Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies

Gas phase 'H NMR studies and kinetic modeling of dihydrogen isotope equilibration
catalyzed by Ru-nanoparticles under normal conditions: dissociative vs. associative
exchange

Hans-Heinrich Limbach,*! Tal Pery,! Niels Rothermel,?2 Bruno Chaudret,® Torsten Gutmann,? Gerd
Buntkowsky?

CONTENTS

l. Theoretical Section
A. Dissociative exchange
1. Dissociative adsorption of H,. Adsorption isotherm

2. H/D Isotope Exchange

o A N N DN

B. Associative exchange

Il. '"H NMR spectra 14
lll. Tables 16

! Institut fiir Chemie und Biochemie, Freie Universitdt Berlin, Takustr.3, D-14195 Berlin, Germany. E-mail:
limbach@chemie.fu-berlin.de

2 Eduard-Zintl-Institut fiir Anorganische und Physikalische Chemie, Technische Universitdit Darmstadt,
Alarich-Weiss-Str. 8, D-64287 Darmstadt, Germany

3 Laboratoire de Physique et Chimie des Nano Objets, LPCNO, Institut National des Sciences Appliquées, 135
Avenue de Rangueil, Toulouse 31077, France.

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp

ORCID

Hans-Heinrich Limbach: http/orcid.org/0000-0002-2084-6359
Bruno Chaudret: http/orcid.org/0000-0001-9290-6421

Torsten Gutmann: http/orcid.org/0000-0001-6214-2272

Gerd Buntkowsky: http/orcid.org/0000-0003-1304-9762



l. Theoretical Section

We consider the isotopic equilibration process of gaseous dihydrogen isotopologues H,, HD and D, in contact
with a solid adsorbent, e.g. a metal surface containing hydrogen isotopes in surface sites. We are interested in
the time evolution of the concentrations of all species. As mentioned in the introduction, we consider two

different mechanisms, the dissociative exchange and the associative exchange as illustrated in Figure 1.

A. Dissociative exchange

The main processes occurring in this system is the dissociative adsorption of dihydrogen and the reverse reaction, the
associative desorption. We include the possibility of kinetic and equilibrium isotope effects of the adsorption/desorption
as well as the well-known non-statistical distribution of dihydrogen isotopologues in the gas phase. The differential
equations obtained can be used to simulate numerically experimental kinetic data and to extract the desired rate
constants. If not otherwise mentioned, we follow in this section the nomenclature of usual surface science as described by

Chorkendorff et al.!

1. Dissociative adsorption of H,. Adsorption isotherm

The gas phase — surface hydrogen exchange reaction in Figure 1 can be written in the simplified form

kHH

H, +2*% &——— 2 H*, \¥
kg™

MERGEFORMAT (1)

where * represents the free hydrogen binding sites and H* surface bound hydrogen. Only a single type of
adsorption sites is taken into account. k." and k)" are the rate constants of dihydrogen adsorption and

desorption.
In order to set up the rate law let us define the following quantities. Let M represent the total number of

adsorption sites, V the total volume, assumed to be equal to the volume of the gas phase and N = n,, the total
number of dihydrogen molecules in the gas phase at equilibrium. ¢y, =n,, /V represents then the
corresponding concentration of H, in the gas phase, and py, the vapor pressure of H,. ny. represents the
number of occupied adsorption sites, ¢y« =ny./V the corresponding concentration, and c¢. = n. /V the

concentration of the unoccupied sites.
Let 6, = % be the fraction of adsorption sites covered by H and 6, =(1-6y) be the fraction of

unoccupied adsorption sites. Assuming that the diffusion of dihydrogen in the gas phase is fast, the rate law of
the above reaction can be expressed as

dey,

dt
MERGEFORMAT (2)

1 degs
= kg PrpcsOn kg Cpby = = -

\*
2 dt’
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where the "mean field" approximation is used.! The latter states that the reaction rate of adsorption is
proportional to the concentration of the unoccupied sites ¢. =M. /V =M (1-6,)/V , times the probability
6. =(1-6;) to find an adjacent site also unoccupied. A similar argument holds for the desorption rate. It

follows that

dey, HH M 2 M 1 M doy
—==—k —(1-6y) +k,"  —6," =————=, \*
di apHZV( ) ¢ STV dt
MERGEFORMAT (3)
and that
dc dn 1. .dé
pH2 T g HR, M(1-6y) kM Me = —— M \*
dt dt « PmM( ) kg H > Jt
MERGEFORMAT (4)

This equation corresponds to eq (124) in Ref 1. We note that in this reference the factor of %% is not included.
At equilibrium, the reaction rate is zero, leading to the pressure dependent equilibrium constants of adsorption
and desorption

N U

= = = . \*
K;m k:z{H PHz(l_é’quoz)2

MERGEFORMAT (5)

Here, the infinity symbol has been used to characterize the equilibrium. It follows that

[ -HH
Hﬁc: K, P . \

MERGEFORMAT (6)
Eq \* MERGEFORMAT (6) represents the Langmuir isotherm of dissociative adsorption. For the case where

Ky, py, >>1, it follows that ¢ becomes unity and that 6" vanishes. Assuming the validity of the ideal gas

law as it follows from Eq \* MERGEFORMAT (3) that

HH
RT
d’;“z - & 7 npM(1-6)° + k" M6, =—%M 0 \
t

dt
MERGEFORMAT (7)

The term RT/V can be included into the rate constant, i.e. one can write

dny, _ 1 dny: _ _|dnH29H*H* +|dnH*H*4H2 |

dt 2 dt |dt||dt

\*
2
= kM MQ1-6,) +k MO = kM, MO + kMM [”ﬁj ,

MERGEFORMAT (8)

dn dn
where HM2obrH o0 PHrHA o H)

represent the number of H, molecules which adsorb and desorb per second.

At equilibrium,



4.

2
Aiygs 11 _ dnyy e =k, e = kg | e \k
dt dt o Y
MERGEFORMAT (9)

from which it follows in analogy to eq \* MERGEFORMAT (5) for the mole-dependent equilibrium constants
of adsorption or desorption that
wi_ 1 k"6

GRS, 1-07%)

\*

MERGEFORMAT (10)

In the following, we will only use the latter constants.



2. H/D lIsotope Exchange

In this section, we elucidate the time evolution of a system in which the adsorption/desorption equilibrium
of dihydrogen with surface sites is established but not the isotopic equilibrium in the presence of deuterium.
Again, it is assumed that gas phase diffusion does not need to be taken into account. We consider the presence

of the following isotopic reactions

JHH
H2+2*# 2 H*, (\*
kq

MERGEFORMAT 11a)

kHD
HD+2*$ H* + D*, (\*
kq

MERGEFORMAT 11b)
kDD
D, +2* &—=— 2 D*. (\*
kP
MERGEFORMAT 11c)
The asterisk * indicates again a non-occupied surface site for H or D, and H* and D* a surface hydrogen or
deuterium. In the following, we use "L" as general symbol for H and D. N = ny, +ny, +np, represents now

the total number of dihydrogen isotopologues in the gas phase. It is convenient to define the isotope fractions

for the adsorption sites as

i 0 G ;
MERGEFORMAT (12)
and for the gas phase as

_ nHD;]\?nDZ , 1-xp = Xy = 2”H22;\']nHD ‘ \¥
MERGEFORMAT (13)

The total deuterium fraction of a sample is then given by

Ayp + 200, + Aps _ nyp+t2np, +Ape 2Nxp + xpM (6 + 65)

2nyy + 20y + 20y + A+ e 2N +(6; + 6,)M 2N+M

Xp

MERGEFORMAT (14)
In analogy to eq \* MERGEFORMAT (8), the rates of desorption of the dihydrogen isotopologues are given
by

dnyy, =_|dnH2%H*H* +|dnH*H*aH2 (\*
a | da || a |

MERGEFORMAT 15a)
dnyp :_|dnHD»H*D* +|dnH*D*aHD (\*
a | a || a

MERGEFORMAT 15b)



dnpy, :_|dnHDAH*D* +|an*D*HD2|

a | a || a

>

MERGEFORMAT 15c¢)

dny Y dxyg _ 5 dny, dnyp ’
dt dt dt dt

MERGEFORMAT 15d)

dnp Y dxpys __ dnyp ) dnpy,
dt dt dt dt

MERGEFORMAT 15e)

E

where

dny, pene _ jHH [ Mo NM o2
dt “ UN ’

MERGEFORMAT 16a)

dnyp_, pp> _ jHD (nﬂj NM 6>
dt “ N ’

MERGEFORMAT 16b)

dnp,_,pep+ _ DD 2. NM o2
dt “ N ’

MERGEFORMAT 16c¢)

2
ANy HH | Ppx HH 2
—_— L — k M = k 1 — Xpyx M,
dt T\ M o (1=%)

MERGEFORMAT 16d)

dnyps ,1p HD | M+ || Pp=* HD
—HD*OHD _ op M =2k"Px ., (1= )M,
dt A MmN\ M ¢ o+ (1=%p+)

MERGEFORMAT 16¢)

2
dnpsp D PP Mo* | pp gD 23
dt A\ M ¢ o

MERGEFORMAT 16f)

The total rates of adsorption and desorption are given by

ANyp _ ditygy g " dityp e n dnpy -
dt dt dt dt

MERGEFORMAT 17a)

b

ANy _ A i ity n dipyps pp
dt dt dt dt

MERGEFORMAT 17b)

By combination of eqs (\* MERGEFORMAT 16) and (\* MERGEFORMAT 17) it follows that

(\*

(\*

(\*

(\*

(\*

(\*

(\*

(\*

(\*

(\*

(\*



dny, e _ My ANy (\*
dt k" k)° dt
Ny +—ar Map T o2
ka ka

MERGEFORMAT 18a)

dnyp_, o _ "HD ANy o (\*
de kM kPP i
i Nyy +Nyp + i Npy
a a

MERGEFORMAT 18b)

dt k™ kP dt
Ny + Nyp + Np,
kPP k2P

dnpy_,pep _ npy ANy s (\*

MERGEFORMAT 18c)

The equilibrium constants of desorption and adsorption can be expressed as

HH © 02
HH _ kd _ 1 _ nHZH*

SR T Y v
M
MERGEFORMAT 19a)
kP 1 N 07
K= k(:ID T PRV (\*
a a 2 Ny N«
M N\ M
MERGEFORMAT 19b)
DD:kz?D: 1 _ N 0; ) (\*
d k;)D K{?D e, 2
M
MERGEFORMAT 19c)
In the following, we will assume that the high pressure limit where 6, + 6, =1 is realized, i.e.
Ny Py
xD*:VD,xH*:ﬂHzl—xD* \E
MERGEFORMAT (20)

and that the total number of hydrogen molecules in the gas phase and in the surface sites is constant. It follows

then from eqs (\* MERGEFORMAT 16d) to (\* MERGEFORMAT 16f) that

an; LZ*%L _ N LZL*L* = M (1= xpe )Y M+ 2k (1= xp0 )M + KPP 2 M \*
MERGEFORMAT (21)

As kM =k~ K" we can rewrite eqs (\* MERGEFORMAT 18) and \* MERGEFORMAT (21) as
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i KRR K a
550) yp 5sY)
KDt KPPriM

dny, e _ 0% ANy o (\*

MERGEFORMAT 22a)
dnyp_, yp _ "HD ANy (\*
dt KPky" K"k, e’
Hi, a0 2 T %D Y 5p ap p2
K, kg K, 'k,
MERGEFORMAT 22b)
dnpy e _ "p2 ANy s (\*
dt K, k" K ky" dr

v, oD 2 T Hp, oo HD t D2
Kd kd Ka kd

MERGEFORMAT 22c)
ey k™ (1= xpe )2 M, (\*
dt
MERGEFORMAT 22d)
denesin g0, (), (\*
dt
MERGEFORMAT 22¢)
dnpy« *_y
—DrD*>DD ];’t DD _ j PPy M, (\*
MERGEFORMAT 22f)
dNLLdjL*L* _ dNL*;IiJ;aLL — kM (1- x,, )2 M+ 2605, (1= xp )M + KPPy 2M. (\*
MERGEFORMAT 22g)

where only rate and equilibrium constants of desorption are included. Using eq (\* MERGEFORMAT 19) one

can define the "fractionation factors" of dihydrogen desorption

HD HH DD HD DD HH 2
p _ Ky _ Ky muphys b= Ky Ko~ 2npomye Ky~ K, i _ Mpphtye \*
Y G G VN Ol LR N G G T N
MERGEFORMAT (23)

If ¢, >1 or ¢, >1, D enriches in the gas phase, and if ¢, <1 or ¢, <1, D enriches in the surface. However,
the two fractionation factors are not independent of each other because of the isotopic equilibrium in the gas

phase

H, +D,&—— 2 HD \*

MERGEFORMAT (24)

characterized by the equilibrium constant

K =K= D™D _ 3 95 at room temperature. \*
Mol

MERGEFORMAT (25)
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This value was calculated using isotope theory? and has been confirmed experimentally.? It means that there is

less HD in the gas phase than expected for a statistical distribution where K = 4.

By combination with eq \* MERGEFORMAT (23) it follows that

WY Lo /
=——2 =41 5 ¢, =4"L with ¢,=123¢, at298 K. \*
gas KLII{HKLIDD ¢ R ¢ 2 Kgus ¢ 2 ¢ 1
MERGEFORMAT (26)
Let us define the kinetic H/D isotope effects of desorption and adsorption as
k HH k HD k HH
kdﬁz 1d> kdﬁ: 2d> kdﬁ:Plszd (\*
d d d
MERGEFORMAT 27a)
kM k" k"
kmzpua’ kﬁZPza’ kﬁzplapza (\*

MERGEFORMAT 27b)
By combination of eqs (\* MERGEFORMAT 19), \* MERGEFORMAT (23), \* MERGEFORMAT (26) and
(\* MERGEFORMAT 27) one obtains
4
Pla:¢lPld9PZa:¢2PZd:K_¢lP2d \*
gas

MERGEFORMAT (28)
Thus, the pseudo-first order rate constants k", k", k°, k™, k!, kPP are not independent of each other

and can be replaced by the independent quantities k)", ¢,, B, = B, and B, = P, where we drop the subscript d

standing for desorption. It follows then that

dnHzHH*H* _ Mo dNLLeL*L* (\*
dt Ny + HD. + 2 at
4 AHRP,
MERGEFORMAT 29a)
dnyp_, yrp* - "HD ANy "
il npy dt ,
$ By, +nyp + -2
itk oy p
MERGEFORMAT 29b)
anz_)D*D* _ Npy dNLL—>L*L* (\*
dt b RP + G Py + g dt
MERGEFORMAT 29¢)
s (1Y, !
t
MERGEFORMAT 29d)
s o (1 )

MERGEFORMAT 29¢)
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an*D*A)DD — k;H])I—II)Z—l xD*ZM, (\*
dt
MERGEFORMAT 29f)
Phimie ULl 0 (1. ) M+ 28 e (130 ) 4P 20, (*
MERGEFORMAT 29g)
dn ae ANpags - lp-
LLC;L L* _ LcthaLL :k§IHM ((l—xD*)z +2P, lxD*(l_xD*)+Pl 1P2 1xD*2) (\*
MERGEFORMAT 29h)

By combination with eq (\* MERGEFORMAT 15), taking into account eq \¥* MERGEFORMAT (20) it
follows that

dnyy _ kM . g + 2B nyenpe+ PR g g, (O
dt M "up havy)
My +—2 D2
#F  dhHRE
MERGEFORMAT 30a)
dn K N + 2P e, + PR 2 _
dl;ID: ]L\J/[ I 1 Mlip 1n 2 " op g |, o
$ By, +nyp + ﬁ
PXE)
MERGEFORMAT 30b)
dnpy, __ k;H - ”H*2 + 2Pl_1nH*nD* + Pl_lpz_lnn*z PPNy, (\*
dt M K& B Pynygy + ¢ Panyp + iy
MERGEFORMAT 30c)
dny. _ dny,  dnyp , (\*
dt dt dt
MERGEFORMAT 30d)
dnpy. __ dnyp ) dnp, . (\*
dt dt dt
MERGEFORMAT 30e)

This set of differential equations allows one to calculate numerically the time evolution of ny,, nyp, np,
and np. or the corresponding mole fractions xj. as a function of the total number N of dihydrogen molecules
in the gas phase, the number M of hydrogen sites in the solid, the number L of ligand hydrogen sites, the rate
constant of desorption k;"' and of ligand exchange k", the equilibrium isotope effect of ligand-surface
exchange K, =k "/k!'™, the kinetic isotope effects A and P, and the isotopic fractionation factor ¢ of
desorption, keeping in mind that ¢, =4¢,/K,, =1.23¢, (eqs \* MERGEFORMAT (25) and \*
MERGEFORMAT (26)).

In order to solve eq (\* MERGEFORMAT 30) numerically a MATLAB program was written where the
quantities on the left sides of eq (\* MERGEFORMAT 30) were calculated as a function of time using
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sufficiently small time intervals from the corresponding quantities at # = 0. Two program versions were
written, a simple version with the quantities listed in Table 1 as input parameters, and a second version where

the kinetic parameters could be determined by least-squares fitting of the experimental to the calculated data.

B. Associative exchange

In this model, we assume that gaseous dihydrogen molecules can bind to the surface and exchange
directly hydrogen isotopes with a neighboring bound hydrogen, releasing again a dihydrogen molecule as
illustrated in Figure 1b. The following reaction steps are assumed to occur which are responsible for
establishing the isotopic equilibrium in the gas phase. The model is less detailed as illustrated schematically in

Figures 2 and 10.

HHD
H, + D¥*—<— > H*+ HD, (\*

MERGEFORMAT 31a)

HDD
HD +D*—<——H*+D, , (\*

MERGEFORMAT 31b)

DHH
DH + H*—<——D*+H,, (\*

MERGEFORMAT 31¢)

kDDH
D, + H*—e——>D*+DH. (\*

MERGEFORMAT 31d)

LLL
ke

The first two superscripts of the rate constants stand for the reacting dihydrogen isotopologue and the last

superscript for the surface bound hydrogen with which the exchange occurs. The following reactions will also

be present

HHH
H, + H¥—<¢ 5 H* + H,, (\*

MERGEFORMAT 32a)

HDH
HD + H*—< s H*+ HD, (\*

MERGEFORMAT 32b)

kHDH
HD + H*—<—— H* + DH, (\*

MERGEFORMAT 32c)

DDD
D, + D¥—<¢—D*+D,, (\*

MERGEFORMAT 32d)
but they are not further considered here as they cannot be monitored because they do not alter the
concentrations of the isotopic species. The time dependence of the latter is given by

dny, J; DPH
e

dt
MERGEFORMAT 33a)

HDD *
Npphys +k, Rgphps, (\
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dnyp _ J; DHH
e

HDD DDH HHD %
i Rupfygs —k, Agphps K Applge + K By fps (\

MERGEFORMAT 33b)

dny, _jHHD
- e

dt
MERGEFORMAT 33c)

DHH %
Ruplipe + k. Agphys (\

an* _ dnH* _ 7 DDH
-85 _ ke

dt dt
MERGEFORMAT 33d)

HDD DHH HHD *
Mppfys = ko Apphips + k. Ryp g =k Ry s (\

At equilibrium

o0
dnp,

dt
MERGEFORMAT 34a)

_n_ 17.DDH o _ o HDD_ o o *
=0=k, npphpge +k, ApAD. (\

dnyp

dt
MERGEFORMAT 34b)

_(__;DHH HDD DDH HHD *
=0=—k,  myphygs—k, Hyphps + k7 Apphpge kT B ips, (\

dny,
dt

MERGEFORMAT 34c)

_ ~_ 7 HHD DHH %
=0=—k,  npgnps+k,; ngphye, (\

an* __dnH* —0= kDDH _
Y, =T, =U=k, Npplyx

dt dt
MERGEFORMAT 34d)

HDD
k

e

DHH HHD %
Mypips Tk, Nypphys =k, gy ips, (

from which it follows that

HHD HDD
ke

NN neL A
_ ""HD H*_¢1 and e _ ""DD'*H* _¢2. \*

DHH o o DDH = -
ke

HH'D* e NypMp*
MERGEFORMAT (35)
¢, and ¢, are fractionation factors and represent the equilibrium constants of the isotopic reactions

JHHD
H,+ D* + k;? HD + H*, (\*

€

MERGEFORMAT 36b)

JcHDD
HD+D*+];$D2+H*. (\*

MERGEFORMAT 36a)

Attention: These are not the same quantities as those defined in the previous section, but in a similar way they
are not independent of each other because of the isotopic equilibrium in the gas phase (eq \*
MERGEFORMAT (24)). By combination of eqs \* MERGEFORMAT (25) and \* MERGEFORMAT (35) it
follows that
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© o0 HHD; DDH
Kgas =K= nHDnHD = keDHerHDD = ﬁ : \*
nuhpy ke k. 9,
MERGEFORMAT (37)
Subtraction of eqs (\* MERGEFORMAT 33) and (\* MERGEFORMAT 34) leads to
% = kPP (nDDnH* — NP e )+ kPP (nHDnD* — N D ), (\*
MERGEFORMAT 38a)

dn
HD __ DHH © © HDD © o
— =k, (nHDnH* — Rygphps )» k, (nHD Npx — NpHps )

dt ’ N
4 j;PPH (nDD Myge — N )+ JHHD (nHH Npys — Mg ng’*)
MERGEFORMAT 38b)
dn @ 0o D/t
dl;u _ —k;{HD (nHHnD* — Ny Aps )+ kCPHH (nHDnH* — Nyp/y* ), (\*
MERGEFORMAT 38c)
dny. dny = ne HD1Dy
d[t) _ _TI: _ k;)DH (nDDnH* — N5 )» keHDD (nHDnD* — Nyphps ) (\*
+ k(?HH (nHDnH* - ”I?Dnlojlj*)» k:[HD (nHHnD* B nﬁHn]O;* )
MERGEFORMAT 38d)
Let us define the kinetic isotope effect
keHHD
A= DD ’
MERGEFORMAT (39)

which corresponds to the rate constant ratio of the H transfer from H, to D* and of the D transfer from HD to

D*. Using eq \* MERGEFORMAT (35) we can then express all rate constants in eq \* MERGEFORMAT 38

as
JHDD _ kP o ke Je DOH _ kPP Kk,™? Kk \
: R T > ? R
MERGEFORMAT (40)
With eq \* MERGEFORMAT 38) it follows then that
O N -
d]tDZ = _7 (nDDnH* ~ pp/iy= )’F P (”HD”D* ~ ap i+ ), (\*
191 1
MERGEFORMAT 41a)
dn [ o HiD L
% =— (nHDnH* - ”HD"H*)‘T(”HD”D* - nHDnD*)
1 \
KkeHHD [} 0 HHD 0 0 ’ (
PJ (nDDnH* — Npp My« )+ k (nHHnD* — Ry Ay )
191
MERGEFORMAT 41b)
dny, HHD 0w o w ® "
e —k, (nHHnD* — Ny e )+ p (nHDnH* —npins ), (\
1

MERGEFORMAT 41c)
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an* dnH* KkeHHD ( © o }kEHD (n n i )
= = Npyp Mg« — Bpp Ay * *
dt dt P1¢1 DD""H DD""H HD""D HD""D

*
J HHD > (
e > © k HHD _,© 0
+ _¢ Myp g — Nyplly= e Ny fip« — Ny lip+
1

MERGEFORMAT 41d)
or
dn K 0 00 1 ons
_dll?z = keHHD {— o, (nDDnH* ~ Ipp /g« )+ E(nHDnD* ~ up’p* )} ’ v
MERGEFORMAT 42a)
dn 1 © © 1 © © K i ® ot >
HD _ keHHD {__ (nHDnH* ~ ypMys )> P (nHDnD* ~ppfpx )'F (nDDnH* ~Mopt )+ (nHHnD* - Mo )} ,
dt 9 A h:
(\*
MERGEFORMAT 42b)
dn ® n® ! D Er
_dfz = keHHD {— (nHH Apys — Ry M« )‘F ¢_(nHDnH* ~ Mapfta+ )} > -
1
MERGEFORMAT 42¢)
dnpy. dny« K w0 o 1 o o0 1 © o o o
d? _ _T? _ keHHD {FW] (”DD”H* — Npp A )»E (nHDnD* ~ Nplp+ )+ ¢_1(nHDnH* — NypNy« } (nHH Ny« — Mgy Hps )} .
(\*
MERGEFORMAT 42d)
Using eq \* MERGEFORMAT (40) one can also choose k. °" as variable leading to
dn o), ? D>
dltjz = keDDH {_ (nDDnH>‘< — Hpphiy+ )+ ?(nHDnD* ~ Mo )} , N
MERGEFORMAT 43a)
d}:D =k {_El(nHDnH* - nHDnH*}%(nHDnD* ~ Mup/p= )+ ("DDHH* ~ Moo/ )+ 1K1 (nHHnD* e )} .
(\*
MERGEFORMAT 43b)
dn P¢ 0o © P o0 0
dl;Z _ k?DH {— lKl ("HH”D* — Mg fp* )*EI(HHDnH* ~ up/iys )} > "
MERGEFORMAT 43c¢)
dnye  dngs ® HD /D> o ) D
d]; _ _d_;, _ k;)DH {(nDDnH* — N g )‘¢_[{I(nHDnD* ~ HpMp+ )—F%(nm)nm ~ /s }—}?1 (nnnnm — Ay p+ )} .
(\*
MERGEFORMAT 43d)

The time dependence of the concentrations of the different species can be calculated as a function of the

parameters k"', P, ¢, and of the initial sample composition. The values characterizing the equilibrium
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sample composition are also needed, but they depend on the initial sample composition as shown in the

following.
Let N be the number of dihydrogen molecules in the gas phase
N =njyy +njp +npp -

MERGEFORMAT (44)

For the isotopic mole fractions it follows that

o0 00 o0
1= Ny + Myp + fipp

N
MERGEFORMAT (45)

_ ™ el el
= Xy +xHD +xDD‘

The equilibrium gas phase deuterium fraction is given by

xp =12+ Xpp
MERGEFORMAT (46)
It follows that
Xpp = Xp —xHTD and that xj; =1-xp _x%

MERGEFORMAT (47)
By combination with eq \* MERGEFORMAT (35) it follows that

o0 o0 o0 o0
K= Xup¥up _ *up¥up
T2 x® Pas Xp
HH DD (1 _ I;D _ xOS )(xog _ ;D

MERGEFORMAT (48)

For K =4 one obtains a statistical distribution where
Xiip =255 (1= xp), xiyy = (1= x5)%, xpp = x5

MERGEFORMAT (49)

For K # 4 a simple calculation shows that

. K o, 4KS(1-x2) K
Xpp == + -
P \/(4—1() 4-K 4-K

MERGEFORMAT (50)

Let us now discuss the isotopic composition of the surface. Let M be the number of surface H and D

M:n:* +n§*.

MERGEFORMAT (51)

The corresponding isotope fractions in the surface are then given by

s 0y

* *

1= 4+ 22 = X, + X
M

M
MERGEFORMAT (52)

The total deuterium fraction of the combined gas and solid phase is given by

\*

\*

\*

\*

\*

\*

\*

\*

\*
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Yo App +2n8pp + Nps _Iyp + 2npp +nps _ 2Nxp + xpM \x
P Dy + 21y + 200 + Ry + 1 AN+ M AN+ M
MERGEFORMAT (53)
In a closed system, Xp, is time independent and given by the initial sample composition. For example, if
initially there are only D, molecules in the gas phase and no D in the surface, then it follows that
_ 2N . \
PN+ M
MERGEFORMAT (54)
Using eqs \* MERGEFORMAT (35) and \* MERGEFORMAT (47) we obtain
HDD HHD 0
—kDDH oot ¢, and —5—= _ i =¢, xpp =xp _ 2D 5nd that Xy =1— x5 _ Xip. or
k NYp i k, Ny ps 2 2
xl}szE* _ 4, and SiD¥i XhpX i 4. \*
XHupXp* xHHxD*
MERGEFORMAT (55)

For a statistical distribution of hydrogen isotopes in the gas phase with K=4 it follows that ¢,=2 and ¢, =0.5.

As x5y =1-x3 —’% it follows that

o Xy @
(xp — %)(1 — Xps)

6, = xHD(l_xD*) and ¢, = 2 __ ) \
(1-xg -0y, e
2
MERGEFORMAT (56)
and that
e 2§ xpe(1-xp) _ 2xp(I—xp.) \*
HD

21-xp)+dxp 20,50 +(1-xp)
MERGEFORMAT (57)

In the following, we determine the equilibrium fractions of the different isotopic species as a function of
the sample composition and the fractionation factors. By rearrangement of eq \* MERGEFORMAT (56) it
follows that

$,55- (1= x5 + 20,3
(= x50) QU= x50) + @ 3 J e (1= x5 + 26035 )
MERGEFORMAT (58)
From eq \* MERGEFORMAT (53) it also follows for equilibrium conditions that

\*

w_
Xp =

CX?_

Xp (2N +M)-x5M
2N '

\*

MERGEFORMAT (59)

From both equations we obtain
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. 2N¢1x§*(1+(2¢2 _1)x;§*)
{I—xﬁ*)(2+x§*(¢1 —2))+¢1x1°)°* (1+ 24, —x% )}(XD (2N+M)—x{'§*M).

MERGEFORMAT (60)

\*

This equation is of the type
- ax (1 + bx))
N {(1 -X) (2 + cx)+ dx (1 + bx)}(e—fx)
MERGEFORMAT (61)
with

\*

X=Xp, a=2Np,, b=2¢,-1, c=¢,-2,d=¢,, e=X,2N+M), f=M. \*
MERGEFORMAT (62)
From eq \* MERGEFORMAT (61) it follows that

X (cf —dbf)+x*(bde+2f —df —cf —ab—ce)+x(-2f +ce—2e+ed —a)+2e=0.
This equation is of the form

Ax® +Bx* +Cx+D =0 \*
MERGEFORMAT (63)
where

A=c¢f —dbf , B=bde+2f —df —c¢f —ab—ce, C=ce+ed -2f -2e—a, D=2e. \k
MERGEFORMAT (64)

Eq \* MERGEFORMAT (63) is most conveniently solved numerically using a suitable program. From

that we obtain xJ, as a functionof N, M ,. ¢,, ¢, =%. Using eq \* MERGEFORMAT (58) we also can

calculate the equilibrium deuterium fraction x;; in the gas phase, and hence those of HH, HD and DD at
equilibrium,

In order to solve eq \* MERGEFORMAT (64) numerically again a MATLAB program was written where
the quantities on the left sides of eq \* MERGEFORMAT (64) were calculated as a function of time using

sufficiently small time intervals from the corresponding quantities at ¢ = 0.
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Il. 'TH NMR spectra

Figure S1. Line shape analysis of the gas phase 500 MHz 'H NMR spectrum of the Ru/HDA/D+H, sample
(800 mbar H,) at 48 min reaction time.
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superimposed calculated and
-—\\\\\e)i)erimental spectra

background spectrum empty sample tube

—

20 15 10 5 0




-19-
Figure S2. Gas phase 500 MHz '"H NMR spectra of a Rw/HDA/D+H, sample (800 mbar H,) inside a closed

NMR glass tube showing the release of HD at different reaction times.

Empty tube

10 min

20 min

//\\ 30 min

P 38 min
/\ 48 min
,//\ 58 min
P 66 min
,///\‘ 81 min
95 min
//\\‘\ 108 min
//\ 129 min
/\ 174 min

,//\ 1400 min




=20 -

lll. Tables
Table S1. 'H signal intensities in units of Z for the reaction Ru/HDA/H + 800 mbar D,.
time/s [HD]/Z
600 0.18502
1200 0.29914
1680 0.34596
2160 0.36212
2760 0.39583
3660 0.4233
4200 0.42516
8160 0.4741
11700  0.46862
61440  0.54729
63780  0.54548

Table S2. 'H signal intensities in units of Z for the reaction Ru/HDA/D + 800 mbar H,.

time /s
600
1200
2280
3480
3960
4860
5700
6480
7740
10440
84000

[HD]/Z 2[H,]/Z
0352  2.24397
0332  2.2829
0.441 1.96099
0.48635  1.89991
0.48025  2.04092
0.54592  2.0245
0.475 1.853
0.49346  1.94997
049128 1.89131
0.525 1.95775
0.57268  1.95952

Table S3. 'H signal intensities in units of Z for the reaction Ru/PVP/H + 800 mbar D,.

time /s
480
1020
1560
2160
2700
3480
4080
10200

[HD]/Z
0.13629
0.18655
0.18793
021778
0.239
0.23652
0.26736
0.24226
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