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Self-assembled adlayer structures of thiourea (TU), ethylthiourea (ETU), and sulfur (S) adsorbed on
Ag(111), from neutral and alkaline aqueous solutions, are investigated with a scanning tunneling microscope
operating under potential control. Voltammograms obtained under various different potential routines are
very similar for the three substances. At potentials close to —1.2 V (versus saturated calomel electrode),
a (v/7x~/7)R19.1° adlayer structure with superlattice and nearest neighbor distances of ds = 0.76 nm and
d, = 0.44 nm, respectively, is imaged, irrespective of the adsorbate molecule. In this potential region, the
first pair of conjugated current peaks related to electroadsorption/desorption processes is recorded. As
either the electroadsorption time is increased or the applied potential is shifted positively, self-assembled
TU and S monolayers evolve into more compact structures. TU adlayers compress into hexagonal
arrangements with d, = 0.33 nm, and S forms adsorbed S-trimers with the initial ordered array
superstructure and coverage and shorter dn. On the other hand, ETU only presents the hexagonal
arrangement with d, = 0.44 nm common to all three adsorbates at the early ordered adsorption stages.
The dynamics of adsorbate patterns can be explained by the interplay of adsorbate—substrate and adsorbate—
adsorbate interactions, principally hydrogen bonding for TU, steric size effects due to ethyl substituents
for ETU, and a clustering process assisted by polymerization for S. As TU on Ag(111) and TU on Au(111)
exhibit similar adlayer structures, the electroadsorption free energy difference was estimated from the
electrodesorption voltammetric peaks. The resulting value is similar to the desorption energy differences

calculated for other sulfur-containing molecules.

1. Introduction

The understanding of the structure of outer atomic
layers at solid crystal surfaces has attracted considerable
attention since the atomic arrangements of these layers
determine the electronic properties and reactivity of solid
surfaces. Therefore, the ability to control the surface
structure at the atomic level is a crucial point for a wide
variety of potential applications in, for instance, molecular
recognition, sensors, and metal surface protection.

There is current interest in synthesizing and charac-
terizing well-defined metal surfaces covered with a self-
assembled monolayer (SAM). A considerable amount of
work on this subject has focused on sulfur and sulfur-
containing molecules because their SAMs are rather
simple, relatively stable, and easy to prepare. The basic
knowledge derived from the behavior of these model
systems plays a key role in diagnosing the state of and
engineering SAMs.

Thiourea (TU) and its derivatives, at relatively low
concentrations, are useful as brightening and leveling
agents in metal electrodeposition,! corrosion inhibitors in
metal protection,? silver toning agents in photographic
papers,’silver tarnish removers,* animal glue liquifiers,3
and vulcanization accelerators.? Sulfur adlayers are a well-
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known poison in heterogeneous catalysis and electroca-
talysis,® whereas other adlayers of short-chain sulfur-
containing molecules, such as alkanethiolates, are basic
nanostructures for the development of supramolecular
systems.’

TU is a fairly large polarizable molecule, most likely
poorly solvated in aqueous solution, and exhibits acid—
base properties® with a protonation constant of 1.44 at
298 K.7# In alkaline solution, unprotonated TU prevails
over a monoprotonated [NH,CSNHj3| " species that exists
in highly acidic solution.® The NH; groups of TU interact
by hydrogen bonding with H,O and H*.1° The hydrolysis
of TU in aqueous solution is favored by the tautomeric
form (H,N)(HN)CSH!!"13 that in alkaline solution could
yield thioureate species as occurs with thiols.!* In this
context, a complete description of the atomic structure of
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the electrolyte/sulfur-covered metal interface in an aque-
ous environment deserves special attention.

TU adsorption from aqueous solutions on metals,
particularly silver, has been investigated with a variety
of experimental techniques and modeled using compu-
tational methods.!5~2% TU adsorption on metals is, how-
ever, a rather complex process due to the relatively high
reactivity of TU in both the electrolyte solution and the
adsorbed state. At present, it seems to be well established
that in neutral and alkaline solutions both the canonical
and the normal form of the TU molecule coexist;!® the
canonical form is the species adsorbed on silver,!320
perpendicularly to the surface,!*!7 and with a cleaved S—H
bond.?® TU and substituted-TU electroadsorption on
metals from dilute acidic aqueous solutions is even more
complicated due to the formation of different TU—metal
complexes,?!~23 anion-induced TU-adsorbate reorienta-
tion, %17 and molecular chemisorption through other atoms
besides the S-head?!?* at the surface, and the presence of
monoprotonated TU in solution.® Therefore, only S-
containing molecule adsorption from alkaline and neutral
solutions will be considered throughout the remainder of
this work.

The voltammetric response of Ag(111) inaqueous TU!7:2
is comparable to electrosorption processes of sulfur,?6:27
alkanethiols,'*2829 and their structural isomers?® on
Ag(111), with three main voltammetric pairs of peaks at
about —1.2, —1.0, and —0.9 V (versus saturated calomel
electrode (SCE)). The conjugate pair of peaks at about
—1.2 V (SCE) has been recently associated with the
electrosorption of ordered d, = 0.33 nm compact hexagonal
TU arrays on Ag(111).2° This same wave, for sulfur and
thiols, has been alternatively related to a low-coverage
one-electron-transfer oxidative adsorption process of dis-
ulfide (HS"),%6 ethanethiolate,!* and other short-chain
alkanethiolates.?® Likewise, a site-dependent adsorption
of ordered alkanethiolate arrays?® and a dilute/disordered
sulfur-atom array?”-** have also been proposed. The wave
at —1.0V, that is shifted to more negative potentials with
increasing alkanethiol chain length,?3! has been assigned
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to site-dependent sulfide®® and self-assembled thiolate
monolayers.!428 On the other hand, for sulfur and thiourea,
the voltammetric wave at about —0.9 V has been assigned
to self-assembled sulfide monolayers,?6?7 site-dependent
sulfide,® and sulfide-3° or TU-!® multilayers. Therefore,
while the voltammetric responses of sulfur and short
organosulfur molecules are practically indistinguishable
from one another and all species chemisorb through the
S head in neutral and alkaline solutions, a clear picture
of adsorption arrangements associated with these volta-
mmetric current peaks is still far from established. The
effects of substituent groups, by hindering or modifying
certain reactions, could give a better picture of the
influence of molecular substituents on the self-assembled
adsorbate structures.

The present work focuses on the early stages of
electroadsorption and subsequent surface arrangements
of three sulfur-containing compounds on Ag(111): TU,
ethylthiourea (ETU), and sulfur. For all three species,
molecular resolution images of ordered structures as-
sociated with species electrosorbed at the main voltam-
metric current peak at about —1.2 V (SCE) are obtained
with a scanning tunneling microscope (STM) operating
under potential control. In situ STM images show a
common surface pattern at intermediate coverage and
quite different surface arrangements at high coverage,
reflecting the role of the different intermolecular forces
that dominate each adsorbate—adsorbate interaction.

2. Experimental Section

2.1. Sample Preparation. Experiments were performed with
a 2 mm thick and 10 mm in diameter Ag(111) single-crystal
button, miscut < 2°.!! Optically rough surfaces were mechanically
polished with 0.05 um alumina grit and annealed for 45 min, at
550 °C, inahydrogen furnace. To remove the outermost distorted/
contaminated lattice layers, the electrode was etched for a few
seconds with a 1:1 (v/v) mixture of 40% H,O, and 30% NH3 and
rinsed thoroughly with water, prior to each experiment. Typical
Ag(111) surfaces are formed by large (~130 nm) terraces limited
by step bunches and narrow (<2 nm) terraces.!® Two-dimensional
terrace structures correspond to ideally terminated bulk Ag(111),
with an atomic surface density of 1.388 x 10'® atoms cm~2 at
room temperature? that we define here as one monolayer (1
ML).

2.2.Voltammetry. Voltammetric runs with Ag(111) working
electrodes were carried out at 25 °C in a conventional glass cell
with a platinum counter electrode and a saturated calomel
reference electrode utilizing a PAR 373 potentiostat. High-purity
chemicals and Milli-Q* water were used to prepare deaerated
aqueous 0.1 M NaOH + 50 uM NazS, 0.1 M NaOH + 50 uM TU,
0.1 M NaClO4 + 50 uM TU, and 0.1 M NaOH + 50 uM ETU
solutions. Fresh solutions were used in all cases due to the
reactivity of sulfur- and TU-based compounds in water. All
potentials in the text are referred to the SCE scale.

2.3. STM Imaging. In situ STM images were taken at 25 °C
with a Digital Instruments Inc. Nanoscope III ECSTM. Images
were plane removed and flattened using commercial image-
processing software to correct for tilt and bow. Commercial and
scissors-snipped 90% Pt—10% Ir tips were coated with Apiezon
wax for electrochemical observations.

The STM electrochemical cell was made of Kel-F. It consisted
of the Ag(111) single-crystal working electrode, a large-area
platinum counter electrode, and a palladium/hydrogen reference
electrode, although all values of E in the text are given in the
SCE scale. Samples were first immersed at open circuit potential
(Eoep) in aqueous 0.1 M NaOH + 50 uM (NazS, TU, or ETU)
solutions. Subsequently, the potential was swept downward until
the potential range of net hydrogen evolution (her) was reached
and stepped upward to a holding potential Ej, > Ej,, the potential
of the first electroadsorption peak, where samples were finally

(32) CRC Handbook of Chemistry and Physics, 57th ed.; Weast, R.
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Figure 1. Cyclic voltammograms of Ag(111) in aqueous 0.1 M
NaOH + 50 uM TU (a) and 0.1 M NaOH + 50 uM ETU (b), v
=0.200 Vs7!, T= 300 K, including space-filling models of TU
and ETU molecules.

imaged. Alternatively, samples were directly immersed and
imaged at E, > FEai. Both potential routines used for imaging
resulted in the same ordered adsorbate structures and are used
indistinctly in this work. Imaging potentials and tunneling
conditions are indicated in the respective figure captions.

3. Results and Discussion

3.1. Electrochemical Response. Several potential—
time routines were used, changing the holding potential
(Ep) and time (4,) and the number of cycles, while keeping
the values of the anodic (E,s) and cathodic (Es) switching
potentials constant.

Typical voltammetric responses of Ag(111) in aqueous
50 um (TU or ETU) + 0.1 M NaOH at 0.200 V s™! from
Es=—-16Vto E,;=—1.0V, after first holding the E;, =
—1.5 V during 5 min, are shown in Figure 1.

The broad anodic current peak A; at Ex; = —1.26 V and
better defined cathodic current peak C; at E¢; = —1.30 V
that are observed in TU-containing solutions (Figure 1a)
have been related to the adsorption/desorption of compact
hexagonal phases.?’ The cathodic charge density from peak
C: is gc = 220 uC cm™2. The slight increase in anodic
current observed for E > —1.0 V, that is, positive of the
conjugate pair of peaks A1/C1, has been assigned to the
electro-oxidation of TU yielding formamidine disulfide and
other adsorbed sulfur species.?%3 The hydrogen evolution
reaction (her) is clearly observed upon extending the
reverse potential scan to potentials more negative than
E = —1.5V. Three other cathodic peaks, Cs, C,, and Cs,
are also insinuated at Ecs = —1.42V, Fc;=—1.20V, and
Ecs = —1.13 V, respectively. They will be discussed in
more detail further below.

Under comparable conditions, the voltammetric re-
sponse of Ag(111) in ETU aqueous solutions (Figure 1b)
is quite similar to that depicted in Figure 1a. It exhibits
a main pair of peaks A,/C; at Ex; = —1.26 V and Egy =
—1.28 V, for A; and C,, respectively; the initiation of her
below E = —1.5 V; and the same cathodic current peak
multlphclty C5, Cz, and C4 at Ec5 =-1.43 V, ECZ =-1.21
V, and Ecy, = —1.06 V, respectively. The cathodic charge
density from peak C; is gc1 = 210 uC cm™2.

For both TU and ETU, the measured qc; values are
slightly larger than gc = 190 uC cm2, which is required
to form the typical alkanethiol®! and sulfur?’35 Ag(111)-
(v7x~/T)R19.1° overlayer structures, assuming a one-
electron charge transfer per molecule. The resulting degree
of surface coverage (6) is, within experimental error, equal
to that estimated from the ideal gc; value. However,

33) Azzaroni, O.; Andreasen, G.; Blum, B.; Salvarezza, R. C.; Arvia,
A. J. J. Phys. Chem. B 2000, 104, 1395.
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Figure 2. Voltammogramsof Ag(111) inaqueous 0.1 MNaOH
+ 50 uM TU (a,d) and 0.1 M NaOH + 50 uM ETU (b.e), v=
0.200 V s71, T=300 K. The time routines indicated in (c) and
() were the runs utilized with solutions (a,b) and (c,d),
respectively. Arrows indicate the conditions utilized for STM
imaging.

several independent concurrent factors such as (i) sub-
strate surface roughness, (ii) adsorbate surface arrange-
ments that are more compressed than in the standard d,
= 0.44 nm Ag(111)-(+/7x+/7T)R19.1° structure,'® and (iii)
acombination of a semi-infinite linear diffusion of desorbed
species with an approximate adsorption isotherm based
on the two-dimensional Ising model®® would also account
for an increased gc; value. Therefore, from the gc; value
alone no definite picture of the structures formed at this
potential can be drawn.

Both the peak multiplicity and the relative peak
intensities depend markedly on the variables involved in
the potential routine, particularly on E; and &, as would
be expected for a complex surface electrochemical kinetics
at Ag(111). Thus, the electrodesorption voltammograms
for TU (Figure 2a) and ETU (Figure 2b) recorded after
setting E;, at the open circuit potential (Eqp) for & = 10
min (Figure 2c) show a large cathodic peak C4 at Ecy =
—1.07 V and a better resolution of peaks C; and C, than
inFigure 1. When Ej, is set slightly more positive than the
potential of peak A, (Figure 2f), only peaks C; and Cs
(Figure 2d,e) related to those species that are formed in
the potential range of wave A; are observed, whereas peaks
C4, Cs, and C; are absent. In this case, the values of gc
derived from peaks C; and Cs are gc; = 120 uC cm~2 and
gcs = 20 uC cm~2 for TU and gc; = 70 uC cm™2 and ¢cs =
20 uC cm~2 for ETU.

The peak multiplicity observed during electrodesorption
of TU and ETU has also been observed in cyclic volta-
mmograms of Ag(111) electrodes in slightly more con-
centrated sulfide solutions.?6:2730.3637 For slightly more
positive anodic switching potential, Es, the conjugate peak
A, is also resolved.26:2730.3637 Depending on either the
potential routine,?” the sulfur-containing species concen-
tration, or both, the voltammetric charge of peak C,4
relative to that of C; has been shown to vary significantly.?6
For TU, the value of gc4 increases continuously with ¢, at
Eyp, largely exceeding the gc value expected for a single
monolayer, suggesting that this peak corresponds to the
electroreduction of a multilayer.!?

Holding Ej, at highly reducing values prior to cycling in
sulfide or TU-containing solutions (Figure 3) results in a
single electroadsorption—desorption pair of peaks A;/C,

(36) Hatchet, D. W.; White, H. S. J. Phys. Chem. 1996, 100, 9854.
(37) Foresti, M. L.; Innocenti, M.; Forni, F.; Guidelli, R. Langmuir
1998, 14, 7008.
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Figure 3. Cyclic voltammograms of Ag(111) in aqueous 0.1 M
NaOH + 50 uM Na;S (black) and 0.1 M NaOH + 50 uM TU
(gray) solutions, v=0.100 V s7!, T= 300 K. The inset shows
the potential routine.

at —1.2 V. Holding the potential positive with respect to
the potential of peak A, resulted in the same peak
multiplicity as that shown in Figure 2a,b, but only for few
cycles.?” The peak position and full width at half-maximum
of cathodic peak C; are again comparable with those
observed for TU, ETU, and short-chain alkanethiol
adsorption on Ag(111)'*2% and Au(111).%

Alternatively, alkanethiol desorption from rough/
stepped Au(111) surfaces®® and desorption of sulfur-
containing molecules from Ag(110)%¢ result in the ap-
pearance of cathodic peak C; at the expense of peak C;.
Therefore, while the potential routine strongly affects the
cathodic charge of peak C,, and to a lesser extent the
cathodic charge of peak C,, the latter is also visibly affected
by surface topography.

Similar results are obtained for voltammograms of
Ag(111) in aqueous 50 uM TU + 0.1 M NaClO;, solution
run from 50 to 0.25 V s71, except for a systematic shift of
all peak potentials by ca. 0.09 V, so that, for example, E¢;
= —1.21 V. This shift indicates that both the electro-
adsorption and electrodesorption reactions are pH de-
pendent, as these processes involve a proton transfer. The
canonical form of TU in solution!® follows a thioureate
adsorbate on Ag(111) as concluded from X-ray photoelec-
tron spectroscopy data of TU adsorbates on Ag(111)
surfaces.?’

In summary, voltammetric responses of S, TU, ETU,
and alkanethiols on Ag(111) in both alkaline and neutral
solutions are all quite similar. Despite these similarities,
adlayer structural assignments associated with these
peaks differ considerably among authors.?%14.26-29 How-
ever, it should be borne in mind that cyclic voltammetry
is only indicative of the chemical reactions accessible at
each potential window under the specific conditions of
the potential routine applied to the electrochemical
interface. In particular, the charge density of the pair of
peaks A,/C; has been shown to depend on both the holding
potential and time at Ej, > Ejy,'® but not on the sulfide?®
or TU' concentrations. Thus, peak A; should be related
to the film structure occurring at the early stages of its
formation. This bears a direct relation with STM imaging
run at constant E. To relate the conjugate pair of peaks
A,/C; to a definite reaction and structure, STM imaging
of Ag(111) in ETU-, TU-, and S-containing solutions was
performed at potentials positive with respect to the
potential of peak A;, after first cycling through the
potential range of her, that is, from E,, to Es = —1.5V
and backward to Fj, slightly positive of Ejy;.

3.2. In Situ STM Imaging. Figure 4 displays in situ
STMimages of ETU on Ag(111). Allimages have the same
magnification, to facilitate visual comparison. An Ag(111)-
(v/Tx+/T)-ETU hexagonal superstructure with d; = 0.78

(38) Walkzak, M. M.; Alves, C. A.; Lamp, B. D.; Porter, M. D. J.
Electroanal. Chem. 1995, 396, 103.
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Figure 4. In situ STM images of Ag(111) in aqueous 0.1 M
NaOH + 50 uM ETU solution at E,, = —1.285 V versus SCE;
Eiias = 560 mV, and I, = 7.0 nA. (a,b) 11.0 x 5.5 nm? image,
(c.d) 5.5 x 5.5 nm? image. (¢) Scheme of the Ag(111)-
(vVTx~/T)R19.1°-ETU superstructure (A) and molecular array
(B). Regions with dag = 0.29 nm (C) are associated with bulk-
terminated Ag(111). Silver atoms and ETU molecules are drawn
as light and dark circles, respectively.

+0.03 nm (Figure 4a, A) is resolved into 3 ETU molecules
with d, =0.44 £ 0.02 nm and, ideally, a calculated degree
of surface coverage 6 =0.43ML (Figure 4b,c, B). Inregions
where 6 <0.43 ML, the Ag(111) substrate imaged (Figure
4c,d, C) corresponds to either the naked Ag(111) substrate
or dilute/disordered ETU-covered regions. Preferential
imaging of the metal substrate is common when dilute
sulfur adlayers are present (cf. ref 39). A scheme of the
ordered substrate and adsorbate structures is shown in
Figure 4e. Differences in size and angular orientation of
ETU supercell A (d; =0.76 nm, oo = 19.1°) and molecular
array B (d, = 0.44 nm, a = 10.9°) with respect to the
Ag(111) substrate cell C (dxg = 0.29 nm) are highlighted.

The Ag(111)-(v/7x~/7)-ETU structure is stable for ca.
3 hat E= —1.285 V. It is the only ordered structure
observed for ETU/Ag(111) at these potentials. Shifting E
in the positive direction as far as —0.5 V results in no new
structures in STM images. The same adlayer structure
has been reported for sulfur,?”:3437.4041 glkanethiol,3442~44
and TU¥20 adsorption on Ag(111). For both S?” and TU,19-20
however, more compact adsorbate arrangements have also
been reported. In the case of self-assembled alkanethiol
monolayers on Ag(111), the Ag(111)-(v/7 x~/7)-thiol struc-
ture increases from d, = 0.44 nm to d, = 0.48 nm with

(39) Poirier, G. E.; Fitts, W. P.; White, J. M. Langmuir 2001, 17,
1176.

(40) Schwaha, K.; Spencer, N. D.; Lambert, R. M. Surf. Sci. 1979, 81,
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2013.
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dy e = 1153 nM

d, =033 nm

Figure 5. In situ STM images of Ag(111) in aqueous 0.1 M
NaOH + 50 uM TU solution at Ey, = —1.185 V (SCE); Epjias =
402 mV, and Iy, = 17.6 nA. (a) 15.0 x 7.5 nm? image; (b) 6.9
x 7.5 nm?image; (c,d) scheme of adlayer structures. Light circles
are Ag atoms, and dark circles, TU molecules. The supercell
giving rise to the observed Moiré pattern is highlighted by
shadowing the TU molecule adsorbed on coincidence top sites.

increasing chain length.344274 A detailed interplay of
adsorbate—substrate and pendant hydrocarbon chain—
chain interactions is presumably responsible for the
adsorbate structures observed. This fact is associated with
a gradual shift in the position of the voltammetric peak
with increasing chain length.!4282% The absence of any
observable shift in the position of the ETU voltammetric
peak with respect to TU, combined with ETU molecular
dimensions, hints at the possibility of combined steric
effects and adsorbate—substrate interactions as being the
main cause accountable for the observed intermolecular
ETU spacing in self-assemblies formed on Ag(111).

Given the extremely similar voltammetric responses of
Ag(111) in TU and ETU aqueous solutions under a wide
variety of potential routines, it is interesting to determine
whether TU structures on Ag(111) bear any resemblance
to those observed by electroadsorbing ETU on Ag(111),
under comparable conditions.

Figure 5 shows molecular resolution images of TU
adsorbed on Ag(111) at E = —1.185 V. As for ETU, the
Ag(111)-(v/7x+/T)R19.1° hexagonal structure with d, =
0.44 nm is observed. However, for TU, a gradual com-
pression from d, = 0.44 &+ 0.02 nm (Figure 5a, I) to d, =
0.38 +0.02 nm (Figure 5a, II) is imaged. The most compact
structure observed for TU/Ag(111),2° with d, = 0.33 +
0.02 nm (Figure 5b, III), is imaged after holding the
potential for 4, ~ 20 min at Ej, = —1.185 V. The latter is
stabilized by hydrogen bonding.!%3% Schematic drawings
of molecular arrangements giving rise to the same
symmetries are depicted in Figure 5c,d. Arrows in Figure
5c¢ show a collective molecular rotation/displacement
connecting both structures. Hexagonal TU arrays with d,
= 0.44 and d, = 0.38 nm have also been imaged in air
after short (10—20s) immersions in 0.05 mM TU solutions
at Eyp.!9 Compact d, = 0.33 nm hexagonal arrays, that
have also been observed following TU adsorption on
Au(111),%® could only be imaged in situ in the case of
Ag(111). Hence, combining electrochemical and STM
results, we can conclude the occurrence of slow assembly—
compression processes involving several minutes. The fact
that the rate of these processes is time—potential-window
dependent is supported by the space—time coexistence of
these surface structures.
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(©) d,=0.44 nm (d) x=s

Figure 6. In situ STM images of Ag(111) in aqueous 0.1 M
NaOH + 50 uM NaS at (a,b,d) E;, = —0.85V, Epias = 0.370 V,
and Iy = 19 nA; (¢) En = —1.0V, Epias = 0.580 V, and I, = 28
nA. Mirrored S-trimer (v7x+/7)R19.1° domains (a,b) are
separated by a S-deficient boundary. The scale markers are 2
nm (a,b) and 1 nm (c,d). The (v7x~+/7)R19.1° supercell is
indicated in all four panels, together with scheme drawings
(c,d) of associated S structures.

The degree of surface coverage of the three ordered
hexagonal arrays (I, II, and III) depicted in Figure 5,
determined by dividing the number of TU molecules by
the number of Ag(111) surface atoms in each respective
unit cell (Figure 5c¢,d), is 0y = 3/7 = 0.43 ML, 6y = 9/16
=0.56 ML, and 6;;; =3/4=0.75 ML. These ordered arrays
coexist with dilute/disordered arrays having smaller 6
values. The intermediate value 6§ = 0.44 ML that was
determined from the corresponding qc; value (Figure 1a)
is consistent with the space—time coexistence of dilute/
disordered and ordered TU array domains on the same
Ag(111) substrate. Notwithstanding, several other inde-
pendent concurrent effects can also influence gc;, and
therefore 6, as indicated in section 3.1.

Considering that all three ordered TU—Ag(111) struc-
tures electrodesorb at C; and taking all concurrent factors
affecting the value of gc; into account, reliable average 6
values and percentiles of each ordered structure cannot
be determined from our global gc measurements combined
with local STM images. However, further insight on the
substrate—adsorbate interaction operating at C; can be
gained by comparing the electrosorption of TU with the
electrosorption of S-containing molecules such as ETU
and sulfide/sulfur species.

The voltammetric response of sulfur-containing residues
(Figure 3) has already been shown to be similar to those
of TU and ETU. Ordered sulfur arrays on Ag(111) (Figure
6) include the conventional equi-spaced d, = 0.44 nm
Ag(111)-(v/7x~/T)R19.1°-3S (Figure 6¢)2314041 and Ag(111)-
(vV7x~/T)R19.1°-S3structures (Figure 6a,b,d),2” depending
again on the imaging potential and the adsorption time.
Both Ag(111)-(v7x+~/7)R19.1° domains equivalent by
symmetry are present in Figure 6a,b, with an S-deficient
boundary between mirrored domains. While sulfur and
methanethiol adsorption on Cu(111)*5and Ni(111)*% have
been observed to induce pseudo-square reconstruction
involving substrate atom displacement, this possibility
cannot be considered here, since the 6-fold substrate
surface symmetry is conserved during our experiments.

(45) Driver, S. M.; Woodruff, D. P. Surf. Sci. 2000, 457, 11.
(46) Fisher, C. J.; Woodruff, D. P.; Jones, R. G.; Cowie, B. C. C.;
Formoso, V. Surf. Sci. 2002, 496, 73.
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Scheme 1. Potential-Time-Dependent SAMs, Intermolecular Spacing, and Dominant Interactions for S, TU, and
ETU Electroadsorbed on Ag(111) at ca. —1.2 V versus SCE
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Table 1. Voltammetric Electroadsorption (Ea;) and Electrodesorption (Ec;) Peak Potentials and Adsorption Energy
Difference (AE.q4s) for TU and ETU Adsorbates Produced on Ag(111) and Au(111) from 50 uM TU- and 50 xM
ETU-Containing Neutral and Alkaline Aqueous Solutions?

TU on the following substrates ETU on the following substrates

Ag(111) Au(111) Ag(111) Au(111) Au(111) Ag(111) Au(111)
base electrolyte NaOH NaClOy4 H,SO,4 NaOH H,SO,
concentration/M 0.1 0.1 0.1 0.05 0.5 0.1 0.5
VIV s~1 0.200 0.050 0.150 0.100 TMTPV? 0.200 TMTPV?
Eci/V -1.30 —0. 92¢ -1.21 —0.844 —0.34¢ -1.28 —0.34¢
En/V —1.26 -1.17 —0.814 —0.34¢ —1.26 —0.34¢
AE,3s/kJ mol~! 40 £ 11 40 + 11

2 In aqueous sulfuric acid, the TU and ETU concentrations are 1 mM. In the estimation of errors in A E,4s, only errors in peak potentials
are considered. T = 300 K. > TMTPV: triangularly modulated triangular potential voltammetry. ¢ H. Martin, private communication.
4 Reference 33. ¢ A. Bolzan, private communication. fFrom eq 4.

Insummary, aninitial d, = 0.44 nm hexagonal structure For the experimental conditions described in Figure 1,
is common to all species adsorbed (Scheme 1). The the specific anodic (ga) and cathodic (gc) charges involved
simultaneous adsorption on different high-symmetry sites in those processes are slightly larger than those expected
is facilitated by the small energy cost in moving from for either TU or ETU monolayers involving a single
hollow to atop sites on Ag(111).*” For TU and S, this electron transfer per adsorbed molecule and d, = 0.44
structure evolves into more condensed substructures, as nm, and decrease with the number and size of substituents
aresult of attractive interaction between molecules.?10:33 in the TU molecules, although the ratio ga/qc is close to
A single electroadsorption wave at about —1.2 V is 1 in both cases.
associated with this adsorption/compaction process. The These results indicate the TU electrosorption on Ag(111)
electroadsorption charge density determined from the and Au(111) approaches the behavior of a reversible
anodic wave increases as the surface coverage is increased; surface electrochemical process, as has been demonstrated
however, the peak potential remains the same. This means for Au(111) by triangularly modulated triangular potential
that the adsorbate—substrate interaction remains almost scanning voltammetry for Au(111)—TU® and by infrared
constant. Hence, one can consider that the adsorbate— reflectance spectroscopy and conventional electrochemical
substrate interaction plays a key role in determining the techniques for Au(111)—tetramethylthiourea.5! Accord-
surface structure of TU and TU derivatives on silver ingly, let us relate the single voltammetric electroad-
surfaces. The same would hold true for gold surfaces given sorption/electrodesorption cycle to the tautomeric forms
the structural and voltammetric similarities encountered. of solvated TU and the solvent—metal (Me) surface
This will be discussed in more detail below. interactions as follows,

3.3. Evaluation of Sulfur-Containing Adsorbate—

Ag(111) and —Au(111) Interactions. TU electrosorption [(H,N),—C=S](solv) < [(H,N)(HN=C—S—H)](solv)
cyclic voltammetry on both Ag(111) and Au(111) is (1S)
characterized by the main pair of peaks A; (electroad-

sorption)/C; (electrodesorption).!92%-33 In neutral media, and

at room temperature, voltammograms run in the range

0.050 Vs7! < v =< 0.250 V s7! exhibit peak potentials at Me + solv < Me(solv) + Asolv (2S)
Eciy=—1.21Vand Ey; =—1.17 Vfor silver (111), and E¢,

= —0.83 Vand Ex; = —0.81 V for gold (111) (Table 1).48 where solv stands for solvent molecules in solution and
In alkaline media, these peaks are shifted by approxi- (solv) indicates either solvated adsorbates or solvent—
mately 0.08 V in the negative direction (Table 1). Peak metal interactions, neglecting the corresponding stoichi-
positions for ETU in alkaline (Figure 1) (Table 1) and ometries.

acidic (Table 1)*9 solutions appear at the same potentials During the anodic voltammetric scan, TU adsorption
as for TU (Table 1) in the respective media. on the Me as the canonical form of the molecule is favored.2°

(47) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, J. E. J. Am. Chem. (50) Bolzan, A. E.; Piatti, R. C. V.; Arvia, A. J. J. Electroanal. Chem.,
Soc. 1993, 115, 9389. in press.

(48) Martin, H. Private communication. Unpublished results. (51) Port, S. N.; Horswell, S. L.; Raval, R.; Schiffrin, D. J. Langmuir

(49) Bolzan, A. E.; Piatti, R. C. V.; Arvia, A. J. In preparation. 1996, 12, 5934.
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For a Me negatively charged with respect to the solution
(E < Ey), the adsorption can be explained by the
equilibrium

(2e7)Me(solv) + [(H,N),—C=S](solv) <=
(2e")Me—[(S—C=NH,)(NH,)]*(ad) (1A)

where the (*) denotes a reordered TU adsorbate inter-
mediate that participates in the following fast electron
transfer,

(2e")Me—[S—C=NH,) (NH,)]*(ad) <
(e )Me—[S—C=NH)(NH,)](ad) + H"(solv) + e~ +
Asolv (2A)

in which electroadsorbed TU is formed. Stage 2A is
accompanied both by TU deprotonation that stabilizes
the canonical molecular adsorbate structure and by a local
solvation change. For the case of Ag(111) and Au(111),
TU electroadsorption involves a competitive adsorption
on the negatively charged metal surfaces as, at 298 K,
E,.(Ag(111)) = —0.722 V in sodium sulfate and —0.932
V in sodium fluoride’? and Ej,.(Au(111)) = 0.268 V in
sodium fluoride.5® The value of Ej,(Ag) in sodium sulfate
is independent of pH in the range of 3.4—12.%

For the TU electrodesorption that occurs during the
reverse potential scan, the process starts by a fast electron
transfer yielding adsorbed thioureate,

(2 )Me—[S—C=NH) (NH,)](ad) <
(1e )Me—{[S—C=NH)(NH,)] }(ad) (1D)

Reaction 1D is followed by the solvolysis detachment of
adsorbed thiourate to solvated thiourea,

(1e")Me—{[(S—C=NH)(NH,)] }(ad) <
[(H,N)(HN=C-S—H)](solv) + (e")Me(solv) +
OH  (solv) + Asolv (2D)

and the solvated product in the solution participates in
equilibrium 1S. Hence, the complete cycle at the negatively
charged metal surface is represented by the following
overall equilibrium,

(2e7)Me(solv) + [(H,N),—C=S](solv) <=
(le")Me—[S—C=NH)(NH,)](ad) + H' (solv) + e +
Asolv (3)

For a reversible electroadsorption (AG,gs)/electrodes-
orption (AGges) cycle, each electrosorption free energy
change AGus = —AGyes is directly related to the corre-
sponding current peak potential. Therefore, it is possible
to compare the electrosorption behavior of TU on both
Ag(111) and Au(111) considering the better defined
electrodesorption peak C;. Under comparable conditions,
that is, the same solution composition, applied potential
routine, and temperature and a similar adsorbate array
on both metals, as occurs for TU on Ag(111) and Au(111),

(52) Shumilova, N. A.; Zhutaeva, G. V. In Encyclopedia of Electro-
chemistry of the Elements; Bard, A. J., Ed.; Marcel Dekker: New York,
1978; Chapter VIII-1, pp 66—67.

(53) Schmid, G. M.; Curley-Fiorino, M. E. In Encyclopedia of
FElectrochemistry of the Elements; Bard, A. J., Ed.; Marcel Dekker: New
York, 1975; Chapter IV-3, pp 118—124.

(54) Halley, J. W.; Walbran, S. In Interfacial Electrochemistry;
Wieckowski, A., Ed.; Marcel Dekker: New York, 1999; p 9.
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the difference in the adsorption free energy change
entering equilibrium 3 should be reflected in the difference
between the corresponding voltammetric electrodesorption
peaks, AEc; = Eci{Ag(111)} — Eci{Au(111)}. Accordingly,
in the reversible electroadsorption/electrodesorption cycle,
the value of AE(; can be expressed as the sum of energy
terms from stages 1S to 2D,

AECI = AE‘ct + AE'des + AE‘AfA + AE'Afsolv + AE‘Mefsolv
(4)

where AE, AEges, AEA-_n, AEA_go1v, and A Epyje—sorv are the
energy changes involved in stages 1D, 2D, 1S, and 2S,
respectively. In eq 4, the solvation energy differences of
thioureate species for the same solution composition and
the corresponding entropy differences from the common
structural arrays of the metal substrates and adsorbate
layers are also assumed as negligible. Similarly, since the
final ordered TU arrays on Au(l111) and Ag(111) cor-
respond to compact, hexagonal d, = 0.33 nm structures,?33
their contributions to AEs_a also cancel for these sub-
strates. Therefore, the only relevant terms to be considered
for comparing TU adsorption energies on Ag(111) and
Au(111), at constant pH, are those involving the metal
substrate.

As a first approximation E, = —neyp, where ¢ is the
work function of the metal, n is the number of electrons
per each reacting molecule, and ¢, is the electron charge.
Assuming that the change in the energy levels by the
adsorption process is similar for both metals and a one
electron transfer process occurs on both substrates,?%3 n
=1 for both Au(111) and Ag(111). For ideal terminated
Ag(111) and Au(111) surfaces, ¢ag = 428.78 kJ mol ! >
and ¢a, = 509.5 kJ mol~1,*® resulting in AE, = 80.7 kJ
mol~!. For water, AEBye-sov = —5 kJ/mol has been
estimated.”® Differences in TU electrodesorption peak
energies (Table 1) from Ag(111) (Ec; = —1.21 V) and
Au(111) substrates (Ec; = —0.83 V)3 are AE¢; = —0.38
V = 36.7 kJ mol! in a single-electron charge-transfer
process. Introducing these values into eq 4, we obtain

AE,., = 35.7 kJ/mol — 80.7 kJ/mol — (=5 kJ/mol) =
—40.0 kJ/mol (5)

The result from eq 5 shows, in our case, the outstanding
role of the metal substrate in comparing adsorption energy
values. This conclusion can be extended to experimental
data obtained in alkaline media (Table 1). While peak
position Eg; shifts by almost 10% in going from neutral
to alkaline solution, the adsorption energy difference
remains essentially constant, independent of pH.

The AE4s = —40.0 kJ/mol estimated from electrodes-
orptive peak positions for TU on Ag(111) and Au(111)
(Table 1) can also be extended to ETU adsorption on both
metals, given the similar voltammetric peak positions
obtained for TU and ETU under similar experimental
conditions (Table 1). This value of A Egs is also comparable
to the desorption energy differences calculated for other
sulfur-containing molecules on these same substrates.%”
However, it should be noted that for the latter, a direct
application of the above reversible electrosorption cycle
is rather uncertain because no clear-cut voltammetric

(55) Pirug, G.; Bonzel, H. P. In Interfacial Electrochemistry; Wieck-
owski, A., Ed.; Marcel Dekker: New York, 1999; p 270.

(56) Kuznetsov, A.; Maslii, A.N.; Shapnik, M. S. Russ. J. Electrochem.
2000, 36, 1309.

(57) Azzaroni, O.; Vela, M. E.; Andreasen, G.; Carro, P.; Salvarezza,
R. C. J. Phys. Chem. B 2002, 106, 12267.
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electroadsorption process can be observed and the elec-
trodesorption mechanism is complicated by a denucleation
process.>®

Therefore, the comparative evaluation of Ag(111)— and
Au(111)—adsorbate interactions is consistent with the
global conclusions of the structural studies that suggest
that in the formation of S, TU, and ETU SAMs on these
metals, the substrate—adsorbate interaction dominates
the final structures since in all cases a direct correlation
with S-head adsorption at high-symmetry Ag(111) and
Au(111) sites can be established.

4. Conclusions

We have compared S, TU, and ETU adsorption on
Ag(111) from their aqueous solutions, by combining data
from an STM operating under potential control along with
voltammetry using different potential—time routines. A
single electroadsorption—desorption pair of current peaks
at ca. —1.2 V (SCE) is associated with the initial stages
of adlayer formation or the sulfur-containing molecules.
Molecular resolution STM images of the early adsorption
stages on Ag(l111) reveal the formation of a common
Ag(111)-(v/7x+/7)R19.1° hexagonal structure with d, =
0.44 nm intermolecular spacing. This is the only ordered
structure observed for ETU, due to steric constraints.
Adsorbed TU compresses into ordered d, = 0.38 nm and
d, = 0.33 nm hexagonal arrays by increasing either the
applied potential at a given time or the holding time at
apreset potential. The most compact structure of adsorbed
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TU is a result of hydrogen bonding. In the case of sulfur,
increasing either time or potential results in sulfur-trimer
formation. All ordered structures can be related with
S-containing molecule adsorption on high-symmetry
Ag(111) sites and a common voltammetric electrodesorp-
tion current peak at a single position reflecting the
influence of the substrate—adsorbate bond.

From the TU peak position in neutral and alkaline
media, a pH-independent difference in adsorption energies
AEy4s~40kJ/mol between Ag(111) and Au(111) substrates
has been determined. A similar conclusion can be drawn
from the voltammetric data of ETU. The similarity of the
voltammetric response and the different final adsorbate
structure of all three species confirm the complexity
involved in TU electroadsorption reactions on metal single-
crystal surfaces and the care with which the effect of
substituents has to be considered when analyzing this
type of complex surface reaction.

Acknowledgment. This Research was funded by
Agencia Nacional de Promocién Cientifica y Tecnolégica
(Argentina) PICT 99-5030 and CONICET (Argentina) PIP
0897-98, PIP 4376-96, and PICT 98-06-03351. V.B. expres-
ses thanks for the fellowship granted by CONICET. The
authors also thank G. Andreasen (INIFTA) and A. Trigubé
(CITEFA) for their assistance in sample preparation and
J. Massarutti (INIFTA) for his assistance in process
control.

LA034005W



