-
™
<
[
-l
wd
=
™

Makies

www.MaterlalsVIews.com

Kinetic Isotope Effect in the Hydrogenation and

Deuteration of Graphene

Alessio Paris, Nikolay Verbitskiy, Alexei Nefedov, Ying Wang,* Alexander Fedorov,
Danny Haberer, Martin Oehzelt, Luca Petaccia, Dmitry Usachov, Denis Vyalikh,
Hermann Sachdev, Christoph Woll, Martin Knupfer, Bernd Biichner, Lucia Calliari,

Lada Yashina, Stephan Irle,* Alexander Griineis*

Time-dependent photoemission spectroscopy is employed to study the kinetics
of the hydro-genation/deuteration reaction of graphene. Resulting in an unu-
sual kinetic isotope effect, the graphene deuteration reaction proceeds faster
than hydrogenation and leads to substantially higher maximum coverages of
deuterium (D/C=35% vs H/C=25%). These results can be explained by the fact
that in the atomic state H and D have a lower energy barrier to overcome in
order to react with graphene, while in the molecular form the bond between two
atoms must be broken before the capture on the graphene layer. More impor-
tantly, D has a higher desorption barrier than H due to quantum mechanical
zero-point energy effects related to the C-D or C-H stretch vibration. Molecular
dynamics simulations based on a quantum mechanical electronic potential can
reproduce the experimental trends and reveal the contribution of the con-
stituent chemisorption, reflection, and associative desorption processes of H or
D atoms onto graphene. Regarding the electronic structure changes, a tunable
electron energy gap can be induced by both deuteration and hydrogenation.

1. Introduction

Kinetic isotope effects (KIEs), i.e., a dif-
ferent reaction constant for isotopes,
are important phenomena in physical
chemistry. They have been studied for a
long time in their relation to the activa-
tion and rate of chemical reactions.l A
significant contribution to KIE are vibra-
tional zero-point energy (ZPE) effects that
upshift the energy of a chemical bond
by half the phonon frequency of its con-
stituents (given the temperature at which
our experiment is performed, only the
ground state of the harmonic oscillator is
relevant). Hence, KIEs are easy to observe
in the hydrogen isotopes (deuterium and
tritium) due to their large relative mass
difference and were studied, even at the
single-molecule level,?l for hydrogen
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transfer in organic reactions including acid and base catalysis,
enzyme reactions and catalytic decomposition.®! Most of these
reactions were carried out with H and D in a molecular con-
figuration and it was found that the reaction constant for the
D compounds is lower than for the corresponding H com-
pounds. These results are explained by the larger ZPE for H
bonds, which results in a lower potential energy barrier to be
overcome for H-bonds breaking as compared to D bonds. As
a result, the bond-breaking reaction proceeds faster for the H
compound than for the D compound. Similarly, recent simula-
tions have shown that laser irradiation of hydrogenated/deuter-
ated graphene causes H to desorb from the central carbon atom
of pyrene, whereas D remains adsorbed on the surface.[*! There
have been very few reports on experiments carried out with
one reactant being atomic H or D such as the H-D exchange
reactions®®l or reactions of H(D) with oxygen”] where it was
found that the oxygen-H(D) reaction proceeds equally fast for
D and H. This was attributed to the absence of vibrational zero-
point energy effects for the atomic species. Much less is known
about the kinetics of these reactions in functional carbon mate-
rials based on hydrogenated graphene,® such as novel 2D
polymers.P)

Herein, we present a novel inverse kinetic isotope effect
involving the reaction of H/D radicals with the carbon atoms of
epitaxial graphene. Graphene serves as an ideal two-dimensional
model for covalent functionalization!'” with hydrogen,®11-13]
fluorine,'®17] nitrogen,'®1% oxygen?*?!l as well as with small
organic molecules.? Effects due to the interchange of '2C and
13C isotopes have been investigated particularly in the engi-
neering of carbon materials with controlled isotope constitu-
ents.[3l The advantages of graphene include a flat, well ordered
large area surface with constant density of atoms. Therefore,
the time-dependence of stoichiometry, which is necessary to
describe the kinetics, can be precisely controlled and measured.
Previously, we have shown that high resolution C 1s core-level
X-ray photoemission spectroscopy (XPS) directly yields the stoi-
chiometry of hydrogenated graphene (H-graphene) due to the
chemical shift between hydrogenated and un- hydrogenated
carbon atom peaks, and it allows time-dependent graphene
hydrogenation to be studied in situ.! In a similar manner, we
here determine the C-H and C-D stoichiometries by XPS for a
time-dependent series of hydrogenation and deuteration reac-
tions for a monolayer of graphene from the pristine state up
to the maximum H or D coverage. In addition, we used the
near-edge X-ray absorption fine structure (NEXAFS), which
is sensitive to the number of H or D atoms chemisorbed on
graphene as it reduces the 7 resonance intensity in the absorp-
tion spectrum, to independently confirm the different satura-
tion of the two atomic species. Further, we model the measured
time-dependent C/H and C/D stoichiometries by a first order
adsorption model which yields the values of reflection, chemi-
sorption and associative desorption probabilities’®! of H and D
atoms. In addition, we perform quantum-mechanical molec-
ular dynamic (QM/MD) simulations of the hydrogenation/deu-
teration process and model calculations for the potential energy
curves of the adsorption process of H/D on a coronene mol-
ecule. To directly investigate the changes of the electronic band
structure and investigate a possible electronic isotope effect, we
perform angle-resolved photoemission spectroscopy (ARPES)
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as a function of deuterium chemisorbed by graphene. We
will show that a pronounced isotope effect is observable in the
chemisorbtion of D and H on a graphene monolayer, resulting
in a faster rate of absorption and a higher saturation coverage
for the former than for the latter. Moreover, the experimental
results are interpreted through a phenomenological model
applied to the collected data and are also correctly reproduced
by the quantum-mechanical simulation.

2. Results and Discussion

2.1. The Reaction Product: Fully H/D Saturated Graphene

Quasi-free-standing graphene on Au/Ni/W was synthesized
in-situ by chemical vapor deposition (CVD)!*>?42°] and exposed
for a definite period of time to a beam of atomic hydrogen!®!°!
or deuterium. This leads to formation of C-H and C-D bonds
perpendicular to the graphene plane.l®] The associated vibra-
tional energy of the C—H (C-D) vibration along the bond axes is
estimated to be very similar to that of H(D) on graphite giving
2650 cm™ (1950 cm™),2%27] which amount to a difference of
700 cm™! or equivalently 87 meV. The large energy difference
between C-H and C-D vibration is important for ZPE effects.
After each hydrogenation/deuteration step we recorded the C
1s photoemission spectra to determine the H/C and D/C ratios.
Upon hydrogenation or deuteration the C 1s line is represented
by the convolution of three different contributions:[*! pris-
tine graphene carbon atoms (hereafter called C1 component),
carbon atoms with a deuterated/hydrogenated neighbor (C2)
and atoms that have C-D or C-H bonds (C3). The three compo-
nents were fitted with Doniach—Sunjic lineshapes. We can esti-
mate the H/C or D/C ratio 1 according to n = C3/(C1 +C2 +C3).
The C 1s spectra for H/D saturated graphene layer are shown
in Figure 1la. We show here only the C3 components as they
demonstrate the difference between the D/C ratio and the H/C
ratio. The high binding energy shoulder (C3 component) of the
C 1s line corresponds to a chemical shift due to formation of
C-H/C-D bonds and thus the H/C and D/C stoichiometries
can be conveniently obtained with an accuracy of =1%. As it
is clearly seen from Figure la, the H-graphene saturation (H/
C=25%) and D-graphene saturation (D/C=35%) differ signifi-
cantly. This fact is corroborated by NEXAFS spectra displayed
in Figure 1b (additional spectra for different incidence angles
of light are included in the supplementary information). We
observe that the intensity of the m* resonance peak is remark-
ably lower for completely deuterated graphene than for fully
hydrogenated graphene, confirming the higher saturation of
carbon 2pz orbitals perpendicular to graphene and, hence, the
corresponding decrease of the number of in-plane 7 bonds.

2.2. Reaction Kinetics

The higher D/C ratio vs. H/C ratio was observed at all expo-
sure times. In Figure 2a two series of C 1s spectra at selected
exposure times for graphene hydrogenation and deuteration
are presented (the full dataset is shown in the supplementary
information). One can conclude that deuterium chemisorption
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Figure 1. (a) C 1s core-level spectra of fully hydrogenated graphene (H-graphene) and fully
deuterated graphene (D-graphene). The H/C and D/C ratios are 25% and 35%, respectively. The
red (green) line represents the fit to experimental data for H-graphene (D-graphene), while the
red area (red+green area) is the C3 contribution from carbon atoms bonded to hydrogen (deu-
terium). Experimental spectra are normalized to the area under each curve. The inset depicts a
magnification of the C3 component. (b) Carbon K-edge NEXAFS spectra taken at 55° between
the polarization vector and the surface normal, for pristine graphene, fully hydrogenated and
fully deuterated graphene. Spectra are normalized to a common intensity for photon energies
between 320 and 330 eV.

proceeds faster and reaches a higher final coverage as compared
to hydrogen chemisorption, thus the KIE is confirmed over the
whole chemisorption series. As we will discuss later, this is a
direct consequence of the ZPE effects which are responsible
for faster formation of stronger C-D bonds as compared to
C-H bonds. Moreover, comparing the =25% coverage data for

[ [o3 C2 IC3(H) mucCs (D)
t=3000 s t=6000 s t=9000 s t=12000 1=20000 s
@ ' [ 16.6% | [ 19.4% | 20.9% | 25.2%
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deuterated graphene (t = 6000 s) and hydro-
genated graphene (t = 20 000 s), we note that
the deuterated graphene has a considerably
larger C1 component in the fit. This is a
direct consequence of the lower aromaticity
of the deuterated compound with respect to
the hydrogenated compound. An ideal C,H
compound would have a zero C1 component
but this is not the case for C,D as we will dis-
cuss later in the context of possible chemi-
sorption patterns.

Next, we investigate the H-D exchange
reaction by exposing a fully hydrogenated
(deuterated) graphene to D(H) atoms. Since
the chemical shift in C 1s spectra for D- and
H-bonded carbon atoms is indistinguish-
able within XPS experimental resolution, it
is hardly possible to prove the existence of a
mixed H/D chemisorbed phase. We are able
however, to study whether fully hydrogenated
graphene (25%) is still susceptible to further
deuteration or whether it is completely inert.
Similarly, we study the opposite problem
whether we can reverse the 35% D/C ratio

to a 25% H/C ratio by exposing a fully deuterated graphene
to a beam of H (this would happen if all D atoms were to
be replaced by H atoms via H-D associative desorption). In
Figure 2b we show that D chemisorption on fully hydrogenated
graphene increases the coverage up to 29.5%, which suggests
that D reacts with graphene C atoms in between C-H bonds. It

also means that only partial H-D
exchange may occur, because full
H-D exchange would result in a
coverage of 35%. On the other
hand, exposing the fully deu-
terated graphene to hydrogen

Intensity [arb. units]

Intensity [arb. units]

Intensity [arb. units]

1

Relative Binding Energy [eV] Relative Binding Energy [eV]

Figure 2. a) Time series of C 1s core-level spectra of graphene as a function of exposure to hydrogen (upper
row) and to deuterium (lower row). The number denotes the atomic percentage of H/C and D/C atoms. All
C 1s features are fitted with Doniach—Sunjic line shapes with components C1 (blue) and C2 (orange) repre-
senting unhydrogenated C atoms of graphene, while C3 (red or green) is the contribution from carbon bonded
to hydrogen or deuterium. C1 has no neighboring C-H (C-D) bond and C2 has a neighboring C—H(C-D)
bond. b) XPS spectra for fully hydrogenated graphene exposed to deuterium (upper plot) and fully deuterated

graphene exposed to hydrogen (lower plot).
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does not reduce the coverage
as one might expect for D-H
exchange and does not reduce
the recovery of the C,H struc-
ture typical of hydrogenated
graphene.”) Hence we suggest
that the more stable deuterium
bond causes D to be is harder to
remove from the surface than H
by associative desorption.

The coverage datasets for
hydrogenation and deuteration
are shown in Figure 3a along
with a fit derived from a model
describing first order chemi-
sorption (see the Experimental
Section). The higher saturation
and the faster reaction rate for
D-graphene is also evident from
this graph. The fit to the chemi-
sorption model allowed us to
extract the values of adsorp-
tion, reflection and associative

-1
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Figure 3. a) H/C and D/C ratios determined by XPS (points) along with the best fit for the chemisorption curve from 2. b) H/C and D/C ratios deter-
mined by simulation. c) Sketch of the H/D reflection, chemisorption, and associative desorption processes on the graphene surface that were found
to be relevant in the QM/MD simulations and included in the phenomenological model.

desorption probabilities [P,qs, Preg and PX2 (X = H or D). A
sketch of the relevant processes is shown in Figure 3c.

Two sets of the fitting parameters describing the experi-
mental results for hydrogenation and deuteration are listed in
Table 1. These values are in line with the observation that deu-
terium chemisorption proceeds faster and hydrogen abstraction
from graphene by associative desorption is easier than for deu-
terium. Since the sum of all probabilities must equal one, the
probability of reflection is higher for H than for D. We stress
that this simple phenomenological model relies on the assump-
tion of coverage-independent probabilities and neglects the pos-
sibility of higher order corrections to the curves of Figure 3a.

In order to get a deeper insight into the chemisorption
process, we also performed QM/MD simulations of the
graphene hydrogenation/deuteration kinetics. Simulations
of similar systems have been done before, using a different
approach.?®2% These simulations do not depend on parameters
extracted from our experimental results (see the Experimental
Section for details). The results are shown in Figure 3b. The dif-
ference in the time scale between experimental and simulation
data is due to a different H/D atom flux (the values are reported
in the Experimental Section). The atom flux of the simulation
was chosen to be compatible with the time scale of typical QM/
MD simulation and this justifies the much shorter time scale
on which the simulated chemisorption takes place. Taking into
account this time rescaling, the overall trend of higher D/C
ratios and higher D/C saturation is well reproduced on a quali-
tative level. The differences between experimental and simu-
lated data can be explained in terms of (1) quantum tunneling
effects of H which would enhance the spread between the H
and D curves and (2) the fact that in the simulations a mono-
chromatic H/D beam with a projectile kinetic energy of 0.4 eV

Table 1. Probabilities of chemisorption (P.gs), reflection (P.q) and asso-
ciative desorption Py, (Pp,) for an incoming H or D atom, as derived by
the fit to the experimental data in Figure 3a.

Probability P.ds Pr2 (Pp2) Pre
hydrogenation 0.036 0.108 0.856
deuteration 0.058 0.104 0.838

Adv. Funct. Mater. 2013, 23, 1628-1635
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has been used while the actual atomic velocities are described
by a Maxwell-Boltzmann distribution.

2.3. Reaction Path

As a complement to the QM/MD simulations we also per-
formed static calculations of the energy levels of the reactant,
transition state and product of the H/D chemisorption and
associative desorption processes on the central C atoms of cor-
onene, a model molecule for graphene. Even though coronene
is a relatively small molecule with a large HOMO-LUMO gap,
reaction energies for graphene hydrogenation and hydrogena-
tion of coronene on its central hexagon are remarkably sim-
ilar.3% The reason for choosing the coronene molecule as a
model system in this case was that barrier heights can be calcu-
lated with much greater accuracy than for extended graphene.
For the sake of simplicity, in the following discussion we
assume collinear spin orientation but note that in general,
non-collinear spin orientations are possible. The calculated
potential energy curves of H and D on coronene are depicted
in Figure 4a,b. In these Figures and in the following discussion
the reactant (R), transition state (T'S) and product (P) are labeled
with numbers for the spin multiplicity and “a” or “d” for chemi-
sorption or associative desorption, respectively. Chemisorption
proceeds from the ground state (*R,) or an excited state of cor-
onene (*R,) following a previous chemisorption and associative
desorption of two H (D) atoms with the same spin. After chemi-
sorption in a %R, state, the H(D) atom has to overcome a poten-
tial energy barrier of 0.29 eV to the transition state *TS,. Along
this path, a weak C-H or C-D bond is formed and the ZPE
effects enhance the chance of reflection of H into the vacuum
as it travels along this path. Once it is chemisorbed (*P,), deute-
rium has a considerably stronger bond to carbon than H due to
ZPE effects. In this state, the red (green) lines denote the energy
of the C-H (C-D) bond. Their energy difference is equal to the
difference between the C—H and C-D vibrational energies. They
amount to 2738 and 2005 cm™! for the C-H and C-D vibration,
respectively. These facts alone can already explain the observa-
tions of faster chemisorption of D and a higher reflectivity for
H atoms. However, this explanation does not provide the entire
picture. We must further consider the process of associative
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can undergo radiationless decay to the singlet
ground state, while in free-standing graphene

——ZPE(H)
——ZPE(D)

AE [eV]

0.0

2
-0.61 Pa

Cor+X Cor+-X CorX

Coronene

they might indeed play a role in chemical
transformations.

Despite its importance to understand the
energy barriers involved, the potential energy
curves are not sufficient to describe all aspects
of the kinetics of hydrogenation/deutera-

tion in a comprehensive way. We therefore
discuss some additional features beyond the
static potential energy diagrams and related
to the dynamics and geometry of the system.
First, assuming we have the same energy of
the incoming H/D atom, the velocity of deu-
terium atoms will be smaller and, therefore,
the increased reaction time leads to higher
chemisorption probabilities. This fact is evi-

H/D chemisorption

Figure 4. a) Potential energy curves and barriers for the different stages of hydrogen (red lines)
and deuterium (green lines) chemisorption on coronene. Note the differences of C-H and
C-D bonds due to ZPE effects after chemisorption. Cor+X is the initial state with a free H or
D atom, Cor- - -X is the transition state, while CorX is the final stage with an adsorbed H or D
on coronene. b) Energy potential curves of H and D for the stages of an associative desorption
process (the inset shows a sketch of the coronene molecule). CorX+X is the initial state with
one free and one adsorbed H or D atom, Cor- - -X- - -X is the transition state, while Cor+X2 is
the final stage with the molecule leaving coronene. The meaning of the labels appearing in both

figures is fully explained in the text.

desorption presented in Figure 4b. In this process the electron
spin of the incoming H(D) atom can be parallel or antiparallel
to the spin of the coronene-H(D) complex.

Since coronene is a closed-shell molecule, its state after
chemisorption and the subsequent associative desorption is
governed by the spins of the electrons of the two H(D) atoms.
If the spins are parallel, coronene is left in an excited triplet
state (*Pg) and if these spins are antiparallel, coronene is left in
its singlet ground state ('Py). Notably, there exists a barrier for
chemisorption of a second atom with the same spin (*TSy). If
left in its excited triplet state, coronene after H/D abstraction is
significantly more reactive and does not pose a reaction barrier
for the chemisorption of another atom (see Figure 4a-state “R,).
The fact that we can produce triplet states (*Py) by repeated
H/D chemisorption is extremely interesting by itself, since
such states are usually generated by electronic excitation. In the
present case, graphene with a metallic substrate, these states

o\’
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(XXX XXX
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dent from both the phenomenological model
and the QM/MD simulations. Second, the
reaction rate for associative desorption is also
influenced by the geometry of the adsorbed
radical: we have found that the larger C-H
bond length enhances the associative desorp-
tion of H in comparison to D.

Given the saturation point D/C=35%,
questions regarding the preferred chemisorp-
tion pattern and aromaticity of D-graphene
emerge, as it has been already discussed for
H-graphene.’l From a comparison of the
QM/MD simulation of the two we find that the number of
aromatic rings per unit area is higher for H-graphene than for
D-graphene (see Figure 5). The tendency towards higher aro-
maticity in hydrogenated graphene as compared to deuterated
graphene also manifests itself in the ratio of the probabilities
P,4s and Py, which governs the final coverage as can easily
be seen when considering Equation (2) for very large values
of the exposure time. Consequently, the C,H stoichiometry
allows in theory for a 100% aromatic compound? while the
two proposed structures for deuterated graphene with stoi-
chiometries C3,D and C,,D (see Figure 5) are less aromatic.
This could be related to the higher diffusion rate for hydrogen
on graphene as compared to deuterium, which is also a con-
sequence of stronger C-D bonds than C-H bonds.’! Thus,
we conclude the ZPE effects directly influence the aromaticity
of hydrogenated/deuterated graphene compounds via the
stoichiometry.

Figure 5. a) Final configuration of hydrogenated graphene. A C4H structure with aromatic rings is achieved. b,c) Possible final configuration for deuter-
ated graphene. The two geometries correspond to final structures C; ;D and C, ;D, respectively.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) ARPES spectra close to the K point for increasing D chemisorption. The direction of measurement is indicated in the 2D Brillouin zone
and the time of exposure is denoted in each spectrum. b) Electron energy dispersion curves at the K point for this chemisorption series. A common

intensity scale for all D doping levels is used.

2.4. Electronic Isotope Effect

Finally, we discuss the impact of deuteration on the electronic
band structure of graphene. Through an analysis of the spec-
tral function we are able to determine possible differences
between the electronic structure of chemisorbed deuterium
and hydrogen and the relevance of an electronic isotope effect.
To this end, we performed angle-resolved photoemission spec-
troscopy (ARPES) studies in the proximity of the K point of
graphene where the 7 band touches the Fermi level.'>3233] The
series of ARPES measurements with increasing D exposure are
shown in Figure 6a. It can be seen that upon deuteration, the
band broadens and the photoemission intensity at the Fermi
level gets weaker, while a band gap opens between the band
and the Fermi energy. This is similar to the trends observed for
hydrogen!™! on graphene and is confirmed by the individual
energy dispersion curves through a K point shown in Figure 6b.
Hence, we conclude that deuterium- doped graphene develops
a band-gap similar to that observed for hydrogen,[™> and conse-
quently that the electronic isotope effect is weak.

3. Conclusions

To sum up, we have observed a strong inverse kinetic isotope
effect (KIE) for the hydrogenation/deuteration reaction on
quasi-free-standing monolayer graphene leading to substan-
tially higher saturation coverage of D as compared to H. This
is an extremely unusual KIE and could be explained by the fact
that one reactant is a H/D atom. For molecules, the vibrational
zero-point energy (ZPE) effects which make the breakup of D,
more difficult than H, would reduce the rate at which atomic
D is supplied and hence cause the usually observed behavior
with the deuterium reaction proceeding slower. Moreover, the
ZPE effect promotes the chemisorption of D in the sense that
it makes reflection less likely, because as soon as a partial C-D
bond is formed, the ZPE effect makes the C-D bond more
stable than the C-H bond. The unique geometry of the experi-
ment and the relatively low flux of H/D atoms allowed us to
study the surface chemistry of graphene during hydrogenation/
deuteration monitoring the whole reaction in situ and in real
time by photoemission spectroscopy. The experimental results
for hydrogenation/deuteration are well described using a

Adv. Funct. Mater. 2013, 23, 1628-1635
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phenomenological kinetic model with terms for chemisorption,
associative desorption and reflection of H/D atoms. Probabili-
ties for these processes were fitted to the experimental stoichi-
ometries as a function of H/D exposure. They could qualitatively
be explained using potential energy curves, C-H/C-D bond
lengths and considering the interaction times of D or H with
the graphene surface. All this also enters the QM/MD simula-
tions which manage to reproduce the experimental results. The
observed significant difference in the reaction involving H and
D with graphene is relevant for isotope specific chemical reac-
tivity in functional carbon materials and is important for the
intensive research regarding atomic control of chemical reac-
tivity at the nanoscale.

4. Experimental Section

Monolayer graphene was prepared under ultrahigh vacuum conditions
by chemical vapor deposition on Ni(111) thin films epitaxially grown
on W(110).21 A monolayer of Au was then deposited and intercalated
into the interface between Ni and graphene, making the latter quasi-free-
standing."”l The graphene layer was then exposed to hydrogenl®"! or
deuterium atomic gas beams, obtained by thermal cracking in a tungsten
capillary at T=3000 K. The maximum surface coverage was obtained after
several hydrogenation or deuteration steps for different periods of time.
The pressure in the analysis chamber was kept at 1 x 107® mbar during
the hydrogenation/deuteration steps. In the case of deuteration, a 2%
pressure increase was applied to take into account the smaller sensitivity
of the pressure gauge to deuterium as compared to hydrogen.**l

Experimental data were acquired at the following facilities: XPS
and NEXAFS measurements were performed at HESGM and UE-52
beamlines at synchrotron BESSY Il (Germany). ARPES measurements
were done at the BaDEIPh beamline at Elettra synchrotron (Italy).> The
time-dependent chemisorption series were carried out with graphene
at room temperature. For all XPS measurements we used a photon
energy of hw = 400 eV and a total energy resolution of 30 meV. ARPES
measurements in the vicinity of the K point of graphene were carried out
at a photon energy hw = 26 eV with the sample at 26 K yielding a total
energy resolution of 15 meV.

H/D atom chemisorption on graphene was simulated by a non-
equilibrium QM-MD simulation based on a self-consistent-charge
density-functional tight-binding quantum chemical potential. On the
basis of the Born-Oppenheimer (BO) approximation, we computed
total electronic energy and forces on the nuclei on the fly at each time
step of the trajectories, and performed the time propagation of the
position of the nuclei using Newtons classical equation of motion. Our
graphene model system consisted of 32 carbon atoms with a planar
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unit cell (9.856 A x 8.596 A x 100 A) with periodic boundary conditions
(PBC). In ten trajectory replica for each isotope, H or D atoms were
placed in randomly chosen positions at a distance of 4 A, with initial
velocities corresponding to 0.4 eV kinetic energy aimed perpendicularly
to the target graphene surface. The spin on each H or D atom was
randomly selected, and total spin of the system during the QM/MD
simulations was defined at any time as the cumulative sum of all spins
of the projectiles. The rate was one H/D projectile every 0.5 ps and the
resulting flux was | = 0.0625 atoms per picosecond per carbon atom.
Ten trajectory replicas were generated, up to 250 ps simulated time (500
atoms). The incident kinetic energy of 0.4 eV is just barely enough to
overcome the chemisorption barrier for H/D on the BO potential energy
surface and our modified spin-polarized, self-consistent-charge density-
functional tight-binding (SDFTB) potential correctly reproduces this
barrier.’% In order to analyze the results of the QM/MD simulations,
we performed a traditional quantum chemical study of chemical
reaction pathways based on the characterization of stationary points
on the Born—Oppenheimer (BO) potential energy surfaces (PESs) using
harmonic frequency analysis. The latter allows for the estimation of
the vibrational zero-point energy contribution to the first-order kinetic
isotope effects, as well as for the contribution of tunneling following the
Wigner correction. For this purposes, we employed both first principles
density functional theory (DFT) as well as SDFTB approaches. The DFT
calculations were carried out using the B3LYP functional in combination
with the cc-pVDZ basis sets as implemented in the GAUSSIAN 03
suite of programs. We accepted the default convergence criteria, and
performed harmonic vibrational frequency analysis based on analytical
second energy derivatives with respect to the nuclear positions. DFT
calculations were carried out using the spin-unrestricted approach
using collinear spin functions as necessary. Based on these B3LYP/
cc-pVDZ optimized geometries, we performed additional single-point
energy calculations using the SDFTB method. The latter was carried out
using the standard mio-0-1 parameter set except for the C—H repulsive
potential, which was modified to mimic a ROCCSD(T)/cc-pVTZ-quality
PES of coronene hydrogenation.

Regarding the phenomenological model, the experimental curves
of C/H and D/H stoichiometry ratio M versus exposure time t were
modeled by the following differential equation,!’!

d
20 IPas(1—n) — 1Py

dt 1)
where [ is the atom flux, estimated as | = 0.0014 atoms per second per
carbon atom. For deuterium, the flux was estimated to be 3% higher than
hydrogen, due to the different pumping speed of the turbomolecular
pump reported in its manual. The differential equation contains terms
for H(D) atom chemisorption and associative desorption. The obtained
datasets allow us to to perform a quantitative comparison of the relevant
probabilities for chemisorption (P,4s), reflection (P.q) and associative
desorption (Py,) for both H and D on graphene. The probabilities
are interrelated to each other by the relation P,ys + Py, + Peg = 1. The
solution to the differential equation is given by!’!

Pas
n[%] =100 x ——%__ (1 -

e—I(Pads'*'sz)i)
Pads + PXZ

(2)
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