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With the aim of understanding the nature of the/&1(111) bonding in organosulfur/Au(111) self-assembled
monolayer (SAM) systems, orbital interactions in the adsorption of methanethiok®t) in various binding

sites of a three-layer slab model and an,Acluster model of Au(111) surface are investigated. The methods
of choice are crystal orbital overlap population (COOP) and crystal orbital Hamilton population (COHP)
analyses for a periodic slab model and fragment molecular orbital (FMO) analyses for the cluster model. The
origin of the S-Au(111) bond and the binding site preference are discussed from the viewpoint of orbital
interaction. The site preference is in the order of three-fold hollfmw dnd hcp > bridge > on-top. The
second layer Au atoms have little influence on theAsi(111) bonding, and adsorptions to tlee andhcp

sites are almost identical with respect to energy ard® bonding nature. Although-type S-Au orbital
interactions dominate the-\u(111) bonding in the on-top modet;type S-Au orbital interactions play an
important role in the bridgdcc, andhcpmodels. FMO results explain the verticat-8 bonds in the hollow
models and the tilted -SC bonds in the on-top and bridge models.

1. Introduction

Self-assembled monolayers (SAMs) have attracted much
attention because of their unique highly ordered structures and
potential applications to nanofabrications and chemical sefsing.
Monolayers of alkanethiols (GCH,),SH) or dialkyl disulfides
(CH3(CH2)nS—S(CH,)nCHa) on the Au(111) surface have been
most widely studied owing to their simplicity, chemical stability,
and easy preparatidrDespite the extensive practical utilization
of these SAMs, fundamental aspects of the organosulfur
monolayers on Au(111), including the nature of the S-surface
interaction, are still under debate and are not well understood.

In the self-assembly process of the organosulfur/Au(111)
systems, a low-density phase is initially formed by rapid
adsorption of sulfur-containing molecules, followed by slow
evolution to a full-coverage high-density phds8everal dif-
ferent phases are observed during the evolution. The adsorbate
“lie down” on the surface in a low-density phase, whereas they
“stand up” in a high-density phase. The structures of the
monolayers are widely considered to be determined by a balanc
between the headgroup-surface-¢&) interaction as well as
the dispersion force (van der Waals interaction) between the
alkyl chains. The contribution of the dispersion forces would
be dominant in a high-density phase formed by long-chain
adsorbates. Interestingly, the final adsorption phases of al-
kanethiols and dialkyl disulfides have been reported to be
identical* which raises the question whether the adsorbed
species are thiolate or disulfide.

* To whom correspondence should be addressed. E-mail: kazunari@
ms.ifoc.kyushu-u.ac.jp (K.Y.); lavender@zeus.eonet.ne.jp (H.F.); rh34@
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From measurements of X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES), high-resolution
electron energy loss spectroscopy (HREELS), and thermal
desorption spectroscopy (TDS), Nuzzo et al. suggested that the
S—S bond of dimethyl disulfide cleaves to form two meth-
anethiolate-surface bond&For long-chain alkanethiolate mono-
layers, electrohand helium diffraction (HeD)studies revealed
that the high-density phase is a commensurat8 & +/3)-

R3( lattice of thiolates with an SS distance of~5 A. The
proposed {/3 x +/3)R3C structure has been confirmed by
grazing incidence X-ray diffraction (GIXD)molecular dynam-
ics (MD) simulation? and scanning tunneling microscopy
(STMm).10

Thus, it is widely accepted that the surfacsorbate
bonding is in the form of Au-thiolate. The S headgroups are
Qelieved to occupy the three-fold hollow sites, although there
IS no direct information about the binding sfe®710.11shida
et al’? and Noh and Hafd recently observed phase-separated
domains in the SAMs of asymmetric disulfides and confirmed
dissociative adsorption of disulfides. The formation of the-Au
thiolate bond starting from alkanethiol and dialkyl disulfide can
be written as follows:

RS—H -+ Au,’— RS—Au + Au,’ + 1/2H,

RS— SR+ Au,— RS— Au + Au,’

The (/3 x +/3)R3C° model was challenged by a HeD
experiment?* which reported that the high-density phase is not
the simple {/3 x +/3)R30C structure but a c(4 2) superlattice

of the (V3 x +/3)R3C overlayer. The c(4x 2) superlattice
structure was supported by GIX®,X-ray standing wave
(XSW),16 and scanning probe microscopy (SPM) measure-
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mentst’ Fenter et al. pointed out from a multiparameter analysis H
of GIXD datd® that the S atoms in the c(4 2) superlattice Hoel
are located in different sites and S-headgroup dimers are formed

with an S-S distance of 2.2 A. Therein, they noted that, in the hep site
limit of small chain length, the high-density phase may adopt on-top site
the (/3 x +/3)R3C structure (therefore, the adsorbed species :
are thiolates) because the S-surface interaction is dominant over 9 second layer

bridge site

S// fce site
fg e

-~"first layer

interchain interactions. The-S5 bonding model for long-chain
adsorbates is further supported by results of sum-frequency
generation (SFG)? HREELS?2® and MD simulatior?! O&) third layer
To elucidate the adsorption state, several theoretical studies
have been carried out. Sellers et al. first performed ab initio O Auatom
geometry optimizations of SH and SgHn cluster models of
Au(111) surface and showed definite preference for the hollow
site2?2 Beardmore et al. suggested that the S@Hsorption to
thefcc, hep and bridge sites are isoenergetic and thiolates can
easily diffuse on Au(111) surfacdé,where bothfcc and hcp
sites are three-fold hollow sites. The difference is thatrte
site has a second-layer gold atom just below the site, whereas
the fcc site does not. From a full relaxation study for #u
(CH3S—SCH), Hakkinen et al. recently reported that molecular
adsorption of dimethyl disulfide is energetically unfavorable
compared to dissociative adsorption to the two nonadjacent
bridge site$* The problem of whether the stable adsorption
state is thiolate-like or disulfide-like was also theoretically O Ssatom
studied by Gfabeck et al?> Hayashi et al?® and Selloni et O Au atom
a!.27 They.agr.eed in S”ppo”‘“,g dissociative .adsorption of Figure 1. Above: the unit cell of a slab model of tepadsorption.
dimethyl disulfide but reached different conclusions about the gejow: a schematic representation of&3 x +/3)R30 overlayer of
binding site of methanethiolate. Grbeck et al. proposed that  methanethiolate. For clarity, only the surface Au atoms and the S atoms
the preferred site is thécc site25 which was supported by  are shown. The S atoms are assumed to occupy equivalent three-fold
Yourdshahyan et at8 who examinech-alkanethiolate mono-  hollow sites. The bold line indicates the unit mesh.
layers on a slab model for several alkyl chain lengths and
coverages. According to Selloni et al., adsorption at the bridge higher atomic density. However, because the reconstruction
site is by far the most stable for a range of cover¥igé¢ayashi reverts to the bulk structure during an adsorption proée%%’
et al. suggested that the most preferred site for methanethiolataVe do not consider the surface reconstruction in the present
is not one of the highly symmetric sites but a bridge site slightly study. We approximated the Au(111) surface by a three-layer
off-centered toward thécc site?® Hirao et al. also found from  Slab with the nearest AuAu distance of 2.884 Ag 3222337
theoretical calculations including relativistic efféétthat meth-  the value for bulk gold. One of the two surfaces of the slab is
anethiolate is accommodated in a position between the bridgecovered with a monolayer of methanethiolat&8CH;). The total
andfcc sites3 being consistent with the result by Gottschalck charge of the monolayer/slab model was fixed to be zero. This
and Hamme#p? model can be viewed as a model for the adsorption of SCH
Thus, experimental and theoretical studies on the adsorptionfadicals to the neutral gold slab. For clarity, we assumed the
state in the organosulfur/Au(111) systems vary significantly in arrangement of SCH; overlayer to be S|mp!e\(3 X \/3)R30”
their conclusions. The theoretical investigations mentioned With the S headgroups being bound to equivalent high-symmetry
above are mainly based on the comparison of total energies ofSites (on-top, bridgéec, orhcp). Thus, we considered four kinds
various possible adsorbed structures. The numbers may be ther@f adsorption models, on-top, bridgtec, andhcp Figure 1
(not that they agree), but the nature of the bonding of th&$ shows the unit c_eII of the two-dimensional moc_zlel containing
interface is still unclear. We feel it is important to clarify the ©neé SCHsand nine Au atoms (three Au atoms in each layer)
essential features of the S-surface bonding and site preference&!ong with a schematic representation of thé3(x +/3)R3C
for adsorption. overlayer. Because the S-surf_ace_ dls'ganceC$ond length,
Our main focus in this work is the S-surface bonding in the @nd Au~S—C bond angle will significantly influence the
organosulfur/Au(111) systems. We calculated and analyzed S-surface orbltql interaction, we should be careful in determining
methanethiolate GCH;) adsorption to a three-layer slab model (N€S€ geometrical parameters.

and an Au; cluster model of Au(111) at the extended dkel There are several state-of-the-art geometry optimizations of
level of theory3? We carried out crystal orbital overlap Methanethiolates on Au(11%).2%3031 Therefore, we can use

population (COOP} and crystal orbital Hamilton population the resgltg of previous 'gheoretiqal studies. We mainly employed
(COHP¥* analyses for the slab model and fragment molecular the optimized geometries of Hirao et #.see Figure 2. They
orbital (FMO)® analyses for the cluster model, so as to Calculated one SCon a two-layer Ays cluster model of

illuminate the orbital interactions that play a role in the S-surface AU(111) atthe BLYPelevel of density-functional theory (DFT),
bonding. employing periodic boundary conditions. They used a numerical

basis set whose quality corresponds to the valence-d@udntet
polarization levels. Relativistic effects were included in the
geometry optimizations with the DMOLS3 ver. 4.0 progrém.

2.1. Slab Model.The clean Au(111) surface shows3 x They systematically provided optimized geometrical parameters
23) reconstructiot known as “herringbone structure” to obtain  for the SCH moiety including S-C bond length and AuS—C

Au-Au distance : 2.884A

2. COOP and COHP Analyses
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on-top bridge fcc hep

second-layer Au

Figure 2. Geometries used in the extendeddKel calculations. All of the AtrAu distances are fixed to 2.884 A. Bond lengths are in A, and bond
angles are in degree.

bond angle for the three kinds of adsorption sites, on-top, bridge, means the opposite. Off-site COOP betwa#matomic orbital
and three-fold hollow f¢c), which lacks in most theoretical of “home cell” andvth atomic orbital of the cell represented
studies??28 Therefore, the paper of Hirao et al. is adequate to by lattice vectorR is given by eq 1:
obtain consistent geometrical information about the $CH i
moiety for the three kinds of sites. The optimized S-surface COOF,,(R) = Z Qk; (kY C;icviékR+
distances for thz on-top, briddgec, andhcpsites are 2.45, 2.14, ke DS
1.97, and 1.97 A, respectively. To see the influence of the second s ik
layer, we assumed the same SCdtructures for thecc and CaCuie R}S/‘V(R) (1)
hcp sites. Although previous theoretical studies on the JCH HereQy is the weighting of a reciprocal space pdirtielonging
Au(111) systems predicted somewhat different S-surface dis- to the discrete sé€, andni(K) is crystal orbital (CO) occupation
tances, relative values of the S-surface separations for the highlyof ith CO. AO coefficients for the AOs andv are represented
symmetric sites are on-top bridge> three-fold hollow in most by c,i andc,i€kR, respectively, an&,.(R) is the overlap integral
caseg225283031\We see in Figure 2 that the-& bonds are  for the two AOs. For simplicity, we can group COOP terms
vertical to the Au(111) surface for the hollow site adsorptions. based on atoms or molecular fragments. If we group COOPs
This is consistent with previous theoretical predictf@rii8and by atoms, all of the COOP terms are recast into on- and off-
our DFT calculations using small Au clusters. The underlying site atomic terms (intra- and interatomic terms). These cor-
reason for the vertical SC bonds will be explained later in  respond to the numbers of electrons distributed to atoms and
this paper. We assumed all of the-@ distances and the  chemical bonds, respectively. Therefore, we can relate inter-
S—C—H angles to be 1.09 A and 109respectively. This  atomic COOPs to “bond orders”. Using the COOP analysis,
assumption is reasonable, because a small geometrical changge can estimate the strength of orbital interaction (bond order)
within the CH; moiety will have little influence on the S-surface  between the S headgroup and Au(111) surface as well as the
interaction. We also tested 6- and 10-layer slabs for the on-top contribution from each AO pair.
case, but the main features of the S-surface interactions were The COHP formalism is a total energy partitioning scheme
essentially identical to those obtained with the three-layer slab. for extended systems. COHP is described as an “energy
Thus, we think that our three-layer slab models are appropriateweighted” COOP. The COHP method enables us to distribute
for crystal orbital overlap population (COOP) and crystal orbital the total electronic energy to atoms and bonds. Here, off-site
Hamilton population (COHP) analyses. interatomic COHP values can be regarded as “bond energies”.

2.2. Theoretical Background.We carried out crystal orbital ~ We can divide the interatomic COHP into contributions from
overlap population (COOP) and crystal orbital Hamilton pop- pairs of valence AOs. With the COHP analysis, we can directly
ulation (COHP) analyses to investigate and rationalize the attribute the difference in-SAu binding energy among possible
S—Au(111) bonding interaction. Although COOP and COHP adsorbed structures to certain AO interactions. The off-site
are based on simple approximations, they can be directly relatedCOHP term corresponding to eq 1 is written as eq 2 employing
to chemical intuition and are useful in understanding the origin the Wolfsberg-Helmholz approximatiof?
of chemical bonds. . KR

The COOP method is an electron partitioning scheme for COHF,(R) = k; ngsn‘(k){ CuCue™ +
extended systems, which provides information about electron i
distribution. All of the COOP terms can be classified into “on- . —ir 175
site” COOP terms and “off-site” COOP terr#sOn- and off- C.iCie "}—(H, tH,S,(R (2
site COOP terms sum up to the total number of electrons of a 2
unit cell, and an off-site COOP term denotes electron distribution where H,,, and H,,, are diagonal Hamilton matrix elements,
to an overlap between two different atomic orbitals (AOs). A which are related to valence shell ionization potentials of the
positive off-site COOP value indicates bonding interaction (in- uth andvth AOs. It should be noted that a negative off-site
phase overlap) of two AOs and strengthening of the chemical COHP term represents bonding interaction, corresponding to a
bond between the atoms concerned, whereas a negative valugositive COOP term.
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TABLE 1. Atomic Parameters Used in the Extended Hickel TABLE 2: Distances, Interatomic COOPs, and Interatomic
Calculations COHPs for the Nearest and the Second-Nearest-SAu
atom orbital Hi(eV) &1 C1 &2 C2 model  S-Audistance/A SAuCOOP  S-Au COHP/eV
Au 6s —10.92 2.602 on-top 2.45 0.446 —8.52
6p —5.55 2.584 (3.78y (=0.010) (0.32)
5d —15.07 6.163 0.6442 2.7940 0.5356 0.438% —8.20
S 3s —20.00 2.122 bridge 2.58 0.660 —12.29
3p —-11.00 1.827 (3.29) (0.023) €0.30)
C 2s —21.40 1.625 0.683 —12.59
2p —-11.40 1.625 fcc 2.58 0.901 —-16.71
H 1s —-13.60 1.300 (3.87) (-0.005) (0.14)
0.896 —16.57
SCHEME 1 hcp 2.58 0.904 —16.68
) . (3.87) (-0.006) (0.17)
on-top bridge fcc and hep 0.898 —16.51

5C aValues for the second-nearest-Bu are given in parentheses.

o b Total values for the first- and second-nearestAs are shown by
S bold letters.t Positive COOP and negative COHP indicate bonding
interaction.? Distances are in A, COHPs are in eV, and COOPs are

dimensionless.

® nearest Au atoms and —16.5 eV, respectively. In the bridge and on-top adsorp-
O second nearest Au atoms tions, COOPs and COHPs for the-8u(111) are smaller
(+0.683 and—12.59 eV for the bridge model anH0.436 and
2.3. Computational Details.We performed band calculations —8.20 eV for the on-top model), and therefore, the S-surface
on methanethiolate monolayers on the three-layer Au(111) slabbinding is weaker in these models. As expected, the interatomic
at the extended Hikel level, using the YAeHMO® program. COHPs are nearly proportional to the corresponding interatomic
A 45 k point set was used to calculate COOP and COHP terms.COOPs. Although the absolute values of the total COHPs
The atomic parameters used in the extendédddlcalculations (~16.5 eV= ~380 kcal/mol) are too large to directly relate to
are listed in Table 1H;, £, andc are orbital energy, Slater an experimental desorption energy (405 kcal/mol)3? we
exponent, and coefficient, respectively. To understand the believe the relative values obtained and the characterizations
essence of SAu(111) bonding and explain the site preference, of the bonding are qualitatively correct.
we carried out COOP and COHP analyses for theA8 We show in Table 3 the off-site COHPs obtained for the AO
interface. We confirmed that the neighboring parts such as the pairs between the S atom and the nearest Au atoms. In Table 3
second Au layer has little influence on the S-surface interaction. parts 3.2, 3.3, and 3.4, the total values for the equivalerAs
We first calculated the interatomic COOPs and interatomic bonds are given in each cell (the three A1 bonds for thecc
COHPs of the S-nearest Au atoms and S-second-nearest Auandhcpmodels and the two-SAu bonds for the bridge model).
atoms in each adsorbed structure. These values can be directlffhe COHPs concerning the 5d orbitals are summarized as 5d-
related to the strength of the S-surface bonding. The nearest(total) for each valence orbital of the S atom. We can estimate
and second-nearest Au atoms are indicated by black circles androm Table 3 which S Au valence AO interaction is dominant
white circles in Scheme 1, respectively. To further investigate in each model. The 5d(Au) orbitals interact weakly with the
the S-Au interaction, we calculated off-site COOPs and off- valence orbitals of the S atom and do not contribute significantly
site COHPs between the valence AOs of the S atom and thoseto the S-surface bond. On the other hand, the interactions
of the nearest Au atoms. That is, thex® interactions between  between the 3s(S) or 3p(S) orbitals and the 6s(Au) or 6p(Au)
the 3s, 3p 3p, and 3p orbitals of the S atom and the 6sxfp  orbitals are relatively large, and in particular, the 3s(&)-
6py, 6P, 5dey2, 502, 5dy, 5d;, and 5¢, orbitals of the nearest  (Au) and 3p(S)-6s(Au) interactions play a dominant role in
Au atoms are considered. This AO based analysis will be helpful each model. All of the AO pairs consisting of the s and p orbitals
to elucidate the essence of the-&u orbital interactions. have positive COOPs (negative COHPs) and therefore strengthen
2.4. Results and DiscussionWe listin Table 2 the distances  the S-surface bond. This is the reason that the neare8uS
and total interatomic COOPs and total interatomic COHPs interactions contribute significantly to the S-surface bond. We
between the S atom and the nearest Au atoms and between theresent in Figure 3 schematic representations of the orbital
S atom and the second-nearest Au atoms. We also present thenteractions that afford the largest negative COHPs (indicated
total COOPs and total COHPs for the nearest and the second-by bold characters in Table 3).
nearest SAu bonds. Table 2 shows that the S-surface bonding  In the on-top adsorption, thetype 3p(S)—6s(Au) interaction
is dominated by the nearest-8u interactions and the contribu-  (type 1) is by far the most dominant. Types 2 and 3 are also
tions of the second-nearest Au atoms are very small. This is o-type interactions, and the COHPs of types3Ladd up in
reasonable, because the second-nearegiuSdistances are  total to 92% of the total S-surface COHP. Hence, the nature of
larger than the nearest-3wu separations by about 1 A. Although  the on-top bonding derives almost entirely from thestype
the S-nearest Au interactions are all bonding, the interactionsinteractions, with this being consistent with the results from
between the S atom and the second-nearest Au atoms argrevious studie3°Though there exist-type interactions such
antibonding except in the bridge model. as 3R(S)—6p(Au) and 3R(S)—6p,(Au), their contributions are
The relative strength of the S-surface bonding is in the order very small. Because of symmetry, the on-top model has many
three-fold hollow fcc and hcp > bridge > on-top. The orthogonal AO pairs that do not affect the S-surface bonding
similarity between thdcc and hcp adsorptions indicates that  (shown by— in Table 3.1). This is a reason for the weak
the second-layer Au atoms do not significantly affect the S-surface bonding in the on-top model, taking into account that
S-surface interaction. In the hollow models, total COOPs and all of the AO pairs except those concerning 5d(Au) orbitals
total COHPs between the S atom and Au(111) are ab@u® strengthen the SAu bonds. The result of overlap population
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TABLE 3: Off-Site COOPs and Off-Site COHPs for On-top
Valence AO Pairs of the Nearest SAu :

Aubs Aubp Aubp, Aubp;, Aubd(total) z , 3p,(S) g
3.1. On-Top k P N
S3s  0.031 —b — 0.067 —0.007 X N A
(—0.88yp (—1.72y (0.21) Bs(Au) 6p,(Au)
S3pc — 0.011 — — —0.003 type 1 type 2 type 3
sy — (_ 0.16) 0.015 _ _(c())c())(??) COHP =-3.69 (45%) COHP =-2.11(26%) COHP =-1.72 (21 %)
(=0.23) (0.16)
S3p  0.193 — — 0.138 0.008 Bridge
(—3.69) 2.11) (—0.18) , 304(S) () A
3.2. Bridge 6s(Au)
S3s  0.031 0.018 — 0.063 —0.008 y Q 6s(Au)
(—0.88)  (-0.46) 1.60) (0.23) .
S3pc  0.142 0.006 — 0.131 —0.012 J 6s(Au) 6s(AU)
S3p Czre (010 0.006 (200 —(8138)7 ype 1 type 2 tpe 3
(—0.09) (0.16) COHP = -3.04 (24%)  COHP =-2.73 (22 %) COHP =~2.00 (16 %)
S3p  0.159 0.045 — 0.079 0.007
(—3.04) (—0.69) 1.21) 0.16) ) Hollow
3.3.fcc > ;
S3s  0.057 0.018 0.015 0.086 —0.015 z AP PAS)
(—1.61) (0.47) (0.38) (—2.19) (0.46)
S3pc  0.145 0.013 0.012 0.113 —0.018 XA bg
(—-2.78) (—0.20) (0.19) (1.72) (0.41) Y (O es(Au)
S3p  0.130 0.013 0.011 0.118 —0.015 65(Au)
(—2.49) (-0.19) (0.17) (1.81) (0.35) type 1 ype 2 ype 3
S3p  0.106 0.025 0.022 0.064 0.001
(_203) (_038) (_033) (_097) (_002) COHP =-2.78 (17 %)  COHP =-2.49 (15%) COHP =-2.19 (13 %)
3.4.hcp Figure 3. Schematic representations of the valence AO interactions
S3s  0.057 0.019 0.015 0.086 —0.015 between the S atom and the nearest Au atoms which have the largest
(-1.61) -0.47) (-0.39) (—2.18) (0.46) negative COHPs. COHPs are in eV. We show in parentheses the ratio
S3p 0.147 0.014 0.012 0.114 —0.019 of each COHP (percentage) to the totalA COHP (in bold in Table
(-2.75) (-0.21) (0.19) (1.74) (0.44) 2). In the pictures of the hollow models, COHP valuesféoradsorption
S3p  0.129 0.013 0.012 0.119 —0.016 are presented.
(—2.47) (-0.20) (-0.18) (-1.82) (0.37)
S3p. 0.106 0.025 0.022 0.063 0.001 have significant contributions (COHR —1.72 and—1.81 eV,

(202)  (-038) (-0.34) (-0.97) (£0.03) respectively, in theicc case). Thus, compared to the bridge

a2 COHPs are given in parentheses (in e¥%everal AO pairs have model, 7 bonding is stronger in the hollow models. The
no interaction (shown by-). © The three largest negative COHPs are  prevailing sz character in the hollow models are qualitatively
indicated by bold letters. supported by other theoretical stud#@8? Because the hollow
models have no orthogonal AO pairs, every AO pair composed
of the s and p orbitals strengthens the/&1 bond. Accordingly,
it is reasonable that the hollow models show the strongest
S-surface bonding.

As mentioned above, the-type degenerate pairs (types 1
and 2) contribute considerably to the S-surface bonding. Because
degenerate 3{5) and 3p(S) orbitals are needed to afford these
m-type interactions, the S headgroup should adopt “sp” hybrid-
ization22 This is a reason for the-SC bonds to be perpendicular
to the Au(111) surface in the hollow models.

Summarizing the COOP and COHP analyses, the binding site
preference for the SCH; adsorption to Au(111) surface is three-
'fold hollow (fcc and hcp) > bridge > on-top. The results of
AO based COOP and COHP analyses (Table 3 and Figure 3)
clarified the origin of the SAu bond and explained the above
site preference. Thdcc and hcp adsorptions are almost
indistinguishable in bonding nature. The character of the

analysis for the on-top adsorption by Hirao etk similar to
our results listed in Table 3.1.

In the bridge model, the-type 3p(S)—6s(Au) interaction
(type 1) is most important as in the on-top model. However,
the z-type 3p(S)—6s(Au) and 3RS)—6p,(Au) interactions
(types 2 and 3) also contribute much, which is a significant
difference from the on-top model. The ratio of the COHPs of
the types 2 and 3 interactions sum up to 38%, being larger than
24% of the 3p(S)—6s(Au) (type 1) interaction. Therefore, the
bonding state in the bridge adsorption is characterized by a
mixture ofzz- ando-type interactions involving the two nearest
Au atoms. The bridge model also has some orthogonal AO pairs
but the number of such pairs is smaller than that in the on-top
model (6 and 10 pairs for the bridge and the on-top models,
respectively). We can explain from these results the stronger
~SCH; binding to the bridge site.
eszglrrlttisalI33}3idaennq[ic?z)a.l4 bc())fn(;ﬁglechsarzr(ie\r/e(r))f/ tsl‘lr;!n:llggdsr?ggv " S—Au(111) bond also decreases in the order, three-fold hollow
adsorptions. In both hollow-site adsorptions, the S-surface bondst>h bﬂdﬁe - on;jtolp ; IThg tstrgqngr-tyi)_e ?_%';(z:ng dmt_e r?:c_tlons 2'”
are mainly characterized bytype 3g(S)—6s(Au) (type 1) and € hoflow mode’s lead fo the vertica onds In Fgure <.
3p(S)—6s(Au) (type 2) interactions. Types 1 and 2 are .
cc?ésiziere((j to)b((a t\F/Jvo-fo)Id degenerate pai)g, and the COHPs of3' FMO Analysis
the two pairs totat-5.27 eV (32%). Type 3d-type interaction) 3.1. Theoretical Background.It is useful to approach the
in the hollow model is related to type 3 in the on-top model. problem of S-Au(111) bonding from a different perspective.
We find in parts 3.3 and 3.4 of Table 3 that otheitype To do this, we performed fragment molecular orbital (FMO)
degenerate pairs ({5)—6p(Au) and 3p(S)—6p,(Au)) also calculations to analyze the-\u interactions and tilting angles
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lower in energy than the M@, the occupied MO of A-B is
given by

®, = ¢, + gy, with [c| > ¢ )
When the interaction between the two fragments is wegak,
andc are given by

=1 (4)

— HiI B SIHii

C ~
! Hi — H,

(5)
in which

Hy = [ ¢He dv,Hy = [pHy dv, H = [ ¢Hy dv
Si= [ ¢wdv ()

The strength of interaction and the energy gap between the two
orbitals are represented by the numerator and the denominator
of eq 5, respectively. The sign ofin eq 3 depends on the sign
of ¢;. Accordingly, the product of two coefficientg can be a
measure of the interaction between the two orbitals.

Each MO of the composite system of two fragments is given
in the extended Hezkel MO calculation by a linear combination
of the AOs of the fragments. Then, the MD) of A—B can be
rewritten in terms of a linear combination of the occupied and
unoccupied MOs of the two fragments

m M n N
=Y i+ &+ + 7
=2 G j:;lcfj i I(Zcfkwk IIZH cyy (7)

whereg; (i =1, 2, ....m and¢;  =m+ 1, m+ 2, ..,M)
denote respectively the occupied and unoccupied canonical MOs
of the fragment A andyx (k =1, 2, ....,n) andy, (I = n+1,

The geometrical parameters are identical to those presented in Figurdt2, -..,N) indicate respectively the occupied and unoccupied

2 except the binding siteS—C angles in the bridgelinear, hollow—
bent, and on-toplinear models.

of the S-C bonds. To see what orbitals of the Au surface
participate in electron delocalization withSCH;, we have
carried out a paired interaction orbital analysis for the system
consisting of a cluster of 42 Au atoms an8CH;, as illustrated

in Figure 4. We considered six kinds of adsorption models,
namely, bridge-linear, bridge-bent, hollow-linear, hollow-
bent, on-top-linear, and on-topbent. The geometrical param-

MOs of the fragment B. This is our fragment molecular orbital
(FMO) schemé&? We may takeP; defined by eq 8 as the
measure of interaction between the occupied ¥@f A and
the unoccupied MQp, of B in the interacting system, AB.*3

Py=2 Z GiiCr ®)

Electron delocalization fromSCH; to the Au cluster is
represented by & 147 orbital interactions in the extended

eters are identical to those shown in Figure 2 except the bindingHuickel canonical MO representation. Now, let us carry out

site—S—C angles in the bridgelinear, hollow-bent, and on-
top—linear models. For the hollow model, only the result on

simultaneous transformations of the fragment MOs within the
occupied MO space ofSCH; and within the unoccupied MO

thefcc type adsorption is presented, because the bonding naturespace of the Au cluster by diagonaliziRgP, the {, I) element

of thefccandhcpmodels are essentially identical by the COOP

of P beingP;.** The purpose of doing the orbital transformations

and COHP analyses described above and also in the presenis to represent electron delocalization compactly in terms of

FMO analysis. The nearest Aiu distance was fixed to be

pairs of interaction orbitalg'; and'|, the former being given

2.884 A, and one Au atom in the third layer has been deleted by a linear combination of the occupied M@sof ~SCH; and
to create a closed shell system. Then, we obtain 231 occupiedthe latter by a linear combination of the unoccupied M@of

molecular orbitals (MOs) and 147 unoccupied MOs for thg,Au
cluster in the extended kel MO scheme. The approaching

anion has seven occupied MOs and four unoccupied MOs.

the Au cluster. That is, we try to reduce % 147 orbital
interactions to the interactions of seven paired orbiwls '),
i, | =f=1-725The remaining 140 unoccupied orbitals of the

Electron delocalization takes place between the occupied MOscluster then do not find their optimum occupied counterparts

of one part and the unoccupied MOs of the other part.
Consider an interaction between the occupied #©f one
fragment, say A, and the unoccupied M@ of the other part,
say B. The interaction gives rise to two orbitals of the composite
system, A-B. Assuming that the occupied M@ is located

in the attacking anion and, accordingly, do not participate
significantly in electron delocalization. One will find shortly
that the description of interaction is simpler, being well-
represented by still fewer orbital pairs. Delocalization of
electrons from the Au cluster toSCH; has been represented
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by 231 x 4 orbital pairs in the canonical MO scheme and four
orbital pairs in our scheme. Interactions in these orbital pairs
have been shown, however, to be negligibly weak, compared
to electron delocalization from the latter to the former.

The MOs of A-B are now represented in terms of the
transformed occupied and unoccupied orbitals of the two
fragments, some of which participate in the bonding between
the fragments by making orbital pairs and some of which do
not contribute significantly to the bonding, being unpaired

m M n N
O =3 dii + Y g+ Y it Y dwh (9)
f £ i j:;l 7 j kZ Tk k I=Zﬁl dfI |

Then, the contribution of the orbital paig'(; v") to the total

energyE of the composite system-AB is given by
mn
E,=4 Z didgH'y = 2P H' (10)
where
H'; :f¢'iH1/J'| dv (11)
mn
Py=2 Z dyd (12)

The total energy consists not only of the orbital interactions
between the two fragments but also of the energies of paired

and unpaired orbitals and the repulsive interactions between the

occupied MOs of the two fragments. Contribution of orbital
interaction in each pair of interacting orbitals to the change in
energyAE upon the interaction between the two fragments is
given by eq 13, under the assumption that the interaction is not
yet strong

_ 2(H'il - SiIH'ii)Z

AE“ - H,ii - H'II

(13)

It turns out that the matrix elemefitl’y — S;H';| is not very
small, relative to] H'; — H'y|, in the systems under consider-
ation. Then AE; may be evaluated by subtractingl’ from
the twice of the lower eigenvalue of the following2 secular
equations

H,ii — €

HY = Sje] _
H — Sj e

Y — e 0 (14)

3.2. Results and DiscussionTable 4 presents the matrix
elements for the six types of interactions betwe&CH; and
the Au cluster, bridgelinear, bridge-bent, hollow-linear,
hollow—bent, on-top-linear, and on-top bent*é Pairs of orbit-
als participating significantly in electron delocalization from the
~SCH; part to the Ay part in the bridge-bent, hollow-linear,
and on-top-bent models (the favored structure for each binding
site) are illustrated in Figures. The unoccupied interaction
orbital of the cluster is shown above and the occupied
counterpart of SCH; is given below in each pair. One finds
that the orbital of the cluster is localized on several Au atoms

J. Phys. Chem. B, Vol. 106, No. 49, 2002733

TABLE 4: Some Integrals Estimating the Contributions of
the Pairs of Orbitals to Electron Delocalization from “SCHjs
to the Au Surface (in eV)

type of interactions pair 1 pair 2 pair 3 pair 4
bridge-linear

(H" — SyH')?2 —-0.917 -1.092 -1.616 —0.828
(H'w — H'%) 2.049 2.670 5.305 13.174
bridge—bent

(H's — SaH") —1.443 —-1339 —1.041 —0.654
(H'w — H%) 3.010 2.672 5.229 12.010
hollow—linear

(H'n — SuH") —1.263 —1466 —1.707 —0.882
(H' — H'%) 1.955 3.337 5.070 12.675
hollow—bent by 60

(H — SiH') —-1.333 —1.071 -1.620 —0.587
(H'w — H'%) 2.634 2.253 5.953 9.477
on-top-linear

(H'n — SaH') —2.255 —0.271 —-0.247 —0.636
(H'w — H%) 7.041 1.251 1.451 13.708
on-top—bent

(H's — SuH') —1.478 —1520 —-0.626 —0.206
(H'w — H%) 3.563 3.790 7.147 8.627

2 The subscript denotes the occupied interaction orbital &CH;
andl signifies the paired unoccupied counterpart of the Au Cluster. In
pairf,i=1=f.

SCHEME 2

pair 1 pair 2

rise to two strong pairs of interaction orbitals, pairs 1 and 2, as
illustrated in Scheme 2. On the other hand, thig/pe lone-

pair orbital interacts with the p-type AOs of the surface in pair
3. Pairs -3 correspond to types—13 AO interactions of the
hollow model in Figure 3, respectively. It is interesting to see
that the Au atoms in the second layer participate to some extent
in the interaction in pair 3. The major components of the surface
orbitals are the Au 6s and 6p AOs, with a concomitant mixing
of the 5d AOs*” Thus, the results of the FMO analysis are very
similar to those of the COOP and COHP analyses.

Calculations presented above reveal th8CH; prefers to
coordinate to the Au surface vertical to the first layer in the
hollow model and bent in other two models. The essence of
the orbital interactions detected in the hollow model are
illustrated in Scheme 2. In all of these three pairs, electron
delocalization takes place from thesCH; fragment to the
surface. Pairs 1 and 2 should be degenerate on the infinite
surface. Tilting of the SC bond leads to a significant
weakening of orbital interactions as a consequence of loss of
local C3, symmetry. In pair 1, the hydrogen AOs come to
overlap out-of-phase with the orbitals of the 6s AOs of Au2
and Au3. In the bent structure, the hydrogen AOs overlap in-
phase with the AOs of the Au4 both in pair 2 and in pair 3.
However, the interactions between thype lone-pair orbital
of S and the 6p AOs of Au2 and Au3 are weakened in pair 3,

around the reaction site and overlaps in-phase with the pairedas represented by a decrease in the matrix elefiént SiH';|

orbital of “"SCHs. Four Au atoms on the first layer dominate
electron delocalization in the bridge model, whereas three Au
atoms play dominant roles in the hollow model. In the hollow
model, the orbitals of twor-type lone pair of electrons on
~SCH; interact with the s-type AOs of the Au surface, giving

by ~ 0.09 eV upon the tilting of the SC bond by 60. The
calculated values of stabilization brought about by electron
delocalization in each orbital pair are presented in Table 5. The
loss of the local symmetry results in a destabilization of the
hollow model.
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bridge (bent):
pair 1 pair 2 pair 3

Figure 5. Pairs of orbitals participating significantly in electron delocalization fromtBE€H; part to the Ay, part in the bridge-bent model. The
unoccupied interaction orbital of the cluster is shown above and the occupied counterpa@Hfis given below in each pair.

hollow (linear):
pair 1 pair 2 palr 3

2

{ Z&aN'

Figure 6. Pairs of orbitals participating significantly in electron delocalization from tB€H; part to the Au, part in the hollowfcc)—linear
model. The unoccupied interaction orbital of the cluster is shown above and the occupied counterS&iipis given below in each pair.

N\ /NN N\

When~SCH; coordinates vertical to the surface in the bridge of electrons on S in pair 2. There is arfAu secondary orbital
model, orbital interactions illustrated in Scheme 3 play dominant interaction in this pair, leading to a strengthening of interaction
roles in electron delocalization. The interactions in pair 1 and upon tilting of the S-C bond. The hybrid orbital of the other
pair 2 are very similar to each other. The orbitals forhiype lone pair of electrons overlaps in-phase with the mixture of the
lone pairs of electrons interact with the surface orbitals localized s- and p-type AOs of Au2 and Au3 in pair 3. This hybrid orbital
on the four nearest Au atoms. On the other hand,cttgpe overlaps in-phase with the p-type AO on Aul, but the interaction
lone pairs of electrons interact with the hybrids of s and p AOs is not strong. An s-type AO of Au4 participates in the bonding
on Au2 and Au3 in pair 3. interaction with the back lobe of the lone-pair orbital, but it

In the bent structure, the three pairs of interaction orbitals interacts also with one of the methyl hydrogens in an antibond-
illustrated in Scheme 4 play dominant roles in electron delo- ing fashion. Thus, the contribution of pair 3 to the-Au
calization. Thes-type lone pairs of electrons of SCH; bonding is weaker in the bent structure. Pairs 1 and 2 of Scheme
delocalize effectively to the s AOs of Au2 and Au3 in pair 1. 4 are related to types 2 and 1 AO interactions in Figure 3,
The interaction in pair 1 has been shown to be stronger thanrespectively, although pair 3 cannot find its counterpart. Local
that for the vertical coordination. Interestingly, the analysis symmetries are also seen in the paired orbitals of the bridge
shows that ther- and-type lone-pair orbitals rehybridize on  model.

S upon tilting. Then, the AOs of Au2 and Au3, mostly the 6s, In the vertical structure of the on-top model, th&CH;
get involved in bonding interactions with one of the lone pairs fragment has been shown to interact for the most part with the
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on-top (bent): SCHEME 4

pair 1

pair 1 pair 2 pair 3

The present FMO analysis indicates that electron delocaliza-
tion betweermr SCH; and the Au cluster gets weaker in the order,
hollow (linear)> bridge (bent)> on-top (bent). We have three
pairs of strong orbital interactions in the hollow model. The
overall features of the FMO results agree well with the results
of the COOP and COHP analyses. Although there are some
discrepancies, they could be reasonably attributed to the different
models and methods of analysis.

4. Concluding Remarks

With the aid of crystal orbital overlap population (COOP)
& ; / S and crystal orbital Hamilton population (COHP) analyses for
Figure 7. Pairs of orbitals participating significantly in electron ~ the three-layer slab models and fragment molecular orbital
delocalization from the' SCH; part to the Au, part in the on-top- (FMO) analyses for the Ay cluster model, we discuss the
bent model. The unoccupied interaction orbital of the cluster is shown S—Au(111) bonding in the methanethiolate/Au(111) monolayer
above and the occupied counterpart 8iCH; is given below in each  systems. We explain the origin of the S-surface bonding and

pair. the binding site preference from the viewpoint of orbital
TABLE 5: Contributions of Orbital Interactions to the interactions. The site preference for methanethiolate adsorption
Energy Change in the Interaction between SCH; and Au is in the order of three-fold hollowf¢c andhcp) > bridge >
Cluster (in eV) on-top. The contribution of 5d(Au) orbitals to the S-surface
AE, @ bonding is small. Thefcc and hcp adsorptions are almost

identical in energy and S-surface bonding character, which

coordination type pair 1 pair 2 pair 3 pair 4 demonstrates that the second-layer Au atoms have little influence
bridge-linear on the S-Au(111) bonding. Althougts-character is dominant
“SCH — Aus —0.640 -0.704 -0.811 -0.10 in the on-top modelg-type interactions contribute significantly
ﬁ‘rli’ég;_biﬁt"k ~0.005 to the _S-surface bonding in the bridge and th(_a hollow models.
“SCH— Az ~1.007 -0987 -0383 —007 _In particular, degeneratetype interactions play important r_oles
Aus— “SCH; —0.027 in the hollow models and are maximized wher-GHjs is
hollow—linear upright. FMO results explain well the verticaF& bonds in
“SCH;— Aus -1.075 -0961 -0.923 -0.12 the hollow models and the tilting-SC bonds in the on-top and
Aus— “SCHs —0.013 bridge models.
hollow—bent by 60
“SCH— Aus —-0971  -0.776 -0.741  -0.07 Acknowledgment. K.Y. acknowledges the Ministry of
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on-top-linear . . . . "
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