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Abstract

The dynamics of 1-dodecanethiol self-assembled monolayers (SAMs) on Au(111) produced by contacting pure
thiol was followed by in situ STM at 298 K. Initially, these SAMs constituted a heterogeneous surface consisting of
disordered and ordered adsorbate domains at terraces, step edges and pits, forming a p(6 x 1) superlattice which
later changed to the (v/3 x +/3)R30° structure. Subsequently, the c(4 x 2) superlattice was also observed. Surface
dynamics involves the coalescence and Ostwald ripening phenomena at pits occurring simultaneously with adsorbate
ordering at different surface domains. The difference in surface mobility between adsorbate-free and 1-
dodecanethiol-covered Au(111) can be explained taking into account both gold lattice relaxation due to adsorption
and alkyl chain interaction at SAM. Data analysis in terms of clustering theory allowed us to conclude that a single
mechanism is likely involved in the overall surface phenomena in which the mass transport is either a nonsteady
state surface diffusion or an interface transfer along step edges as rate-determining step. © 1998 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Over the past few years self-assembled monolayers
(SAMs) of alkanethiol molecules particularly on Au [1],
as well as on other metals such as Ag and Ni [2,3],
have attracted massive interest in the theoretical
aspects of charge transfer processes at complex electro-
chemical interfaces and have been widely applied to
processes such as in corrosion protection, tribology,
anchoring of macromolecules and biosensing [4,5].
Accordingly, alkanethiol SAMs have been extensively
studied by several techniques related to contact angle
measurements [6], ellipsometry [7], Fourier transform
infrared spectroscopy, electrochemistry [7-9], grazing
X-ray diffraction [10], He diffraction [11], second
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harmonic generation [12], scanning probe micros-
copies [13], near edge X-ray absorption fine structure
(NEXAFS) and ultraviolet photoemission spectro-
scopy [14], and nuclear magnetic resonance [15]. In
general, the most commonly used procedure for pre-
paring thiol SAMs has been the immersion of a clean
gold substrate into a 1 mM thiol ethanolic solution for
about 24 h [4]. For these SAM preparations, alka-
nethiol adsorption from the vapor phase either in air
or in ultra high vacuum (UHV) [16, 17], and immersion
in pure liquid thiol [18] have also been proposed,
although less frequently employed, particularly the lat-
ter procedure. Alkanethiol multilayers have also been
produced on Au(l111) and HOPG for longer thiol/
substrate contact times followed by solvent evapor-
ation [19, 20].

From the structural standpoint, alkanethiol SAMs
on Au(111) have been described as a (v/3 x +/3)R30°
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commensurate structure, with the alkyl chains totally
extended in an all trans configuration, the axis of each
molecule being tilted about 30° with respect to the sur-
face normal [1]. The alkyl chains also exhibit a twist
angle of about 52° defined by the zig-zag of the carbon
atom structure in the chain [1]. At 100 K the alkyl
chain spacing is d = 0.5 nm, but as the temperature is
increased the chain ordering gradually disappears due
to thermal vibrations [21].

Ab-initio calculations for the alkanethiolate—gold
bonding [22] have shown that hollow sites, involving a
second-layer gold atom located directly below the sul-
phur atom from the thiol molecule, are the most stable
sites for adsorption on Au(111). This type of bonding
would imply a mixed o and n bonding character with
a dominating contribution of the latter. The corre-
sponding adsorption energy difference between hollow
and top adsorption sites is about 25 kJ/mol, a figure
which is one order of magnitude greater than the ther-
mal energy at 298 K. From these calculations it has
been concluded that the angle between Au(111) and
the S—C bond is about 180° for the S atom sp hybrid-
ization, and about 110° for the S atom sp® hybridiz-
ation. Correspondingly, the Au(111)-S and S—C bond
distances are 0.1826 and 0.1905 nm in the former case,
and 0.1817 and 0.1936 nm in the latter. The polar
component of the Au(111)-S bond involves a fraction
of 0.25 of the electronic charge distributed on the S
atom. Then, the most accepted picture for alkanethiol
chemisorption on gold corresponds to that of a surface
thiolate represented by X(CH,)S™—Au " [14], where
the thiolate—gold bond energy is estimated as 184 kJ/
mol [23]. Nevertheless, it has recently been found that
alkanethiol molecules on Au(111) are adsorbed on a
mixed bridge and hollow site configuration, rather
than on a single hollow site configuration [24].

Although most of the work has been directed
towards alkanethiol SAM structural characterization,
little work has been undertaken to understand the for-
mation mechanism and dynamics of these SAMs on
well defined surfaces. Kinetic studies have focused
mainly on the nucleation and growth of SAMs them-
selves rather than on structural changes including
those of the substrate surface. For Au(111), STM ima-
ging has shown that the formation of alkanethiol
adlayers involves the formation of pits, most of them
being one gold atom in depth [25]. The nature of these
pits is not completely understood. It has been argued
that these pits are due to an etching process at the
substrate [26], whereas other explanations have attribu-
ted their origin to a break of balance in the lateral
pressure of the gold surface caused by the adsorbed
species [27]. More recently [28], from STM imaging
data under UHV condition it has been suggested that
Au atoms are forced out of the surface layer by relax-
ation of the compressed Au(111) herringbone struc-

ture, thereby originating pits. STM data have also
shown that mass transport by surface diffusion occurs
at alkanethiol adlayers on Au(l11), and the corre-
sponding  surface diffusion rates have been
measured [29, 30].

Different domains at the SAM level can be also
observed [31] by using high tunneling resistances.
Certain domains exhibit a (v/3 x +/3)R30° lattice while
others show superstructures of this lattice with a
c(4 x 2) superlattice as the most common one. The ori-
gin of this superlattice has been interpreted in various
ways, as due to different twist angles of the alkyl
chains [32], disulfide formation [33], and the existence
of distinguishable adsorption sites [34]. More recently,
it has been found that these domains undergo struc-
tural transitions [35], and a possible mechanism linking
the mobility of the Au(111) substrate with the
dynamics of these domains has been suggested [33].

This work describes the dynamics of 1-dodecanethiol
monolayers adsorbed on Au(111) terraces from pure
liquid thiol followed by in-situ STM imaging. Initially,
the heterogeneous adlayer consists of disordered and
ordered domains coexisting with monoatomic depth
pits in the substrate which are also adsorbate covered.
After keeping the substrate in contact with thiol for 1
h, the change of disordered domains into ordered
domains can be observed. In this case, the final struc-
ture approaches the SAM structure resulting after a 24
h substrate immersion in 1 mM thiol methanolic
solution [36,37]. The kinetics of pit displacement at
terraces and their coalescence can be explained by a
mass transport involving the gold—alkyl thiolate as the
mobile species, in which either a nonsteady state sur-
face diffusion or an interface transfer along pit borders
is the rate determining step.

2. Experimental

Nanoscope I STM equipment  (Digital
Instruments, Santa Barbara CA) was employed. STM
experiments were performed utilizing commercial Pt—Ir
tips (Digital Instruments, Santa Barbara, CA), and oc-
casionally, Pt—Ir tips snipped with wire cutters. When
necessary, to correct for tilt and bow, images were
plane removed and flattened utilizing the image proces-
sing software of the instrument. This software was also
used to measure the pit size resulting from STM
images.

In-situ STM experiments were performed in a liquid
cell. After a region for imaging had been located,
about 50 pl of pure l-dodecanethiol (Fluka) were
put on the Au substrate while the tip was scanning
the surface under an applied bias potential. Since
I-dodecanethiol is nonconductive, the possibility of
any electrochemical reactions under these conditions
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should be discarded. The absence of faradaic currents
was confirmed by using low tunneling currents.
Typical values used for bias voltage were in the range
1.5 V< Ey, <2.5V, and tunneling currents covered the
range 100 pA < it <150 pA.

Ex-situ AFM images were performed with silicon
nitride tips with a cantilever constant of 0.12 nN/m
under the contact mode and applying different forces
in the range 65 nN < F <260 nN.

Gold films evaporated on glass (250 nm thick gold
layer onto ‘Robax’ glass, AF Berliner glass KG,
Germany) with a 2 nm thick chromium undercoating
for better adhesion to the glass surface were used as
substrates. In order to obtain large Au(111) terraces,
these substrates were flame annealed [38]. Before each
experiment those substrates which had not being used
immediately after their preparation, were immersed
for about 3 min in a 70% H,SO,4 + 30% H,0,
solution for additional cleaning. Occasionally, this
procedure led to pit formation, as has been observed
for Au(111) after immersion in either thiol-containing
solutions [39,40], or sulfochromic acid [41], as well
as from oxidation—reduction cycles in acid solutions
[38,42].

a)

Substrates employed in this work were characterized
in air by AFM and STM. All runs were made at
298 K.

3. Results and interpretation
3.1. Structure and formation of domains

The ex-situ STM image of the adsorbate-free Au
substrate (Fig. 1a) shows wide terraces with step bor-
ders forming 60° angles which are characteristic of the
Au(111) surface. Monatomic steps 0.243 nm in depth
separating Au(111) planes [43] can also be seen. High
resolution images at substrate terraces reveal the hexa-
gonal Au (111) lattice with the nearest neighbor dis-
tance d = 0.289 nm (Fig. 1b).

The ex-situ STM image of the Au(111) substrate
(Fig. 2a) obtained immediately before adding pure
dodecanethiol also exhibits randomly distributed pits
3.0 nm in average diameter and 0.243 nm in step
height. These pits are specific to the clean Au(111) sub-
strate. Otherwise, the in-situ STM image obtained for
the same substrate area after being in contact with

0 300 n O

Z range 0.10 nM

Z range 2.00 nm

Fig. 1. (a) Ex-situ STM image (300 x 300 nm?) showing terraces of the gold substrate. (b) Higher resolution ex-situ AFM image
(4.24 x 4.24 nm?, raw data) of a gold terrace. The hexagonal lattice with the nearest neighbor distance of Au (111) lattice (d = 0.29
nm) can be observed.
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Fig. 2. Comparable STM images (150 x 150 nm?). (a) Initial (ex-situ) gold substrate before 1-dodecanethiol addition. (b) STM
image (in-situ) of the same surface region depicted in (a) after 5 min 42 s. Marked squares helps the reader follow the changes of
pit morphology described in the text. For this STM image the contrast was adjusted to enhance the adsorbate striped pattern and

pits.

1-dodecanethiol for t=35 min 42 s (Fig. 2b) shows
changes in the average size and distribution of pits (see
Fig. 2b, squared areas). These changes indicate a cer-
tain dynamics involving both the adlayer and the sub-
strate. The appearance of a striped pattern at pit-free
surface domains can also be observed. These stripes
exhibit a 0.1 nm corrugation and are aligned parallel
to each other (see upper left hand side of Fig. 2b).

High resolution in-situ STM images at interstripe
regions (Fig. 3a) contain a hexagonal (+/3 x +/3)R30°
lattice with the nearest neighbor distance d = 0.5 nm,
and a stripe-to-stripe separation which is sixfold the
value of d for the hexagonal lattice, thus resulting in a
p(6 x 1) superstructure of the thiol adlattice. A scheme
of the aforementioned description of the thiol adlayer
is depicted in Fig. 3b, where large circles in A (B) rows
correspond to those thiol molecules appearing in lower
(higher) contrast in the STM image and being
adsorbed at hollow sites with hcp (fcc) stacking
sequence [36, 37].

The striped adlayer structure (Fig. 4a) undergoes a
change to the (v/3 x +/3)R30° structure, which prob-
ably is the most stable adlayer configuration (Fig. 4b),
and this change is accompanied by the appearance of
new pits (see squared areas in Fig. 4b). Finally, the

morphology of the thiol adlayer, as seen by in-situ
STM for 1-3 h exposure to 1-dodecanethiol (Fig. Sa
and b), shows domains with a structure closely resem-
bling those structures found when thiol SAMs were
prepared from 1 mM thiol methanolic solutions after a
24 h immersion time [44]. At this stage the c(4 x2)
superlattice can still be observed at the 1-dodecanethiol
monolayer level (Fig. 5b). In fact, reversible transitions
between the (/3 x +/3)R30° lattice and the c(4 x 2)
superlattice take place when the interaction between
Au(111) and 1-dodecanethiol solution extends for 1-4
h [33].

3.2. STM and AFM images

Both AFM and STM images for dodecanethiol
adlayers obtained in this work confirm the
(/3 x /3)R30°structure previously reported [45,46].
While STM images obtained at high tunneling resist-
ances exhibit p(6 x 1) and c(4 x2) superstructures,
AFM images obtained in air with F=~ 65 nN show
only the (v/3 x +/3)R30° structure (Fig. 6a). However,
as reported earlier [47], as the value of F is increased
the adlayer structure becomes gradually disordered
(Fig. 6b), and finally, for F =260 nN the displacement



F. Terdn Arce et al. | Electrochimica Acta 44 (1998) 1053-1067

'I

-

i

0.3 nm

0.1 nm

B B A A A A B B

([ 0e®e
‘A‘A( ‘AV‘A“%‘@VAY.
P ea® @@)@
! )@( Yol el ')@.
o e9e%®.
o | R N
N0 9l \@I’
ok “._, ) ’( ‘AHA AR YAY.

Fig. 3. (Caption overleaf).

1057



1058 F. Terdn Arce et al. | Electrochimica Acta 44 (1998) 1053-1067
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Fig. 4. Sequence of in-situ STM images (50 x 50 nm?) showing the dynamic behavior of the 1-dodecanethiol adlayer on Au(111).
(a) Prevalence of the p(6 x 1) striped structure after =5 min 42 s can be observed. (b) The same region ¢ > 9 min exhibits the
(+/3 x +/3)R30° structure and the appearance of new pits (square marked).

of adsorbed thiol molecules from the substrate surface
can definitely be observed (Fig. 6¢). The structure of
the clean substrate can be clearly seen in Fig. 6d which
exhibits the typical nearest neighbor distance of
Au(111), d=0.29 nm, and a 30° angle rotation with
respect to the aligned 1-dodecanethiol layer (compare
Fig. 6e and f). It should be noted that the value of F
required for displacing the thiol monolayer varies with
the tip radius [48], and that STM senses the sulphur
heads of the thiol molecules, whereas AFM probes the
alkyl tails of the molecules interacting with the AFM

tip.
3.3. Surface mobility

Sequential STM images (150 x 150 nm?) of the
Au(111) surface for different contact times with 1-
dodecanethiol (Fig. 7) show changes in pit size, and
their coalescence either at terraces or step edges. Thus,

for t=9 min 6 s (Fig. 7a) the pit 1-to-step edge
and pit 2-to-step edge distances measured along the
x-direction are 6.4 and 8.2 nm, respectively, and for
t = 17 min 27 s later (Fig. 7b), those distances decrease
to 4.7 and 6.7 nm, respectively. Subsequently (Fig. 7c,
t =21 min 54 s), pit 1 disappears becoming a part of
the step edge and pit 2 remains at 6.3 nm from the
step edge. Finally (Fig. 7d, =30 min 12 s), pit 2
also disappears at the step edge. Furthermore, the
nearest neighbor pit separation (see squared area 3 in
Fig. 7b) is ca. 5.6 nm, the radius of the largest pit is
7.6 nm, and that of the smallest one is 2.95 nm, and
for £ =30 min 12 s (Fig. 7d), both pits merge together
forming a single larger pit 9.1 nm in average radius.
From these results one can conclude that on increasing
the contact time the average size of pits tends to
increase.

From the evolution of pits followed by sequential
STM imaging, it is possible to estimate an average

Fig. 3. (a) In-situ STM image (10 x 10 nm?) of 1-dodecanethiol adlayer on gold showing the striped structure and the molecular
resolution in and between stripes. (b) A scheme of the structural model used for the interpretation of the STM image depicted in
(a). Unfilled circles represent Au(111) atoms, dark circles (forming lines denoted by A) correspond to S heads of thiol molecules
located at hollow sites hcp, and grey circles denote S heads of thiol molecules at hollow sites fcc (forming lines denoted by B).
Lines B and A are assigned to higher and lower contrast spots at the STM image, respectively. Small black dots indicate hollow

fcc adsorption sites at Au(111) surface.
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Fig. 5. In-situ STM images (20 x 20 nm?) of Au(111) after a 1 h contact with 1-dodecanethiol in which the (v/3 x +/3)R30° (a), and
c(4 x 2) (b) structures can be observed.
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b) 195 nN c)

260 nN

Fig. 6. Influence of the value of F on the ex-situ AFM imaging (contact mode) for a I-dodecanethiol adlayer on Au(111). (a)
F=065nN (20 x20 nm? image). (b) F=195 nN (20 x 20 nm? image). (c) F =260 nN (20 x 20 nm? image). (d) AFM image
(5 x 5nm?, raw data) resulting from F = 260 nN in which the hexagonal Au(111) lattice can be observed. (¢) Zoomed AFM image
(2.75 x 2.75 nm?, filtered data) resulting from F = 65 nN in which the 1-dodecanethiol adsorbate (v/3 x +/3)R30° structure can be

observed. (f) Zoomed AFM 2.75 x 2.75 nm? filtered image from (d).

value of Dy(p), the surface diffusion of a single pit
averaged from diffusing pits, from Einstein’s relation-
ship Dy(p) = Ax?/2t, where Ax is the travelling dis-
tance of the pit center towards the step edge for time ¢.
Thus, from the averaged slope of Ax? vs ¢ plots
(Fig. 8a) it follows that (Dy(p))=GB+2)x 10"
cm?/s.

On the other hand, from the time dependence of
(R), the average pit radius, it would be possible to
establish the likely mechanism controlling pit relax-
ation. For this purpose, experimental data derived
from in-situ STM imaging were plotted according to
the following equation (Fig. 8b):

(R()oct™. (D

The (R) and ¢ scale involved in the experimental
data makes the evaluation of exponent x ambiguous,
as values in the range 0.25<x<0.5, which are
expected from the clustering theory [49], are compati-
ble with data dispersion. Therefore, by attempting to
discriminate the likely mechanism of the process, the

pit size distribution including a critical pit radius R
can be considered.

The pit size distribution for the ripening process
plotted as N, the number of pits vs the R/R. ratio
(Fig. 9) exhibits a maximum for R/R.=(R/R)m=1.
Furthermore, the full width at half maximum (w,.) is
close to 0.6. Finally, the pit size distribution function
extends to (R/R.)jjm ~ 1.65. Then, the analysis of the
pit size distribution function provides information for
discussing the probable ripening and pit coalescence
mechanism.

4. Discussion

4.1. Formation and dynamics of the I-dodecanethiol
monolayer on Au(111)

Results from this work show that the interaction
between 1-dodecanethiol and Au(111) terrace sites pro-
duces a heterogeneous adlayer consisting of different
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Fig. 7. Sequential in-situ STM images (150 x 150 nm?) of Au(111) in contact with 1-dodecanethiol where changes in pit mor-
phology can be followed (see numbered squares). A full description of this figure is given in the text.
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Fig. 8. x2 vs ¢ plot (a) and (R) vs ¢ plot (b) for a single pit from the 1-dodecanethiol adlayer on Au(111) starting from thiol ad-

dition to the substrate (¢ = 0).

adsorbate-covered domains including adsorbate-cov-
ered pits. Coupling surface relaxation processes taking
place at these domains including pits lead to a change
in the overall adlayer topology.

From wettability and ellipsometry [50], quartz
balance [51] and NEXAFS [52] data, the adsorption of
alkanethiol molecules from diluted solutions on
Au(111) has been interpreted in terms of an initially

fast adsorption process yielding a disordered adlayer
followed by a slow reorganization of the disordered
adlayer into an ordered adlayer. More recently, STM
data resulting from UHV conditions [51] have pro-
vided evidence that thiol molecules are adsorbed first
with their axis oriented parallel to the surface, reorient-
ing themselves subsequently to adopt their final
(+/3 x +/3)R30° lattice configuration with their molecu-
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Fig. 9. Pit size distribution (histograms) for = 5 min 42 s (a), and ¢ = 21 min 54 s (b).
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lar axis tilted about 30° with respect to the surface nor-
mal, although in this case no resolution of the alkyl
chains has been shown.

Our results from STM imaging of 1-dodecanethiol
adsorption from the pure liquid on Au(l11) are con-
sistent with the following processes. Firstly, a disor-
dered thiol adlayer is formed with the immediate
occurrence of surface relaxation processes which can
be seen, for instance, by changes in pit shape, size, lo-
cation and distribution, depending on the time elapsed.
Secondly, ordered adlayer domains are progressively
produced in which the adsorbed molecules are located
at energetically favorable three-fold hollow sites with
hep stacking, although a minor number of adsorbed
molecules adopting the three-fold hollow sites with fcc
stacking thereby originating the p(6 x 1) pattern can
also be observed. Although no bonding energy differ-
ence data between hollow sites with different stacking
sequences are available, the bonding energy ratio of
these structures might be reflected by the ratio of the
4(dark) x 2(bright) spots of adsorbed molecules shown
in Fig. 2.

On the other hand, the p(6 x 1) superlattice observed
first subsequently changes into the (v/3 x +/3)R30°
structure (Fig. 4). This rearrangement would indicate
that thiol molecules are first adsorbed in hollow sites
with a mixed stacking sequence, and then molecules on
fcc sites move towards the most favorable hcp sites.
Further adlayer rearrangements take place after 1-3 h
eventually leading to an adlayer with a structure simi-
lar to that of those adlayers obtained from a thiol-
containing solution. It should be noted that a strongly
eroded surface after leaving the gold substrate in
contact with liquid thiol for 24 h has been
observed [18], but this erosion effect was not observed
at least for the duration of our experiments.

4.2. Single pit diffusion

The dynamics of pits at the 1-dodecanethiol-mono-
layer-covered Au(111) involves single pit diffusion fol-
lowed by pit coalescence at either terraces or steps
edges, and changes in the shape, size and distribution
of pits. To help understand whether a single or differ-
ent mechanisms are involved in these processes, let us
first consider the surface diffusion of a single pit.
Surface displacement of pits should imply the simul-
taneous participation of Au surface atoms and
adsorbed 1-dodecanethiol molecules in that event.

The surface diffusion coefficient for Au atoms either
in UHV conditions or in air is D (Au)~ 10~ cm?/
s [53,54], a figure which is somewhat smaller than that
found for surface Au atoms in contact with aqueous
acids [55]. The increase in Au surface atom mobility
produced by sulphate and chloride [56,57] adsorbates
has been attributed to a reduction in the bond strength

among neighboring Au atoms caused by the presence
of those adlayers. Otherwise, values in the range of
1x107" em?/s< D(AuTh)<3 x 10~ "5 ecm?/s for the
surface diffusion coefficient of thiol adsorbates induced
by tip scanning have been reported [17], although, in
contrast to these results, a decrease of about two
orders of magnitude in the value of D (Au) in the pre-
sence of CH;0,C(CH,);sSH adsorbates has also been
determined [16].

From the preceding results, it can be concluded that
the actual surface mass transport at the 1-dodeca-
nethiol-covered Au(111) interface probably involves a
gold atom + thiol adsorbate diffusing entity resulting
from a consortial contribution of the rather strong
substrate—adsorbate bonding and the lateral alkyl
chain interactions in the adsorbate originating a true
energy barrier to surface diffusion. Both contributions
outweigh the reduction in the bond strength of neigh-
boring Au atoms due to the alkanethiol chemisorption
which would produce an increase in surface atom
mobility. Therefore, the decrease in the value of
D ((Au) for 1-dodecanethiol adsorbed on Au(111) can
also be attributed to lateral interactions between alkyl
chains of adsorbed molecules. As far as this effect is
concerned, a comparison between the alkyl chain of 1-
dodecanethiol and that of CH3;0,C(CH,);sSH adsor-
bates is useful. In fact, the alkyl chain of 1-dodeca-
nethiol is somewhat shorter than that of
CH;0,C(CH»);5SH, then a weaker lateral interaction
for 1-dodecanethiol as compared to that of
CH30,C(CH;),5SH should be expected. Accordingly, a
slightly higher value of D (Au) for 1-dodecanethiol
than that for CH30,C(CH,);sSH on Au(111) should
be observed. Then, it would be appropriate to attempt
an explanation of this difference in the values of
D ((Au) considering the influence of the alkyl chain in-
teraction energy in the activation energy for surface
diffusion of both adsorbates at Au(111).

For alkanethiol monolayers on Au(111) the alkyl
chain interaction energy increases proportionally to the
chain length of the molecule at ca. 4.6 kJ/mol per
methylene unit [28] yielding for the packing energy of
1-dodecanethiol on Au(111), the value AE, = 59.2 kJ/
mol. From this figure and the heat of fusion of 1-dode-
canethiol taken as that of dodecane, AE, =36.5 kJ/
mol [58], the energy increase AE = 22.7 kJ/mol should
be reflected as an increase in the activation energy for
surface diffusion at the thiol adlayer due to alkyl chain
interactions.

On the other hand, the activation energy for bare
Au surface diffusion is AE"(s, Au)= 50 kJ/mol [28].
However, neglecting alkyl chain interactions, the value
of AE”(s, AuTh), the activation energy for surface
diffusion at 1-dodecanethiol-covered Au(111) should
be about 15% lower than AE"(s, Au) because of the
interlayer relaxation in the Au (111) lattice caused
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by the presence of the thiol adlayer. Then, taking
into account the alkyl chain interactions, the actual
value of AE(s, AuTh) = 65.2 kJ/mol is obtained. The
difference between the values of AE"(s, Au) and
AE"(s, AuTh) considering gold lattice relaxation and
alkyl chain interactions should produce a decrease by
a factor between two and three orders of magnitude
in DyAu) in the presence of the I-dodecanethiol
monolayer, as found in this work: Dy (AuTh)=x
(3+2)x 1077 cm?/s. In fact, this figure is of the same
order of magnitude as D (Au) for hexadecanethiol-
covered Au(111) [28].

4.2.1. The likely mechanism for pit coalescence

The change in pit size (Figs. 1 and 5) can be
explained in terms of an Ostwald ripening and
dynamic coalescence processes [49]. Ostwald ripening
implies the increase in pit size at the expense of smaller
pits which finally disappear [59]. In contrast to static
coalescence, in which pits are immobile and coalesce
when their perimeter lines grow together, dynamic co-
alescence involves pit mobility merging together. These
processes imply a decrease in the surface free energy
by decreasing the interface area.

The origin of Ostwald ripening and coalescence
phenomena is the dependence of ¢(R), the vacancy
(pit) concentration at the surface, on R, the pit radius,
given by the Gibbs—Thompson equation

¢(R) = coo exp[2yvm/RET ], ()

where ¢, is the concentration of pits with R > R, y is
the substrate surface tension, vy is the atomic volume
of the diffusing entity, k£ is the Boltzmann constant,
and T is the absolute temperature. Then, depending on
the value of R, a pit concentration gradient which
becomes the driving force of the processes is estab-
lished.

Equations emerging from the clustering theory [49]
provide the time dependence of R.(7), the critical
radius of the mobile entity,

(Re(0)) = R(OO)[1 + t/7c]/m+2). 3

where 7. is the time constant for clustering, and m is
the dimensional exponent in ripening which provides
an indication of the rate determining step of the pro-
cess. For late stage cluster growth at 2D islands [49] in
which a 1D surface cluster dimension is involved under
mass transport control by either diffusion or interface
transfer, the following mechanistic conclusion can be
derived from Eq. (3). When m =0 (x = 1/2), the rate
process can be related either to a nonsteady state
surface diffusion or interface transfer, whereas when
m=1 (x=1/3), coalescence is governed by steady-
state surface diffusion.

Following a conventional curve fitting procedure of
the (R) vs ¢ data (Fig. 8b), it is difficult to ascertain
the most likely value of m. This situation can be
overcome considering the pit size distribution function
data. According to clustering theory [49], the shape
of the distribution function depends on the value
of m. Thus, for m =0 it follows that (R/RJ)m =1,
wip =09, and (R/R)im<2; for m=1, (R/R)m =
1.13, wi2=0.5, and (R/R)im<1.5. Accordingly,
when these figures are compared to experimental data
(Section 3.3), it results that the theoretical mechanisms
derived for m = 0 are applicable to our system, i.e. the
overall dynamics at the 1-dodecanethiol-monolayer-
covered Au(l11) is related to a mechanism involving
either surface diffusion under nonsteady state or inter-
face transfer as rate determining.

4.2.2. Comparison of coalescence data

The mobility of Au atoms modified by the alkane-
thiol adlayer induced by heating has been followed
through the change in size of pits at the adlayer
[60,61]. In this case, (R), the average radius of pits,
changed with t,, the heating time, according to
(R)* ~ t, and the increase in pit area was accompanied
by a decrease in the number of pits. Then, the overall
process implied the transport of vacancies from smaller
to larger pits (Ostwald ripening) followed by pit
coalescence. In this case, the value m =0 can be
derived from these experiments, and the overall process
has been interpreted in terms of a rate-determining
step involving the adsorption—desorption of mono-
vacancies at pit edges. Our results indicate that
this mechanism which is confirmed, in principle,
can be extended to the dynamics of the alkanethiol-
monolayer-covered Au(111) under isothermal con-
ditions.

5. Conclusions

SAM monolayers of 1-dodecanethiol on Au(111) ter-
races at 298 K initially constitute a heterogeneous sur-
face consisting of disordered and ordered adsorbate
domains at terraces, step edges and pits.

Disordered adsorbate structures evolve forming first
a p(6 x 1) superlattice structure which then changes to
the seemingly most stable (v/3 x +/3)R30° structure. At
sufficiently long times the c(4 x 2) structure was also
imaged.

The heterogeneous surface dynamics involves the co-
alescence and Ostwald ripening phenomena at pits
occurring simultaneously with adsorbate ordering at
different surface domains indicating that the global
process implies a common material flux mechanism.
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The dynamics of pits implies terrace-to-step edge pit
diffusion, pit coalescence at both terraces and step
edges, and changes in pit size, shape and distribution.

The surface diffusion coefficient of the mobile entity,
D(AuTh) = (3 +2)x 107" cm?/s, resulting from ex-
perimental data, is about two orders of magnitude
smaller than that reported for Au(111) surface atoms
in the absence of adsorbed thiol molecules,
D ((Au) = 107 "% ecm?/s. This difference in surface mobi-
lity can be explained in terms of the nature of the sur-
face diffusing species involved in each case (gold
thiolate and gold atom, respectively) and the contri-
bution of alkyl chain interactions.

Data analysis in terms of the clustering theory
allowed us to conclude that a single mechanism is
likely comprised in the overall surface relaxation
phenomena in which the mass transport is either a
nonsteady state surface diffusion or an interface trans-
fer along step edges as rate-determining step.
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