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We report quasielastic neutron scattering studies of H,-D, diffusion in a carbon molecular sieve,
demonstrating remarkable quantum effects, with the heavier isotope diffusing faster below 100 K,
confirming our recent predictions. Our transition state theory and molecular dynamics calculations
show that while it is critical for this effect to have narrow windows of size comparable to the
de Broglie wavelength, high flux requires that the energy barrier be reduced through small cages. Such
materials will enable novel processes for kinetic molecular sieving of hydrogen isotopes.
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The molecular sieving of isotopes has been considered
impossible because of their similar size and shape, and
energy intensive cryogenic distillation or thermal diffu-
sion have been considered more promising for H, isotope
separation [1]. While the possibility of harnessing quan-
tum effects in molecularly sized nanopores to achieve
the equilibrium separation of light isotopes such as hy-
drogen and deuterium has been theoretically recognized
[2-5], its experimental confirmation is awaited. Quantum
separation is facilitated by the larger de Broglie wave-
length of the lighter isotope, which becomes com-
parable to the space available for molecular motion at
sufficiently low temperatures, and restricts its adsorption.
Perhaps even more remarkable is the prediction that the
quantum effect leads to the heavier isotope, D,, diffusing
faster than H, in nanoporous zeolite rho [6,7], with cross-
over in diffusivities at 94 K. Faster particle scale uptake of
D, compared to H, at 77 K has since been observed in
gravimetric adsorption studies [8,9] with carbon molecular
sieves and a metal organic framework material, albeit with
unknown controlling mechanism, but no microscopic evi-
dence for such quantum effects on the transport has been
found.

Here, we report the first microscopic observations of
faster diffusion of D, compared to H, in a nanoporous
carbon molecular sieve, obtained using quasielastic neu-
tron scattering. Our interpretations of the data using tran-
sition state theory and molecular dynamics simulations
demonstrate that increasingly larger pores contribute to
this effect as the temperature is reduced. We find that while
it is critical to this effect to have sufficiently narrow pore
windows, high flux requires that the cages interconnected
by these windows must also be small. These results open
the door for optimal design and synthesis of adsorbents for
new isotope separation processes using kinetic molecular
sieving mediated by quantum effects.

The quasielastic neutron scattering (QENS) measure-
ments were performed on the time-of-flight spectrometer
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ING, at the Institut Laue-Langevin. The incident neutron
energy was taken as 3.12 meV, corresponding to a wave-
length of 5.1 A. The elastic energy resolution is given by a
Gaussian function, with a half width at half maximum
(HWHM) of the order of 40 ueV. The diffusion of mole-
cules can be characterized from the broadening of the
elastic peak (see Fig. 1), the larger the broadening the
larger the diffusivity [10-12]. Our analysis of the QENS
spectra fits a Lorentzian function in energy, of HWHM,
Aw, to the experimental dynamical structure factor,
S(Q, w), obtained at small values of the wave-vector trans-
fer, Q [10—12]. In particular, the analysis of the spectra was
performed at Q = 0.486 A~! in Fig. 1, probing suffi-
ciently large distances compared to the length of elemen-
tary jumps, so that the diffusion process can be described
by Fick’s second law [10]. Under these conditions, Aw is
simply DQ?, so that the diffusion coefficient D can be
obtained [12] from the broadening as a function of Q2.
Furthermore, our QENS measurements were carried out at
very low loading (0.5 mmol/g), at which self- and trans-
port diffusivities are essentially identical [12]. Figure 1
showed excellent fits of Lorentzian functions (solid lines),
after convolution with the instrumental resolution, to the
experimental dynamical structure factors of H, (red
crosses) and D, (blue crosses) in Takeda 3 A carbon
molecular sieve (CMS) for four temperatures: 30, 50, 77,
and 120 K. Only the wings of the QENS spectra were fitted
[13] because the subtraction of the signal of the degassed
CMS, which showed large small-angle scattering, influen-
ces the elastic intensity. It is also evident that the shapes of
the fitted Lorentzian functions obtained for D, are broader
than those for H, at all the temperatures below 120 K,
indicating faster diffusion of D, compared to H, in the
CMS. This difference in width increases with the decrease
in temperature, indicative of a larger decrease in the dif-
fusivity of H, compared to D,. Further details of the QENS
experiment and data analysis are provided in the supple-
mentary material [13].
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FIG. 1 (color). Comparison between experimental and calcu-
lated QENS spectra obtained for H, and D, in Takeda 3 A CMS,
at different temperatures: (a) 30 K, (b) 50 K, (c) 77 K, (d) 120 K
(loading: 0.5 mmol/g, Q = 0.486 A1), These spectra corre-
spond to the grouping of 10 detectors ranging from 0.454 to
0.525 A",

Figure 2 depicts the temperature variation of the self-
diffusivity of H, and D, in the CMS over the temperature
range 30-140 K. Taking into account values from refine-
ments using different groupings of detectors, typical mean
errors of 15% and 25% were estimated for H, and D,,
respectively. A crossover of the diffusivities at 100 K is
evident, with D, diffusing faster than H, below this tem-
perature. Above 100 K it is the H, that diffuses faster, as
can be seen from a comparison between Figs. 1(c) and 1(d).
We have theoretically shown [7], using a Feynman-Hibbs
(FH) path integral formalism [14], that the quantum leads
to faster diffusion of D, compared to H, below 94 K, in
zeolite tho having a narrow window diameter of 0.543 nm.
The pore window diameter or size is defined as the surface
atom center-center distance, and after subtracting the col-
lision diameter of a solid atom, this provides an open di-

ameter of 0.27 nm (considering [15] a surface oxygen di-
ameter of 0.27 nm). This matches well with the primary
peak in the pore size distribution (PSD) of the CMS [16],
depicted in inset (a) of Fig. 2. Consequently, the excellent
correspondence of the experimental and theoretical cross-
over temperatures is a strong confirmation of the impor-
tance of the quantum effect, and its role in the faster reduc-
tion of the diffusivity of H, with decrease in temperature.
A faster decrease of the diffusivity of H, is also predicted
for high temperature amorphous metal membranes [17].

As reference data, inset (b) of Fig. 2 depicts experimen-
tal QENS-based diffusivity data and molecular dynamics
simulation results for H, self-diffusion in zeolite rho at
various temperatures in the range 30-140 K [7]. The ex-
cellent agreement when quantum effects are considered
confirms the accuracy of the QENS experiments and their
sensitivity to the quantum effect.

To examine the conditions that lead to the faster diffu-
sion of D, we employ transition state theory (TST) to the
trajectories of molecules crossing the energy barrier at
narrow windows connecting molecular scale pore bodies
or cages. TST provides the ratio of diffusivities [18].
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At sufficiently low temperature and density the activation
barrier is governed by the difference in solid-fluid interac-
tion energy between the saddle point (U*) and the binding
site in the cage (U”) [19,20], i.e., E, = U* — U". For
sufficiently high temperatures (>40 K), we may model
the quantum effect using the second order expansion of
the FH path integral [14]. Use of a Lennard-Jones (LJ)

-7
10" o
] 0.08
4 Tow PSD of Takeda3A .
1 T oos (a) CMS Takeda 3 A
4 5
Z oo
0.00
_ 2 3 45678910 20 30 4050 R
— Hin () e @ = @
‘Tw //»;3!” ¢
& -~ 1e-8
~ oyt g L . o
[ Uy o7 @ Zeolite rho 6
= 1 & s
a ] @ £ . 8
] 7 & 19 (b)
/ o 3 [
g / 2
/ = § T O Hy (simulation - FH)
-H2¥ 2 ® Hy(expt)
T te-10 A Hy (simulation - classical LJ)|
20 40 60 80 100 120 140 160
9 temperature, T (K)
10 T T T T T T

20 40 60 80 100 120 140
temperature (K)

FIG. 2. Diffusion coefficients for H, and D, in Takeda 3 A
CMS, as a function of temperature (loading: 0.5 mmol/g),
showing typical error bars. Inset (a) depicts the pore size dis-
tribution of the CMS obtained [13] from the interpretation of
experimental high pressure CO, adsorption data. Inset (b) de-
picts experimental and molecular dynamics simulation results
for self-diffusivity of H, in zeolite rho [7].
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potential for the C-H, or C-D, interaction yields [18]

D.(D El— gD 4
11’1(\/5 s( 2)) _ _ =,
D,(H,) kgT T

= 2
where A = 1?Fy(r.,)/kg(Aw)o, representing a quantum
separation factor dependent only on the intrinsic properties
of the adsorption system. Here Au = pc-p,pMc-p,/
(,U«C—D2 - MC—Hz)s and uy-y = mymy/(my + my). oy 18
the LJ length scale parameter. F,(r,;) is a function that
depends on the difference in the strength of the interaction
between the pore mouth and the cage, and is given by

Fy(re) = ofn.fa(r.) — nyfa(ry)]
rarg =25 [aa(20) - ()] @

sf Iy Iy

where n, is the number of carbon atoms surrounding the
saddle point located at a distance 7, and n, the number of
carbon atoms closest to the binding site in the cage and
located at a distance r;,. Equation (2) is a remarkable result,
showing inverse quadratic temperature dependence due to
quantum effects, as opposed to the Arrhenius temperature
dependence expected from a classical activated barrier
crossing process. Figure 3 shows the excellent linear fit
of Eq. (2) to the experimental self-diffusivity data for H,
and D, (Fig. 2), validating the quantum effect; with the
slope yielding the quantum separation factor A.

The inset of Fig. 3 depicts the function a'ff f>(r) for the
CMS, based on which the function F,(r,;,) can be esti-
mated [18]. From the inset, it is readily seen that the
quantum separation factor, A, is governed by the window
size (0.566 nm). Crossover occurs for sufficiently small
windows if the cage size is such that r, > o ;. To inves-
tigate whether the cage size has a significant effect on the
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FIG. 3 (color online). Linear fit of Eq. (2) to experimental data
of self-diffusivity of hydrogen isotopes in CMS Takeda 3 A. The
inset depicts the value of F,(r,,) for CMS Takeda 3 A (F $). Here
ry is the radius of cage (x = b) and window or pore mouth (x =
%) in CMS Takeda 3 A (y = C).

self-diffusivity of H, isotopes, we calculated their activa-
tion energy (E, = U* — U”) at 50 K in carbon models
having various cage sizes but similar window size of
0.566 nm. The large cages were represented by fullerenes,
Cgo, Crg, and Cy, that have center-center diameters of
0.71, 0.81, and 0.87 nm, respectively. The radius r;, of these
large cages is such that r, = 21/ ;. We also examined
the case of a small cage created by removing carbon atoms
from the opposing walls of a slit pore, as illustrated in
Fig. 4(a), which has only 6 carbon atoms and a diameter of
0.632 nm. Calculations showed that the activation energy
E, for the carbon models with the large cages lies in the
range of 5756-6075 K, and is 1.5—1.6 times larger than that
of the carbon model with the small cage size. This leads to
significant retardation of the diffusion of H, isotopes in the
large cage carbon models compared to that in the smaller
cage model. Thus, we conclude that the optimal micro-
structure of porous materials for kinetic separation of H,
isotopes based on the quantum effect must contain small
windows and cages whose radii, r, and r;, respectively, are
such that r, is sufficiently smaller than oy, while r; is
slightly larger o, and in the neighborhood of the distance
at which the solid-fluid interaction approaches zero. This
condition leads to a significantly large quantum separation
factor A, without high activation energy barrier.
Equilibrium molecular dynamics (EMD) simulations
were next conducted to determine the self-diffusivities of
H, and D, in a synthetic model carbon with defective
slitlike pores. This model carbon comprises two parallel
graphitic sheets separated by a carbon-carbon distance
corresponding to pore size Hcc. The size of the slit pore
(Hce < 0.588 nm), is sufficiently small to be slightly re-
pulsive to a hydrogen isotope molecule. Accordingly, if
carbon atoms are symmetrically removed from the two
opposing carbon walls in an identical manner, as illustrated
in Fig. 4(b), cages which can accommodate a hydrogen
isotope molecule are formed between carbon atoms that
are nearest neighbors of the missing atoms. The open space
between the remaining atoms on the opposing walls now
provides the window for entry into the cages, and in this
way cage-window pairs are created. The pore volume of
the carbon model approximates that of the actual Takeda
3 A CMS of 0.17 cm?/ g. Figure 4 depicts the carbon
model which consists of binding sites (centers of cages)
separated by dividing surfaces (broken lines). Hydrogen
isotope molecules (H, and D,) and carbon atoms are
modeled as effective LJ spheres. The Lennard-Jones (12-
6) potential is employed to model sorbate-sorbate and
sorbate-carbon interactions, with the fourth order expan-
sion of the semiclassical Feynman-Hibbs potential [5,6]
representing quantum effects. For the H,-H, and D,-D,
interactions we used the LJ parameters oy = 0.2958 nm
and e/kg = 36.7 K, and for the C-C interaction we used
the flat surface parameters [16] o, = 0.34 nm and
e./ky = 37.26 K. L] sorbate-carbon parameters were de-
termined based on the Berthelot mixing rules. The EMD
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FIG. 4 (color). (a) 3D view of periodic slitlike carbon model
containing 240 carbon atoms. Diffusion path (bending arrows)
shows movement of fluid molecules. (b) A top view of one pore
wall of the carbon model with carbon atoms removed [red
spheres in (a)] to create cages, showing the diffusion path of
an adsorbed molecule through neighboring cages (broken circle),
and through the dividing surface (vertical dashed line).

simulations used a 0.3 fs time step, with total run length
typically 120 ns. Each run consists of 3 molecules in a unit
cell which approximates the experimental loading of
0.5 mmol/g. The self-diffusivity is determined from the
particle velocity autocorrelation function (VACF). Cross-
over of the diffusivities of H, and D, was observed in the
model carbon in the low temperature range of 30-100 K, at
temperature-dependent ultramicropore sizes, Hce, less
than 5.9 A. Our results [18] showed that the experimental
diffusivities of H, and D, could be reasonably matched by
the simulations, but with a pore width that decreased with
increasing temperature. Thus, at 30 K the effective pore
width was 0.588 nm, while at 50 K it was 0.566 nm and at
77 K it was 0.54 nm. From these results we conclude that at
the lowest temperature (30 K) the diffusion is governed by
transport through pores having wider pore mouths, because
of the relatively low associated energy barrier; however,
with an increase in temperature the higher kinetic energy
leads to increase in contribution of narrower pore mouths
offering higher energy barriers. The effective pore widths,
in the range of 5.4-5.88 A (C-C distances) for temperatures
of 30-77 K, clearly fall within the first peak of the pore size
distribution (based on open pore width) depicted in the
inset of Fig. 2, considering a carbon atom diameter of
3.4 A. This confirms that the first peak of the PSD repre-
sents the pore entrances or windows between neighboring
pore bodies (i.e., cages) in the CMS structure.

In conclusion, quantum kinetic sieving of hydrogen
isotopes (H, and D,) has been microscopically observed
in Takeda 3 A CMS at low temperatures (<100 K), with D,
diffusing faster than H, below 100 K. Our transition state
theory and equilibrium molecular dynamics based inter-
pretations of the data indicate that carbonaceous molecular
sieves hold promise as adsorbent materials or membranes

for the separation of H, isotopes by quantum kinetic siev-
ing. The key to an optimal material is to have both a small
pore mouth, to provide a strong quantum effect, and small
cage size, so as to achieve high flux by minimizing the
energy barrier. The design and synthesis of improved
materials with these properties will lead to new adsorptive
separation process for light isotopes. The production of
heavy water by adsorptive D,O-H,O separation is another
tantalizing prospect for application of the above concepts.
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