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Abstract

The interaction between aromatic thiols and the Au(111) surface is investigated using periodic
DFT. Different SAM organizations were investigated, namely with different surface
reconstructiongflat unreconstructed Au(111) and adatom Au(111) surface). DFT energetics on
geometrically optimized SAMs and electronic analysis by meansapécted density of states
(PDOS) and the Crystal Orbital Hamilton Population (COHP) methad used to interpréhe
adsorption property differencels.was found that the adsorption energy difference between the
arylthiol chains adsorbed in-3haped SAMs and adsorbed on flat unreconstructed Au(111)
diminishesfrom long aryl tiols (tpt) to the short ones (dpt angt)nindicating that the
unreconstructed surface becomes more competitive energetically for shoraghtiiols (dpt

and mpt) Moreover,the nature of the A% bondwas foundto be independent of the chain size.
This leads us to conclude that the retarwion, if any, is only dependewin the side chain

interactions.

Keywords: Thiols, SAM, Gold, DFT, Nano



1. Introduction

The adsorption of thiols on gold surfacesknown to fam well-defined Self Assembled
Monolayers(SAM) with a minimum of defaultsThe selfassemblyphenomenon has been
describedin detail in several review and was first explainetly Strong and Whiteside$
Particular attention has been paid to alkylthidlom the smallesbne, methylthiof” used a a
case studyn physicsto long chain alkylthiols studied in applicatiosisch agoating, electrong

and biological applications’

The charactedation of thethiol adsorptionon Au surfacesas still some open questiorighe
adsorption site(s), the surface coverage, gurface unit cell of the SAM astaring to be well
understood. Moreover, recenthye found that aurface reconstruction ocautependently from
the alkyl chain length othe type of side cha.'® Whereasthe formation mechanism of the
assemblyon the surfacés notresolved yet! we expect that the formation of SAMgould be

alsodependent of the chain lengths.

Other typs of thiols have been studied in less extench as cystein€* methioning"

§"18 etc: some of thenaresummarized irthe work ofCosta, et al.

butanethiols® aromatic thiol
19 Thearylthiols are used aserganic molecules as surface complexing agentsabied ligamis,

on gold nanoparticles allowing to introduged managing functionality in application fields such
as sensofsor biomediciné®>?* Such capping agents can also be adequately chosen and
introduced during colloidal synthesis to control the growth of nanopartaidsthen to tune their
size, shapand dispersion stat&” Of course, thiols form SAMs with different stabilities on the

other coinage metal€u and Ag’®?’

Mixing of different thiolsin the SAM hasalso ben studied experimentahd theoreticallyand

are used in specific applicationsch as sensor building and nanopéesicsynthesig®?> 282

The monolayer assembly pattern formmdaromatic thiols is less well defined compared with

the one formed byalkylthiols. Unit cells compable with the alkylthiol one, i.ea (2»\/5 X 2\/5
), but alsounit cells ®ntaining adatoms are describddhis particular situation stimulated us to
study the competition between both turgells for monophenylthiol, d@henylthiol and

triphenylthiol. In this context, we investigate the stabilitytbe possible assemblies formeaks



well as the chemisorptiofmature of the $\u bond) using projected density of states (PDOS) and
the Crystal Orbital Hanton Population (COHP) method.

2. Methods

2.1. First Principles Calculations

Periodic density functional theory (DFT) calculations were performed with the VASP&8de

The core electronwere kept frozen and replaced by pseudopotentials generated by the plane
augmented wave method (PAW)’ The ouermostshell electrongH: 1<, C: 25 2¢7, S: 3¢ 3p°,

Au: 5d'° 6s) weretreated by means of a plam@ve basis set with a cafff of 400 eV.The
generalized gradient approximation (GGA) in tteesion ofPerdewBurke-Ernzerhof (PBEwas

used as a functionakith an accuracy on the overall convergence tested elsewt{éréhe
application of tfs functional on bulk Au resulteid a theoretical lattice parameter ef‘a= 418

A. Within the typical margirof error, the constant agree with the experimental data 4208 A)
reported m the literaturé® The parameterization of thegoints sampling of the Brillouin zone

d4—45

based onthe MonkhorstPack gri was considered. The parameter were increased

systematically until the change in the absolute energy was less than 10 meV. A grdok(1)
and (5 x 5 x1) k-pointswereused for (2/§ X x/§) and (2x/§ X 2x/§) unit cells, respectively.
Spin polarizations were ogidered for the isolated radicalghereador the adsorbed systems no
spin polarization was foundh order totake intoaccount van der Waals interactsom the SAM
(SeltAssembled Monolayeryystem, the DFD3*® approach ofGrimme *” was usedwhich
consists in adding a serampirical dispersion potential to the conventional k&ram DFT

energy.
2.2. Modeling

To study the tlol adsorptionprocess twosurfaces were considered:flat Au(111) anda

nanostructuredurfacerepresented by two gold adatoms adsorbed on Au(111), identified,@s Au

Au(111). Theformer surface was modelled using(z«/§ X \/§) supercell with 4 metal layers.

For the nanostructured system(Z«/é X 2«/5) supercell withalso4 metal layers plus two gold



adatomswas used. For specifaetails,seeFigurel. The behavior othree different polyphenyt
thiols were considered:ebzenethiol(mpt or monophenylthiol -biphenyt4-thiol (dpt or
diphenylthiol) and 1 fterpheny4-thiol (tpt or triphenylthio), andthey werecompared
with the 1-dodecanthiol (C12)which has beemaken as reference systeRigure 2 shows the

investigated thiols in their radical forms in gas phase
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Figure 1. Au(111) surfaces used for the thiols adsorption study. (a) Flaurface, (b) nanostructured
surface.



Figure 2. Thiols analyzed: (a) mpt, (b) dpt, (c) tpt and (d) C12.
In all the calculations a vacuum corresponding to 20 A was used. For all the systems, the two
bottom layers were fixed at theextneighbor distance corresponding to bulk and all the other
layers plus the thiols were allowed to fully relax. The relaxations were performed within
conjugategradient minimization scheme, and the convergence criterion was achieved if the total

forceswere less than 0.02V/A.

The adsorption was investigated in all the high symmetry sites for the pure flat surface, and the
most favorable one is reported in the present contribution. To study tessethbled monolayer
(SAM), two adsorbed thiols weremsidered on the flat surface. In the case of the nanostructured
one,the thiols were adsorbed on a gold adatom in pairs, with a pattern where the phenyl chains
were parallel and perpendicular respceach other as shown kigure 1(b). We opted for the
T-shaped adatom configuration, according to previous STM obsersaba flat Au(111)

surfaced®
2.3. Theoretical description

The adsorption energieSEaqsdisp perchainof thiol on the gold surface has been calculated as

follows:



1 1 1
EcldS.diSp E ads.PBE E dis

where 'Eagspae IS the adsorption energy calculated from the pure {PBE electron energies
'Eagspee Was calculated according to the following equation:

. 1
Eads.PBE ﬁ EthioI/Au(lll) n Ethiol EAu(lll)

where Emiovau11) Etiol, @ndEau11) are the total electronic energies of the adsorption complex
formed by thiol, the isolated thiol under its radical form, and the Au(111) slab, obtained after
separate geometry optimization, respectivélye variablen represents the number of thiols per
unit cell.

As it was mentioned previously, the dispersion interaction energysf) was evaluated by
means of the DFD3 approach? Then the adsorption energy of erthiol dain in a perfectly
ordered SAM is' Eags.disp @S shown in edl).

The AuS binding energy '(Ening) has been evaluate with or without dispersionforces
considering the adsorption dhiolates at lowcoverage, i.e., withthe adsorbatadsorbate
interactiors negligible

, 1
Eping E E[hioI/Au(lll) Etniolsam EAu(lll)

with Egio.sam being the single point (not geometrically relaxed) electronic energy of the thiol

radicals (2 in th@+/3 x /3 unit cell and 4 in the/3 x 243 supercell) in the configuration of
the SAM but without considering the Au(111) slab.

In this contextan approximation for the interchain interaction energs{ chain), With orwithout

dispersion forcgxan be obtaineds following
IEint.chain ' Eads l Ebin(

At the pure PBE level for arylthiols, the intermolecular interactimese calculatedand they
resultedto be repulsiveTable1 and Table 2), due to the omission dhe stabilizing dispersion
intermolecular interactions in the assembly at this calculation level. In order to correct this point,

calculations at a meradvanced level were performby considering dispersioforces which



areof prime importance when interactions between aromatic groups or alkyl chains are at play.
Although thisrefinementlowered theAu-S binding energythe trend observed was similar than
that obtained at the PBE level. On the other hahd, dontributionof the intermolecular
interactions waslramatically modified and bameattractive, as expected. This result validates

our procedure for taking into account dispersion interactibns

Eventually one could also breakdown the adsorption energyasigygathe molecule and surface
deformation energies, which are implicitly included in the different energies. However, in order
to keep the discussion concise they were not discussed, since they do not influence the discussion

on the relative stability beten the arrangements studied here.

3. Results and discussion
3.1.Energetics of the phenylthiols on gold surfaces

The alkylthiol adsorption on metal surfaces is a wegflorted topic, theoretical and
experimentalf.'® °®>* Nevertheless, there is less information aboutatigorptionbehavior of
phenyl or phenyl/alkylthioladsorpion on metals,especially discussed in terms abmersion
interactions, and the competition betweerhigh-density and lowdensity assemblies Very
recently, the effect of dispersion was shown to be important in the adsorption geometry of

5556

alkylthiols.

In this context, we have investigated thlisarption of three phenylthiolsamed mpt, dpand tpt
as indicated in section 2.2. in two different figarations: parallel Kigure 3) and TFshaped
(Figure4). The adsorption, binding and intelhain energies for the phenylthiols adsorbedhen
flat and the nanostructured surface askhown in Table 1 and Table 2, respectively. For

comparison, C12 thidll-dodecanethiolpn a Au(1L1) surface is added as wgfigure5).
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Table 1. Adsorption ( (Eags), binding ( (Eping) and inter-chain ( 0Ey.chain) €nergies for several thiols
(mpt, dpt, tpt, and C12) on a flat gold surface. All energies are in eV.

Energy mpt dpt tpt C12
(eV) PBE PBE-D3 PBE PBE-D3 PBE PBE-D3 PBE PBE-D3
(Eads 92 204 H/0 R25 H58 R£L5B3 HASB3I B32
(Eping(SAu) #A.34 212 HA26 R06 H26 R05 -1.78 £.60
(Eint.chain 0.42 0.08 0.56 .19 0.68 .48 0.25 .72

Table 2. Adsorption ( (Eags), binding ( (Eping) and inter-chain ( (Ey.chain) €nergiesfor several thiols
(mpt, dpt, tpt, and C12) on a nanostructured gold surface. All energies are in eV.

Energy mpt Dpt tpt
(eV) PBE PBE-D3 PBE PBE-D3 PBE PBE-D3
(Eads A4.34 R.27 .20 2.50 A4.22 292
(Epng(SAU) A.63 220 HA46 A99 443 #.96
(Eint.chain 0.29 .07 0.26 .49 0.21 9.96

An analysis of our results shedthatthe adsorption energy of C128(63 eV) is larger tha

those for the phenylthiols (o dpt, tpt) in both assemblies, parallel anesAaped. The energy
difference between the alkylthiol (C12) and taglthiols increases from ti di- to mone
phenythiols, inboth configurationsvhen dispersion forces are taken into accoArcomparison
between thedodecanethiol and the phenylthiol, taken as a reference for all the investigated
thiols, indicates that stacking methylene groups in alkylthiols is more favorable than the aromatic
ring stacking(Figure 3 andFigureb5). This trend is explained by the geometrical restraints of the
aromatic groups respect to the (long) alkyl chains that have more atoms at the optimum distance
to reach a greater stabilty The interactions between aromatic groups, which skB@tacking

have been studied in detail befdfeand have also a strosgabilizing effect. However, since the
dispersive interactions are additive, in our aasteven the triphenyl thiol reach the stabilization

of a C12 long alkyl chain.

An interesting result is that the adsorption energy, which is also a descriptor f&AMe

stability, shoved that the Ishaped arrangement is in all cases more energetically favorable than

10



the parallel schemé&Vhen dispersion forces are takato account, the attractive intermolecular
interactions increase monotonously with the number hedngl groups in the side chain, as
expected from@EX dtacking for parallel phenyl groups) aneHZ (&for close to perpendicular
phenyl groups) interactiai® *° These systems beuve less favorablén the following order
(Table 1 and Table 2): mpt < dpt < tpt Quantitatively,adding a new phenyl ring in a moeno
phenylthiol leads to a change in the adsorption energy of apprée\@.ih both configurations.
However, the addition of a ring in a dpt lecule evidences changes of 0.28 and @MZor the
parallel and the Bhaped conformations, respectively; resulting in a significant stabjileffiect
for the T-shaped SAM.

Since the stabilization is measured by the adsorption energy and {8ébéwnd energy is almost
constant, the differencleetween both adsorption energies (parallel arghdped) is due to the
dispersion interactiondt is interesting to note that the parall@&Enteraction is less stable
probably due to the geometrical restraints in which the molecules are trappedtheatiSAM
configuration which forbids the thiolso reachan optimal intermolecular distand@n the other
hand, be unit cell containing the adatomkows a more favorable geometrical configuratioan
that obtained with the fla&u(111),which isin acordance with experimental informati6h™

According to eq (4), the adsorption energy can be subdivided iwo different energy
contributions: intermolecular interaction$jn; cnai and the binding energylEping). Regarding

to the former,Table1 and Table2 show that lhe intermoleclar interactions are stronger C12

than between the phenyl chaikfowever, t should be mentioned that fre case of the tgmin

the Au.dAu(111) surface the intechain energies are highly comparable respect to the C12, with
an interchain energy diffence of about |0.0&V, which is within the expected error bar in a
DFT calculation (0.1 eV)Thedensepacking achieved by C12 allowdrae energ minimization

with a high degre®f van der Waals interactions between ch&fit8 situation that cannot be
replicated by the tpt in the same flat surfitidowever, the gold nanostructuration raises the van
der Waals interactions for the tpt chains, whente now closer but less packed than C12.
Additionally, phenyl chain SAMs arrange @onfigurations that are more complard change
more easily betweenoaoformations than the akyl chain SAMs. As expected, the rigidity in the
configurations for the arylthiols increases with the number of phenyl rings due to larger

interactions between the chains. Interestingly, for all the investigated arylthiols on Hatesu

11



Au(111) and Ay4dAu(111), the binding energy values for theA8 bond are almost similar and
around 2.0- 2.2 eV, which indicates that the adsorption energy is mainly determined by the
nature of thiol chains and the intermolecular interaction otbat exist between those chains.
Hence, thehanges in the AS bond play only a minor role in the differences in surface affinities
for this kind of ligand This effectwas particularlypronouncedbetweendpt and tpt on both
configurations, se€ablel andTable2.

It is well accepted from gperimental and theoreticalampoints that the thiol adsorption on a
Au(111) surface induces a reconstruction phenomenon, involving the formation efubhiol
thiol moieies®® % which are even more stable than the assembly thials®® Hence, a
detailed examination of the adsorptienergiedet us predict that the parallel configuratioould
transform ito a T-shaped sticturein order to gain stability, and the easiness of this process
would decrease by increasing thember of phenyl ringé-igure6). In order to do this, the thi®
should extract a gold atom from the surface and change their configuiratiorparallel to F
shaped. This phenomenon is under discussion nowadays, but some phnagtessn done for
molecules as the methylthiol/Au(11%)°* Another possible way to generate adatoms is the

diffusion of Au atoms on the surface originating from steps and corners.

A study of the flat surface allowdthding that the distances between the gold atoms implicated

in the SAu bond showed an increase of 8.7 % respect to the nearest neighbor distanite from

bulk. However, this increase was not observed between another whatever two gold atoms, in fact,
the distance decreased by 4.8 %. The pressure release by the extraction of the adatom could be
one of the driven forcder thephase changdhe presence do different sulfurgold interfaces

Hflat (S Au) and nanostructured {8u,g surfacestsuggests a competition between the SAM

organization and the existence of intermolecular forces

12
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Figure 6. Adsorption energies for each thiol studied (mpt, dpt and tpt) adsorbed on both surfaces:
flat and nanostructured.

3.2.Nature of the phenylthieAu bond

The interpretation of the eleotric structure of these systemtiol-Au(111l) and thiol
AuadAu(111) where thioE mtp, dpt, tpt;is rather complicated due to the presence of several
interactions between the adsorbed speagesvell asthe electronic states of the metal surface.
Therefore, in order to understand the nature of these interactienprdjected densitgf states
(PDOS)was examinedThe PDOS presented in this contributiere not normalized and the
energy values areeferredto the Fermi level taken as zero energy. In addition, and for the sake
of completeness, the nature of bonding/antibonding cteara¢ these moleculaorbitals was
studied using the @stal Orbital HamiltonPopulation (COHP) method. We will not explain the
details of this weltknown method but we will summarize important remarks about the
information that can be obtainéd@dm COHRPR For further information about this method, skee

work of Dronskowski and BloecHf’. The COHP is a bonding indicator for solid systems that is
constructedby generating an overlap populatiareighted density of states. & important to
emphasizethat negative values of COHP curves correspond to bonding states, whereas the

positives are realted to the antibonding states.
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Figure 7. PDOS for the S P statesfor the three phenylthiols studied, adsorted on the flat Au(111)
surface (left panel) and on the Agy/Au(111) (right panel).

Figure 7 shows a comparison between tBp states of the sulfur presented in the three
investigated phenylthiols adsorbed on a flat (left panel) and on a nanostrucigineganel)
Au(111)surfaceAs it can be seen, the PDOS profiles for the sulfur atom are practically the same
for mpt, dpt and tpt in each gold surface. Hence, the nature of tH& Band seems to be
independent of the chain size. These results are in agreement with the bindmg \ehees
displayed inTable1 and Table2, which remain almost unchangedthvthe chain length. For the
thiol-AuadAu(111) system, th8p states of the sulfur directly bonded to the adatom apper

more positive energies, due to theslpft in thed- andsp- bands of the substrate. Changes in the
electronic properties of nastuctured surfaces are expected due to alterations in the geometry in
comparison to flat surfacésigure8). Hence, thed- andsp- bands are shifted tmore positive
energy valuesFurthermore in the pureAu,dAu(11ll) surfacegshe d-bandsbecome thinner
indicating stronger elen localization These changes in the electronic properties enhance the
surface reactivity of the nanostructured surface respettietdlat one The higher adsorption

energieon the nanostructured surface are the proof for this phenome€able { andTable?2).
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Figure 8. PDOS for thepure flat Au(111) (left panel) and thepure Au.4/Au(111) (right panel)
surfaces.

Seeking for a better understanding of 818u bond naturewe performed a detailed analysis of

the 3p states of the sulfur atom and its interaction with ¢ppeand d- bandsof the surfaceThe

Au atom directly bonded to the S of the thiol was selected for the analysis in both systems. In the
case of the flat stace, the AuS bondwasformed by a S bonded to three gold atoms, which
exhibit the same PDOS profile. In the case of thghdped system, the/AI bond between the

adatom and both sulfur atoms showed similar PDOS profiles aqRigalire 9| |Figure 10{and

Figurellishow the totaBp statesof the sulfur in the triphentfiol with thes-, p- andd- bands of

gold in both configurations as a referent#onophenylthiol and diphenythiol are not shown,
sincetheir PDOS profileswere similar to theone of tpt The COHP curvesverealso added to
help in the interpretation of the bonding/antibonding contributions. Left and cighinns

correspond to Au(111) and AYAu(111) surfaces, respectively.
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Figure 9. PDOS and COHP forthe Au 5d state with the S d state of the tpt adsorbed on the flat
(left column) and on the nanostructured (right column) surfaces.

Figure 10. PDOS and COHP for the Au ¢ state with the S P state of the tpt adsorbed on the fla
(left column) and on the nanostructured (right column) surfaces.

16



Figure 11. PDOS and COHP for the Au 6 state with the S P state of the tpt adsorbed on the flat
(left column) and on the nanostructured (right column) surfaces.

Upon adsorption, th8p states of the thiol become broader and shifted to negative energies in
comparison to the isolated radical (not shown) due tintieeplay with the metal surface. Tde
bands of Au(111) and AWAu(111) lie between8 eV and 8 eV kelow the Fermi levelwith
their bonding and antibonding contributions of Bestates€aused by the interaction with tbe

bandfilled (Figure9). Thus thed-band does not contribusggnificantlyto the adsorption bond,

which is therefore dominated by the interaction with spdand. Thes- and p- states of the

surfaces are affeaeby the presence of the thislncethe bonding and antibondiregntributions

appeaedbelow and abovthe Fermi level, respectivelgtabilizing the SAu bond |Figure10jand

Figure 11). Thus, COHP plots allowed us to confirm thia¢ SAu bond shows mainly a $9)-

Au(6sp) character, because the bonding state is located bellow the Fermi level while the
antibonding state is found above the Fermi level. Obviously, this behavior indicates a strong
bonding betweei®(3p)-Au(6s) (Figure1l) andS(3p)-Au(6p) (Figure10). On the other sidehe
analyss of the COHP profiledor the S(®)-Au(5d) bond showed a different behaviothe

bonding and antibondg states were both located lbel the Fermi level, revealing that no bond

is formed
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It should be mentioned that our analysis is mainly focused in th® Aature, a moreomplete
analysis is out of the scope ofgtwork, which should considéighly entangled interactionthe
participation of the 8states of the sulfur, the metal states, and all the states of the rest of the

thiol chain formed by C and H.

Finally, thecorresponding rearrangement of electronic charge upon the formation of the assembly
of thiols can be obtained by subtracting the charge densities of thateaacting systems from
those where the assembly of thiolsenaict with the Au(111) surface:

where (! is the charge densityifterence and!ay-thiols, 'au @nd lhiois are the charge densities of
the whole system, the isolated Au surface, and the isolated assembly of thiols (both frozen at their

final equilibrium configuration upon adsorption), respectively.

The integration of charge density differentgoughout thez-axis (G!,) has been calculated

according to:

The analysis of this property allows a direct comparison oatheunt of charge accumulated or

depleted at different atomic positioffSgure 12|shows the charge density difference of tpt on

Au(111) (upper panel) and on AAu(111) (bottan panel). As it can be noticed, in both cases
there exists an electron accumulation on the sulfur @bdme dot), leading to a negative charge.
However, immediately belowhere is a depletion aflectrondensity fetween the thiol and the
Au bonded to itbeingfor the flat surface within the first layer (first red dot) andhe case of
the nanostructured surface, on the gold adafgreen dot) These results suggest a higher
electrondelocalizationin the former case and more discretedlized states in the latter, which

confirms our previous assertions.
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Figure 12. Charge density difference (zrofile and volumetric) for the flat Au(111) surface (upper
panel) and for the nanostructured (bottom panel).The accunulation of charge is in red and the
depletion in blue for the volumetric charge density difference.

Conclusions

In this work the interaction betweenylthiols and a Au surfaceis investigated using periodic
DFT. Different SAM organizations were describedliterature mainly based on differences in
surface reconstructions (flainreconstructed Au(111) and adm Au(111) surface). DFT
energetics on geometrically optimized SAMs and electronic analysis by meagsjedted
density of states (PDOS) and they§tal Orbital Hamilton Population (COHP) metheds used
to interpret the adsorption property differences.

A first conclusion concerning the adsorption geometry underlinegribrgetically favored -

shaped adsorptiocompared withhorizontal adsorptiomn unreconstructed Au(111) surface, for

the three studied arylthiols. The long chains were found to adsorb stronger compared with the
short chain thiols. Howeverthe adsorption energy difference between the arylthiol chains
adsorbed in IShaped SAMs anddaorbed on flat unreconstructed Au(111) diminishes markedly
from tpt to dpt (=0.39), and remains almost constant between dpt and ispta3 and 0.25),
indicating that the unreconstructed surface becomes more competitive energetically for short

chain arythiols.

Secondlythe nature of the A% bond seems to be independent of the chain size. These results
are in agreement with the binding energy values. For theAigfAu(111) system, th8p states

of the sulfur directly bonded to the adatom appearedoaé positive energiemanly due to the
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up-shift in thebands of the substrat&nother important feature is that the Auinteraction is not

altered when the aryl chain is substituted by an alkyl chain.

This leads us to conclude that the reconstractibany, is only dependertn the side bain
interactions. Strong intehain interactions will stabilize surface reconstructions. However, this
conclusion is only based on pure thermodynaroitsiderationsThe question that now arises is

if this will be supported by kineticatonsiderations This point will of courseimply the
proposition and the calation of possible surface reconstruction reaction pathways, which are

our next aim.
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