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Abstract: The separation of deuterium from hydrogen still
remains a challenging and industrially relevant task. Com-
pared to traditional cryogenic methods for separation,
based on different boiling points of H, and D,, the use of
ultramicroporous materials offers a more efficient alterna-
tive method. Due to their rigid structures, permanently
high porosity, tunable pore sizes and adjustable internal
surface properties, metal-organic frameworks (MOFs), a
class of porous materials built through the coordination
between organic linkers and metal ions/clusters, are more
suitable for this approach than zeolites or carbon-based
materials. Herein, dynamic gas flow studies on H,/D,
quantum sieving in MFU-4, a metal-organic framework
with ultra-narrow pores of 2.5 A, are presented. A specially
designed sensor with a very fast response based on sur-
face acoustic waves is used. On-chip measurements of dif-
fusion rates in the temperature range 27-207 K reveal a
quantum sieving effect, with D, diffusing faster than H,
below 64 K and the opposite selectivity above this tem-
perature. The experimental results obtained are confirmed
by molecular dynamic simulation regarding quantum siev-
ing of H, and D, on MOFs for which a flexible framework
approach was used for the first time.

Deuterium is essential for industrial and academic applications,
such as heavy water moderated fission reactors, neutron scat-
tering, NMR spectroscopy, and tracing in metabolic pathways.
Due to its high technical demand, the separation of deuterium
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from hydrogen still remains a challenging and industrially rele-
vant task. Cryogenic methods for separation based on different
boiling points of H, (20.3 K) and D, (23.6 K) give a selectivity of
3 at 20 K.l The use of microporous materials offers a more effi-
cient alternative method based on the quantum sieving (QS)
effect. This term, first introduced in 1995, describes a phenom-
enon appearing at low temperatures when the difference be-
tween the pore size and molecular diameter of the adsorbate
becomes comparable to the de Broglie wavelength of the ad-
sorbate.” In this case, the heavier isotope will have a lower
zero-point energy, resulting in its faster diffusion compared to
the lighter isotope. The different de Broglie wavelengths of H,
and D, at 77 K (~1.8 and 1.2 A, respectively)® indicate a small-
er molecular diameter for D, with respect to H,. With the mo-
lecular diameters of H,/D, estimated in the range of 2.4-3.1 A,
we can expect that QS might occur in ultramicropores with
aperture widths of <5 A, approximately. Such small pores can
be found in zeolites, carbon-based materials, and metal-organ-
ic frameworks (MOFs). Although many theoretical and compu-
tational investigations on QS have been performed,® only a
limited number of microporous materials have been tested for
QS separation of H,/D," such as zeolites,”” porous carbons,®®
MOFs,*" and covalent-organic frameworks (COFs).["'?

In most cases the H,/D, selectivity has been determined
from the amounts taken up under certain (non)equilibrium
conditions (i.e. from H, and D, adsorption isotherms or from
desorption measurements on samples loaded with H,/D, mix-
tures). However, it is difficult to optimize the separation condi-
tions using this approach because the obtained selectivity is
influenced by many different factors (such as temperature,
pressure, loading time, etc.). Since QS relies on different diffu-
sion rates of isotopologues, direct kinetic measurements are
highly preferable for studying and optimizing QS-based sepa-
ration processes. Up until now, only very few dynamic studies
on H,/D, QS have been performed. Kinetic profiles of H, and
D, uptake in microporous carbons®™ and Zn,(bdc);[Cu(pyen)]
MOF® were obtained by monitoring time-dependent weight
change in a closed system. However, the diffusion kinetics in
such measurements might be influenced by the pressure
change with time and, therefore, studies under constant pres-
sure or gas flow are preferable. So far, gas flow studies on H,/
D, QS have only once been reported for zeolites and carbon-
based materials employing an external mass spectrometer as a
detector."

Herein, we report on dynamic gas flow studies on H,/D, QS
in MFU-4 metal-organic framework ([Zn;Cl,(BBTA),], H,-BBTA=



1H,5H-benzo(1,2-d:4,5-d")bistriazole)™ using a specially de-
signed sensor with a very fast response and based on surface
acoustic waves (SAWs).'* The technical design of our
MOF@SAW device architecture has been described in a previ-
ous publication,”® in which thin films of metal-organic frame-
works (MOFs) with different pore sizes were grown on a sur-
face acoustic wave (SAW) substrate, resulting in very sensitive
and specific sensor systems for the detection of various gases
(CO,, H,, He, NH;, and H,0) at very short time scales. We were
able to show that such a MOF@SAW sensor responds within
milliseconds to gas loading and its sensitivity reaches levels as
low as 1 ppmv. This unique combination of sensitivity and fast
response characteristics allows even for real-time investigations
of the sorption kinetics during gas uptake and release. In order
to push the technical limits even further we herein report on
the temperature-dependent response characteristics of this
sensor design on the quantitative differences in the intracrys-
talline gas diffusion of two isotopologues, namely H, and D,,
for which case, to the best of our knowledge, no real-time
measurements have been reported before.

SAW sensors are widely used devices that can incorporate
MOF thin films for fast, ultrasensitive, inexpensive, and selec-
tive detection of gases, with applications such as environmen-
tal monitoring, chemical threat detection, food quality control,
and medical diagnosis."*®**'%'" Implementation of MOFs in
electronic and sensing devices is a highly interesting and
promising research field."®

In our experiments, MFU-4 was grown directly from the solu-
tion on the active sensor area forming a monolayer of single
crystals, as described recently."® The applied SAW sensor con-
sists of three IDTs, consisting of two comblike interdigitated
metal electrodes, defining the wavelength of the SAW on the
chip,l'™ a piezoelectric substrate (LiNbO,). One centre IDT is
employed to generate the SAWs by applying a high frequency
signal to it and two outer IDTs to detect both SAWs making
use of the reverse effect of the generation. The delay lines of
SAWs between each outer and the centre IDT are used as sen-
sitive areas to detect molecular weights in terms of the relative
phase shift of both SAWs in a homodyne mixed signal. The
functional principle of such sensors is based on porous materi-
als capturing gas molecules on the surface of a SAW propaga-
tion path. In particular, to detect mass differences in MOFs by
gas adsorption, one delay line is covered with MOF single crys-
tals and the other uncovered delay line is used as a reference
channel. This MOF@SAW sensor responds within milliseconds
to gas loadings as low as 1 ppmv and allows for real-time
monitoring of gas uptake, as has recently been demonstrated
for small gas molecules such as CO, and N,."?

For measurements at very low temperatures, a specially de-
signed reactor chamber is required (cf. Figure S1, Supporting
Information). In this chamber, both the sensor and the supply-
ing gas are cooled down to the respective test temperature in
order to ensure complete thermalization and constant temper-
ature for precise measurement of diffusion kinetics. Neon is
used as an inert carrier gas because its boiling point of 27.1 K
is close to those of the hydrogen isotopologues. Furthermore,
Ne atoms cannot enter the framework of MFU-4 owing to their

kinetic diameter and thus do not affect the adsorption of H,
and D, (Section S3, Supporting Information).

The characterization of MFU-4 for quantum sieving was per-
formed by detecting the adsorption rates of test gas pulses in
a carrier gas flow in real time at various temperatures. The gas
pulse measurements show that the phase shifts and, conse-
quently, the mass loading increases with decreasing tempera-
ture due to larger physisorption at lower temperature, while
the adsorption rate decreases (cf. Figure S2, Supporting Infor-
mation). Temperature dependence of the diffusion rate con-
stants (k) for H, and D,, determined from time-dependent
uptake profiles (cf. Figure S2, Supporting Information), shows
the crossover temperature T, of 64 K (Figure 1a).
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Figure 1. a) Temperature dependence of the rate constants (k) for H, and D,
uptake in MFU-4 with exponential fit functions. b) D,/H, selectivity as a func-
tion of temperature.

Above this temperature, H, diffuses faster than D, due to its
lower molecular weight. As the temperature decreases, quan-
tum effects appear with D, becoming increasingly smaller than
H, (Figure 2b and Figure S3, Supporting Information), making
D, diffuse faster than H,. Such an effect has only been reported
once so far for carbon molecular sieve Takeda 3A, for which
quasielastic neutron scattering studies have shown that D, dif-
fuses faster below 100 K and slower above this temperature.””
The D,/H, adsorption selectivity is determined as the ratio of k
values for D, and H, (Spym, =kp,/k,) depending on the temper-
ature (Figure 1b).
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Figure 2. a) Narrow pore aperture (black dashed circle) and large cavity
(white dashed circle) in the MFU-4 framework. b) H/D-Cl interactions using
the quantum approach at 50 K and the classic limit (298 K).

MFU-4 is selective to deuterium for temperatures lower than
T. and reaches the maximum selectivity Sp,, of 1.35 at the
lowest temperature investigated of 27.5 K (slightly beyond the
carrier gas boiling point). By exponentially extrapolating the
function for lower temperatures, the maximum selectivity Sy,
is expected with a factor of 1.45 at 23.6 K (just before D, con-
denses at 23.57 K).

In contrast to previous investigations,”" in the current study,
the exposure of the framework to gas pulses containing H,
(D,) occurs in a very short period of less than 30s and the
gases were introduced in the presence of a carrier gas (neon).
Comparing these different conditions, we think that in the
present investigations the total loading of MFU-4 with hydro-
gen gas is much lower than in the previous studies, ruling out
a direct comparison of the selectivity values. Selectivities are
expected to be dependent on the concentration of hydrogen
molecules within the pores.

It is very likely that nonadiabatic phononic modes can be
stimulated by SAWs, which differ from those at thermal equi-
librium. Hence, we cannot rule out the possibility that the gas
uptake and release rates measured for MOF@SAW sensors
differ strongly from values obtained by other methods. Howev-
er, we do not claim that our current approach is suitable for
yielding diffusion values which can easily be quantified based
on first principles. Yet our approach is capable of demonstrat-

ing kinetic quantum sieving effects at real time, which, to the
best of our knowledge, has not been demonstrated previously.

To rationalize our experimental findings, we have performed
a molecular dynamics (MD) study on H,/D, QS in MFU-4. Previ-
ous studies suggest that computational modelling provides
good support for the interpretation of QS experiments on
MOFsP %22 and carbon nanotubes.®#2 MD has scarcely been
employed in previous work, such as on zeolite Rho,*” micropo-
rous aluminophosphate AIPO,"”® and on carbon nanotubes.
This is the first MD simulation regarding QS of H, and D, on
MOFs using a flexible framework approach.

A crucial point to which we have paid particular attention is
the use of an accurate force field to describe the interactions
of the hydrogen molecule with the atoms of the microporous
material. The general strategy is to add the quantum Feyn-
mann-Hibbs (FH) correction to the classic Lennard—Jones 12-6
potential. Previous works employ the FH correction up to the
quadratic®'®?! or the quartic®*?*?? terms. However, the
quadratic approximation neglects 20% of the total quantum
correction at 65 K, and this increases to above 50% for temper-
atures of 50 K and lower.”” Hence, we have included up to the
4th order term in the FH correction.

On the other hand, although charge(MOF)-quadrupole(H,)
interactions are important in MOFs with open metal sites,®”
they are less important when no open metal sites exist, as in
MFU-4, and here we have neglected this electrostatic effect.

For the MD runs we employed the NVT ensemble using a
fully flexible model of MFU-4 using a cubic cell of 21.6 A. Six
different loadings were considered using both pure (H, or D,)
and mixed (H,/D,) components. Each run was simulated for
10 ns and carried out 5 times with different initial conditions to
give statistically accurate data. The MD results show that, for
all temperatures in the range of 30-90 K, both H, and D, are
able to diffuse through MFU-4, eventually crossing the small
pore gate and filling the next large cavity in an activated
motion (Figure 3).

The diffusion coefficients obtained (Table 1) indicate the
preferential diffusion of H, at the higher temperatures (>50-
60 K) and of D, at the lower temperatures (< 50-60 K). Agree-
ment with experiments on the selectivities is good, except at
the lowest temperature (30 K) at which quantum effects domi-
nate.

In summary, we have successfully applied a recently devel-
oped and optimized MOF@SAW sensor setup for precise dy-
namic measurements on H,/D, quantum sieving in the metal
organic framework MFU-4 in the wide temperature range of
27.5-207.1 K. The current studies clearly reveal a quantum siev-
ing phenomenon, in which MFU-4, being selective to H, above
64 K, reverses its behaviour and shows faster uptake of D,
below this temperature. The experimental results obtained are
confirmed by MD simulations, also showing that diffusion coef-
ficients for D, are higher below (and lower above) 60K, as
compared to H,. These findings give new insights into kinetic
QS in very narrow pores and underline the great potential of
MOF@SAW sensors for studying and optimizing gas separation
processes including those based on quantum effects and
taking place at very low temperatures.
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Figure 3. Selected trajectories of two D, molecules (black and orange) in
MFU-4 at 50 K showing a long residence time in the large pore, but also
with some narrow pore crossing. A narrow pore crossing event is indicated
by an arrow, with the Cl ligands defining the pore highlighted.

Table 1. Diffusion coefficients (10-1% cm?s~') of H, and D, in MFU-4 ob-
tained from molecular dynamics (at a loading of 20 molecules per unit
cell) in pure component (p) and 1:1 mixture (m) in the 30-90 K interval.
The right column shows the experimentally determined D,/H, selectivi-
ties.

TIK] H, (p) D, (p) D./H, (p) D,/H, (exp)
90 4822.9 4032.9 0.84 0.93

80 4386.8 3556.5 0.81 0.95

60 2277.0 2034.8 0.89 1.02

50 1039.5 1302.1 1.25 1.08

40 409.6 560.8 137 1.16

30 547 136.7 2.50 1.30

T[K] H, (m) D, (m) D,/H, (m)

920 4950.2 24520 0.50

30 454 150.5 331

Experimental Section
Experimental setup of the SAW sensor

For the experimental observation of the gas adsorption characteris-
tic in porous materials, the frequency generator stimulates the
SAWs on the chip at a resonance frequency f,,, of 166 MHz with a
power level Pg,, of 10 dBm. This is a pulsed signal with a pulse
width P,, of 150 ns and a pulse period Pa of 60 pus. The SAW chip
itself consists of three Interdigital Transducers (IDTs), each with a
finger period sy of 70 um (Split2), two delay lines for signal and
reference measurements with SAW propagation paths dgs, 2 mm,
as well as a thermal conductivity detector for monitoring the gas
flow.

The sensitivity and temporal response of this thermal conductivity
detector has been investigated using a chopped light source and
then comparing the sensor response to a fast light detector diode
T/20 ns). It turns out that, depending on the specific gas pulses

due to their different heat conductivity, the lower limit for the tem-
poral resolution is t20,3 ms at a chop frequency of f=1 kHz. For
slower pulse trains, as being used in the present experiments, the
cooling power of the passing gases can be safely assumed to di-
rectly follow the test gas concentration in the carrier gas. For a
pure H, pulse in N,, for example, the “contrast” between the heat
conductivities of both gases is about seven.

The active area of the sensor (S,=1x1.5mm) is covered with a
monolayer of MFU-4-coated single crystals with an edge dygy.4 Up
to 200 nm. The two SAW signals are first amplified by a preamplifi-
er and subsequently processed analogously and digitally. For noise
suppression during measurement, the integral is formed over 30
measured samples and filtered by arguments of 100 ps. All devices
are computer controlled and synchronized with the measured data
using LabView software in the computer. The mass flow parame-
ters for the test and carrier gas are set to a rate rg,, oOf
100 mLmin~", corresponding to a flow velocity vy, of 0.53 ms™" in
the gas pipe line with a laminar flow. The temperature settings at
the respective measuring points are controlled by the adjustable
gaseous/liquid helium flow and a heating coil in the cryostat.

In previous investigations in our group,?'’ MFU-4 samples were
loaded with H,/D, gas mixtures at different temperatures (sample
exposure times ranged from minutes to hours. The H,/D, loaded
samples were subsequently investigated by temperature pro-
grammed desorption, from which the total amounts of the ad-
sorbed gas was quantified.

In contrast, in the current study the exposure of the framework to
gas pulses containing H, (D,) occurs in a period of less than 30s
and the gases were introduced in the presence of a carrier gas
(neon). During the experiments, pure (100%) H, and D, pulses, re-
spectively, were added to the carrier gas, simultaneously switching
off the carrier gas flow. Thus, disregarding any possible interdiffus-
ing and hence not very well defined but short gas pulse interfaces,
a train of carrier gas and pure H,/D, pulses was created which
reached the sample after thermalization. Comparing these different
conditions, in this study the total loading of MFU-4 with hydrogen
gas is much lower than in the previous study, ruling out a direct
comparison of the selectivity values. Selectivities are expected to
be dependent on the concentration of hydrogen molecules within
the pores.

Moreover, in the present investigation a monolayer of nano-sized
MFU-4 crystals was deposited on a piezoelectric substrate and
during gas exposure time, (low power) surface acoustic waves
were applied, possibly accounting for elastic deformation at
normal direction to the surface in the order of one nanometer or
less and typical field strength of 1-5kVecm™'. The exact impact of
the distortion of flexible MOFs in the presence of strong electric
fields is not taken into account by the molecular dynamics calcula-
tions, nor have we experimentally investigated this effect by vary-
ing the SAW power, so far. Electric fields can exert a strong influ-
ence on the mechanical properties of soft materials such as metal-
organic frameworks, as can be seen in a previous publication.?"

MFU-4 is a cubic framework possessing relatively large cavities,
11.9 A in diameter, interconnected by very narrow apertures of
2.5 A (the distance between chloride ligands, cf. Figure 2). This con-
struction, with a large and expanding variety of metals and link-
ers,*? allows for size-dependent sieving of adsorbate molecules
and offers a large pore volume for the uptake of adsorbed species.
MFU-4 was shown to perform H,/D, QS with a maximum selectivity
of 7.5, as determined by thermal desorption spectroscopy after
loading the sample with a 1:1 H,/D, mixture at 60 K.?" although
on a different experimental setup (Section S1, Supporting Informa-
tion). Previous studies on several Zeolitic Imidazolate Frameworks



(ZIFs) and COFs have shown that the maximum D,/H, selectivity is
achieved with the ZIF-8 framework having pores of 3.4 A diameter,
whereas the ZIF-7 framework with 3.0 A pores does not show any
H, or D, uptake at all"" In contrast, MFU-4, possessing even small-
er pore apertures of 2.5 A, still shows uptake of both gases due to
the flexibility of its narrow pores, which arises from the floppiness
of the CI-Zn-N angles, with a very small value of the bending con-
stant (18.5 kcalmol™") as indicated in Table S2, Supporting Informa-
tion.B¥
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