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State-of-the-art first-principles calculations based on density-functional theory were performed on
CH3(CH,),,—1S-Au(111) systems. We show that the adsorption site of methylthiolate at a range of coverages
on the AW111) surface is the fcc site, not the hcp site as has been recently reported. Further, we report that
increasing alkane chain length enhances the fcc site preference. Study of the electronic structure of the system
underscores the importance of sulfudt 8rbitals to thiol chemisorption.
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The interaction between organic materials and solid sur- The main objective of our study is to identify the adsorp-
faces has been extensively studied because of the brodidn site for thiols on gold111), and to explain the structural
range of industrial applicationis? Self-assembled monolay- properties. We have performed first-principles calculations
ers (SAM's) hold special interest, because the presence dpased on density-functional thed?y(DFT) to study the ad-
the thiol group greatly strengthens the molecule-surface insorption of n-alkyl thiolates on the Au111) surface. Our
teractions, inducing order in the layer. SAM’s have impor-esults show that thiol molecules adsorbed on the(ALl)
tant potential applications in industry, such as sensors, tran§{rface with different coverages and chain lengths chemisorb

ducers, detectors, packaging, and insulating layers foPn the fcc site. All of the first-principles calculations have
integrated circuits, functionalization of surfaces, thin coat-2€€n performed with the plane-wave pseudopotential code

ings for electrodes, and corrosion inhibition. DfCAPO'I;;T lculati h functi ded
The long-chain alkane thiolECHs(CH,),_ ;SH, or G] n our calculations, the wave functions are expande

, Jenm A . in a plane-wave basis set, the electron-ion interactions are
form SAM's on the AU11Y) surfa}ce. Thelr'5|mpI|C|ty, highly descr?bed by ultrasoft pseudopotenti&l$SPP,*” and the
ordered structures, and chemical stability make these Sy%’eneralized gradient approximatinfor the’ exchange-
tems ideal for study with a variety of techniques including

. i 6 : _ correlation functional has been used. The Kohn-Sham equa-
atomic-force microscopy;” infrared spectroscopy,’ high-  tions are solved self-consistently, using a Pulay density-
resolution electron-energy-loss spectroscopyazing x-ray mixing schem& to update the electronic density between
diffraction ' scanning tunneling microscopy;*® scanning jterations. The occupation numbers are updated using a re-
probe microscopy; low-energy electron diffractiot, *°He  cently developed technique based on minimization of the
atom diffraction;"**and theory’*~*’Despite extensive stud- free-energy functiond® A finite electronic temperature is
ies of this system, there are many controversies regarding iigsed, in order to reduce the numberkgboints needed, and
structure. all total energies are then extrapolated to zero electronic tem-

Two competing structural models, the “standard model” perature.
and the “sulfur-pairing model,” have considerable support. When using the slab geometry in the plane-wave pseudo-
In the standard model, alkanethiol molecules exhibit a hexpotential method, errors most often arise from the pseudopo-
agonal (/3% \/3)R30° lattice. Alkanethiolates occupy three- tential or from lack of convergence with respect to the num-
fold hollow sites of the Au111) surface with S-S spacings ber ofk points, the cutoff energy, and the system size. When
of 499 A, and the molecular axes are tilted by 30°—35°

with respect to the surface normidr.1618-2229=3% he gylfur- "y

pairing model involves &(4 X 2) superlattice of the hexago- N &= =6 2 K—points, 5 layers vacuum
nal lattice, where alkanethiolates form sulfur head group o4} \\ & - =8 6 K-points, 5 layers vacuum
dimers with S-S spacings of 2.2 &122*-%Fyrthermore, ~  fv. \ O 9 0 K points, Tlayers vacuum
two theoretical studies have concluded that the adsorptior@ 03 b U N Fpenmen

site for a single thiol molecule on the gold11) surface is j;ﬂ s

the hcp hollow sité®° However, despite the overall agree- & o2

ment of the results, there are discrepancies regarding theg

S-Au distance and the tilt of the molecule in these two inde—:% 0.1

pendent studies. -
Because the differences between these structures cente 0 L L L .
around the thiol head-group locations, the investigation of
the thiol-gold interaction is vital. Since interactions with the
metal surface appear to dominate the molecular arrangement, FIG. 1. The A111) surface energy in eV/Aas a function of
many studies have focused on §3Hon Au(111) as a pro-  Au layers for different numbers df points and vacuum thickness.
totype to study this entire class of SAM systems. All calculations are performed using a 30 Ry cutoff energy.

Number of layers
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TABLE I. Structural and energetic results for the clean gdldll) surface(slab consists of 6 Au and 7
vacuum layersand the CHS and CHSH molecules. Comparison of calculated results for the interlayer
relaxationsAd,,, Ad,3, andAdg, (1 = top laye) of the Au111) surface. The presented distances are in A

and the surface energ() is given in eV/A2.

Clean Au(111) surface:

Ady, (%) Adaz (%) Adg, (%) Es
This work 0.97 —0.48 0.07 0.101
Calc. (Ref. 45 -0.24 0.05 0.04 0.084
Expt. (Ref. 46 0.00 0.096
Optimized parameters for GIS:
r(Cs) r(CHy) r(CHy) r(CH.)
This work 1.789 1.070 1.068 1.068
Calc. (Ref. 47 1.799 1.095 1.091 1.091
6(SCH.) 6(SCH;,) 6(SCH,) #(HaSCH,)
This work 109.8° 110.7° 110.7° 116.3°
Calc. (Ref. 47 107.0° 111.6° 111.6° 118.0°
Optimized parameters for GISH:
r(Cs) r(CH) r(SHy) 0(CSH,)
This work 1.827 1.08 1.36 97.2°
Expt. (Ref. 48 1.819 1.09 1.34 96.5°

generating pseudopotentials it is important to preserve the In order to reduce calculation errors due to finite slab
eigenvalues for all relevant atomic configurations, not just inthickness, different slab geometri€3-8 layers thick have
the reference configuration. However, in order to have corbeen tested using different numberskgfoints and vacuum
rect lattice constants for metals it is also important to predayers(see Fig. L A slab consisting of 87 Au+vacuum
serve the charge density in the tail region for all relevantayers, a cutoff energy of 30 Ry, and ax4x1 grid of
atomic configuration$®> We generated new USPP’s for all specialk points is found to give converged resuitonver-
elements involved, with maximum transferability errors lessgence within a few me)/ which has been used for all cal-
than 2 mRy** All potentials are tested and compared to ex-culations. Table | shows the equilibrium parameters for the

periment and to all-electron calculations.

unpopulated in simple molecules, such ast8ed channel

clean Au(11)) surface and the free GIS and CHSH mol-
We find that although the @B orbitals of S are nearly ecules compared to experiment and other calculations.

The first step toward a detailed understanding of the SAM

has great impact on the behavior of the pseudopotential. Th&tructure is to investigate the adsorption site of the simplest
3d orbitals give S-enhanced polarizability and enable a greaC,, (CH;S) on the surface. Therefore, we calculated the total
variety of bonding configurations through hybridization. A energy of a single C8 molecule in a (X2) surface unit
comparison between two USPP’s for S with and without thecell. As shown in Fig. 2a), the thiolate was moved from top

d projector (transferability errors less than 2 mRy in both to fcc, then over the bridge to the hcp site using different
potential$ shows bond energie€(, of S,) of 2.51 and 3.08 molecular orientations. The three topmost Au layers and the
eV/atom[all-electron and experimental values are 2.49 eV/
atom (Ref. 41 and 2.37 eV/atori*?

FIG. 2. Schematic presentation of the interaction of;Shvith
the Au11]) surface. T, H, B, and F denote top, hcp, bridge, and fcc
sites, respectivelyd,, is the interlayer distance between layers
and y, where the top layer is denoted &,, and é,, represent

0.10ev [ _ . .. )

\~//
fece

AP

top

FIG. 3. The adsorption energy for a @&l molecule on the
Au(111) surface along the diffusion path is shown. Small figures
show top views for molecular orientation at each site. Solid and

buckling for nearest and, for the next-nearest neighbors of the S dashed lines represent energies for orientations shown below and
above the curve, respectively.

atom.
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TABLE Il. Calculated parameters for G8 interaction with the
Au (111) surface at 0.75 coverage. The parametiets, dg_a,, and
dy, are the distances between the C and S atoms, between the S and
the center-of-mas&CM) of the topmost Au layer, and the interlayer
separation between the CM'’s of two adjacent layéys, J,,, and
dy¢ give the surface buckling.

fcc hcp bri top
AE hem (€V) 0.00 0.10 0.40 0.95
ds.au (A) 1.788 1.831 1.990 2.493
dqs (A) 2.399 2.398 2.430 2.410
dys (A) 2.386 2.382 2.398 2.379
das (A) 2.393 2.389 2.401 2.398
81a [ 82a] (MA) 1[0] 5[0] 8[4] 1510]
S1p [82] (MA) 42] 6[2] 7[5] 1109]
S1c [02c] (MA) —3-3] -7-3] -§-4] -—-21-13
r(Cs) (A) 1.848 1.846 1.840 1.835
r(CH,) (A) 1.105 1.105 1.106 1.106
1(CHy,o) (A) 1.104 1.104 1.105 1.106
A(SCH,) (deg 108.6 108.7 108.9 109.1
0(SCH, ) (deg 108.5 108.5 108.8 108.9
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FIG. 4. Showing a 3D isosurface of calculated induced charge
density (with a value of 0.1 e/&) when the methylthiolate is ad-
sorbed on the fcc site.

V3X+/3R30° unit cel) clearly show that coverage does not
affect site preference.

The induced charge-density isosurface gkig. 4) illus-
trates the bonding between the thiolate and the goidl)
surface. The induced charge denditlye charge density of

molecule were optimized using a damped molecularyhe chemisorbed system minus that of the slab and molecule

dynamics method until the total force for the system was les

surfaces for two different molecular orientations along th
diffusion path. The dashed curve is for the orientation use
in Ref. 29 and the solid line is the minimum-energy path.
Our results show that the staggered configuration is preferr
over the configuration used in previous studies. The result
of surface buckling and other optimization effects for the
preferred orientatiorisolid line) are summarized in Table Il
and shown schematically in Fig(ig.

?E)onds. It is important to note that the C-S-Au bond angles

€

are all between 132° and 138°, significantly larger than the
tgtrahedral angle of 109 degrees. This effect can be attributed
150 Pauli repulsion between the sulfur atom and the delocal-
ized metallic electrons in the gold. Further evidence of this
effect is found in the induced charge density itself. The
maxima of induced charge do not lie on the S-Au internu-

The calculated chemisorption energy difference betweeflear axis; they are shifted away from the surface. The po-
fcc and hepAEpep.1e=0.10 €V, shows that at low coverage larizability of the sulfur atom and the accessibility of delo-
CH,S molecules adsorbed on the gold surface prefer the fcgalized states in the metal make possible this unconventional
site over hcp. This is in contrast with results of Refs. 29 ancarrangement of bonding electrons.

30, which are based on cluster calculations and classical MD. In summary, we have presented state of the art DFT cal-
In the cluster calculations, only two gold layers were usedculations of thiol molecules adsorbed on the Mi11) sur-

As a result, the surface energy is far from converged, and th&ace at different coverage. This study demonstrates that the
effect of gold atoms in the third layer is not included. As canfcc site is the preferred location for a single thiol, and the
be seen from Fig. 1, the gold11) surface energy is con- electronic changes which accompany chemisorption are elu-
verged only when six or more gold layers are used. Furthereidated. The effect of hydrocarbon chain length and coverage
more, the energy difference between having the molecule agere also investigated, showing the same preferred head-

the fcc or hep sites, AEpcp1cd increases from 0.04 to 0.10

roup adsorption sitéfcc) in all cases. Furthermore, the im-

layers. This indicates the importance of slab size and sugnodel, and of includingl orbitals in the sulfur pseudopoten-
gests that the use of a two-layer gold slab is insufficient fok;5 \were highlighted.

accurate results.
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