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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effect of cavitation intensity on self-assembling of alkanethiol molecules on gold in
Ultrasound room temperature ionic liquids (RTILs) under low frequency ultrasound irradiation (20 kHz). The use of RTILs,
RTH.“,S . with low vapor pressure, enabled cavitation activity to be controlled up to quenching through pressure decrease
S:;[tmon within an argon-saturated atmosphere. This control possibility was used to acquire deeper insights into the role
Electrochemistry of cavitation on self-assembling processes. It was shown by electrochemical, contact angles and Polarization
XPS Modulation - Infrared Reflection Absorption Spectroscopy (PM-IRRAS) measurements that cavitation activates

orientation and organization of self-assembled monolayers (SAM). X-ray Photoelectron Spectroscopy (XPS)
revealed that, even if chemical adsorption of molecules is highly activated under ultrasound irradiation, it is not
dependent on acoustic cavitation intensity.

1. Introduction

Over the past 30 years, self-assembled monolayers (SAMs) have been
extensively studied. SAMs are grafted by substrate immersion in a so-
lution of active molecules, which will spontaneously be adsorbed onto
the surface. The possibility to tune some of the properties such as
thickness, compactness, and chemical reactivity makes them useful in
many applications e.g. corrosion [1-3], lubrication [4] and adhesion [5].
The affinity between the reactive group and the substrate is of prime
importance for ensuring efficient chemisorption on the surface. Many
types of SAMs exhibiting various reactive headgroups (thiols [6],
phosphonic [7,8], carboxylic [9,10]) have been grafted on gold [11],
titanium [12], copper [13] or stainless steel [14] to name just a few.

Organothiol SAM grafted on gold is certainly the most studied sys-
tem. Thiol groups exhibit very strong reactivity towards gold, while the
SAMs obtained are very compact and organized. The mechanism of thiol
grafting on gold consists in exothermical homolytic cleavage of S-H
bond [15,16] with Hy formation [17]. Nevertheless, to carry out grafting
of well-organized and compact monolayers, long modification times are
needed i.e. between 16 and 24 h, which renders industrial applications
very difficult. In an attempt to solve this problem, some studies on the
use of ultrasound to accelerate SAM grafting process have been carried
out [11,14,18-20]. The studies by Atobe et al. showed that the adsorp-
tion rate and saturated amount of self-assembled adsorption of aromatic
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thiolate species on gold surface were increased under ultrasonic irradi-
ation (20 kHz), as well as the adsorption rate of aliphatic thiolate [18].
Dai et al. showed that formation of very compact dodecanethiol mono-
layers within 15 min was possible under low frequency ultrasound
irradiation (40 kHz) [20]. Recently, studies at high frequencies have
been carried out by our group. Roy et al. showed that high quality
undecanethiol SAM can be grafted on gold after 1 h of modification
under high frequency ultrasonic irradiation (575 kHz) compared with
19 h in silent conditions [11]. They also studied self-assembling of
alkylphosphonic acids on stainless steel under high frequency ultra-
sonication. They reported an increase in layer formation process under
sonication: 1 h under irradiation to obtain a coating of good quality
compared with 8 h in silent conditions [14]. In all these studies, cavi-
tation activity was claimed to be the main cause for these kinetics in-
creases and enhanced SAM organizations. However, it was difficult to
prove this hypothesis experimentally as for usual working intensities,
cavitation is always widely present, and it has never been possible to
control cavitation intensity for the same electrical power supplied.
Indeed, so far the only way to observe cavitation intensity effects was to
modulate supplied electrical power or work under and over the cavita-
tion threshold.

As shown in our previous study [21], the use of room temperature
ionic liquids (RTILs) has shed light on new possibilities. The low vola-
tility of these solvents associated with control of dissolved gases have
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Fig. 1. Experimental setup.

critical effects on cavitation activity. Therefore, depression within the
irradiated RTIL medium leads to removal of dissolved gases and
quenching of cavitation activity. This ability to control cavitation ac-
tivity is of great interest in the study of SAM grafting under ultrasonic
irradiation, in particular to better enquire into cavitation intensity ef-
fects on the concerned mechanisms. More generally, this new original
method makes it possible to obtain new information on various sono-
chemical processes, especially on the role of cavitation.

The aim of this work is to better understand the role of cavitation
intensity during SAM grafting under ultrasound irradiation. Alkanethiol
SAMs have been grafted on gold in RTILs as solvent under sonication at
different pressures to observe the effects of cavitation intensity. A va-
riety of characterization methods have been used: electrochemistry,
contact angle measurements, X-ray photoelectron spectroscopy (XPS),
and phase modulation - infrared reflection absorption spectroscopy (PM-
IRRAS). As detailed in our previous work [21], cavitation activity is
quantified through 2 indicators, both extracted from electrochemical
measurements (polarization curves): Sherwood number (Sh) and
average of current density variation (|Aj |average). Sh is a dimensionless
number that is extracted from the steady-state component of polariza-
tion curves and permits characterization of mass transfer efficiency
independently from parameters inherent to electrochemical system. |A
jlaverage is extracted from the time-dependent component of polarization
curves i.e. current fluctuations. It is an important indicator of cavitation
activity as it is only caused by cavitation bubble activity (oscillations
and implosions on the surface). According to these indicators, for the
lowest absolute pressure (P = 26 kPa), cavitation intensity was reduced
by about 50% for a transmitted power of 0.7 W.m™2. Indeed, the Sher-
wood number was reduced from 280 to 145, and |Aj|average from 0.385
to 0.19 A.m~2. Therefore, three working conditions have been chosen
for this study: silent conditions (no ultrasound irradiation), ultrasound
irradiation at atmospheric pressure 100 kPa (cavitation intensity:
100%), and ultrasound irradiation at 26 kPa (cavitation intensity: 50%).

2. Experimental

All chemicals were purchased from SIGMA ALDRICH except for ionic
liquid:  1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)
amide (Bmim)(Tf;N) which was purchased from SOLVIONIC (purity >
99.9% — water content < 200 ppm). The gold substrate was mechani-
cally polished (grain size 10, 1 and 0.25 um) and rinsed twice with water
and ethanol. Potential cycling was then carried out from 0 to 1.7 V (vs
SCE) at 100 mV.s™! for 50 cycles in 0.5 M HySO4 solution to reduce
surface oxides. Finally, the substrate was dried and rapidly immersed in
the modification solution (1 mM alkanethiol in the ionic liquid).

—— Bare gold
e B Silent conditions
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Fig. 2. Cyclic voltammetry (Scan rate: 100 mV.s™!) in (10 mM Fc + 0.2 M
LiClO4) acetonitrile solution on bare gold and gold modified with C12SH in
(Bmim)(Tf,N) for 15 min in silent conditions, under low cavitation ultrasound
irradiation (26 kPa) and under high cavitation ultrasound irradiation (100 kPa).

The experimental set-up has been described in our previous paper
[21] and is reported in Fig. 1. The transducer (20 kHz-25 mm horn
diameter) was separated from the electrolyte by a cooling fluid to pro-
tect the solution from external pollution [22]. Moreover, this cooling
jacket was over-pressurized to optimize energy transmission. The ul-
trasonic horn and the inner cell bottom were distanced by 30 mm. All
tests are carried out with a transmitted intensity of 0.7 W/cm?2.

For characterization purposes, samples were rinsed with 96%
ethanol and dried under argon flow. Electrochemical experiments were
carried out using an AUTOLAB PGSTAT302N from Metrohm. A three-
electrode setup was used with a saturated calomel electrode (SCE)
reference, platinum wire as counter electrode (length = 5 cm and
diameter = 0.5 mm), and the functionalized gold substrate (disk ®3mm)
as working electrode. Cyclic voltammetry experiments were carried out
in acetonitrile with 10 mM ferrocene and 0.2 M of lithium perchlorate
(supporting salt) at 100 mV/s. X-Ray Photoelectrons Spectroscopy (XPS)
and Polarization-Modulation Infrared Reflection Absorption Spectros-
copy (PM-IRRAS) apparatuses were described in previous work [11].
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Fig. 3. Evolution of electrochemical blocking rate as a function of the C12SH
concentration for 15 min modification in (Bmim)(Tf,N) in silent conditions,
under low cavitation ultrasound irradiation (26 kPa) and under high cavitation
ultrasound irradiation (100 kPa).

3. Results and discussion
3.1. Electrochemical measurements

Fig. 2 shows cyclic voltammetry experiments for gold substrates
modified with dodecanethiol (C12SH) SAM for 15 min in silent condi-
tion and under ultrasound irradiation at 26 kPa and 100 kPa (atmo-
spheric) pressure. Indeed, Dai et al. showed that C12SH SAM can be
formed in RTILs within short periods of time [23].

As expected, the electrochemical signal of ferrocene is clearly visible,
and reversible on bare gold. The oxidation and reduction peaks are
visible at about 400 mV/SCE and 250 mV/SCE, respectively. After SAM
grafting, the electrochemical system slows down with a shift in redox
potentials, and the signal becomes sluggish. This shows that an adsorbed
layer is present on the surface. The electrochemical blocking rate is 10%.
Electrochemical blocking rates (t) are calculated from charge quantity
values (Q) using the following equation:

. Q before grafting — Q after grafting*loO
B Q before grafting

When ultrasound with intermediate cavitation intensity (26 kPa) is
used during SAM grafting, the ferrocene system is much slower, and the
reduction peak is no longer visible. SAM blocking diminished drastically
reduction kinetics, and as a consequence, reduction peak intensity is not
high enough to be observed on the cyclic voltammogram which presents
only a sluggish and flat reduction signal This trend is even more pro-
nounced when the SAM is grafted under strong cavitation activity (Pam)-
The electrochemical blocking rate increases from 36% for low cavitation
conditions to more than 50% for high cavitation.

This result is very interesting and highlights the importance of
cavitation intensity during SAM grafting under ultrasound irradiation.
Indeed, the increase in cavitation activity leads to a more insulating and
blocking layer. It is possible that high localized releases of energy
induced by cavitation lead to more favorable orientation of SAM
through some kind of energetic activation. Indeed, previous works
showed that reorientation of self-assembled monolayers into an ener-
getically more favorable structure can occur at temperatures high
enough to reversibly break sulfur—gold interaction [24]. Such cavitation
reorientation has been suggested by Atobe et al. [18] and seems to be
experimentally confirmed by our works. On the contrary, agitation
generated by acoustic activity is noxious for the SAM grafting process, as
showed in previous studies [11].

The influence of active molecule concentration was also studied for
the different grafting conditions. Fig. 3 shows the electrochemical
blocking rate of C12SH SAM grafted for 15 min on gold for modification
solution concentrations ranging between 0.5 and 3 mM. For the same
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Fig. 4. Evolution of electrochemical blocking rate as a function of the number
of carbons for alkanethiol SAMs grafted on gold for 15 min in (Bmim)(Tf,;N) in
silent conditions, under low cavitation ultrasound irradiation (26 kPa) and
under high cavitation ultrasound irradiation (100 kPa).

Table 1

Contact angle values for gold samples modified with C,SH for 15 min in (Bmim)
(Tf,N) in silent conditions, under low cavitation ultrasound irradiation (26 kPa)
and under high cavitation ultrasound irradiation (100 kPa).

Contact angles (+1°)

Number of carbons Silent conditions US at 26 kPa US at 100 kPa
3 91 95 100
4 94 98 103
12 99 101 105
16 100 105 107

concentration, the electrochemical blocking rate is always highest when
cavitation activity is strongest, confirming the beneficial effects of
cavitation for the SAM grafting process. In all cases, blocking rate
saturation is reached. For grafting in silent conditions and in interme-
diate cavitation intensity (26 kPa), this saturation is reached as from 1.5
mM. In high cavitation intensity (Patny), saturation is reached from lower
concentrations (around 1 mM).

The influence of carbon chain length was investigated by using four
different alkanethiols: propanethiol C3SH, butanethiol C4SH, dodeca-
nethiol C12SH, and hexadecanethiol C16SH. Fig. 4 shows electro-
chemical blocking rates as a function of carbon chain length for the
different grafting conditions. Obviously, the electrochemical blocking
rate increases with the number of carbons, as the SAM insulating effect is
due to the carbon chain, and the shorter the chain, the more electron
transfer can occur through tunneling effect. Moreover, a threshold effect
is observed. For grafting in silent conditions, this effect occurs between
12 and 16 carbons, as the blocking rate is between 5 and 10% for C3SH,
C4SH and C12SH, before increasing sharply to 26% for C16SH. In silent
conditions, important defects are present within the adsorbed layer (e.g.
inhomogeneity, holes...) for chain lengths up to 12 carbons which leads
to facilitated electron transfers and to the observed low electrochemical
blocking rates. This issue gets less predominant for 16 carbons grafting,
probably due to the increase in Van der Waals interactions between
active molecules, leading to the fast increase in blocking rates. For
modifications under sonication, this threshold effect occurs between 4
and 12 carbons, with no consideration of cavitation activity. The
important role of cavitation intensity regarding SAM grafting under
ultrasound irradiation is, once again, highlighted by these results, as the
most blocking layers are those generated in high cavitation conditions
for all chain lengths. Within intermediate cavitation intensity, results
are also intermediate between silent conditions and high cavitation.
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Table 2

PM-IRRAS vibration frequencies for gold samples modified with C12SH for 15
min in (Bmim)(Tf,N) in silent conditions, under low cavitation ultrasound
irradiation (26 kPa) and under high cavitation ultrasound irradiation (100 kPa).

Operating vs (CHp) vs (CH3) v, (CHp) Va (CH3)
conditions (em™Y) (em™1) (em™1) (em™)
Silent 2848 2875 2917 2960
US at 26 kPa 2848 2874 2917 2959
US at 100 kPa 2849 2873 2917 2957

3.2. Water contact angle measurements

Contact angle measurements were carried out to assess surface hy-
drophobicity. A more pronounced hydrophobic behavior is expected
after grafting of C,SH SAM due to the presence of alkyl chains. The
contact angle values give information on SAM organization, as the more
compact the monolayer, the more methyl groups are exposed to the
surface and the more the layer will exhibit hydrophobic behavior.
Table 1 shows results for water contact angle measurements on gold
samples modified with C,SH under the various conditions. As observed,
contact angles increase with the use of ultrasound and are highest for
samples produced under high cavitation activity. These results tend to
prove that cavitation has beneficial effects for SAM organization, thus
confirming the results and conclusions of electrochemical experiments.

3.3. PM-IRRAS analyses

This technique allows infrared analysis of very thin layers. Alka-
nethiol SAMs were extensively studied by PM-IRRAS. By analyzing po-
sitions of CHy and CHj stretching bands, it is possible to obtain

Audf

Intensity (a.u.)

80 85 90 95 100
Energy (eV)

Intensity (a.u)
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information on molecular orientation and organization of carbon chains.
Organized monolayers lead to known values of carbon chain elonga-
tions: symmetrical (vg) and asymmetrical (v,) bands for CH, groups at
2850 and 2917 cm ™Y, respectively, and symmetrical and asymmetrical
bands for CHs groups at 2871 and 2955 cm™!, respectively [25-27].
Table 2 displays peak values for C12SH SAMs obtained in the various
conditions (spectra not shown). It seems that, under high cavitation
intensity, the SAM is the most organized, as CH, and CHj3 vibration
frequencies are the closest to the values of the perfectly organized SAM.

3.4. XPS analyses

XPS analyses were conducted on C12SH samples produced in the
various conditions. Fig. 5 shows spectra from Au4f, S2p and Cls regions
obtained for the sample produced under ultrasound irradiation at at-
mospheric pressure (100 kPa).

The Cl1s region mainly displays a signal at 285.1 eV, characteristic of
C12SH aliphatic chain. The other components are due to traces of sol-
vent. Indeed, as grafting has only been carried out for 15 min, the SAM is
still in the organization process and, therefore, the presence of such
residue is not surprising. For the cationic part of the solvent (1-butyl-3-
methylimidazolium), three components are present at 286.6, 287.1 and
287.8 eV as evidenced in the literature [28]. For the anionic part (bis
(trifluoromethanesulfonyl)imide), a peak at 293.1 eV is present corre-
sponding to CF3 groups [28].

The S2p region is more interesting as it reveals the nature of in-
teractions between the SAM and the gold substrate. Two components are
present [29,30]:

- The first at 162 eV attributed to thiol groups chemisorbed on the
metal (-S-Au).

S2p

Intensity (a.u.)

f

I W
il L A L
AT

154 156 158 160 162 164 166 168
Energy (eV)

Cis

T T T T T
280 285 290
Energy (eV)

1
295

Fig. 5. Au4f, Cls and S2p regions from XPS analysis for gold samples modified with C12SH under ultrasound irradiation at atmospheric pressure.
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- The second at 163.5 eV corresponding to free thiol groups phys-
isorbed on the surface (-S-H).

The ratio Schemisorbed / Stotal allows information to be obtained on
relative amounts of C12SH molecules chemisorbed on the surface. Thus,
in silent conditions only 30% of grafted molecules are chemically
adsorbed on gold. This ratio increases to 50% when modification occurs
in low cavitation medium (26 kPa) and up to 56% in high cavitation
medium (100 kPa). Therefore, it would appear that the chemisorption
process is sensitive to cavitation presence but less so to cavitation in-
tensity, as the difference in chemisorbed species ratio between low and
high cavitation conditions is not significant. This can be explained by the
fact that, as the chemisorption mechanism is radical in nature, the
radical species produced by cavitation activity interact strongly during
this process, even for lower cavitation intensities.

The decrease in intensity of the Au4f signal after SAM grafting is
proportional to the distance X-rays have to cross through the coating,
Therefore, monolayer thickness can be calculated using the following
equation [31].

(Aw)=(A-ug).e @ 50

(Au) is the photoelectronic intensity of gold attenuated by a layer of
thickness d (A)

(Aup) is the photoelectronic intensity of bare gold

)\ is the average free path of photoelectrons (42 A in our case)

y is the angle between the parallel to the surface and the detector
(45%)

d is the layer thickness (A)

Bain et al. have shown that, for a monolayer of thiols oriented
perpendicularly to the gold surface, thickness can be calculated by
considering a value of 1.27 A per CH, and 4 A for the sulfur group [31].
For C12SH, this leads to a thickness of 19.2 A. The angle of the mono-
layer inclination can be calculated from the difference between this
theoretical value and that observed experimentally. By hypothesizing
that a double layer is formed under silent conditions, the thickness found
is 14 A per layer. In this case, the angle is close to 43°, while it decreases
for experiments under ultrasound with a value of 33° (d = 16 A) for low
cavitation and of 30° (d = 16.5 A) for high cavitation. The smaller the
angle of inclination, the denser the layer. As described in the literature,
optimum compactness is obtained when the angle of inclination is 30°
[32]. These results also prove that cavitation improves SAM orientation
and organization, as already suggested by electrochemistry, contact
angles, and PM-IRRAS experiments.

4. Conclusion

This work investigates the effect of cavitation intensity on SAM self-
assembling on gold under ultrasound irradiation. The use of RTILs was
necessary for selective cavitation quenching through pressure modula-
tion within controlled reactor atmosphere. It was experimentally shown
that cavitation activates orientation and organization of SAMs as
deduced from electrochemistry, contact angles, and PM-IRRAS analyses.
Interestingly, XPS experiments pointed out that cavitation intensity has
little impact on the chemical adsorption process. Overall, even if ultra-
sound irradiation is beneficial for SAM self-assembling, both in terms of
organization and chemical adsorption, only the first process is truly
dependent on cavitation intensity. The chemical adsorption process only
relies on the presence of cavitation, independently from its intensity.

Controlling cavitation intensity in such media emerges as an inter-
esting tool for mechanism elucidation, and further work will be under-
taken on chemical and electrochemical deposits (e.g. metallic coatings)
using the same low pressure conditions.
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