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Clinical Oulcomes Cochlear Reimplantation

Masaaki Ishikawa, M.D., Harukazu Hiraumi, M.D., Ph.D.*, Noric Yamamoto, M.D.,, Ph.D.*
Tatsunori Sakamoto, M.D., Ph.D.?, Shinichi Kanemaru, M.D., Ph.D.** and Juichi llo, M.D., Ph.D.*

Department of Qtolaryngology—Head and Neck Surgery, Fukui Red Cross Hospital, Fukui

*Department of Otolaryngology—Head and Neck Surgery, Graduate School of Medicine, Kyoto University, Kyoto

**Department of Qtolaryngology—Head and Neck Surgery, Kitano Hospital, Osaka

To clarify the clinical features of cochlear reimplantation and surgical changes in auditory performance, we retrospec-

tively reviewed 10 of 252 cochlear implantation surgeries—6 adults and 4 children—among 129 children and 123 adults

done between April 1987 and May 2009. Mean duration from initial implantation to reimplantation was 50.3 months in
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children and 89 months in adults, most commonly due to hard failure and implant exposure/infection (33%) in children
and te hard failure (75%) in adults. The initial device implanted was the Nucleus multichanne] implant (CI22M, CI24M,
or CI24R). The second implant in 7 was the same or an upgrade of the same manufacturer’s device, and in 2 children
the TiRes 90K (Hifocus 1j) and in 1 adult the Clarion 1.2.

Full initial and reinsertion succeeded in 8 cases hut reinsertion proved difficult in 2 duc to severe intracochlear
granulation and osteoneogenseis. Auditory performance analyzed in 7 cases was mostly equal to or better than before
reimplantation, although differences were not statistically significant. Reinscrtion is rarely difficult, but clectrode choice
is important in preparing for difficult reinsertion. Post reinsertion auditory performance is satisfactory with some cxcep-
tions.

Keywords : cochlear implantation, cochlear reimplantation, cause reimplantation, auditory performance

Nippon Jibiinkoka Galkkai Kaiho (Tokyo) 114: 498-504, 2011
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Ab initio Molecular Dynamics of H, Dissociative
Adsorption on Graphene Surfaces

Kentaro Doi'?, Ikumi Onishi! and Satoyuki Kawano'3

Abstract:  Hydrogen technologies are currently one of the most actively re-
searched topics. A lot of researches have tied to enhance their energy conversion
efficiencies. In the present study, numerical analyses have been carried out focusing
on hydrogen-storage carbon materials which are expe. to realize high gravimet-
adsorption processes of
! ted by ab initio molec-
ular dynamics. The present results indicate th tas hene surface plays an
important role in enhancing the charge trans f - whi duces dissociation of Hp
and adsorption of H atoms on the s sociation energy required for
the reaction H, — 2H above the ste

s a catalytic agent.

Keywords: Ab initio
tion

ehene, Hydrogene storage, Dissociative adsorp-

1 Introduction

Recently, hydrogen technologies have received considerable interest as a means
of producing clean and safe power supplies. However, several problems, such as
portability, safety, and cost performance, have to be solved to realize so-called
hydrogen economy. Carbon nanomaterials are one of the most promising candi-
dates for hydrogen-storage materials due to their low weight and high cost per-
formance, compared with other metallic alloys [Dillon, Jones, Bekkedahl, Kiang,
Bethune, and Heben (1997); Chen, Wu, Lin, and Tan (1999); Elias, Nair, Mo-
hiuddin, Morozov, Blake, Halsall, Ferrari, Boukhvalov, Katsnelson, Geim, and

! Department of Mechanical Science and Bioengineering, Graduate School of Engineering Science,
Osaka University, Osaka 560-8531, Japan

2 doi @me.es.osaka-u.ac.jp

3 kawano @me.es.osaka-u.ac.jp

165



2 Copyright © 2011 Tech Science Press CMES, vol.1, no.1, pp.1-22, 2011

Novoselov (2009); Berseth, Harter, Zidan, Blomqvist, Aratdjo, Scheicher, Ahuja,
and Jena (2009); Guisineger, Rutter, Crain, First, and Stroscio (2009); Riedl, Co-
letti, Iwasaki, Zakharov, and Starke (2009); Riedl, Coletti, and Starke (2010); Vi-
rojanadara, Yakimova, Zakharov, and Johansson (2010); Virojanadara, Zakharov,
Yakimova, and Johansson (2010); Liu, Fan, Liu, Cong, Cheng, and Dresselhaus
(1999); Strobel, Jorissen, Schliermann, Trapp, Schiitz, Bohmhammel, Wolf, and
Garche (1999); Yang (2000); Gupta and Srivastava (2000, 2001); Hirscher, Becher,
Haluska, Dettlaff-Weglikowska, Quintel, Duesberg, Choi, Downes, Hulman, Roth,
Stepanek, and Bernier (2001); Chen, Shaw, Bai, Wang, Lund, Lu, and Chung
(2001); Nishimiya, Ishigaki, Takikawa, Ikeda, Hibi, Sakakibara, Matsumoto, and
Tsutsumi (2002); Xu, Takahashi, Matsuo, Hattori, Kumagai, Ishiyama, Kaneko,
and Iijima (2007)]. A few pioneering experimental studies on hydrogen-chargeable
carbon materials have been performed [Dillon, Jones, Bekkedahl, Kiang, Bethune,
and Heben (1997); Chen, Wu, Lin, and Tan (1999)], a%%ecent reports indicate that
graphene is preferable materials for hydrogen stora oes Hlias, Nair, Mohiuddin,
Ison, Geim, and Novoselov
(2009); Berseth, Harter, Zidan, Blomqvist, £ , icher, Ahuja, and Jena
(2009); Guisineger, Rutter, Crain, First, and i 009); Riedl, Coletti, Iwasaki,
Zakharov, and Starke (2009); Riedl, C&.}@ 1d;
mova, Zakharov, and Johansson (2010); janadara, Zakharov, Yakimova, and

ydrogen storage technologies [Elias, Nair,
errari, Boukhvalov, Katsnelson, Geim, and
Novoselov (2009); Berséth Zin, Blomgqvist, Aradjo, Scheicher, Ahuja,
and Jena (2009)]. In n, novel properties of graphene layeres fabricated on
SiC substrates have acted attentions [Berseth, Harter, Zidan, Blomqvist,
Aratjo, Scheicher, Ahuja; and Jena (2009); Guisineger, Rutter, Crain, First, and
Stroscio (2009); Riedl, Coletti, Twasaki, Zakharov, and Starke (2009); Riedl, Co-
letti, and Starke (2010); Virojanadara, Yakimova, Zakharov, and Johansson (2010);
Virojanadara, Zakharov, Yakimova, and Johansson (2010)]. In those works, it is
reported that hydrogen adsorption and desorption properties are expressed at the
interface of graphenes and SiC substrates by the peculiar electronic properties.
Theoretical investigations have featured interactions between hydrogen species and
carbon nanomaterials, such as carbon nanotubes (CNTs) [Tada, Furuya, and Watan-
abe (2001); Miura, Kasai, Difio, Nakanishi, and Sugimoto (2003); Nakano, Ohta,
Yokoe, Doi, and Tachibana (2006); Doi, Nakano, Ohta, and Tachibana (2007); Dur-
gun, Ciraci, and Yildirim (2008); Hanasaki, Nakamura, Yonebayashi, and Kawano
(2008); Cheng, Pez, Kern, Kresse, and Hafner (2001)], carbon nanofibers [Chan,
Chen, Gong, and Liu (2001); Li, Furuta, Goto, Ohashi, Fujiwara, and Yip (2003);
Cheng, Pez, and Cooper (2003)], and graphenes [Jeloacia and Sidis (1999); Arel-
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lano, Molina, Rubio, and Alonso (2000); Okamoto and Miyamoto (2001); Sha
and Jackson (2001); Patchkovskii, Tse, Yurchenko, Zhechkov, Heine, and Seifert
(2005)]. They reported that surface distortions cause carbon networks to change
their bonding states. However, most ab initio studies are based on static mechan-
ics of H atoms due to the mathematical difficulty and huge computational cost of
modeling dynamic processes of H, molecules.

In the present study, a technique for dynamic analysis on reaction systems is de-
veloped, based on a coupling procedure of ab initio methods and molecular dy-
namics (MD) for parallel computing. Here, ab initio MD computations are effec-
tively used to determine a condition which permits dissociative adsorption of H,
above graphene surface and to find out detailed chemical reaction pathways from
various configurations. We particularly focus on the time-dependent dissociative
adsorption of H, near graphene surfaces with a view to_engineering applications.
The dynamic behavior of dissociative adsorption of an‘H, molecule can be treated
successfully, overcoming a difficulty to simulate chi teactions by MD proce-
dures. Consequently, it is confirmed that hydééig@ a tion is enhanced above
steric sites of graphene surfaces where the dissociatic "H-H is simaltaneously
activated. Effective catalytic functions in ca rials are expected to reduce
the cost for metallic catalytic agents., ] Its are also well confirmed
with an experimental observation [ Mohiuddin, Morozov, Blake, Hal-
sall, Ferrari, Boukhvalov, Kats d Novoselov (2009)].

Figure 1 shows a sck
molecule is located a graphene surface. The present model of graphene con-
sists of 37 C and 15 H atoms, in which C atoms at edges of graphene are passivated
by H atoms. As shown in Fig. 1(b), some atoms emphasized as C1, H1, and H2
are featured due to steric conformations of the C and H atoms considered to be
effective for the dissociative adsorption of H, above grpahene surfaces. It is known
that H atoms mainly interacts with C atoms at the on-top site [Jeloacia and Sidis
(1999); Sha and Jackson (2001)]. In this study, a graphene layer is modeled by
C37H;s, not by a coronene-like model (Cy4Hj;). Using this model, the system be-
comes symmetric around a centrally located C atom and the effect of edges can
be reduced. On the other hand, by the use of coronene-like model, the symmet-
ric structure cannot be maintained and the second-neighbor C atoms are located at
the edges. It is expected that reactions of an H, molecule can be evaluated more
accurately above the present model than above coronene-like models. A coupling
procedure of ab initio methods and MD computations is applied to the dissociative
adsorption process of an H, molecule above a graphene layer. This is one of the
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(b)

s in which an H, molecule
lop view of the system
1 C1 atom is elevated at

(a)
Figure 1: Schematic illustrations of computational mod
is located above a model graphene surface of C37H
and (b) side view of distorted graphene in whi
a height &; the H, molecule consists of H1 and’

transfer. Furthermore, poelyatomic molecular systems have many degrees of free-
dom and it is difficult to elucidate the reaction pathways fully by static energetical
analyses. Therefore, we perform a dynamic analysis on the reaction system us-
ing an ab initio MD method in which the Lagrangian of the system is written as
[Leforestier (1978); Deumens, Diz, Longo, and Ohrn (1994)]:

N
L({R} {R}) = Y. 5 MiRE — Ee (R}, (i) ®

where R; and R; respectively denote the position and velocity of the ith nucleus,
M; the nuclear mass, and Y an electron wave function of the kth eigenstate. Each
electron is quantized and settles in discrete eigenstates. The electronic contribu-
tions are calculated in the framework of HF approximation. The potential en-
ergy Eyr includes nuclear repulsions, nucleus—electron and electron—electron in-
teractions. From Eq. (1), the equation of motion of the ith nucleus is derived
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as M;R; = —0Egr/0R;. Considering quantum mechanical contributions to atomic
motions, the gradient of Eyr is calculated based on the Hellmann—Feynman theo-
rem [Feynman (1939)]. The Hamiltonian of a system is derived from Eq. (1) and
is given by [Leforestier (1978); Deumens, Diz, Longo, and Ohrn (1994)]

N 2

H R, () = X g+ Fie (R, (), @

where P; is the momentum of the ith nucleus. The Hamiltonian is conserved dur-
ing the computation, i.e., H = 0. Electrons that contribute to atomic forces are
always in the ground state and never break the adiabatic approximation. The un-
restricted HF method is employed for open-shell structures such as C37Hy5 and
Csz7H;5+H,. Electronic structures are obtained usmgt;iae GAUSSIAN 03 computa-
tional code [Frisch et al. (2004)]. Electrons in a 1 tionrspace are expanded in
terms of a linear combination of atomic orbital 3-21G(d,p) basis set is

a spectrum of normal vibration mo
to 53.53 kJ/mol. The experimetal

ained and its value corresponds
own to be 50.96 kJ/mol [Witmer
restimates the experimental data but
e other well-known techniques in the pro-

a the equation of motion are performed using the
len and Tildesley (1989)]. The simulation time step is
set to 0.5 fs. A time step should be chosen properly for efficient electronic struc-
ture computations and for maintaining the conservation laws, although excessively
short time steps will prevent long period simulations. The present value of time
step is confirmed to conserve the total Hamiltonian of the present system well. The
criteria of energy convergence are set to 2.62 X 1077 kJ/mol. In the ab initio MD
computations, errors in the total energy are estimated as 0.2 % for 1 ps simulations.
Temperature is assumed to be 0 K at initial conditions. Therefore, momentum dis-
tributions and thermal effects are not considered in the present simulations. A main
purpose is to demonstrate an advantage of this method to find out reaction pathways
efficiently. Although computational results strongly depend on the initial configu-
rations, a continuous reaction of dissociative adsorption of Hj can be clarified by
this method and additional potential surface analyses. However, the evaluation of
free energies depending on temperature and other experimental conditions is our
future work.
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3 Results and Discussion
3.1 Preliminary study on ab initio MD

Before discussing the ab initio MD results, we present a fundamental analysis from
the viewpoints of both quantum mechanical and classical mechanical approaches.
Figure 2 shows potential energy curves depending on the interactions between an
H atom and a planar graphene surface. Here, H1 is located above an on-top site of
C1 which is located at the center of graphene, as shown in Fig. 1. A difference in
atomic interactions which cause different pictures between ab initio MD and classi-
cal MD simulations is described later. In Fig. 2, the abscissa is a distance between
C1 and H1. The potential energy curves obtained with and without quantum me-
chanical considerations exhibit quite different characteristics. A curve which was
obtained by considering quantum effects had an energetically stable point at 1.15
A and the dissociation energy of H atom from the gra N%ne was 96.0 kJ/mol. This
value is in reasonable agreement with the previous w sha and Jackson (2001)].
However, the dissociation limit of the interactio;
straint of the HF approximation. Our main
MBD computations to search for chemical rea
charge transfer. More accurate analyses etronic structures for the dissoci-
ation limits are beyond the scope of this study: On the other hand, without quantum

weak attractive forces and it will fin : cally stable point near the surface. The
dissociation energy of this 1 as evaluated as 1.78 kJ/mol at a distance
of 3.05 A. This weak i

V(r)=31.3 {(-2—?—1 | : >6} 3)

In this case, the attractive interaction of C1-H1 bond is proportional to 1/7% and it
is dominated by the van der Waals interaction. Note that a difference between the
curves in Fig. 2 is caused by the different descriptions of electronic motions. In
the classical mechanical framework, the atomic force is derived from the gradient
of electrostatic potentials of ions, where the electronic distributions do not directly
contribute to the interactions. In contrast, in the quantum mechanical approach,
electronic distributions vary with the transformation of molecular structures, since
the behavior of electrons is explicitly treated on the basis of electrostatic interac-
tions. Figure 2 clearly reveals that the strong C1-H1 bond is caused by electron
transfers.
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Figure 2: Potential energy curves of an H a ve. the central C atom in a
graphene layer of Cs7H;s5 calculated using ¢
tion, empirical methods using universal forc
potenial.

eld (U F), and Lennard-Jones type

v

3.2 Ab initio MD results for atiye adsorption of H,

In this section, results ) AD simulations for dissociative adsorption of Hy
above a graphene surfacedre discussed. Table 1 shows the computational results for
different initial conditions: :The initial conditions given in Tab. 1 are prepared for
twelve cases of a-1 from infinite number of conditions. In the present computations,
initial momenta of the system are set to zero, since this study gives the first step to
clarify the nature of phenomenon. Therefore, the results appear to be affected by
the initial molecular structures. The possibility of Hy adsorption on planar and
steric graphene surfaces was investigated. In the case of steric surface, C1 which
was centrally located in the graphene was elevated above the plane by a height £,
as shown in Fig. 1(b). The height & was set to 1.0 A to enhance H, dissociative
adsorption. The molecular axis of H, was perpendicular or parallel to the surface.
The bond lengths of H, were set to 0.75 and 1.20 A for representing an equilibrium
structure and an excessively stretched structure, respectively. For both the planar
and the steric surfaces, the center of mass of an H, molecule was located at 2.0
A above C1 in the case of a-h, and H1 was located at 2.0 A directly above C1
in the case of i-1. In the case of e-l in which an H, molecular axis was parallel
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to the grapnene surface, the H1-H2 axis was located above one of C1-C axses.
As a result, adsorption of an H atom due to H; dissociation was observed only
in the case of d. Neither dissociation nor adsorption were observed in the other
cases: a—c and e-l. The present results indicate that several conditions have to be
satisfied simultaneously to induce the dissociative adsorption of H, as shown in the
case of d. In particular, the H1-H2 bond should be stretched excessively and be
near to the graphene surface; the molecular axis of H, should be perpendicular to
the surface; a steric configuration of C atoms is required to create the adsorption
sites. In addition, the present results suggest that parallel conformations of H; to
the graphene surfaces are not suitable for promoting dissociative adsorption of Hj.
However, these limited results could elucidate only a few cases in all possibilities.
Therefore, more details about other conformations and other conditions should be
investigated in our continuous works. Hereafter, discussions are concentrated on
the cases a—d in which an H1-H2 axis is perpendicularito the graphene surfaces to
elucidate the nature of the phenomenon in detail.

3.0

(a) Ab initio MD
25F HF/3—21G(d,p)

20}t
H1=H2,~

Distance [A]

15+

.....

1.0

0.5
30

i Time [fs]

Figure 3: Transitions in the €1-H1 bond length (solid line) and dissociated H1-H2
length (dashed line) obtained using (a) ab initio MD with HF/3-21G(d,p) method
for initial condition d and (b) classical MD for inital condition d with substitution
of elevated height 2 = 0.8 A of C1.

Figure 3 shows transitions of HI-H2 and C1-H1 lengths which promote the dis-
sociative asdorption of Hy. This result was obtained using the initial condition of
d. As shown in Fig. 3(a), the C1-HI1 Iéngth oscillates periodically and the H2
atom leaves the graphene layer as time progresses. In this case, the H, molecule
seems to be activated sufficiently to break H1-H2 bond at the initial condition and
to promote adsorption of H1 to C1. A reaction pathway will be clarified by the
potential energy surface analysis later. For comparison, a classical MD simulation
was carried out under the similar conditions as the ab initio MD simulations. In
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this case, the height / of C1 was initially set to 0.8 A from the surface and the H,
molecule was in the same condition as d. When C1 was located at 1.0 A above
the surface (i.e., the same value as for condition d in Tab. 1), the graphene layer
became too unstable to maintain the structure (this figure is omitted). This insta-
bility is mainly caused by the different potential functions used in the ab initio
MD and in the classical MD. In the present classical MD, the universal force field
(UFF) [Rappé, Casewit, Colwell, Goddard III, and Skiff (1992)] was employed for
atomic interactions. Consequently, the H, molecule bounces above C1 and nei-
ther H nor H; adsorb on the graphene surface, as shown in Fig. 3(b). Therefore,
the dissociative adsorption of Hy on graphene surfaces should be simulated using
advanced MD methods coupling with quantum chemical methods. However, other
methods in which the effect of electron transfer is considered empirically have been
developed and their progresses are expected to treat chemical reaction systems ef-
ficiently [Warshel and Weiss (1980); Schmitt and Vo @%998)]. The results shown
in Fig. 3 reveal a drastic difference between the ab isitio MD and the classical MD
calculations. Therefore, the ab initio MD met onsiders time-dependent
electronic motions is very effective to investi entary process of dis-
sociative adsorption of molecules, even though it constrains a short time step and
consumes a long computational time. "

utational results for the conditions
shown in Fig. 4, above the planar
\ from the surface. At the initial con-

[2:was set to 1.20 A and that of C1-H1 to 1.40
retched H1-H2 bond, the H, and the graphene
1. In the case of a, the result showed similar
tendency with that of ) herefore the details about a are omitted here. Figure 5
shows the behavior of H; on the steric graphene surface corresponding to the case
c. In this case, at the initial condition, C1 was elevated at 1.0 A from the planar sur-
face; the length of H1-H2 was set to 0.75 A; the distance between C1 and H1 was
1.63 A. As time progressed, C1 appeared to be attracted by the graphene which
maintained the planar structure. On the other hand, the Hy molecule repulsively
dissociated from the surface. In addition, its bond length of 0.75 A was almost the
optimized length and then the vibration between H1 and H2 was little activated.
Figure 6 shows the result of condition d in which the dissociative adsorption of
H, was successfully observed. In this case, an excessively stretched H, molecule
was located above the steric graphene surface. As shown in Fig. 6(b) at r = 10
fs, the H1-H2 bond was cleaved due to the attractive interaction between H1 and
C1. After that, H1 adsorbed on the graphene as C1 was pulled to the graphene
layer. On the other hand, H2 dissociated from H1 and C1 repulsively. These results

Figures 4-6 show sequential snaps
of b, ¢, and d, respectively. In ,&é@

A. Regardless of the
repulsively interactet
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Table 1
Type Configulation* Structure hA] H1-H2 length [A] C1-H1 length [A] Result

a perpendicular planar ( 0.75 1.63 Not adsorbed
b perpendicular planar 1.20 1.40 Not adsorbed
c perpendicular steric** 0.75 1.63 Not adsorbed
d perpendicular steric** 1.20 1.40 Adsorbed

e parallel’ planar 0.75 2.00 Not adsorbed
f parallel’ planar 2.00 Not adsorbed
g parallel’ steric** 2.00 Not adsorbed
h parallel’ steric** 2.00 Not adsorbed
i parallel* planar 2.00 Not adsorbed
J parallel* planar 2.00 Not adsorbed
k parallel* steric™* 2.00 Not adsorbed
1 parallel* steric*™* 2.00 Not adsorbed

* H1-H2 axis is perpendicular or parallel to the grapehene surface.

** C1 is elevated from the planar graphene surface.
T The center of mass of Hj is directly above C1 and H1-H2 axis is located above one of C1-C axes.
* H1 is on-top site of C1 and H1-H2 axis is located above one of C1-C axes.

"suor)
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(b)t=10"1s

(a)t=0fs 7=0.00 A

(c)t=20fs (d) =30 fs

(e)t=40fs

Figure 4: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial
condition b in which % is 0.00 A, C1-H1 length is 1.40 A, and H1-H2 length is 1.20
A: (@) 0s, (b) 10 fs, (c) 20 fs, (d) 30 fs, () 40 fs, and (f) 50 fs.

mentioned above can be analyzed quantitatively in terms of the Mulliken atomic
charge and the bond lengths. Figure 7(a) shows the transitions of C1-H1 and H1-
H2 lengths and of Mulliken charges of C1, H1, and H2, in the case of b. It is
clarified that the Hy molecule those vibration is excited leaves from the graphene.
C1 negatively charged at the initial state turns to be positive as the H, molecule
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(b)t=10"s
(@)t=0fs h=1.00 A

(c)t=20"s (d)t=30"fs

(e) t=40fs

Figure 5: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial
condition ¢ in which 4 is 1.00 A, C1-H1 length is 1.63 A, and H1-H2 length is 0.75
A: (@) 0s, (b) 10 fs, (c) 20 fs, (d) 30 fs, (e) 40 fs, and (f) 50 fs.

dissociates from the surface. On the other hand, positive charges on H1 decrease
as time progresses. The H, molecule and the graphene appear to be polarized to
stabilize their electronic state at the initial condition. However, the charges begin
to transfer through those atoms in order to make the system more stable as soon
as the system is released. As time progressed, the polarization between C1, H1,
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(b)t=10fs

(a)t=0fs h=1.00 A
C1-H1: 1.
H1-H2: 1.

N

oo
2> 3>

(c)t=20fs (d)t=30fs

(e)t=40fs

Figure 6: Snapshots of ab initio MD simulation with HF/3-21G(d,p) level for initial
condition d in which A is 1.00 A, C1-HI length is 1.40 A, and H1-H2 length is 1.20
A: (a) 0, (b) 10 fs, (c) 20 fs, (d) 30 fs, (e) 40 fs, and (f) 50 fs.

and H2 tends to be depolarized. Therefore, chemical reactions such as dissociative
adsorptions of Hy cannot be expected in this system. Figure 7(b) shows the result
of case ¢ in which the Hy molecule is almost optimized. Therefore, the charge
transfer through H1 and H2 is little. The distance between C1 and H1 increases
monotonically, regardless of the behavior of C1 which is affected by the nearby C
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atoms. The charge transfer between C1 and Hj; is not so remarkable that chemi-
cal reactions cannot be observed. On the other hand, in the case of d as shown in
Fig. 7(c), different characteristics from those in Figs. 7(a) and 7(b) can be obtained
due to charge transfer which induces the chemical reaction. In this case, C1 and
H1 are polarized at the initial condition, although H2 is almost neutral. As time
progresses, H1 becomes more positive and the periods of charge transfer between
C1 and H1 appear to synchronize with each other according to the stretching vi-
bration of C1-H1. The period can be roughly estimated to be 11 fs and the length
of C1-H1 is averagely maintained at 1.20 A.In particular, the maximum and min-
imum points of atomic charge of adsorbed H1 approximately coincide with the
peak points of C1-H1 length. This result implies that electrons move from the
graphene to the adsorbed H1 atom as the C1-H1 length stretches and that the Mul-
liken charge shows peaks at the points where the C1-H1 bond length is maximized.
Time-averaged values for the atomic charge are 0.23 d —0.282 for H1 and C1,
respectively. Generating the C1-H1 bond, H2 tu be neutral and separates
from H1 and CI. It is found that the H1-H?2 bond is cleaved slowly different from
the separation of Hy from the graphene surfa how n Figs. 7(a) and 7(b).
These results indicate that the charge transfer
and that these electrons play an impor
On the other hand, the intermolecul
transfer and chemical reactions can

ynamics which are not affected by charge
escri ;"d in the framework of conventional

L at in Fig. 7(0) successfully demonstrates a
typical characteristic of.¢hémical reactions enhanced by charge transfer.

of the electron wave function are presented in addition to the atomlc positions.
Electronic elementary steps in the early period can be discussed from this figure.
In the initial condition as shown in Fig. 8(a), an electron is separately observed
on the H, molecule and the graphene surface. As shown in Figs. 8(b)-8(d), the
electronic distribution on the H, molecule transfers to the graphene side as the H;
approaches C1 of the graphene. The behavior of charge transfer which synchro-
nizes with the periodic vibration of C1-H1 bond is observed in the first 10 fs. Fig-
ures 7(c) and 8 reveal charge transfer which generates repulsive force between H1
and H2 and then the repulsive interaction triggers the dissociation of H1-H2 bond.
On the other hand, a chemical bond is formed between the H1 and C1 atoms due
to the transferred electrons and due to the polarization between them. Depending
on the distance between H1 and C1, the electronic distribution is stabilized instan-
taneously and apears to be synchronized with the vibration. This is an overview of
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