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disulfides to Au(111), are the most studied systems, owing to their ”\—3—3 R
stability and highly ordered structures. However, surface pitting (b) MOL/RECON (c) DIS/RECON
can occur, and the surface chemistry is clearly very compiéx. 2.07 3,79
We consider the properties of the iconic shortest SAM that formed 2;
by chemisorbed methanethiyl radicals £ Scanning tunneling 2,96.; H '6‘ '-00 ‘b
microscopy (STM) experimeritsndicate that the initial chemi- o .50 ¢ —» ©
sorption of dimethyldisulfide (DMDS) on the gold (22 +/3) o . €Y €Y .
reconstructed Au(111) surface proceeds without surface pitting. At © (-»C‘ (}" C a.s—(-;s»z(':f a—f;/ c
moderate coverage the surface reconstruction is lifted and surface AE=-0.42eV (8=4.5%) AE= 036 :v (9;9‘1‘!,3

e . ; . AE=-031¢V (0=9.1%) - :
pitting sets in, until a regular (¥ 1) hexagonal monolayer lattice é
appears. Since in the reconstructed surface 46 atoms occupy 44 (e) AD/UNRECON (d) ADVAC/RECON
bulklike positions, forming two rows of 23 atoms along tA400

—— . T 2 G233 235 232 53,
direction (see Figure 18):° SAM production involves a significant 251 LL C@qQ
surface transformatioh3 .11 . %, 2.53 ? 2512 251

At monolayer coverage, gold adatoms sitting above the regular ¢ 00 o o < ¢ © éO @

unreconstructed Au(111) surface have been implicated in the SAM Q0 0 ~ b

structure38.11 this motif, shown in Figure le, we name AD/ oY €. C L(.JL (}', o

UNRECON. Yu et al. suggested that sulfur atoms bond to Au  AE=-0.38¢eV (8=4.5%) AE=-0.73eV (0 =4.5%)
AE=-0.66 &V (8= 9.1%) AE=-0.51¢eV (0=9.1%)

adatoms on the basis of normal incidence X-ray standing wave
(NIXSW) spectroscopic measuremettsyhile Maksymovych et Figure 1. Stages in the adsorption of DMDS on the (22 +/3)
al. interpreted STM images as indicating that DMDS molecules reconstructed Au(111) surface: (a) one unit cell of the bare surface and

. L . subsurface layers, showing the fcc, hep, and ridge domains, (b) the initial
dissociatively adsorb through getddatom-mediated bonds:ur- molecular physisorbed state MOL/RECON on atoms sampled from the fcc

ther, Mazzarello et al. used density-functional theory (DFT) domain, (c) the subsequent dissociated state DIS/RECON, (d) after a gold
calculations to predict that a DMDS molecule could draw an Au- is extracted from the fcc domain to form a molecule-attached adatom and
(111) atom from the surface layer to form a stable chemisorbed associated surface vacancy ADVAC/RECON, and (e) after unreconstruction
f . . of the surface to eliminate the vacancy AD/JUNRECON. Key bond lengths,
species with a nearby surface vacaf_’lclin;ls novel st_ructure_we in A, are shown, whileAE is the adsorption energy of DMDS at a coverage
name ADVAC/U’_\'RECON- Its properties were consistent with Fhe of 6 sulfur atoms per gold atom on the unreconstructed surface: yellow,
results from their photoelectron diffraction (PED) and grazing subsurface gold; pink, surface and adatom gold; brown, sulfur.
incidence X-ray diffraction (GIXRD) measuremefits.
We use DFT calculations to model the formation of the AD/ dipole moment81°We perform Brillouin-zone integrations using

UNRECON structure commencing with exposure of the clean Monkhorst-Pack grids of special points: (4 6 x 1) and (1x 4

reconstructed surface to either DMDS or methanethiol £&8H). x 1) k-points meshes are employed for thex3v/3) and (22x

We predict the coverage at which the reconstruction is lifted. V/3) surface cells, respectively. Thiepoints meshes in our
All computations are performed using the Vienna ab initio calculation are sufficient for our purpos€g?

simulation package (VASPY. Electron-ion interactions are de- The (22 x +/3) reconstruction of the Au(111) surface pushes

scribed using the ultrasoft pseudopotentt&i$ A plane-wave basis ~ Au atoms sideways along tti@12direction away from the usual
set is employed with a kinetic energy cutoff of 300 eV. For the fcc sites occupied by the surface layer toward the higher-energy
electron-electron exchange and correlation interactions, the func- hcp sitesi®!” In doing so, some gold atoms are forced to occupy
tional of Perdew and Wang (PW9%)a form of the general gradient  even higher-energy bridge sites, thus raising above the surface. As
approximation (GGA), is used throughout. The Au(111) surface is a result, the surface displays apparent grain boundary ridges between
modeled by a supercell comprising a four-layer slab separated byfcc-like and hcp-like valleys, see Figure 1a. We investigate the
a vacuum region of six-layer equivalent thickness. When the adsorption properties of DMDS on both the fcc and hcp domains
geometry is optimized, the top two atomic layers and the adsorbatesof the reconstructed surface at the low coverage sf 4.5% S
are relaxed, while the lower two layers are fixed at their ideal atoms per Au surface atonm & 1 DMDS molecule per (22«
bulklike position!® The structure of the reconstructed Au(111) (22 V/3) cell) andd = 9.1% f = 2); monolayer coverage is much
x /3) surface is taken from previous calculatiéhhe methods  higher, 9 = 33.3%. The strongest adsorption is found for the fcc
of Neugebauer and Makov et alre used to correct for the surface  domain, in agreement with experiméfi€! and for this Figure 1
t School of Chemistry, The University of Sydney. shows the details of the structure and the average ad_sorption energy
*School of Molecular and Microbial Biosciences, The University of Sydney. of a DMDS molecule on the reconstructed surface is
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(a) MOL/RECON (b) ADVAC/RECON

AE= (Etotal - Erecorrsurface_ I’]EDMDS)/n

for MOL/RECON, DIS/RECON, and ADVAC/RECON, and 1.70 2.37
: @€ 55
AE = (Etotal - Erecon—surface_ nEDMDS - (2 - n)EAu—bqu)/rl ':2'7] 1'846 o "00
e« C¢Q ©

for AD/UNRECON. Note that the calculated energy for adatom
formation on the clean surface i€{con-suface — 2Eau—buk —
Eunrecon-surfacd/2 = 0.43 eV’ Initially DMDS physisorbes as a
molecule on the fcc domain of the reconstructed surface in a AE=-0.51eV (0=4.5%) AE=0.18 eV (6 = 4.5%)
structure named MOL/RECON (Figure 1b) with, fér= 4.5%, Figure 2. The configuration of (a) molecular physisorption and (b)
AE = —0.42 eV. The molecule then dissociates to form two dissociated adatom/vacancy binding of methanelthiol on the fcc domain of
adsorbed methanethiyl radicals in structure DIS/RECON (Figure the (22x +/3) reconstructed Au(111) surface. Key bond lengths, in A, are
1c, AE = —0.52 eV) and then abstracts a gold atom from the fcc shown: yellow, subsurface gold; pink, surface and adatom gold; brown,
domain leaving a nearby surface vacancy to form the structure sulfur.

ADVAC/RECON (Figure 1d,AE = —0.73 eV). At0 = 4.5%,
lifting the reconstruction to produce the AD/UNRECON structure
(Figure 1le AE = —0.38 eV) is endothermic by 0.35 eV, becoming
exothermic by 0.15 eV af = 9.1%. On the hcp domain, the
physisorption energy af = 4.5% is only AE = —0.24 eV,
dissociation is endothermic by 0.01 eV, and the final ADVAC/
RECON structure has an energy of onf = —0.66 ev. The (i) that its fcc domain is the most reactive; (iii) that DMDS

fce/hep differences are greatest for the DIS/RECON configuration . .
. . . adsorption leads to adatom/vacancy formation on the reconstructed
and arise as the S atom is near an unfavorable top site above the

. } : Surface, (iv) that above = 7.8% the surface vacancies are
hcp domain compared to a favorable fcc/bridge site above the fcc limi d th h lifti h . h b
domaind.78 eliminated through lifting the reconstruction, (v) that subsequent

Most significantly, the calculated AD/UNRECON structure adsorption proceeds through adatom/vacancy formation on the

(e 1) has vy s properies o those obseethe ITEEITEULEEd e eadng o sutace . fomaton, and (1)

high-coverage SAM structure: the S atoms sit on top sites of the P P '

Au(111) surface at 2.54 A separation, in agreement with the  Acknowledgment. We thank the Australian Research Council

experimental value of 2.5& 0.05 A2 The ADVAC/RECON for funding this work and the Australia Partnership for Advanced

structure also has similar properties and resembles previous DFTComputing (APAC) for computational resources.

prediction§ of the transient ADVAC/UNRECON structure.
Calculations at a range of coverages up to half monolayer indicate References

¢ ¢ Ce 0 ¢”,

for monolayer growth for thiol adsorption thus must be quite
different to that for disulfide adsorption, which is supported by the
recent experimental observations thattfbbonds of methanethiols
are merely broken, assisted by surface defegts.

In summary, we show that (i) the reconstructed surface is more
reactive to thiols and disulfides than is the unreconstructed one,

that the binding of CESAUSCH to the unreconstructed surface is
coverage-independent. Using this result, the effect of coverage on
the driving force for lifting the surface reconstruction is modeled,
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