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WHAT HAPPENS DURING THE EXPERIMENT
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WHAT DO WE MEASURE HZB.... ..
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INSTRUMENT COMPONENT HZB. .. . .
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Nuclear Neutron Scattering from a single fixed atom HZB .. . .
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* A neutron beam incident on a single atom. The incident neutron can
be described as a complex plane wave.
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Where Y is the normalisation constant.

* Assuming just nuclear forces, which are very short range, the neutron
sees the scattering centre as a point and as a result the scattering will
be isotropic. The scattered wavefunction is
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The quantity b; is known
as the scattering length




Nuclear Neutron Scattering from an ensemble HZB. .. . .
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= What we see in the detector is the sum of all spherical waves,
which in its turn reflect the position of scattering centers R,
» These positions can be time dependent — we see the

dynamics R; (t)
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NEUTRON SCATTERING

1 meV=8cml=240 GHz =12 K= 0.1 kJ/mol ~ ps
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Energy materials

Kagome spin ice state in non-
artificial compounds
Science 2020

Exotic excitations in quantum
spin liquid in Kitaev systems
Nat Communication 2021

Self-diffusion in hydrated NT
Nanoscale advances 2020
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Reversible adsorption induced
graphitization of porous carbon
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NEUTRON SPECTROSCOPY — A NANOSCOPE
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» Neutron spectroscopy is in nanoscope that allows to follow ionic diffusion in space
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Nagy, Gergely. (2011). Structure and Dynamics of Photosynthetic
Membranes as Revealed by Neutron Scattering.

S(q.m)

Diffusive motions
{Quasi-elastic neutron
scattering)

Elastic scattering

W

|

Molecular vibrations
Phonons (internal mades)
{external modes) {Incoherentinelastic scattering)

{Coherentinelastic scattering) /

Excitation energy (hm)

Time scale : from picoseconds to 500 nanoseconds
Q and length scale domain : 0.02-6 A1 ~ 30— 0.05 nm

Sensitive to hydrogen, different cross sections for H and D




EXPERIMENTAL SPECTRA
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Sample: confined H,0O
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EXPERIMENTAL SPECTRA

Sample: H,0 in MCM-41 In energy
1000000 ' - I - I - !
H,O in MCM-41
100000 Small energy changes T=160K
Neutron energy loss E, < E, Slow motion, diffusion [ ———T=250K
_ 10 [ | 1011 10125
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é "'!J v Neutron energy gain H,>E;
£ 100 ‘
A _
10 Fast motion,
vibration, 10-13s [
14 | : | : | -
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AE=0
energy [meV]
E.=E,

Elastic resolution of instrument defines us the slowest motion what we can
observe in the experiment
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OBSERVED SPEC HZB
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Energy [meV]

G. Gunther, V. Grzimek et al, J Phys Chem Lett 2019



EXAMPLES - MOLECULAR DIFFUSION HZB
Helmholtz
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Diffusion — motion of particles when

time average position within certain

time window is not constant

Types of diffusion:

O Long range translation diffusion - related to mass transfer
O Diffusion in confinement — no mass transfer

1 Rotational diffusion — reorientation of molecules



EXAMPLES - MOLECULAR DIFFUSION HZB
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S(Q. @) ~e 2" AQR)S(Q @) 4> A (Qr,)L(@,[(Q))

Stationary part Mobile part

-

e Particles immobile within time window
defined by instrumental resolution
* Preferential positions of motion if they

stay the same over long period of time



EXAMPLES - MOLECULAR DIFFUSION HZB
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Long range translational diffusion : « Continuous flow usually due

Fickian diffusion: gradient of concentration
* A, =0since all particles are moving

* No interaction between the

—r2/
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EXAMPLES - MOLECULAR DIFFUSION HZB
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Lonqg range translational diffusion :

e Stronger interactions
S(0, o) ~ 1 T between the particles
, 2 2
T o+ e Particles are caged in

_ L between the neighbors
Random jump diffusion :

e Particles resides time 7and

DQ2 h

— _ _ undergo jumps with the
rQ 1+ DQ? /E, t—E—O andl = V6Dt goJump
length /
Chudley Elliott — jump diffusion in crystals 06— / .......... ———
0,5 — Jump 'tzzlli(;fktlzi:)n -
_f g _sin@D chier o
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Gaussian distribution
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Solid-state NMR primarily detects:

QENS:

> ns-ms > ps-ns

> residence times > jump length

» jump rates (indirectly) > residence times

» chemical environments . )
» diffusion geometry

» slower dynamics . .
Y » confined vs long-range motion

However: )
> correlation effects

! no information about space propagation of > dimensionality of diffusion

ditfusion motion ¢~ This information is not accessible with NMR.

| no direct jump geometry

| limited sensitivity to very fast processes
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Application of TOF spectroscopy to investigation

of molecular diffusion

= Hydrogen isotope transport effects

= |on diffusion in solid electrolytes



EXAMPLES — MOLECULAR DIFFUSION IN H, HZB
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Properties of bulk hydrogen

10%
1 H Metal Liquid metal
10° -
S 10*
o
2
8 10%
o Critical point
0
10 H, liquid
» | solid Tripelpoint T H i
10 gas
10° 10" 10° 10° 10* 10° 10°
Temperature [K]
Melting point 14.01K at ambient pressure
Boiling point 20.28K at ambient pressure
Critical point 32.9K

Triple point 13.8033 at 7.042kPa



Pressure [bar]

PROPERTIES OF HYDROGEN

H Metal

solid

Critical point

liquid
Tripelpoint =7 H 5
| gas |

Liquid metal

10°

Ordinary bulk diffusion:

10" 107 10° 10°* 10°

Temperature [K]

v(H,)= V2v(D,)
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Classical
particle

~ )Pore size

Concept of kinetic
guantum sieving (KQS)!"3

HZB Helmholtz

Zentrum Berlin

Hydrogen isotopes are geometrically identical but quantum mechanically very different.

Classical quantum sieving exploits these differences, whereas lattice-driven gating can even

reverse the expected isotope mobility

Molecular mass (u)
HO—H bond length
(A)

Van der Weals
diameter (A)
Melting point (K)
Boiling point (K)

A ge Broglie At boiling
point (A)

A at 77 K (A)

de Broglie

2.016

0.741

~2.9

13.99
20.27

~3.4

~1.74

4.028

0.741

~2.9

18.73
23.67

~1.23

——

6.032

0.741

~2.9

20.6
25.0

~2.0

~1.01

19



EXAMPLES — MOLECULAR DIFFUSION IN BULK H, HZB
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Bulk Hydrogen at T=15K Long range translational diffusion :
: 1200 4—— b
Q=04A" . , —
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0.1

Linewidth is a function of Q2

0.

D~Q2 and is 0.43+0.01 A 2/ps at 15K
E,=3.38 £0.27 meV

NO Statlonary part — hot Conflned F. Fernandez-Alonso et al, PRL 1998



CHEMICAL SEPARATION ENERGY CONSUMPTION

Transportation
28%

|

Commercial
19%

TOTAL
US ENERGY
CONSUMPTION

98

QUADS*

:

Residential
219%

Industrial
329%

45-55%
Energy consumed by
separation processes
A 4

HZB Helmholtz
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Chemical separations account for about half of U.S. industrial energy use
and 10-15% of the nation’s total energy consumption. Developing
alternatives that reduce energy input can make most of these separations

more energy efficient.

Sholl, D. S.; Lively, R. P. Seven chemical separations to change

the world. Nature 2016, 532, 435-437.

Porous materials for gas storage / separation

Zeolite Membrane
Selective Conjugated

Thermal
separations

W Distillation
M Drying
I Evaporation

» High surface areas
» Low density
» Tunable / hierarchical

structures

M Non-thermal
separations

Stable

Soluble Supercapacitor

Scalable

__ Polymer
-

 MOF

* Photocatalyst

";’CO F

Amorphous

Processable

Crystalline Adsorbent



THREE MAJOR MECHANISM FOR GAS SEPARATION

Equilibrium separation

Equilibrium
separation

e Separation is
based on
thermodynamic
affinity of
gasses to
adsorbents

e All guest
molecules can
access pores

e Extra energy
required for
degassing

Nonequilibrium separation

Kinetic separation Molecular sieving

e Separation is e Separation is
governed by based on
difference in the inaccessibility of
diffusivity of the pores to
each gas certain gas
component molecules

e Mostly efficient e Efficient only in
in microporous microporous
materials materials

HZB Helmholtz

Zentrum Berlin

Kinetic Separation

4 ¥ T
1_‘.
% K
W :
S * ol |
o JSimmsat,

® fast diffusing component © slow diffusing compenent

-
Molecular Sieving

® small component ' large component




GIRDLER SULFIDE SEPARATION PROCESS

The Girdler process separates hydrogen
isotopes by the temperature-dependent
equilibrium of the exchange reaction

COLD TOWER
~30°C from cold tower -

| HZB.....

| Zentrum Berlin

HOT TOWER
~130°C

H;S + H;0 (low HDS)

between water and hydrogen sulfide. Deuterium Deuterium
prefers the prefers the
water phase sulfide phase
GIRDLER EXCHANGE REACTION P -
Feed water -ﬁ
H,0 + HDS = HDO + H,S (Natural abundance) 3
D = 0.015% i
At low temperature: ,t‘ Chemical exchange
Deuterium prefers the water phase (HDO) f;Er_j Water in packed towers
St hlgh. temperature: ‘E% 3::: H,O + HDS
euterium prefers the H,S phase (HDS) el =
o4
e HDO + H,S ;
ISOTOPE SPECIES 4 l - Enriched D,0
Depleted water i (heavy water)
@0 HO light water {recycled to feed) -
@® HDO semi-heavy water
@@ D.0 heavywater
e S g e S e R e H,S + HDS (high HDS)
@@ H,5 hydrogen sulfide from hot tower
@© HDS  semi-heavy sulfide H,S CIRCUULATION LOOP
@© DS heavy sulfide H,S gas is recycled continuously

(D = deuterium)

DRIVING FORCE: TEMPERATURE-DEPENDENT EQUILIBRIUM

Equilibrium constant K., = (aHpo * @H2s)/ (@120 * @ups) increases with temperature.

Low T — D in water |

High T — Din H,S

GIRDLER PROCESS FLOW DIAGRAM (COUNTER-CURRENT EXCHANGE) FROM HEAVY WATER TO D, GAS

o Heavy water product

Enriched D,0
(typically 99.5 - 99.9% D)

A

e Electrolysis of heavy water

H, D,
(at cathode) at anode)
*]
® 0"

| 0 D, gas product

“ High purity D, gas
(purity > 99.9%)
H, gas (by-product)

can be recovered from the cathode
stream.

OVERALL ROUTE TO D, GAS

¥ Uses well-known chemical reaction and proven industrial technology.

v Counter-current contacting in two towers (cold and hot).

v Continuous process with H,S recycle.

¥ Produces high-purity heavy water (D;0).

v Basis of industrial heavy water production for nuclear, research and
special applications.

Natural Water Girdler Sulfide Heavy Water Electrolysis D, Gas
(D = 0.015%) Process (D,0) {or other conversion) (High Purity)
» aa W B 3
o W &N W | %e
R = -~

* H,S is toxic and corrosive — containment and
materials are critical.

+ Energy required for heating (hot tower) is the
main utility demand.

» Modern alternatives (e.g., membrane and
adsorption processes) are under development.



QUANTUM SIEVING EFFECT HZB......
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Girdler sulfide separation process Quantum sieving effect

THIRD STAGE ‘SECOND S14GE FIRST STASE

A De Broglie wavelength of hydrogen isotopes Matter waves of hydrogen isotopes at 25 K
I“;.. [ R i (same thermal energy, different de Broglie wavelengths)

Y AR h h — Planck constant (6.626 x 1034 J s) . Awz (25K) =356 A
-
-

. -] (T A= E — —__—~ ____ m-— particle mass D H * »
b0 sk o ' = —23
JE— P A f3 m kBT kp— Boltzmann constant (1.381 x 1072 J/K) ‘ ‘ 2 /\_/\_/\
A X > Apz (25 K) =252 A
- [t b e ’
oy

-

T’ — temperature

, Mass =~ Mass  Aat300K Aat100K Aat50K Aat25K 01' D /\/‘\/\/\
e P mw | k) @) & A | @ .

LL

_-—
Y 4 L Tl 2
\. K \L) o H, 2016 3347x107 103 1.78 262, || 9:56 W ol et
e e e Pl bl e @O0 T
T T T W e T D, 4.028  6.694 x107% | 0.73 126 | 178 2.52

6.032 | 1.002x107% |  0.59 1.03 1.45 2.06

) ) Quantum-sieving separation based on de Broglie wavelength
Uses seve ral ste PS to aCh jeve enri Ched De Broglie wavelength Vs temperature In nanoporous materials, the motion of light molecules such as H, can be

strongly influenced by quantum effects. The de Broglie wavelength determines
how well the matter wave fits into confined spaces and interacts with the pore
walls and potential barriers, leading to isotope-dependent adsorption and diffusion.

heavy water

Nanopore gate

Isotope produced trough electrolysis
of H,0 and D,0
Costly (D,0 ~ $300-500/ |) and not

H,
(larger A,
lower confinement energy)
transmits more easily

(sr'gallerl),
ff. . t partially hindered)
very erricien
Y e L Xaﬂ(rz -
HYH en smaller
Selectlwty S=1.5@ 293 K 10 L 10 i od . sifonglvhindered)

Temperature (K)



QUANTUM SIEVING EFFECT

Girdler sulfide separation process

THIRD STAGE ‘SECOND S14GE FIRST STASE

¥
\-

y
LL
>
y

\\

-
-

{ e
I
-

0 L G

-+

el Ty G8 Bpdrapee wlfice prozics sty

Uses several steps to achieve enriched

heavy water

Isotope produced trough electrolysis

of H,0 and D,0

Costly (D,0 ~ $300-500/ |) and not

very efficient

Selectivity S=1.5@ 293 K

F atomic Brergy of Canedn Lisessd .

HZB Helmholtz
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Quantum sieving effect

Classical
= particle

Pore size

Concept of kinetic
quantum sieving (KQS)*3!

|
de Broglie wavelength

h h
A= =
mv \/ 2mmk B T
a)
22 = Adsorption
©  Desorption

CMS T3A

1.0" ’ ; g

o

0 20 40 60 80 100

Pressure / kPa

* Based on the difference of the de Broglie
wavelengths

* D,issmaller asH, diffusion of D, is faster as of H,

¢ Most pronounced around 23 K

» Better separation, High cost

Selectivity S=13 @ 24K
J. Am. Chem. Soc. 2017, 139, 15135-15141

Example: microporous carbon with pores of 3-5 A

—
[=]
=)
=3

2

=g

[=]

&
L

CMS Takeda 3A

Intensity H
g
Intensity D,

et

D (m2s)
2
1
"Q"
N
\

Intensity D,

T T T T T T
20 40 60 80 100 120 140
temperature (K)



KINETIC QUANTUM SIEVING IN MIL-53 (AL) HZB. .. . .
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Flexible metal organic framework MIL-53 (Al) » Forms one-dimensional diamond-shaped channels running
along the crystallographic c-axis. Depending on (P, T) and
isotope

-np ~2.6x13.6 A2

-lp ~ 8.5x8.5 A2

-vlp:d, . ~8.5~12 A

pore

(a)

—~
o
N

W
o

W
o

«Infinite chains of corner-sharing AlO,(OH),
octahedra
«Connected by terephthalate (BDC) linkers

» Flexible structure which responds to the

o]
[4)]
1
N

o
nD,/Al

external stimuli ( P, T) => breathing effect 10 4

» Two breathing transitions depending on

Amount of adsorbed D, (mmol g’

Amount of adsorbed H, (mmol g’

isotope

Tl =

102 10" 100 10" 102 10° - 102 101 100 10! 102 103

JACS, 2020, 142, 13278-13282 Pressure (mbar) Pressure (mbar)
Advanced Materials 33 (20), 2007412 NEW MECHANISM IS INVOLVED!!!



QENS: NANOSCALE MOLECULAR DYNAMICS HZB. .. . .
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pressure loading of

18 mmol/g
(a) Deuterium
101 0.7 mmol/g 0 25K 1 6.4 mmol/g 0 25K | 18 mmol/g o 25K (b) ] 77K
o 40K o 40K o 40K 104 D
] o B0 K ] 060K 7 60K e Q=0.3754"
£ o 77K o 77K o 77K @ ]
= c .
5 1074 ; : 5 1074
= g ]
21073 E E L —
2 >, 10°
£ 10" 3y - o oS = z ‘@ ]
- 1 I T c =
1071 | J D 1074
] . | i ‘ I|| , | [ ‘ | . , I ,|| | | , . , . ‘ ‘ ‘ I = S
-0.8 04 0.0 0.4 a8 04 0.0 04 as -0.4 0.0 0.4 0.8 1
Energy transfer [meV] Energy transfer [meV] Energy transfer [meV] 1074 H ' : " : " - 7'7 K
b) Hydrogen 1044 M,
(b) Hydrog = ] % Q=0.3754"
.1 0.7 mmol/g o0 25 K] 6.4 mmol/g 0 25K 18 mmol/g _ o 25K ‘é ¢]
0 0 40K ] o 40K o 40K 5 1074
10°] 0 60K ] o 80K 1 o 80K ¥el ]
= Lk o 77K o 77K o 77K S, 4]
_g 1074 i l.' é\ 10
— H
2 S 107
g £
L
= 1024 : : .
: 3 -0.8 -04 0.0 04 0.8
08 04 00 04 @8 04 00 04 @ 04 00 04 08 Energy transfer [meV]
Energy transfer [meV] Energy transfer [meV] Energy transfer [meV]

Advanced Materials 33 (20), 2007412



QENS: NANOSCALE MOLECULAR DYNAMICS HZB .. . ..
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QENS . rQ) = h 1-——) pressure loading of 18 mmol/g
broadening: Tg 1+ Q21§
0.4
25 K 40 K s H,
- jump length and t - residence time go'?’ * P
502
l 3 : folt Lt
p(1) = L * exp(— Self-diffusion p = = =5 | l
lo coefficient To ,|
0.0L£
Two temperature regimes o | Hos
w u [ : 1rigi i
P g ;0.3 :”gld CMS Takeda 3A - fleX|bl? l .L l l
Low and medium T (< 40 K) - equal isotope Eos : . e
= Ewa_gnz ’_,ﬂ/’
diffusion, pores are accessible for D, or open % I I
for both isotopes o.o-z o —
0.0 Semperatireii 0.0 05 1.0 1.5 20 25 3.0 3.5 4.0
High T > 60 K - D, diffuses faster @ne Q2[A?)

@

New mechanism
Advanced Materials, Volume: 33, Issue: 20, DOI: (10.1002/adma.202007412)
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Thermal Gating Kinetic Quantum Sieving

HZB Helmholtz
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T[K]
(a) closed structure (b) 1 breathing transition (c) g™ breathing transition
(0.7 mmol/g) (6.4 mmol/g) (18 mmol/g) D () BIO : GP . 4|0 25 = 20
*
- 118 mmol/g 2
,f’ 1 -5 & H2
" 1 %
R el 1.0- Dy=7.75 x 10° m? s
K=k ” NS S om —_— 4 2
_/-/\-Eﬁ; - o e Ea=0.61 kJ mol”
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100 : — i
Temperature [K] Temperature [K] Temperature [K] NE 1 DD— 293 x 10.8 m2 51
& vl 3 _ -1
“&M pressure :.:"‘- "‘:.: g 0'0 - Ea— 0.40 kJ ITIO'
wooxrox B - % M x 5 gsl
e w o w il
(d) Rigid material (Takeda 3A) - i) =
(0.5 mmol/g) I : T r T T T T T T T g T
5 0.012 0.018 0.024 0.030 0.036 0.042 0.048
£ T [K"]
S ol D,
x| i::—'—'—‘*H
Q1 *T :/ <
o~ The kinetic quantum sieving effect the separation is more
20 40 60 80 100

Temperature [K]

efficient at elevated temperatures ! Why?

Why D, diffuse faster?




Thermal Gating Kinetic Quantum Sieving in MIL-53 (Al)

(a) closed structure (b) 1%t breathing transition (c) phd breathing transition
P (0.7 mmol/g) (6.4 mmol/g) (18 mmol/g)
%;'3_ ’J* D,
NE P ’
o2 e
= X .‘*- =—" H;
Q 1- ]

i’---* 7.‘\\. il
\‘ D2 ’, .

" H, w

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Temperature [K] Temperature [K] Temperature [K]

o

Quantum transport ( ~ 25K)

Transport limited by quantum confinement and pore access.
at very low loadings when D), > Dy,
Intermediate temperature (~40 K)

Lattice expands, pores are open and accessible for H, and D, ,
DDZN I)H2

In(D [m?s™])

HZB Helmholtz

] Zentrum Berlin

T[K]

5080 60 40 25 20

118 mmol/g * D,
1.9 m H

2

. * Blima ]
1.0 D=7.75%x10°m? s’
_— Ea= 0.61 kJ mol’

_ D,=2.93 x 10® m? s
0.0+ S Ea=040kJ mol”
-0.51
-1.04 =

0.012 0.018 0.024 0.030 0.036 0.042 0.048

Framework-assisted transport (~60 K- 80 K) - Thermal Gating Kinetic Quantum Sieving

Large amplitude framework vibrations are activated and assist hopping.
D, couples more effectively to the fluctuating adsorption potential
Dy, > Dy,

T

How can we further improve the selection
and increase the temperature range?




CU-ZIF-GIS

‘ \ 34 months in air

A h 10 months in Ar
Fresh sample

Intensity [a.u.]

HZB Helmholtz

Zentrum Berlin

g}

Expansion

Cu-ZIF-gis Structure

> No open sites

» Cu-based ZIF framework with GIS topology
(gismondine-like)

» 3D network of cylindrical cavities with
internal diameter d, of about 2.33-2.44 A

» Linkers are morerigid

» Expansion of lattice with temperature

l I Simulated t‘/ | | I |
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10 20 30 40 B
- §
——————
Temperature a b c \%
(K] (Al (Al Al (A7)
100 23.392 23.392 7.693 4209.499
223 23.426 23.426 7.701 4226.136
298 23.439 23.439 7.704 4232.475

Jung, M., Park, J., Muhammad, R. et al. Lattice-driven gating in a Cu-based zeolitic
imidazolate framework for efficient high-temperature hydrogen isotope separation. Nat
Commun 16, 2032 (2025). https://doi.org/10.1038/s41467-025-56649-5



o

D, AND H,

SORPTION IN CU-ZIF-GIS
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» The adsorption isotherms exhibit a pronounced hysteresis, indicating structural deformations during the adsorption-

desorption cycle.

» The maximum adsorption uptake is observed at 130-135 K, with the exact temperature depending on the hydrogen

isotope.

» The isotope-dependent maximum uptake at 130-135 K coincides with the temperature range where framework

dynamics become increasingly important for isotope transport.
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» The subtle quasielastic broadening observed by QENS

reveals that H, and D, remain largely localized at

adsorption sites throughout the entire temperature range

studied, indicating strong host-guest interactions and

pronounced coupling to the MOF framework dynamics.

» The degree of localization differs for H, and D,, reflecting

their distinct quantum states and adsorption energies, and

providing direct evidence for the potential of isotope-

selective separation
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N.Kojima, T.Ohba, Y.Urabe,
H. Kanoh, K. Kaneko, Pore-Width-
Dependent , Journal of Nanomaterials,

2011,

853989, https://doi.org/10.1155/2011/8

53989
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Hydrogen isotope separation in porous materials is governed not only by pore size, but by the interplay of
quantum effects, host-guest interactions, and framework dynamics. Advanced porous materials enable
efficient H,/D, separation beyond the limits of classical quantum sieving and extend isotope selectivity to
unprecedented temperature regimes

MIL-53(Al) Cu-ZIF-gis

Flexible breathing framework Rigid-looking framework with dynamic gate

Strong D, localization in adsorption sites Temperature-dependent pore aperture

Enhanced D, coupling to framework vibrations Lattice-driven gating

Separation up to 80-100 K Separation up to ~120-150 K

Neutron spectroscopy provides a unique link between molecular-scale dynamics and macroscopic separation
performance, revealing:

* adsorption-site localization,

o diffusion pathways,

e host-guest coupling
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