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Diﬀerent microporous frameworks have been experimentally investigated by cryogenic (below 77 K) hydrogen and deuterium
adsorption measurements. The D2/H2 molar ratio is strongly
dependent on pore size, pressure and temperature. The experiments
clearly indicate that the optimum pore diameter for quantum sieving
lies between 3.0 Å and 3.4 Å.

Deuterium has been recognized as a potential energy source for
the nuclear fusion reactor, and also widely used today in many
applications such as in neutron moderators for heavy-water
nuclear reactors, non-radioactive isotopic tracing, deuterium
arc lamps and neutron scattering techniques. However, the
mole fraction of natural deuterium is only up to 0.0156% of
hydrogen in the oceans,1 and its extraction from an isotope gas
mixture is a diﬃcult task since its isotopes have similar size,
shape and thermodynamic properties. Conventional isotope
separation methods such as cryogenic distillation, Girdler
sulde (GS) process, thermal diﬀusion and centrifugation tend
to be excessively time consuming and energy intensive. Moreover, most of these processes have a low separation factor (e.g.,
selectivity under optimal operating conditions is 1.5 and 2.3 for
liquid hydrogen distillation and GS process, respectively),
resulting in extremely high product costs.2 On the other hand,
quantum cryo-sieving3 in nanopores, which recently attracted a
lot of attention, represents one promising avenue to replace
existing ineﬃcient methods due to its relatively simple D2/H2
isotope separation with considerably short processing time on
account of reversible physical adsorption in conned systems.
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This has initiated an ongoing eﬀort to elucidate this phenomenon and to nd more eﬀective ultramicroporous materials.4–10
In order to design and develop feasible ultramicroporous
materials for isotope separation, a fundamental study on
correlation between quantum cryo-sieving selectivity and pore
size at various temperatures and pressures is an essential
prerequisite. However, despite many theoretical and computational studies being performed recently with the aim of identifying optimum pore size at various pressures,11–15 their results
show a large variation concerning the best pore size and operating conditions. Furthermore, experiments as guidelines are
rare and typically have not been conducted under the idealized
conditions used in the computer simulation. Therefore among
various ultramicroporous materials, crystalline frameworks,
such as MOFs, COFs or ZIFs, possessing a uniform and welldened pore structure, are the most promising candidates to
investigate the correlation between the pore size and aperture
and their eﬀectiveness for quantum sieving.
In this study using diﬀerent frameworks, a fundamental
correlation is established between the D2 and H2 adsorption
molar ratio and pore structure at various temperatures and
pressures, which leads to an optimum pore aperture as well as
operating conditions for eﬀective quantum cryo-sieving.
Four diﬀerent ultramicroporous frameworks (ZIF-7, ZIF-8,
COF-1 and COF-102) have been used to investigate the quantum
connement eﬀect as shown in Fig. 1. Diameters of the pore
aperture are 3.0 Å, 3.4 Å, 9.0 Å and 12 Å for ZIF-7, ZIF-8, COF-1
and COF-102, respectively (Table 1). Note that ZIF-7 was chosen
for the minimum pore aperture since the kinetic diameter of a
hydrogen molecule is around 2.83–2.89 Å,16 whereas the COFs
possess far larger pore apertures, which allow us to assess the
selective adsorption ratios dependence on the aperture and
operating conditions.
Fig. 2 shows the adsorption isotherms for H2 and D2 on
ZIF-7, -8, COF-1 and -102 for various temperatures between
19.5 K and 70 K. All isotherms except ZIF-7 are type I in the
IUPAC classication, indicating highly ultramicroporous
materials. In the case of ZIF-7, H2 or D2 cannot penetrate the
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Fig. 1 Crystal structures of investigated ultramicroporous frameworks for
quantum sieving: (a) ZIF-7, (b) ZIF-8, (c) COF-1, and (d) COF-102. In the case of ZIF7 and ZIF-8, hydrogen atoms are omitted for clarity. Carbon (black), zinc (blue
tetrahedral), nitrogen (green), oxygen (red), boron (yellow) and hydrogen (gray).

Table 1 Textural characteristics of the ultramicroporous frameworks considered
in this worka

Name

Psize [Å]

N2 SSABET
[m2 g 1]

D2/H2 uptake@19.5
K [mmol g 1]

Composition

ZIF-7
ZIF-8
COF-1
COF-102

3.0
3.4
9.0
12.0b

—
1265
748
3707

—
24/23
20/20
63/59

Zn(PhIM)2
Zn(MeIM)2
C3H2BO
C25H16B4O4

a
Psize: eﬀective pore aperture size (considering the van der Waals radius
of atoms in the framework), N2 SSABET: nitrogen BET specic surface
area at 77 K as shown in Fig. S3, D2 and H2 uptake: D2 uptake at 19.5
K, 0.2 bar and H2 uptake at 19.5 K, 0.7 bar – note that liquefaction
pressure at 19.5 K is 0.78 bar and 0.27 bar for H2 and D2, respectively.
b
In the case of COF-102, it is hard to determine the size of the
poreaperture due to its geometric complexity. However, since a pore
aperture size is quite similar to a pore size, we assume that it is the
same.

framework due to the comparable size of the pore aperture and
the kinetic diameter of the hydrogen molecule. On the other
hand, due to the larger pore aperture sizes of ZIF-8, COF-1 and
COF-102 adsorption and desorption are fully reversible (Fig. S4–
S6, ESI†). The corresponding values for H2 adsorption at 19.5 K,
0.7 bar are 23 mmol g 1 (ZIF-8), 20 mmol g 1 (COF-1) and 59
mmol g 1 (COF-102), respectively, and for the D2 adsorption at
19.5 K, 0.2 bar are 24 mmol g 1 (ZIF-8), 20 mmol g 1 (COF-1)
and 63 mmol g 1 (COF-102), respectively. These corresponding
values at 19.5 K, 0.7 bar for H2 and 19.5 K, 0.2 bar for D2 are the
maximum saturation uptakes before liquefaction. As clearly
shown in Fig. 2, D2 uptake is always higher than H2 in the whole
temperature and pressure range although this trend is reduced
with increasing temperature. The main reason for this high D2
uptake over H2 is due to a diﬀerence between H2 and D2 in
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quantum statistical mass eﬀect on the vibrational energy level
normal to the surface.17 This result conrms that D2 is favorably
adsorbed onto the entire surface of these materials compared
to H2.
The isosteric heat of adsorption applying the Clausius–Clapeyron equation was calculated (Fig. S7, ESI†) by using the
adsorption isotherms at diﬀerent temperatures from 19.5 K to
70 K. For comparison of the diﬀerent materials, in Fig. 3 the
isosteric heat of adsorption is shown to be dependent on the
surface coverage, which is the hydrogen uptake normalized to
the max. uptake at 19.5 K. Note that the enthalpy adsorption
step shown in Fig. 3 is the measurement error which is not
avoidable, and the enthalpy graph should be consecutive.
Details are provided in Fig. S7, ESI.†
The analysis of D2 and H2 adsorption enthalpy gives similar
maximum values of 5–6 kJ mol 1 for ZIF-8 and COF-1, and lower
values of 4 kJ mol 1 for COF-102 near zero surface coverage,
respectively. With increasing H2 or D2 loading up to 90%
coverage, all values are decreasing closely to 2 kJ mol 1. This
result is consistent with the typical value of H2 adsorption
enthalpy for other MOFs showing a decrease of the heat of
adsorption with increasing hydrogen uptake.18 Furthermore, at
low coverage we do not observe any high heat of adsorption nor
a strong initial decrease with increasing uptake as materials
possessing unsaturated metal site19 typically exhibit, which
conrms that the investigated materials do not possess any
open metal site or polarizing adsorption site. Consequently, the
determined heat of adsorption mainly represents van der Waals
interaction potentials between pore wall and hydrogen
isotopes.20 With decreasing pore diameter, the interaction
potential starts to overlap with the opposite pore side leading to
higher heat of adsorption for smaller pores as observed for ZIF-8
and COF-1.
Furthermore, we consider the diﬀerence in the heat of
adsorption between H2 and D2. Owing to the large pore size of
COF-102, the heat of adsorption between D2 and H2 is almost
identical over the whole range of coverage. In contrast, for ZIF-8
and COF-1 possessing smaller pores, D2 shows a higher
adsorption enthalpy than H2, which may indicate a quantum
connement eﬀect.
For assessing the correlation between eﬀective quantum
sieving under optimum operating conditions and pore aperture
size, comparison of the D2/H2 molar ratio in the temperature
range of 19.5–70 K and a pressure range of 0–1 bar is shown in
Fig. 4. The molar ratio (nD2/nH2) of COF-102 is just slightly
larger than 1 at all temperatures only because of the favorable
D2 adsorption on the surface, meaning that the quantum cryosieving eﬀect is nearly negligible and it behaves like conventional porous materials. However, a completely diﬀerent
behavior can be seen when the diameter of the pore aperture is
decreased from 12 Å to 9 Å. At low temperatures, 19.5–40 K, the
molar ratio (nD2/nH2) at near zero coverage pressure is
remarkably larger than for higher pressures (Fig. 4). This result
implies that the quantum connement eﬀect can be already
observed at a pore aperture of 9 Å and a maximum molar ratio
(nD2/nH2) of 7 is reached at 19.5 K. This tendency becomes
stronger when the diameter of the pore aperture is decreased to
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Fig. 2 Isotherms for H2 and D2 adsorption on (a) ZIF-7, (b) ZIF-8, (c) COF-1 and (d) COF-102 at various temperatures (in the range of 19.5–70 K) and pressures (in the
range of 0–1 bar); open symbols indicate D2 and closed symbols indicate H2.

Fig. 3 Isosteric heat of hydrogen and deuterium adsorption for ZIF-8 (black
squares), COF-1 (red circles) and COF-102 (blue triangles) as a function of the
surface coverage. Closed symbols denote hydrogen and open symbols denote
deuterium.
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3.4 Å and a maximum molar ratio (nD2/nH2) of about 11 is
reached at 19.5 K under zero coverage pressure. Moreover, the
observed pressure range at 30 K and 40 K is also shied to
higher pressures compared to COF-1 (9 Å). One should note that
the obtained molar ratio (nD2/nH2) is based on equilibrium
isotherms, and if the kinetic eﬀect is exploited for an isotope
mixture, the kinetic selectivity of D2/H2 will be signicantly
enhanced. Nevertheless, this very high value of the molar ratio
(nD2/nH2) at near zero coverage pressure is remarkably higher
than the previously reported highest kinetic value of about 5.8.21
Most importantly, our new experimental results indicate clearly
that the optimum pore diameter for quantum cryo-sieving must
be larger than 3.0 Å and should be smaller than 3.4 Å. In
contrast, computer simulations report diﬀerent values for the
optimum pore diameters of 6.23 Å,22 5.6–5.7 Å (ref. 12 and 14) or
2.6 Å,13 which may be caused by diﬀerent theoretical methods23
applied. Furthermore, diﬀerent potentials for the hydrogen
molecule and carbon surface have been used, yielding small
variations in the eﬀective pore diameter (e.g. 0.6 Å), which will
inuence the selectivity signicantly.24
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Fig. 4 Comparison of the molar ratio (nD2/nH2) as a function of the eﬀective pore size of organic frameworks in the temperature range of 19.5–70 K and a pressure
range of 0–1 bar.

Conclusions
In conclusion, we experimentally determined the D2/H2 molar
ratio at various temperatures and pressures, and correlated it
with the pore size and aperture of diﬀerent microporous
framework materials. Clearly, the molar ratio (nD2/nH2) is
strongly dependent on the pore size, temperature and pressure.
Materials with suﬃciently narrow pore size (exhibiting
connement eﬀects) under optimum pressure and suﬃciently
low temperature show a favored D2 adsorption over H2 leading
to a higher D2/H2 molar ratio. In this regard, the experimentally
determined optimum pore aperture for quantum cryo-sieving
should lie between 3 Å and 3.4 Å. Although a remarkably high
molar ratio (nD2/nH2) can be observed only at near zero
coverage pressure, our experimental results are important
guidelines in the area of separating H2 isotopes via quantum
cryo-sieving for designing new optimized organic framework
materials.

4
5
6
7
8
9

Acknowledgements

10

H. Oh is grateful for the scholarship from the International Max
Planck Research School for Advanced Materials (IMPRS-AM).
Partial funding by the German Research Foundation DFG
within the priority program SSP 1362 is gratefully acknowledged
by the authors. SBK is grateful to the Alexander von Humboldt
foundation for a fellowship.

11

Notes and references
1 N. N. Greenwood and A. Earnshaw, Chemistry of the Elements,
Butterworth-Heinemann, Oxford, 2nd edn, 1997.
2 H. K. Rae, in Separation of Hydrogen Isotopes, American
Chemical Society, 1978, pp. 1–26.
3 Quantum sieving: eﬃcient isotope separation is possible
when quantum eﬀects become signicant which can be
observed when the diﬀerence between the entrance pore
diameter and the size of the gas molecule becomes
comparable to the De Broglie wavelength. When
decreasing the pore diameter close to the molecule size,
the zero-point energy can overcompensate the attraction of

This journal is ª The Royal Society of Chemistry 2013

12
13
14
15
16
17

18
19
20

the wall, leading to an energy barrier for molecules
entering the pore. This barrier is greatest for the molecule
with the highest zero-point energy. Owing to this eﬀect, at
low temperature molecules of the heavier isotope diﬀuse
faster than lighter molecules, resulting in kinetic isotope
quantum molecular sieving.
J. J. M. Beenakker and S. Y. Krylov, J. Chem. Phys., 1997, 107,
4015–4023.
P. Kowalczyk, P. A. Gauden, A. P. Terzyk and S. Furmaniak,
Phys. Chem. Chem. Phys., 2011, 13, 9824–9830.
A. V. A. Kumar and S. K. Bhatia, Phys. Rev. Lett., 2005, 95,
245901.
P. Kowalczyk, P. A. Gauden, A. P. Terzyk and S. K. Bhatia,
Langmuir, 2007, 23, 3666–3672.
T. X. Nguyen, H. Jobic and S. K. Bhatia, Phys. Rev. Lett., 2010,
105, 085901.
X. Lin, J. Jia, X. Zhao, K. M. Thomas, A. J. Blake, G. S. Walker,
N. R. Champness, P. Hubberstey and M. Schröder, Angew.
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