4/, respectively, for four-fold enrichment at 298 K and 1 bar. This result
suggests that increasing the HD/H selectivity from 1.16 in Cu'Zn-MFU-4/ to 1.20 in Cu'Zn-MFU-
4 could reduce the required number of stages in a cascade enrichment processes by about 20%.
We do not compare these theoretical stage numbers with those of the existing technologies due to
the simplicity of our analysis. Instead, we use the results specifically to compare the efficiency of
deuterium enrichment between Cu'Zn-MFU-4 and Cu'Zn-MFU-4/. Furthermore, this analysis
considers only the equilibrium selectivity to keep the discussion simple. The slower D, desorption
could further increase the enrichment factor per step if desorption is performed after
thermodynamic adsorption equilibration. However, we do not include kinetic contributions in our
simulation because enrichment from kinetic isotope effects is highly sensitive to process design.
For practical operations of deuterium extraction, the minimum requirement of the separation factor
is proposed to be 1.1,>* below which the required number of theoretical stages become
impractically large. The separation factor is defined as the ratio of D/H in the enriched phase over
D/H in the depleted phase, which must be distinguished from HD/H» selectivity. The HD/H>
selectivity of 1.20 in Cu'Zn-MFU-4 meets this criterion at low HD/H: ratios (specifically, below
60/40; see Table S10), supporting the feasibility of the initial deuterium enrichment from natural
abundance after which an isotope equilibrator can split HD into D, and H» to perform subsequent
D, purification.'’»!® Experiments intended to demonstrate room-temperature deuterium
enrichment with Cu'Zn-MFU-4 on a laboratory scale are currently underway via the design of a

custom-build breakthrough apparatus and the scaling up of the material synthesis.



Conclusions and Outlook

The foregoing results demonstrate the successful synthesis of Cu'Zn-MFU-4, for which trigonal
pyramidal Cu' sites are capable of engaging H» via orbital interactions upon adsorption. Detailed
gas adsorption studies indicate that H» is adsorbed more strongly to Cu'Zn-MFU-4 than its
expanded version, Cu'Zn-MFU-4/ (38 vs. —33 kJ/mol, respectively). While the increase in
adsorption enthalpy from —33 to —38 kJ/mol is only about a 15% change, this degree of
enhancement is still exceptional because H, adsorption enthalpies are generally unimpacted by
minor linker modifications.!!93686% Spectroscopic and cluster-based computational studies
revealed weaker m-backbonding but stronger c-accepting interactions at the Cu' sites in Cu'Zn-
MFU-4 than those in Cu'Zn-MFU-4/ due to the more electron-deficient bbta®~ linker compared to
the btdd®~ linker in the expanded material. However, the spectroscopic differences between these
materials were much smaller than expected from the difference in hydrogen adsorption energy.
Thus, a series of characterizations collectively corroborate pore confinement as the mechanism
underlying the large enhancement of hydrogen adsorption in Cu'Zn-MFU-4. Since our previous
studies explored how geometric tuning of the metal substitution in the pentanuclear benzotriazolate
cluster could modify H» binding properties,' this investigation of ultramicroporosity and linker
effects provides further insights into controlling orbital-interaction-mediated H> adsorption at the
trigonal pyramidal Cu' sites in the expanding family of MFU-4-type frameworks, !7-60:104-107

Realization of the strongest Ha adsorption enthalpy among porous adsorbents in Cu'Zn-MFU-4,
prompted us to consider the possibility of using it for hydrogen isotope enrichment at ambient
temperatures through sequential cascades. This approach could separate hydrogen isotopes at

lower energy costs than those required by existing adsorbents that only function at cryogenic



temperatures. Given that isotopic equilibration converting HD into D> and Hb is proposed to occur
at ambient temperature,'°>!% there are significant advantages to separating hydrogen isotopes
under these conditions instead of cryogenic conditions. We developed an approach to estimate the
performance of cascade enrichment processes under relevant conditions. Using the ideal adsorbed
solution theory combined with a simple McCabe—Thiele analysis, we found that Cu'Zn-MFU-4
could reduce the number of theoretical equilibrium stages by 20% for four-fold enrichment of HD
from natural abundance, compared to Cu'Zn-MFU-4/, despite only a slight increase in the HD/H;
selectivity from 1.16 in Cu'Zn-MFU-4/ to 1.20 in Cu'Zn-MFU-4. These analyses suggest that the
number of theoretical stages is highly sensitive to selectivity, especially for values between 1 and
2. To realize efficient room temperature hydrogen isotope separations on an industrial scale, it will
be necessary to define target values for selectivity and capacity under specific operating
conditions, identify promising materials, and experimentally validate the predicted separation

factors.
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