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Abstract

We report a theoretical study on the cyclopropane adsorption onto Cu(11 1) surfaces by density functional theory (DFT) and quantum
chemical molecular dynamics methods. The equilibrium geometry of the physisorbed species was obtained using both periodic and cluster
models by DFT methods that employ Cambridge serial total energy package (CASTEP), DMol ab initio quantum chemistry software of
Accelrys’ materials studio (DMol), and Amsterdam density functional (ADF) program. It was found that the adsorbate molecule was tilted
towards the metal surface with one C-C bond (upwards) parallel to the surface and that the physisorption occurred via a third carbon atom
pointing (downwards) towards the surface. The electronic distribution and geometrical structure of physisorbed cyclopropane were slightly
deviated from its gas phase molecule. The calculated vibrational frequencies and adsorption energies are close to experimental data, confirming
the reliability of our DFT results. The adsorption process was simulated using our novel tight-binding quantum chemical molecular dynamics
program, ‘Colors’. The calculation results indicated that both the adsorption and desorption processes of cyclopropane took place molecularly.
The electron transfer and structural properties of equilibrium position obtained by ‘Colors’ are consistent with those by the first principles
DFT methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction about the initial elementary reaction mechanisms and the
activation modes at the molecular level. Although the sur-
The design of new catalysts that display higher activity, face chemistry of hydrocarbons has been examiB¢da
stability and selectivity is the ultimate goal in the reform- detailed description of the adsorption processes still remains
ing of hydrocarbons since they have enormous potentials asunclear especially for the adsorbates that contain three or
fuel sources and petrochemical feedst¢tR]. In the last more carbon atoms. Here addressed the activation of satu-
decades, considerable attentions have been focused on arated cyclic hydrocarbons, cyclopropamedsHsg) that have
understanding of the interactions between the hydrocarbonserved as an ideal probe molecule for hydrocarbon transfor-
molecules and the transition metal surfaces that are catalyt-mation reactions on different metal surfag¢és6].
ically active. This is because the reactivity of C—-C and C-H  Chemically,c-C3Hg is an attractive adsorbate for several
bonds on metal surfaces can provide valuable information reasons: First-CzHg is a saturated molecule of both olefinic
and paraffinic characters; it has a relatively weak C—C bond
— _ energy of 289kJmofl as compared to 347 kJ mdi for
* Corresponding author. Tek:81 22 217 7233; fax#81 22 217 7235. . . .
E-mail address miyamoto@aki.che.tohoku.ac.jp (A. Miyamoto). normal hydrocarbong$7,8]; secondly, the relatively high
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compared to the straight chain alkanes. Therefoi€;He action and dynamic behaviors of the associative and disso-
has been used for studying issues that are directing to theciative adsorption are still not satisfactory to the scientific
reaction mechanisms, reactivity and modeling on a range of community. Thus we focus our attention on the theoretical
metal single-crystal and supported metal catalfgtd 8]. It investigation of different adsorption processes with the aim
has been found that on the copper surfac&3sHg typically of getting a deeper understanding of the activation mecha-
adsorbs and desorbs molecularly at low temperatures with anism for c-CgHg that is adsorbed on the metal surfaces. As
desorption energy of about 9 kcal/mol. Under the irradiation a primitive and fundamental step, we started our investiga-
energy of about 10eV, the chemical adsorption intermedi- tion on the associative adsorption process, i.e. the physisorp-
ates can be produced by effectively breaking C—H and C—Ction process. In this paper, the optimized structures of the

bond, as confirmed by the studies of the reactioo-GgHg physisorbed:-C3Hg on Cu(11 1) surface are calculated by
with metal ion beams on the copper surfages,20] The the first principles density functional theory. The electronic
possible dissociative adsorption species are listdeign 1 interaction between adsorbate and adsorbent is discussed,

It is clear that wherc-C3Hg adsorbed on the copper sur- based on the analysis of Mulliken population. Our novel
faces, the physical and chemical adsorptions occur sepadtight-binding quantum chemical molecular dynamics pro-
rately at different initial conditions. Thus, the knowledge of gram, ‘Colors’, is employed to provide the dynamic details
actual surface species and details of adsorption processesf the complete adsorption processes.
allow identifying the activation mechanism and interactions
between cyclopropane-CsHg) and copper surfaces.

The activation mechanism of C—C bond ¢iC3Hg has 2. Computational methods
been investigated by studying the reactivity of organometal-
lic clusters or characterizing the reactivity of a range of cat- A proper understanding of the activation mechanism in
alytic materials, in which the fundamental quantum chemical an adsorption system requires the accurate electronic and
calculation and molecular dynamics simulation are proved structural information for the interactions between adsorbate
to be suitable for modeling the surface chemistry of hy- and adsorbent as well for the reliable dynamic details of the
drocarbons and the unusual reactivity ®CsHg [21,22] whole adsorption processes. The code ‘Colors’, which was
Quantum chemical calculations have been performed on thedeveloped in our laboratory, has been used to investigate
relationships between the reactivity and bonding propertiesthese properties. For comparison, the first principles quan-
of c-CgHg for Rh and Ir complexe§23]. A Hartree—Fock  tum chemical method of DFJ25] was also carried out to
ab initio method has also been applied to studytteHg calculate the electronic and structural properties.
for the copper surface using the cluster model where the In DFT, the total energ\g, of the system is calculated in
molecular ring plane of adsorbate molecule is placed paral-terms of the following expression:
lel to the surfac§24]. However, some challenging problems y
develop when we model the adsorption process and iden-© = VNN £ "+ Vee & Eex(0) + Ecorr(p)
tify the adsorption species farCgHg on the copper sur- whereVyn is the nuclear—nuclear interactioff’ is the
faces. The adsorption takes place in an associative way andnono-electronic contribution to the total energy involving
there are no dissociated surface species formed during thethe electron—kinetic and electron—nuclear interactivgsis
physisorption process, whereas the dissociated species apthe Columbic interaction between electrons; &g p) and
pear under the irradiation at a power of about 10eV. The Eqor(p) are the exchange and correlation energies, respec-
molecular level descriptions including the electronic inter- tively. All terms except for the nuclear-nuclear repulsion are
the functions of the electron densji{25]. The calculations
were performed by Cambridge serial total energy package
(CASTEP)[26], DMol ab initio quantum chemistry software
of Accelrys’ materials studio (DMolj27], and Amsterdam
density functional (ADF) prograni28]. By the CASTEP
program, the geometry optimization of physisortee@zHeg
onto Cu(111) surface is refined using a periodic model.
The norm-conserving non-local pseudo-potentials are gen-

H ) /H H erated using the Kerker scheme with a kinetic energy cutoff
g ol at 400 eV for the plane-wave basis set expansion of wave

: functions. The default convergence criteria of CASTEP
(m atom, 0.001 for the root-mean-square atomic displacement,

(© (d and 0.05eV/A for the root-mean-square residual force

Fig. 1. The possible species when cyclopropane is adsorbed on the meta®" movable atoms. For the method of DMol, geometry

surfaces: (a) pentanuclear ring, (b) metallacyclobutane, (c) cyclopropyl OPtimization procedure is performed with standard param-
(mt-allyl) and (d) cyclopropy! £ or n3-allyl). eters provided by the program. SCF density convergence,

was applied, i.e., 0.00002eV for the energy change per
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optimization energy convergence and gradient convergenceCalzaferri et al[35], we employed the following corrected
equal 0.001, 0.00001 and 0.01a.u, respectively. Electrondistance-dependent expressidrfor off-diagonal terms of
exchange and correlation are described by the local densitythe HamiltonianH;s:

approximation on the basis of the Vosko, Wilk and Nusair

_ 1
publications (Vosko et al., 198029]. The calculations are ~ Hrs = 2 Krs(Hir + Hs9)Srs 4)
performed with the DNP basis sets, double numerical basis , 5 4 )
sets supplemented by polarization functions. The electronic Krs = 1+ (s + A% = A%rs) exp[—drs(Rij — do)] )
properties of the isolate@d-CsHg molecule as well as Hyr — Hss
c-C3He adsorbed on Cu(11 1) surface are carried out using & = He + Hee (6)
rr SS

the ADF program with a cluster model. The calculation

applies the triple-zeta basis sets that contain a polariza-whereH,; is the diagonal term of Hamiltonian matrix and
tion function with the Perdew—Wang (PW91XC) exchange is equal to the first ionization energy of each atomic orbital
and correlation potentig30] at the generalized gradient anddy is the sum of the orbital radii.
approximation (GGA) level. The inner electrons up to the  In order to realize the high accuracy, the parameters
core shells (1s for C; 2p for Cu) are frozen. The relativistic are established by our new parameterization procedure
terms are calibrated by a combined scalar relativistic zero based on the first principles density functional theory cal-
order regular approximation (ZORA}1]. culations. The single or doubkeSlater-type orbital with
The ‘Colors’ program is based on our original tight- a charge-dependent Slater exponent is used to describe

binding quantum chemical molecular dynamics method and atomic orbitals in ‘Colors’. The charge-dependent exponent
can provide electronic and structural information as well as coefficients for ‘Colors’ are determined by fitting the ADF
the dynamic behavior of the adsorption proced82s33] results of radial electron density distributions. As is seen
In ‘Colors’, the total energyE, is given by the following from Fig. 2 the agreement is almost complete except for
expression: the inner nodes that do not affect the chemical bonding.

. occ Lhe Iiloni;ation p_otentialis uf_f,eddfor rt]heAcljDilezlgona:ﬁ;ger;n of

1 2 amiltonian matrix are also fitted to the resufegy.

E:_Xi‘im"v" +1;8k +2 shows the ionization potentials of hydrogen, carbon, and

i= =

+ Z Z Erep(Rij)

1>]

Z,Z;e?

Rij

2

=) copper for the ‘Colors’ program. The agreement with the
ADF and experiments is almost complete. The parameters
Kkrs andéys in the tight-binding Hamiltonian and the param-
etersa;; andb;; in the short-range exchange-repulsion term
are determined so as to satisfy the bond lengths, binding
energies, frequencies of diatomic molecules, and potential

1)

where the first, second, third, and fourth terms represent the
kinetic energy of nucleus, the summation of the eigenval-
ues of all occupied orbitals (orbital energy of valence elec- energy curves obtained by ADFig. 4 shows the typical
trons), the Columbic interaction energy, and the short—rangepotential curve of diatomic molecules used in this work
exchange-repulsion interactiop energy, respectively. Here,¢ \ch as C-H, Cu-Cu, Cu-C and C—C. It is clear that the
mand v are mass and velocqy of the atom; and Z; i energy curves obtained by both the ADF and ‘Colors’ pro-
are the charges of the atomssjs the elementary electric .o are nearly identical. Further details regarding the
charge; andR;; is Fhe internuclear o!lsta_nce. The short-range process of our parameterization can be seen elseviB2fe
exchange-repulsion terriep (R;), is given by: The reliability of the ‘Colors’ method has been confirmed
in refs.[33,36,37] In addition, the calculations performed
} on different systems using ‘Colors’ indicate that the method
is over 5000 times faster than the traditional first principles
wherea;; andb;; represent the sum of the size and stiffness
of atoms,i andj, respectively. The force can be expressed

aij — Rij

)

Erep(Rij) = bij exp[
i

guantum chemical molecular dynamics calculations. In this
work, quantum chemical molecular dynamics calculations

as follows: were carried out to simulate the experiments in vacuum un-
n oce n occ der ambient pressure and temperature conditions by using
oH 70 our ‘Colors’ code. The Verlet algorithm was used for the
Fi=2 0 Ci 5 ) Cet 22 eCi (55 ) G . e e .
i1 Rij Pyt ORj calculation of atomic motions. Temperature is controlled
. ) " by scaling the atom velocities under three-dimensional pe-
_ Zzizl'e + ZaErep(Rii) 3) riodic boundary conditions. The calculations are performed
P Rﬁ Py ORjj with a time step of 2fs for a total time of 4000 fs at 298 K.

whereH is the Hamiltonian matrixS the overlap integral
matrix, C the eigenvector matrix, an@" the transforma-
tion matrix of the eigenvector matri€. Based on the im-
proved Wolfsberg—Helmholz formula by Andersi@#] and

For the visualization of the CASTEP and DMol results,
viz., geometrical structures, we utilized computer graph-
ics molecular visualization program CERIUE28]. In the
case of ADF, we employed MOLEKELA4.1 for the visualiza-
tion of molecular orbital and optimized structui@®]. For
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Fig. 2. Electron density distribution of various atomic orbitals calculated by ADF and ‘Colors’: (a) H(1s), (b) C(2s), (c) C(2p), (d) Cu(4s), i¢) Cu(4

and (f) Cu(3d).

three-dimensional visualization of quantum chemical molec-

ular dynamics results obtained by ‘Colors’, we used a com- Table 1
puter graphics code New-RYUGA, which was developed in the pond lengths (in A) of gas phaseCsHg by ADF, CASTEP, DMol

our laboratory[40]. and ‘Colors’
Bond Methods Experimental
[41]
. . ADF  CASTEP  ‘Colors’  DMol
3. Results and discussion
C2-C3 1511 1511 1.526 1509  1.510
Fig. 5 depicts the optimized structure ofCzHeg. Table 1 cl-c2 1511 1511 1.526 1.509  1.510
. h lculated geometrical datacatH C1-C3 1511 1511 1.526 1510 1.510
summarizes the ca 9 36 Cl-H  1.088  1.090 1.118 1.089  1.089
employing ADF, DMol, CASTEP, and ‘Colors’. For the ¢c1-H 1.088  1.090 1.118 1.089  1.089
‘Colors’ program, a dynamic simulated annealing method c2-H 1.088  1.090 1.118 1.089  1.089
was used by setting up a temperatiire= 300-1K to get ~ €2-H  1.088  1.090 1.118 1.089  1.089
C3-H  1.088  1.090 1.118 1.089  1.089
1.090 1.118 1.089  1.089

the stable equilibrium state, whereas for other methods the
T . L C3-H 1.088
optimized structures are obtained by minimizing the total
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Fig. 3. lonization potentials for various atoms and ions by ADF and ‘Colors’: (a) hydrogen, (b) carbon and (c) copper.

energy. It is known that the symmetry ofC3Hg remains tial adsorption manner given Irig. 6¢ the convergence re-
Dsp point group and the calculated structural parameters sults cannot be reached. This is however reasonable because
are in good agreement with each other and also with the the initial structure of this model is far from the equilib-
literature datd41]. rium geometry if we assure that the tilted adsorbate with one
In order to get the equilibrium geometry ofCsHg ad- bond upward to the surface is of actually minimum-energy
sorbed on Cu(111) surface, we perform a CASTEP full adsorption geometry. The same calculations are performed
optimized calculation for periodic metal crystal. For this by the periodic DMol method. The optimized bond lengths
purpose, we assume three different periodic models as ini-and Mulliken charges af-C3Hg are shown irfable 2 The
tial structures to represent the different adsorption manners,geometrical structure is very similar to that obtained by
i.e., the molecular plane @fC3zHg is placed parallel to the  CASTEP Fig. 7). The slight differences between two meth-
copper surfaceHig. 63, perpendicular to the surface with ods are that the adsorbate is not so tilted to the surface and
one C—C bond pointing upward&i¢. 60 or downwards there is a little longer distance between adsorbate and sur-
(Fig. 60 to the copper surface. The periodic boundary con- face in DMol than in CASTEP.
ditions with 2 x 2 super cell are imposed during calcula- The calculation of cluster model is carried out by ADF for
tion, the experimental unit cell parameter of copper crystal the comparison with the further investigation on the chem-
(a=7.2294A andb = 7.2294 A) are used, and tleeaxis ical adsorption processes in future, which is related to the
is set sufficiently large so as to eliminate the interactions, electronically excited states and can be handled by the ADF
if any, between the periodic images in the surface adsorp-response modulg28]. An isolated cluster fetched from the
tion processes. For the initial modelsify. 6a,h the final results of CASTEP optimized geometry is subjected to the
equilibrium structures have a typical geometry as shown in calculation using the ADF program. In this study, two differ-
Fig. 73 i.e., the adsorbate molecule was tilted towards the ent cluster sizes are employed for the adsorptioo-G§Hg
surface with one bond of C—C parallel (upward) to the sur- onto Cu(111) substrate. The initial model | is chosen for a
face of copper. This tilted adsorption configuration resem- cluster that includes oneC3Hg as adsorbate and 16 cop-
bles that as is indicated experimentally ®€3Hg on other per atoms as adsorbent and is distributed in two layers with
metal surfaceft2—-44] Therefore, to further study the elec- 10 Cu atoms on the top layer and six Cu atoms in the bot-
tronic properties by ADF, the cluster models will be fetched tom layer (sed-ig. 89. To confirm that the adsorbent with
from this tilted equilibrium geometry. However, for the ini- 16 copper atoms is big enough to simulate the monolayer
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Fig. 4. Potential curve of the small molecule CH,,C€uC and G by ADF and ‘Colors’.

adsorption, we also employ model Il in which the numbers periodic density functional methods of CASTEP and DMol.
of Cu atoms in adsorbent is increased to 32 with an equal The calculation results of bond lengths, overlap populations,
distribution of 16 in each layer (sédg. 8. The respective
final optimized structures af-C3Hg adsorption on the cop-
per surface are illustrated Fig. 9. It can be found that very
similar structures have been obtained using these two mod-phase. As is seen froffable 2 the nearest distance of car-
els. The adsorption geometries show that one carbon atombon and copper is 3.408 Aig. 99 and 3.509 A Fig. 90).

(C1) is near to the copper surface while the entire molecu- The slightly longer distances between copper and carbon in-
lar ring is not parallel to the surface. This tilted adsorption dicate that there are no bonds formed between copper and
configuration is consistent with the results obtained by the carbon in these two structures. This has been proved by the

o—c & —+H

Fig. 5. The optimized structure afCsHs.

and Mulliken charges of adsorbate are listedables 2—4
The geometry and distribution of electrons are a little dif-
ferent for the molecules at adsorbed states and those in gas

results of the overlap populations and a near zero values
of Cu—C bonds (se&able 3. Further, it can be seen from
Table 2that the net charge of adsorbate molecule is only
—0.090 and—-0.092 in these two geometries, which means
that there is slight electron transfer from copperciG3Hg

in these two geometries. The interactions between adsorbate
and adsorbent are therefore very weak. The Mulliken popu-
lations of carbon atom (C1) that is closer to the copper sur-
face and two hydrogen atoms bonded to C1 are quite differ-
ent from other two carbon atoms (C2 and C3) and other four
hydrogen atomsTable 4. Moreover, the Mulliken popula-
tions of C2 and C3 are very close to the values-@iHg in
gas-phase. Therefore it can be concluded that the weak in-
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e C3
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----------

Fig. 7. The final optimized results @fCzHg adsorption on the copper surface by CASTEP and DMol. (a) The result by CASTEP, (b) the result by DMol.

Table 2
The bond lengths (in A) and net charge of €3Hg using different adsorption models
Bond CASTEP DMol ADF ‘Colors’
Geometry inFig. 7a Geometry inFig. 7b Geometry inFig. 9a Geometry inFig. 9b Geometry inFig. 10b
C2-C3 1.513 1.508 1.507 1.506 1.523
Ci1-C2 1.513 1.510 1511 1.514 1.537
C1-C3 1.511 1.512 1.510 1.510 1.536
Cl-H 1.088 1.090 1.093 1.090 1.145
Cl-H 1.088 1.090 1.093 1.090 1.145
C2-H 1.088 1.089 1.089 1.089 1.133
C2-H 1.088 1.089 1.088 1.089 1.133
C3-H 1.050 1.088 1.089 1.088 1.098
C3-H 1.050 1.088 1.089 1.088 1.098
C—Cu 3.309 4.082 3.408 3.509 3.484
Cu-Cu 2.556 2.556 2.556 2.556 2.556

Net charge - —0.020 —0.090 —0.092 —0.045
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Table 4
2 3 The Mulliken populations of the adsorption systems of different models
& and in gas phase-C3Hg
1 Atom Orbital ADF Gas-phase
Geometry Geometry
m % % “ mmmm in Fig. 9a in Fig. 9b
c1 2s 1.05 1.07 1.05
@ G Gg GO ) eeteceticetice 2p 2.49 2.49 2.66
(07 2s 1.07 1.08 1.05
2 2.66 2.66 2.66
® ¢ 19— P
C3 2s 1.08 1.08 1.05
Fig. 8. The initial cluster models (ayC3Hg as adsorbate and 16 copper 2p 2.67 2.67 2.66
:Losn;rsbaelrs‘tadsorbent and (B)CsHs as adsorbate and 32 copper atoms as H (C1) 1s 1.00 0.99 104
' H (C1) 1s 0.96 0.96 1.04
H (C2) 1s 1.05 1.05 1.04
H (C2) 1s 1.05 1.05 1.04
Table 3 . . _ H(C3) 1s 1.05 1.05 1.04
The atom-atom overlap populations of the adsorption systems using H (C3) 1s 1.05 1.06 1.04
different models and in gas phas€eC3Hg ) ) )
Atoms Geometry Geometry Gas-phase . . . o
in Fig. 9a in Fig. 9b typical structures of cyclic-€specied45,16] The similar-
C2-C3 0.2666 0.2643 0.2562 ities between the gas phase and adsorbed phase of adsor-
ci-C2 0.2293 0.2277 0.2562 bate molecule proved that there are no strong interactions
C1-C3 0.2293 0.2244 0.2562 betweenc-C3Hg and copper surface during the physical ad-
Cl-H 0.4012 0.4157 0.4336 sorption processes. Our results fit well with the HREELS
C1-H 0.4041 0.4100 0.4336 . | | f . in th
Co—H 0.4345 0.4346 0.4336 experlmenta_ resu ts except or an increase in the num-
C2-H 0.4372 0.4345 0.4336 bers of the vibration models which are assigned to the loss
C3-H 0.4362 0.4380 0.4336 of local symmetry as induced by the interactions between
C3-H 0.4365 0.4368 0.4336 cyclic-C3Hg and copper surface. However, it should be noted
C-Cu 0.0098 0.0084 -

that the frequency calculation for the cluster model Il (shown
in Fig. 9 has not been analyzed in this work owing to the
technical difficulty for the large systems.

teraction mainly occurs between metal surface and the car- 1h€ adsorption energy representing the degree of inter-
bon atom that is closer to the metal surface (C1). As a con- &ction between adsorbate and adsorbent during adsorption

sequence, the structure of adsorbate does not belong to th@rocesses is also derived according to the following equa-
D3, symmetry as it is in free gas-phase molecules. tion:

The reliability of our results can be confirmed through the
vibration frequencies. The vibration frequencies calculated
by ADF for cluster model | (shown ifrig. 99 are listed whereEmetal EadsorbatedNd Emetal, asorae'€Pr€SENT the total
in Table 5 The five assigned main loss peaks exhibit the energies of copper cluster, gas phaseésHg molecule and

Ead = Emetal, agsomae— (Emetal+ Eadsorbaté

“%%ﬁ Ol oL bty Wie

« Gp Gg €@ ( CoepttceticeSiie

® ¢ O —

Fig. 9. The optimized structures by ADF. (a) The result from the initial moddtigf 8a (b) The result from the initial model dfig. 8h



X. Wang et al./Journal of Molecular Catalysis A: Chemical 220 (2004) 189-198 197

Table 5
The data of vibrational frequency (¢t for the adsorption systems at physical adsorption (geometfign9g and in gas phase-CsHg
Vibrational model Calculated (this work) Experimenfab,45]

Geometry inFig. 9a Gas-phase Physial adsorption Gas-phase
CH stretching 3007-3161 3062-3161 3064 3024-3102
CH, deformation 1409-1458 1424-1472 1451 1438-1479
Ring breathing 1019-1194 1179 1177 1188
Asymmetric ring deformation 987-979 1013 1032 1028
Symmetric ring deformation 857-879 861 839 867
Table 6 DFT (seeFig. 7), while the unit cell dimension is doubled,
The adsorption energie&4y) by CASTEP, DMol and ADF i.e. from 7.2294 Ax 7.2294 A to 14.4588 A< 14.4588 A,
Method Model Eaq (kcal/mol) to well mimic the practical metal surface owing to the con-
CASTEP Structure irFig. 7a 1928 venience of large system ca_llculatlon by the ‘Colors’ code.
DMol Structure inFig. 7a 1.09 Fig. 10presents the geometries of the adsorbate molecule on

- the adsorbent at different time intervals. It can be seen that
ADF Structure inFig. 9a 6.1 .
Structure inFig. 9b 74 at the initial stages, the z_idso_rbate mole_cule moves towards
Experimental[19] 9.0 the surface, but as the time increases it moves away from
the surface. The plot of distance versus tifRg(11) shows
that the distance between carbon (C1) and copper (nearest
the adsorbed system (metaladsorbate), respectively. The to the adsorbate) is continuously changing with the time. It
results by the DFT methods of CASTEP, DMol and ADF is also obvious that the distance between carbon and carbon
are listed inTable 6 The cluster model of ADF yields the does not change greatly with the time; however the distance
adsorption energy of 6.1 kcal/mol for model | (fig. 99 of carbon and copper become shorter at the beginning, then
and 7.4 kcal/mol for model Il (ifrig. 9b). These calculation  reaching a minimum distance at a time of 1200fs. After
results are in agreement with that of 9.0 kcal/mol as deter- that time, it becomes longer with a further increase in time,
mined experimentally19]. The very small value produced which suggests that the desorption may also occur associa-
by DMol is consistent with the longer distance between ad- tively. The value of electrons transferring at the geometrical
sorbate and metal surface. Obviously, the small adsorptionstructure where the adsorbate is nearest to the copper sur-
energies are obtained by these methods, which indicate wealace was obtained by analyzing the Mulliken charge. There
physisorption ofc-C3Hg on the copper surfaces. is —0.045 electrons transfer from metala&@3Hg (Table 2,
Finally, the dynamic details during the evolution of showing a weak interaction between the copper surface
adsorption process are derived using our tight-binding and adsorbent molecule. This value is consistent with those
guantum chemical molecular dynamics code ‘Colors’. The obtained by DFT methodsTgble 2. The geometrical data
reliability of this program has been documented well in lit- of adsorbate in this case is also listedTable 2 They are
erature[36,37] We set up the initial model with similar op-  close to those obtained by the ADF and DMol programs,
timized structure to those obtained by the periodic model of confirming the reliability of our ‘Colors’ program.
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Fig. 10. Geometries of the adsorbedCzHg on copper surface at different time internals of (a) Ofs, (b) 1200fs and (c) 4000fs by ‘Colors’.
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