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Molecular interactions in well characterized self-assembled alkanethiolate monolayers on Au(111) and Ag(111)
are studied from reductive electrodesorption curves recorded in 0.1 M NaOH in a 95% meith&nhavater
mixture to minimize the effect of hydrophobic forces. From the electrochemical and STM data and quantum
DFT calculations, it can be concluded that the difference in peak potentials experimentally observed for the
reductive desorption of a given alkanethiolate from the Ag(111) and Au(111) surfaces is determined by the
energy to introduce an electron into the adsorbed alkanethiatag¢al species, the desorption energy of the
alkanethiolate anion, and the solvent/metal interaction energy.

Introduction nm found in the distorted/7 x +/7 R19.F lattice observed

The understanding of molecular interactions that govern self- for S on Ag(111) at a high surface coverage and for short
assembly processes is a key point in the development of alkanethiols on the same substr&t€Recent normal incidence
nanoscience and nanotechnology. In this context, self-assembled-ray standing wave (NIXSW) studies have shown that the S
monolayers (SAMs) of alkanethiolates on metals have attractedheads of octanethiol molecules in th& x +/7 R19.F lattice
considerable scientific and technological interest because theywould be placed at hollow and top sit€slt should be noted
provide a route to control corrosion, wetting, and wear properties that the valued = 0.46 nm has been observed in close packed
of metal surfaces; to anchor different functional groups to be bulk alkanes.

used as chemical and biochemical senddesfabricate nano- The self-assembly of these two-dimensional structures implies
devices for electronicsto develop new nanofabrication meth-  alkanethiolate-metal, alkanethiolatealkanethiolate, alkanethi-
ods? and finally as model systems for interface sciehce. olate—environment, and metaknvironment interactions. Previ-

Alkanethiolates adsorbed on Au(111) have been taken as aous studies for the alkanethiolate desorption from Au surfaces
model system for SAM studies. It is well-known that the surface in hexadecane have reported activation energies that increase
structure consists of an ordere x +/3 R3(Q lattice' and its 0.84 kJ/mol per methylene urit.Stabilization energies in the
related c(4x 2) superlattice in both gas ph&3and liquid order of 1.5 kJ/mol per methylene unit have also been proposed
environmentsP In these lattices, the alkanethiolate molecules from the analysis of different adsorption/desorption data.
are chemisorbed on the Au surface by the S-heads forming athe case of electrolyte solutions, reductive electrodesorption
thiolate bonéd® and the tilt angle ranges from 2@ 40° with curves have been used to estimate these contribuifoims.
respect to the substrate normarhe +/3 x +/3 R3C lattice aqueous 0.1 M NaOHs/3 x +/3 R3C and c(4 x 2)
exhibits nearest neighbor distanags- 0.5 nni, whereas the  alkanethiolate lattices on Au(111l) are desorbed in sharp
c(4 x 2) lattice exhibits some pairing of the S atoms as revealed voltammetric peaks that shift in the negative potent) (
by GIXD data? Besides, STM measurements have shaolen direction as the number of GHinits in the hydrocarbon chain
0.45 nm between the bright and dark spots (interrows distance)(n) of alkanethiolate molecules increases. On the basis of peak
andd = 0.5 nm inside the row (intrarow distance) of the c(4 potentials, the Kp) vs n plots the stabilizing interactions, van
2) superlattice§? der Waals and hydrophobic forces, have been estimated4n 3

In the case of alkanethiolate adsorption on Ag(111), chemi- kJ/mol per methylene unt1*A detailed study on the reductive
sorbed molecules are also bonded by the S head to the Agelectrodesorption of SAMs on Ag(111) in aqueous and metha-
surface although their tilt angle with respect to the substrate nolic solutions has been also reportédn aqueous solutions,
normal ranges from T5to 0°.82 Previous STM studies have the E; vs n plots give similar results for hydrocarbon chain
shown that alkanethiolates with large hydrocarbon chains chain and hydrocarbon chaiisolvent interactions than those
organize on Ag(111) forming an incommensurate hexagonal found for alkanethiolates on Au(111). It has been also shown
layer withd = 0.46 nn¥° that is a value greater thah= 0.44 that for a constam the alkanethiolate molecules are desorbed
from Ag(111l) at more negative potential values than those
*To whom correspondence should be addressed. E-mail: robsalva@ corresponding for the desorption from Au(111). This difference
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From the above discussion, it is evident that the surface
structures of alkanethiolates on different metal surfaces are
reasonably well established. Other basic aspects such as
hydrocarbon chain length, solvent, and substrate effects on the
adsorption/desorption of alkanethiolates have also been ad-
dressed in numerous studies. However, only a few of them have
been concerned with the energetics of these processes. In those

studies, large discrepancies from data reported by different
laboratories have been observed and probably originated in
subtle differences in the experimental conditions or surface
preparation of the substrattsBecause of the potential tech-

nological applications of SAMs in aqueous media, quantitative

Figure 1. Typical (200x 200 nn¥) STM images (raw data) of the (a)
Ag(111) and (b) Au(111) films. These films exhibit smooth (111)
terraces separated by monatomic high steps. The insets33n?)
show atomic resolution of (a) Ag(111) and (b) Au(111) on the smooth

aspects of the energetics involved in the adsorption/desorptionterraces.
of alkanethiolates on/at metal surfaces deserves further inves-

tigation. In this context, the understanding of the energetic
contributions involved in the electrodesorption potentials be-
comes crucial because they determine the stability range of
SAMs in aqueous media.

In this work, we have investigated the reductive electro-
desorption of alkanethiolate latticas £ 16) from Ag(111) and
Au(111) surfaces using 0.1 M NaOH in 95% methar@%
water as electrolyte under comparable experimental conditions.
This electrolyte minimizes the contribution of hydrophobic
forces in the adlayer stabilifl?,and then it suppresses micelle
formation that could complicate energetic calculations. We have
found that theE, vs n plots lead to a chainchain interaction
energyEa—a ~ 1.8 + 0.5 kJ mot/methylene unit andEa—a
~ 1.5+ 0.5 kJ mof/methylene unit for alkanethiolates on
Ag(111) and Au(111), respectively. We propose that both the
hexagonal lattice on Ag(111) and the c{2) lattice on Au(111)
exhibit d = 0.45-0.46 nm in order to optimize hydrocarbon
chain—hydrocarbon chain interactions. From the experimental
data and quantum density functional theory calculations (DFT),
it can be concluded that the difference in peak potentials
experimentally observed for the reductive electrodesorption of
a given alkanethiolate from different metals surfaces is deter-
mined by the energy to introduce an electron into the adsorbed
alkanethiolate-metal species, the desorption energy of the
alkanethiolate anion, and the solvent/metal interaction energy.

Experimental Section

Ag and Au arrandees were used as substrates for SAMs
formation. The Ag and Au films were annealed in a hydrogen
atmosphere at 300 and 40Q, respectively. After annealing,
the Ag and Au substrates were immersed for 20 hs in 5 mM X,
(X = propanethiol, butanethiol, hexanethiol, dodecanethiol, and
hexadecanethiol) methanolic solutions to form the SAM and
rinsed fo 1 h inmethanol to eliminate multilayers. After adlayer
formation, the surface structures were characterized by ex situ
STM using a Nanoscope Il STM (Digital Instruments Inc.).
Images were taken in the constant current mode usingdrPt
tips. Typical bias and tunneling currents were-6110 V and
0.1-2 nA, respectively. The reductive electrodesorption of
alkanethiolate adlayers was performed in a conventional three
electrode glass cell containing 0.1 M NaOH in 95% methanol
+5% water solution at a scan rate= 0.1 V/s. A large area Pt
counter electrode and saturated calomel as a reference electro

were used. Potentials in the text are referred to the saturated10

calomel electrode (SCE). All solutions were prepared with high
purity chemicals.
Results

STM Characterization of Surface Structures. Typical ex
situ STM images of the Ag substrate are shown in Figure 1.

£

Figure 2. (a) (15x 15 nn¥) STM image (raw data) of Ag(111) terraces
covered by ordered domains of dodecanethiolate. The black regions
correspond to monatomic deep holes. The inset &nn¥) shows the
incommensurate hexagonal dodecanethiolate lattice on Ag(111). (b)
(15 x 15 nn?) STM image (raw data) of Au(111) terraces covered by
ordered domains of dodecanethiolate. The black regions correspond to
monatomic deep holes. The lower and upper insets Gnn?) show

the v/3 x +/3 R30® and the c(4x 2) dodecanethiol adlayers,
respectively.

The vapor deposited Ag films on glass exhibit atomically smooth
(111) terraces separated by monatomic high steps (Figure 1a).
As already reportedf, high-resolution STM images of fresh
surfaces reveal the typical hexagonal pattern of the Ag(111)
surface with nearest neighbor distartte= 0.29 nm (Figure

la, inset). Similar images are obtained for the vapor deposited
Au on glass (Figure 1b and insé#).

Ex situ STM images of dodecanethiol-covered Ag(111) and
u(111) prepared by immersion in the 5 mM dodecanethiol
ntaining methanolic solutions are shown in Figure 2. At a
w resolution, well ordered arrays of molecules and monatomic
deep holes are observed for both alkanethiolate on Ag(111)
(Figure 2a) and Au(111) (Figure 2b). At a high resolution, the
STM images (Figure 2a inset) of the ordered dodecanethiolate
domains on Ag(111) reveal the incommensurate hexagonal
lattice withd = 0.46 nm21° On the other hand, for dodecane-
thiolate monolayers on Au(111), the surface structure consists

(0]
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(c)
0.50 nm solvated substrate. As already reported, small amount of

dodecanethiolate, remaining on the Ag(111) surface, is removed

at a small and broad current peak (Cll) located-4dt38 V,

just before the hydrogen evolution reaction. Similar profiles are

recorded for the reductive electrodesorption of the propane-

L . L thiolate, butanethiolate, hexanethiolate, and hexadecanethiolate

0 1 2 3 4 lattices from the Ag(111) surface. The peak potential corre-

sponding to current peak Cl {Eshifts in the negative direction

as the number of methylene units in the hydrocarbon chgin (

L /nm

Figure 3. Cross-sections corresponding to (a) incommensurate incr ThE. vs n plot viel traight line with |
hexagonal dodecanethiolate lattice on Ag(111), (b)>c@ dodecane- creases. The, vsn plot yields a straig € a slogte

thiolate adlayer on Au(111), and ()3 x +/3 R3C dodecanethiolate = 0.02+ 0.005 .V/CHZ unit (Figure 5), the same value that has
adlayer on Au(111). been reported in ref 15. Note that although the double layer

charge could affect the voltammetric peak widtlit has a
LA negligible influence on the peak potential value.
or - T In the case of Ag, it has been reported that long immersion
I ! 1 times result in the build up of a sulfur layer at the interféte.
T To address this point, we have made reductive electrodesorption
1 of S-covered Ag electrodes prepared by immersion of the Ag
7 substrate in 10° M Na,S solution under comparable conditions.
ar © 1 In this case, the reductive electrodesorption of e x V7
R19.T S lattice occurs aE, = —1.0 V, well outside of the
18 Az 08 o4 potgntial range where alkanethiolate.£3n < 16) electrodes- .
E /V (SCE) orption takes place. No trages of this peak were obseryed in
the reductive electrodesorption curves of these alkanethiolates
Figure 4. Current densityjj vs E profiles for the reductive electro- suggesting that no significant S contamination of SAMs are

desorption of dodecanethiolate adlayers from the Ag(111) (solid line) present in our samples. In the case of contaminated short

and Au(111) (dotted line) surfaces recorded :at= 0.1 V s : _ a_ B
Electrolyte: 0.1 M NaOH in 95% methanet 5% water solution. alkanethiols I(]. 3—4), we have clearly observed the S
electrodesorption peak.

of +/3 x +/3 R3C with d = 0.5 nm and its c(4 2) superlattice We have also recordeflvs E profiles for the reductive
(Figure 2b insets) witld = 0.45 nm between dark and bright electrodesorption of these alkanethiolates from the Au(111)
spots (interrows) and = 0_5' nm inside the rows (intrarows: surface in the same electrolyte. Although data for the reductive

Figure 3)%° electrodesorption of dodecanethiolate monolayers in 0.5 M KOH
: in ethanol are availabi&, we have not found similar data for
density {) vs potential E) profile for the reductive electro- other alkanethiolates from Au(111) in low water-containing
desorption of the ordered hexagonal dodecanethiolate lattice€/€Ctrolytes. A typical reductive electrodesorption curve for
from the Ag(111) surface in 0.1 M NaOH in 95% methariol dodecanethiolate from the Au(111) surface in this electrolyte
5% water solution is shown in Figure 4 (solid line). The is shown in Figure 4 (dotted line). Th_e reductive desorption of
alkanethiolate lattice is mainly removed from the electrode the V'3 x /3 R30 and c(4x 2) lattices from the Au(111)
surface at the current peak (Cl) located.26 V (Figure 4) surface takes place in the large single peak Cl locatedlad

yielding alkanethiolate anions according to the global reaction v (Fig%”e 4 dotted line) and a small pegk (ClI) at the negative
potential side® For peak Cl, the analysis d, vs n plot for

(CH.)(CH,).S—Me + solvent+ e= the reductive desorption of these ordered lattices from the
YA= 2N Au(111) surface (Figure 5) also yielts= 0.017+ 0.005 V/CH
[(CHY)(CH,),S Jsot Me g, (1) unit, which is a similar value than that obtained for the Ag(111)
surface (within the experimental error) but lower thes 0.03
In eq 1, (CH)(CH.),S stands for the adsorbed alkanethiolate V/CH; unit obtained for the reductive desorption of these lattices
molecule on the Me substrate, [(QCH2)nS ]soiv Stands for from the Au(111) surface in aqueous solutidh& The E, vs
the solvated desorbed alkanethiolate, andJvistands for the n plot for alkanethiolate-covered Au(111) is shifted to more
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Reductive Electrodesorption Curves.A typical current
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positive potentials than that recorded for alkanethiolate-covered
Ag(111); that is, the reductive electrodesorption of alkanethiolate
lattices from the Ag(111) surface is more difficult than those
from the Au(111) surface.

It should be noted that peak Cll has been assigned either to
a capacitive current produced by the charge of the double layer
of the substrate after alkanethiolate electrodesorftion to
alkanethiolate electrodesorption from step edges or surface
defects. In situ STM images after alkanethiolate reductive
electrodesorption at peak Cl shows that alkanethiolate molecules
remain adsorbed at step eddesSimilar results have been
reported for S desorption from step edges of Au(E21)means
that the electrodesorption of these species from step edges could
contribute to the charge involved in peak ClII.

Quantum Density Functional Theory (DFT) Calculations.
The adsorption energies of negatively charged methanethiolate
anions (CHS™) on the Au(111) and Ag(111) surface sites were
estimated by using DFT. We are interested in the adsorption
energy of the negatively charged species because the reductive
electrodesorption process in aqueous media results in alkanethi-
olate anion formation (eq 1). Note that while several papers
have studied the adsorption of the neutral species on AF13%)
and a few on Ag (1113 no data are available about the

methanethiolate
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adsorption energy of alkanethiolate anions on these surfaces. \

The cluster model used to represent the metal surface was
built with 10 atoms distributed 7 in the top layer and 3 in the A /
second layer (Figure 6a). The metahetal distance was N/
maintained fixed to the bulk value of 0.2884 nm for gold and

0.2889 nm for silve! The selected surface sites for the anion Figure 6. (a) Three-dimensional scheme (lateral view) showing the
adsorption, namely, hollow hcp, hollow fce, top, fec-bridge, hep- methanethiolate molecule on the Au(111) cluster used for DFT

bridge, and bridge, are shown in Figure 6b. Note that hcp and cajcylations. The hep and fec hollow sites are indicated. (b) Two-
fcc sites involve tetrahedrical and octahedrical geometries dimensional scheme (top view) showing the different adsorption

(Figure 6a), respectively, whereas the fcc-bridge and hcp-bridge Au(111) and Ag(111) sites (rectangles) used for the quantum DFT
are slightly off-centered sites from the bridge position (Figure calculations. The Au atom in the second layer at the hcp site is i_ndicated
6b). The methanethiolate anion was oriented with the sulfur atom @S @ Smaller gray circle. Note that the hcp-bridge and fec-bridge are
pointed toward the metal surface at a certain distance over theSlightly off-centered from the bridge site.

selected surface site. The S-Me distandegnd thea. angle TABLE 1: Desorption Energies (—Eag), S—Me Bond Length
defined between the-€S bond and the substrate normal were (d), a Value, and the Charge of the S Atom for

optimized. The rest of the anion geometry was held throughout Methanethiolate Adsorption on the Different Au and Ag

the calculations in optimized values of the isolated anion. Sites

DFT calculations are based in the three-parameter hybrid _ o of -Eaa  charge on
method proposed by Becke, associated with the gradient_ M€t site nm__ degrees kJ/mol the S atom
corrected correlation functional of Lee, Yang, and Parr, Au(11l) hcp 0227 238 246  —-0.13
B3LYP.32 The Ag and Au atoms have been described with 11 ICC 8-%2% %g ggg :8'5
electrons, whereas th_e_re_mainde_r of the atomic glectron density hocF:)-bridge 0233 505 250  —0.16
was replaced by relativistic effective core potential (ECP) from fcc-bridge  0.236 30 249 ~0.18
Hay and Wadt, LANL1IMB33 Thend'© (n + 1)s! valence shells, bridge 0.234 249 226  —0.18
Ag n = 4 and Aun =5, were treated explicitly with the basis ~ Ag(111) hcp 0226 333 223 028
set LANLIMB. S, C, and H atoms are described with the fee g-g?ég 618-26 i%i _g-gf
stano!ard_ 6-316_(d) basis sétwhich is split valence pI_us Lc::%-brigde 0233 388 209 :0:28
polarization quality. In all cases, the electronic state considered fcc-bridge  0.232 32,5 180  —0.30
is taken as the lowest energy closed-shell configuration. The bridge 0.234 348 194 -0.29

theoretical calculations were performed with the electronic o _
structure software Gaussian ¥8We have also calculated the the parametersl and o optimized, E[Mey] is the energy for
charge remaining in the S atom after methanethiolate adsorptionthe metal cluster, and E[SGH is the energy of methanethiolate

by using Mulliken populations. These are used as a qualitative anion. . . . )
tool because of their well-known limitations. Results obtained for the methanethiolate anion adsorption on

. . . Ag(111) and Au(111) surfaces are summarized in Table 1.
aSThe methanethiolate adsorption eneryys has been defined S—Me bond lengths d)® and o. angles are similar to those
calculated for methanethiol adsorption on Au(111l) and
Ag(111)2°30 The magnitude of thét,ys value for methane-
thiolate adsorption on the different Ag(111) and Au(111)
substrate sites agree with that experimentally repbaad with
those estimated for negatively single charged anions adsorbed

Eags= E[Me;SCH] - — [E[Me,q| + E[SCH; ]]  (2)

whereE[Me10SCH;] ~ is the total energy of [MgSCHs]~ with
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on (111) face$® The Eqgsvalues differ no more than 40 kJ/mol  be described by the following reaction steps

for the different Ag(111) sites, with the hcp and hcp-bridge being

the most stable. On the other hand, for the Au(111) surface hcp, (CH3)(CH,),S—Me + e =[(CH,)(CH,),S—Me]  (3)
hcp-brigde and fcc-bridge are the most stable sites with small

energy differences among them. For the neutral species, the hcp [(CH,)(CH,),S—Me]” = (CH,)(CH,),S” +Me (4)
site has been considered as the best site for alkanethiol

adsorption on the Au(111) faéé.However, recent DFT (CH,)(CH,),S™ + solvent= [(CHJ)(CH,),S lssy (5)
calculations have shown that the fcc site seems to be more stable
than the hcp sité” On the other hand, other calculations have Me + solvent= Me, (6)

shown that short alkanethiol @ n < 4) adsorption is stronger
at the fcc-bridge instead of at the fcc sit@®ifferences smaller The energy involved in step [3E) is related to the energy
than 4 kJ/mol have been reported between methanethiolateneeded to introduce an electron into the alkanethiolate-metal
adsorption at the fcc-brigde and bridge sf®&Similar adsorption systent! Step [4] involvesEges Eqes = —Eads the desorption
energy values have been estimated for the adsorption of thisenergy of the alkanethiolaiéMe species that is-independent
species at the fcc-bridge and hcp-bridge sie3he small  as already discussédTherefore,Ea_s contains bothEg and
adsorption energy differences reported for different sites, for Ey, Step [4] also involves the breaking of hydrocarbon chain-
both the negatively charged and neutral species, suggest thahydrocarbon chain interactiong4_,). Finally, steps [5] and
all of these sites are viable alternatives for adsorption. In the [6] involve Ea_s and Es-s, respectively. The energyEéj)
case of Au(111), the difference Engsfor the different sitesis  involved in the electrodesorption process is
51 kJ/mal, i.e., greater than that observed for adsorption on the
different Ag(111) sites. All Ag(111) sites exhibi,gs values Eet= EgesT Ea—s T Ea-a T Es s T Ey (1)
smaller than those calculated on the Au(111) surface, in contrast ) ) )
to that reported for the neutral G&.2° Results also show that 1 "€ energy difference\Ee for the electrodesorption of a given
the S atom in the €S—Ag bond has a greater negative charge alkanethiolate from Ag(111) and Au(111) is determined by
than that of the S atom in the-€5—Au bond in agreement
with XP spectroscopic daf4. ’ AE¢y= Edong~ Ecanu™ AByest AE5_+ AE,_, +

For the most stable sites of the Au(111) and Ag(111) surfaces, AEs s+ AE, (8)

we have also performed DFT calculations describing each . .
metallic atom with 19 valence electrons? npd nd® (n + 1)st Note that the electrochemical potential relates to the free energy

valence shell, Aqy = 4 and Aun = 5, by using the effective rather than the energy in the enthalpy sense. However, the

core potential LanL2DZ and the standard LANL2DZ basis set, ler::r opic ch?EgeAs mi/fllvig Inlgicl)lng fr]?m orc'i[eredlallf[ar&etrI]lLolate
finding the same energy differences. To test cluster size effects attices on the Ag(111)/Au(111) surfaces to solvated alkane-

we have also done a single-point calculation of the energy in thiolates in the methanolic solution should be similar. Thus,
the most stable site on Au(111) and Ag(111) using 28 atoms entropy contr ibutions are c_anceled when we con3|d_er free energy
distributed 18 in the top layer and 10 in the second layer. Again differences in the reductive electrodesoption taking place on
the adsorption energy differences between the most stable Authese metals.

an Ag sites compare quite well with the data presented in Table Forn = 0, then-dependent termAE-s and AEa-4 cancel
1 so that eq 8 becomes

. . i o
.React|on [1] |r)volves a chargg transffer to a neutral alkane AEgy” = AEgt+ AEg + AE, 9
thiolate—Au species. The energetics of this step can be estimated

from the energiesiumo Or €nomo, the lowest unoccupied  Taking Eges = 250 kd/mol (Table 1) for the most stable sites
molecular orbital (LUMO), and the highest occupied molecular (hcp/hep-bridge/fee bridge) for Gi$—Au(111) (/3 x /3
orbital (HOMO), respectively® Thus, we performed a Hartree R30°) andEges= 203 kJ/mol averagingHue{hcp) + Egedtop)]/
Fock (HF) calculation for the most stable sites in the optimized 3 for the corresponding to GI8~—Ag(111) (/7 x /7 R19.%),
geometry found previously in the DFT method. Thus, for the it results inAEqges= —47 kd/mol. On the other hand, as a first
[Au10SCH] ™ species at the hcp hollow site, we obtairggmo approximation, one can considgs = —¢. Usingpag = 428.78
= —1.9482 eV, whereas for [AgSCH;] ™ at the same site, we  kJ/moF2 and ¢, = 509.5 kJ/mol3 one obtainsAE, = 80.7
have—1.1605 eV; thusAenomo = 0.788 eV= 76.00 kJ/mol. kJ/mol. We have used in eq AEss = —8 kJ/mol from

In the case ot umo, we have obtained for [AUSCH;] e umo experimental data for methanol adsorption on the Ag(111) and

= —1.431 eV, and for [Ag@SCH], eLumo = —0.706 eV; thus,  Au(111) surface$* Note that we used a mixture of 95%

it results thatAeymo = 0.725 eV= 70 kJ/mol. methanol 5% water as electrolyte rather than pure methanol.
However, for waterAEs_s = —5 kJ/mol have been estimaté,

Discussion so thatAEs-s = —8 kJd/mol for the mixture should be considered

. . . as a reasonable value. Introducing these figures into eq 9, one
The reductive electrodesorption of alkanethiolate molecules obtainsAEZ;® = 26 kJ/mol= 0.27 eV. Therefore, considering

from Au(111) and Ag(111) surfaces as alkanethiolate anions the one electron-transfer process [eq 1], the estimated value for
involves the nucleation and growth of holes in the adsorbed AE, atn = 0 results inAE,(n = 0) = 0.27 V. This figure is
layer!415 The energy barrier to desorb an alkanethiolate larger thanAE,(n = 0) = 0.22 V extrapolated from thE, vs
molecule from the edge of a growing hole should include the nplots (4< n < 16) for alkanethiolate electrodesorption from
alkanethiolate-substratefa—s), alkanethiolate-alkanethiolate the Ag(111) and Au(111) surfaces (Figure 5). Note that the use
(Ea-n), alkanethiolate-solvent Ea-¢), and substratesolvent  of AEy, = —A¢ = 80.7 kd/mol alone to determinE, leads to
(Es-s) interaction energie¥:'4 a very large discrepancyAEp(n = 0) = 0.83 V) in relation to

The reductive desorption process of an adsorbed alkane-the experimentally estimated value. The energy involved in step
thiolate molecule from a metal substrate (Me) in solveoan [1] can be also estimated by takidg=c; = Aeqomo Or AEq =
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AéLumo. From AeLumo = 70 kd/mol, it resultAEX;® = 15 kJ/

mol andAEy(n = 0) = 0.16 V, a figure somewhat smaller than
that experimentally observed. On the other hand, by using
Aéromo, it results in 76 kd/mol, and one obtaingl° = 21
kd/mol andAEy(n = 0) = 0.22 V, in excellent agreement with
the value derived from the experiments. It should be noted that

Azzaroni et al.

has shown multiple rate constants and regimes. These limitations
suggest that more systematic theoretical and experimental work
is needed for a complete understanding of the physical chemistry
involved in these fascinating two-dimensional systems.

Conclusions

Aenowmo values have a clear physical meaning, and they canbe e reqyctive desorption behavior of self-assembled alkane-
considered as reliable ionization potentials as recently reported;piq|ate monolayers on Au(111) and Ag(111) in a 0.1 M NaOH

from DFT calculation$? It must be noted that the error involved
in the AE,(n = 0) measurements is at least two times smaller
(~0.025 V) than the error introduced by the useAaf rather
than Aeyomo. Therefore, we propose that in egA%E; should
be replaced byepomo.. Thus, our results demonstrate that the
AE, value for alkanethiolate desorption from Ag(111) and
Au(111) surfaces is mainly determined B¥qes Aenomo, and
AEs_sratherthan by solelf¢, in contrastto early suggestiotts:16

For the reductive electrodesorption of different alkanethiolates
from the substrate Me in a given solvent the terkByes
Aenomo, and AEs—s cancel. Therefore, the energy difference
(AE2Ye = Ep — Ep) for this process is given by the
n-dependent terms

AEie= AEs_s+ AE, 4

e (10)
Note that we can neglect timedependent long-ranged adsorbate
substrate interactions at physisorbed micéllbecause they are
not formed in methanolic solutiorf§.Therefore, for a given
substrate, the shift in th, value withn should reflect mainly
AEa—_sandAEa- contributions. Defining/Me as the increment
in electrodesorption energy per methylene unit and considering
the corresponding slopes f&p vs n plots, 0.02 V/CH unit for
alkanethiolate on Ag(111) and 0.017 V/gldnit for alkane-
thiolate on Au(111)ye results in 1.80 and 1.56 kJ/mol per
methylene unit for Ag(111) and Au(111), respectively. For

estimating these values, a one-electron transfer was assume%Iic

95% methanoh- 5% water mixture to minimize the effect of
hydrophobic forces has been compared. From electrochemical
and STM data and quantum DFT calculations for alkanethiolate
adsorption, it can be concluded that the difference in peak
potentials experimentally observed for the reductive desorption
of a given alkanethiolate from the Ag(111) and Au(111) surfaces
is mainly determined by the energy to introduce an electron
into the adsorbed alkanethiolatmetal species, the desorption
energy of the alkanethiolate anion, and the solvent/metal
interaction energy.
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