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Adsorption energetics

Hy in the ISM

@ Hydrogen is the most abundant
element of the Universe

@ H, is formed on the surface of
dust grain

Hydrogen-graphite is an important model for
understanding H, formation in ISM

fgrain=ngrain/nH ~10""2je ~1%
of ISM mass

Carboneceous particles

.
¢ Diffuse Clouds
Slllcate core
~ Organic refrmctory

PAHs

Carboneceous particles

Dense Clouds
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Technology

@ Hydrogen storage
@ Nuclear fusion

@ Nanoelectronics, spintronics,
nanomagnetism
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Technology: graphene physics and devices

Graphene is a true 2D-electron gas (2DEG) system with
pseudo-relativistic charge-carriers

MIT occurs when hydrogenating graphene

contact
(grounded]

| %

o out i@ )
\
> am .
! an \\ N .
contact N o
) e e e e

(floating

"Cold Hydrogen plasma” o
10% H2 - Ar mixture 3
2 hours

UHV (p ~ 10~%orr)
T(H,) ~ 2000 C

..o vs T agrees well with VRH in two dimensions

High ny : D. C. Elias et al., Science 323, 610 (2009)
Low ny : A. Bostwick et al., Phys. Rev. Lett. 103, 056404 (2009)
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Single-H

4

z/A

L. Jeloaica and V. Sidis, Chem. Phys. Lett. 300, 157 (1999)
X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002)
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Midgap states

20
810
Q Graphene
% 2 0 2 4

(e-gp) eV +H

H-Graphene

. . (e-¢.) / eV
..patterned spin-density
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Midgap states

H™ = ZT,I‘]’(tija}-,Tb.)T + t/.’.b};Taiﬂ') + UZI niﬂ'ni,—T

N

Basic results

@ Electron-hole symmetry: ¢; — —¢; At ng — 2n,

@ Imbalance rule: v > n = |nag — ng|

@ Spin alignment: S = |ng — ng|/2 n.
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Midgap states

HTI' ~ ZO’,’,‘/'(tija./!‘,UijU + qlijaa,’a)

Electron-hole symmetry

‘ bj — —bj = Hf — —HZ
e, [017) = e axla) + X6 1by)
: O

(2
—ein [9{7)) = Spanlak) — X, 81 16y)

v

o
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Midgap states

HTI' ~ ZO’,’,‘/'(tija./!‘,UijU + qlijaal’a)

Imbalance rule
Let ny > ng, T(annA)
(87

ERNIRE

= Ta = 0 has ng — ng solutions

o T
T O

0
0

Summary

(3
‘O
W,
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Midgap states

HT ~ Za,g’(tﬁa};gbj,a + t,-,-bijaa;,(,) + UZ,- ni Nj -

Spin alignment

‘O If U > 0, the ground-state at half-filling has
S=|na—ng|/2=n/2
: O

E.H. Lieb, Phys. Rev. Lett. 62, 1201 (1989)

v
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Midgap states

frtercatated s
m state
z P, A
2 prm
§ 108 £ 5
g | ~ | g 3%, T
3 2 I
S 1570 mev * "
|
7 i}
'n-doped graphene®
pisine ‘
-20 -1.5 -1.0 -05 0.0 20 -15 -10 -05 00

Energy [eV] Energy [eV]

M.M. Ugeda, I. Brihuega, F. Guinea and J.M. Gomez-Rodriguez, Phys. Rev. Lett. 104, 096804 (2010)
D. Haberer et al., Phys. Rev. B 83, 165433 (2011)
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Midgap states

OO0 — L -

Wy, ~ 1 (J

V. M. Pereira et al., Phys. Rev. Lett. 96, 036801 (2006);
Phys. Rev. B77, 115109 (2008) See e.g. Y. Ferro et al., Phys. Rev. B 78, 085417 (2008)
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Dimers

3.00 | 0 20— T
L ortho-dimer

f@,q‘.

= 2.00 r
o te H

. r

£ r

e L
.00 L F“ﬁ&ﬁé

0.00L ‘ ‘ ‘ ‘ ‘ ‘ L ‘para—d‘ime ‘ i
Y7000 005 010 045 00000 005 10 0415
Mg /By Mg, / g

S. Casolo, O.M. Lowvik, R. Martinazzo and G.F. Tantardini, J. Chem. Phys. 130 054704 (2009)
arXiv:0808.1312 (2008)
Preferential sticking: L. Hornekaer et al., Phys. Rev. Lett. 96 156104 (2006)
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Dimers

[2]

[1] L. Hornekaer, Z. Sljivancanin, W. Xu, R. Otero, E. Rauls, |. Stensgaard, E. Laegsgaard, B. Hammer and F.
Besenbacher. Phys. Rev. Lett. 96 156104 (2006)

[2] A. Andree, M. Le Lay, T. Zecho and J. Kupper, Chem. Phys. Lett. 425 99 (2006)
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3-atom clusters

AB
para-dimer

Az
Af meta-dimer

1.959 eV

Ag
0620 eV
0.727 eV

0.971 eV

0.820 eV

p="1pg =p =2pug= p=3ug
pw=1pg = p=2ug = p=23ug
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3-atom clusters

A.B
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4-atom clusters

ABy
1.210eV

4

\d
AsB AsB
1.103 eV 0.727 eV /|
n=2 n=2
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Role of edges
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‘Geometric’ effect?

‘Reorganization’ energy
upon binding

6E = E(PAH*) — E(PAH®q)

1.40 eV OO 1.42eV 138 eV

E sites: 6E ~ 1.4+ 0.1eV
G sites: 60E ~ 1.0+ 0.1eV

...purely electronic effect

o
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Hints from the tight-binding Hamiltonian H™

Shape of low-energy orbitals
..from a ‘lattice renormalization’

@ Coordination (Z)
@ Hypercoordination (¢)
@ sublattice imbalance (n)

v
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Hints from the tight-binding Hamiltonian H™

H™ = Za,l]'(tifa;r,aija + tjib}rﬁai’a)

‘ ‘Lattice renormalization’
Fas = HagHga

OO0

" 4

O“ & =+VE, |w§i)1>/ = lvai) £ 1)

Q [¥B,i) =& /' “Hpalva,)

o
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Hints from the tight-binding Hamiltonian H™

H™ = Za,l]'(tifa;r,aija + tjib}r’aai’a)

‘Lattice renormalization’
Fas = HagHga
&, |va,i)
A2

& = £V@, [0) = |va) £ ¥s,1)
[vgi) =& /*Hgalva,)

o
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Hints from the tight-binding Hamiltonian H™

A~ Zfala + 2 al a;

‘Lattice renormalization’
Has = HagHga
&, |va,i)
A2

e = 2VE, [91) = [Yai) * [¥8.)
[vg,i) =& /*Hgalva,)

o
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Hints from the tight-binding Hamiltonian H™

A~ Zfala + 2 al a;

(A A ‘Lattice renormalization’
1500 -
:% 1000 — Homo LuNo — T
b Haa = HagHga
-%.20 -0.15 -0.10 -0.05‘\E9-)e9\//‘0.05 0.10 015 0.20 g" |1Z)A,,>
F 4
8000
% so00F
2 r = +
e ] 6 = V@ ) = [a) = [ve,)
- 12 .
e 001 U 001 002 003 004 |71Z)B,i> =€ HBA |'¢A,I)
eV

o
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Systems

. Yl Iy
dibenzo[def,mno]crisene / e HC Z

pirene . .
antrantrene perinaftenile / fenalene benzo[cd]pirenile

roy G, p LA
e SN
S Ay 0

benzo[ghi]perilene coronene

n=20 n#0
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Graphitic vs edge carbons

/ »

MRQDPT

22
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E,./ev

08
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0.0

M. Bonfanti, S. Casolo, G. F. Tantardini, A. Ponti and R. Martinazzo, JCF, in press; arXivi1107.4324 (2011) 5 f
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Adsorption paths

E/eV
E/ev

RQDPT

080l
2
d(C-H)/A

1
4 1 2
d(C-H)/ A

M. Bonfanti, S. Casolo, G. F. Tantardini, A. Ponti and R. Martinazzo, JCR, in press; arXivi1107.4324 (2011)
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M. Bonfanti, S. Casolo, G. F. Tantardini, A. Ponti and R. Martinazzo, JCF, in press; arXivi1107.4324 (2011)
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Predicting reactivity

n#0

40— 4.0 : :
L = L |
3.0 [u] 3.0 e
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E sites 5 -
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Predicting reactivity
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Reaction: technicalities

@ Rigid, flat surface approximation’

@ Split-Operator with FFT along cartesian
coordinates and DBT along p '

@ propagation in both product and
reagent coordinate sets?

= state-to-state, energy-resolved cross
sections for all possible processes

[1] M. Persson and B. Jackson, J. Chem. Phys. 102, 1078 (1995); D. Lemoine
and B. Jackson, Comput. Phys. Commun. 137, 415 (2001)

[2] R. Martinazzo and G.F. Tantardini, J. Phys. Chem. A, 109 (2005) 9379; J.
Chem. Phys. 124, 124703 (2006); J. Chem. Phys. 124, 124704 (2006)

"targon"

O

t

A

"incidon"
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Reaction: technicalities (low Eo))

0.60 7 T T

@ Two-wavepacket approach’
@ Transmission-free? absorbing potentials

and Fourier mapping® in reagent 040 Fomtt ]
coordinates |

In 3D T;=25-30 ps and AP lengths ~ 50A in
order to get converged xsections down to
~10%eV,ie. ~0.1K

[1] R. Martinazzo and G.F. Tantardini, J. Chem. Phys. 122, 094109 (2005) 10 10° 10 10°
[2] D. Manolopoulos, J. Chem. Phys. 117, 9552 (2002)
[3] A.G. Borisov, J. Chem. Phys. 114, 7770 (2001)
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Reaction: Potential Energy Surfaces

o000

00
500 400 300 200 -100 000 100 200 300 400 600 500 400 -300 -200 -100 000 100 200 300 400 500
x
x

Chemisorbed target H (zeq) Physisorbed target H (ze¢q)

X. Sha, B. Jackson and D. Lemoine, J. Chem. Phys. 116, 7158 (2002)

&
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|. H-chemisorbed case

E. /K

coll E. /K
0 1 2 3 4
10° 10" 10°  10° 10 0 50 100 150 200
20.0 T 20.0
15.0 -
100 3
15.0 50 J
0.0 —+—+—+—++++
" 150
100 1000
o L
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100 v=0 4
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00 A I RO R AT Y A B
10° 1% 10° 107 10" 10° 0.00 oot 0.02
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S. Casolo, M. Bonfanti, R. Martinazzo and G.F. Tantardini, J. Phys. Chem. A, 113 14545 (2009)
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|. H-chemisorbed case
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Summary

|. H-chemisorbed case

QCT comparison, v =0

Ecc\l /K
10° 10" 10° 10° 10"
T T T T T
18.07 T T T e —)
16.0 — —
r ZPE, T_=30K . R
140 °
r M. Sizun, D. Bachellerie, F.
120~ Anguillon, V. Sidis Chem. Phys.
~ 100 [ Lett. 32 498 2010
<L D. Bachellerie, M. Sizun, F.
© 8ol Anguillon, D. Teillet-Billy, N.
= 4 Rougeau, Phys. Chem. Chem.
60 No ZPE, T_= 0K Phys. 2715 11 2009
4.0 -
2.0 -
0.0 ERTTT R
10° 10" 10° 10 10" 10°

E/ev
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|. H-chemisorbed case

Challenges
@ Quantum dynamics is needed at ISM conditions
@ Cpuck atom plays an active role in the dynamics
@ Energy transfer might be important
@ Accurate Potential Energy Surfaces

Summary
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Il. H-physisorbed case
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S. Casolo, M. Bonfanti, R. Martinazzo and G.F. Tantardini, J. Phys. Chem. A, 113 14545 (2009)
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H-chem vs H-phys

35
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H-chem vs H-phys

350 T T

251 .

202 -

o/ A2

Phys H + H /~

5 [ Phys H2 c H;:

oL oo T ]
1 100 10000
TIK

Cross-sections have to be corrected for the spin statistics (1/4)

o
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Checking the models

@ Coronene and 2x2, 3x3 periodic
models

@ Diabatic and Adiabatic cases
e PBE (PW91)

@ cc-pVDZ, (cc-pVTZ, cc-pvQZ) /
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Energy barrier?

Adiabatic model Diabatic model
0.0 T T T T T
-0.02—
> -0.04F
(] L
w L
-0.06 e PBE-DZ
F o PBE-TZ
e PW91-DZ
-0.08 |~ s PWOL-TZ
R | | i
0'1%.5 4.0 4.5 5.0

M. Bonfanti, S. Casolo, G. F. Tantardini and R. Martinazzo, Phys. Chem. Chem. Phys., 13 16680 (2011)

Lo



Introduction
000

Adsorption energetics
00000000000000

000000000000

Eley-Rideal reaction
0000000000
ooe

Summary

Influence on the (collinear) dynamics
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M. Bonfanti, S. Casolo, G. F. Tantardini and R. Martinazzo, Phys. Chem. Chem. Phys., 13 16680 (2011)
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Summary

@ Thermodynamically and kinetically favoured H clusters in
the bulk minimize sublattice imbalance

@ Edges are chemically active, adsorption may be barrierless

@ At low energies, physisorbed H atoms are more reactive
than chemisorbed species

@ Eley-Rideal dynamics is challenging at typical interstellar
cloud conditions

Lo
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