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Introduction

Underpotentially-deposited silver substrates
reverse the odd—even interfacial properties
of CFz-terminated SAMs7

Maria D. Marquez, Ruwanthi Amarasekara, Daniela Rodriguez, Oussama Zenasni,
Han Ju Lee, Tianlang Yu, Siwakorn Sakunkaewkasem, Steven Baldelli and
T. Randall Lee2'*

Modifications to the metal substrate used in alkanethiol self-assembled monolayer (SAM) formation
impact the structural characteristics of the thin films and their macroscopic interfacial properties. In this
study, evaporated gold surfaces underwent electrochemical modification, where a monolayer of silver
was deposited through underpotential deposition (UPD). The effects of such a modification of the gold
substrate on the structural and interfacial properties of n-alkanethiol and CFz-terminated SAMs, wherein
the latter bears an interfacial dipole at the CFz—CH, transition, were explored. Structural analysis of the
films revealed well-ordered monolayers on both gold and UPD Ag surfaces. Ellipsometric thickness
assessment and X-ray photoelectron spectroscopy (XPS) of UPD Ag surfaces showed that the adsorbates
formed densely packed monolayers that were ~4 A thicker than their counterparts on gold. These varia-
tions were attributed to the different binding geometries adopted by the sulfur atoms on the respective
metals, which in turn dictates the tilt angles and the orientation of the terminal moiety. Polarization
modulation infrared reflection—absorption spectroscopy (PM-IRRAS) revealed a shift in the orientation
of the chain termini, likely due to differences in the mobility of underlying methylene units between
substrates. Moreover, odd—even effects in the contact angle data of both polar and nonpolar liquids
show changes in interfacial wettability further highlighting the impact of the subtle change to the sub-
strate on the film structure.

to be widely studied due to ease of preparation of the films,
inertness of the Au substrate, strong Au-S bond of ~50 keal mol ™%,

The ability to tailor the properties of metal surfaces in a
controlled manner at the nanoscale is of paramount impor-
tance to material engineers and surface scientists. Among the
methods developed to achieve such control is the use of self-
assembled monolayers (SAMs). In particular, SAMs have seen
vast usage in a variety of applications ranging from surfaces
pertinent to biological applications,™” lubricants for microelec-
tromechanical systems (MEMs),>* corrosion inhibitors,>®
nanoparticle protectants/stabilizers,””® antiadhesive films for
surfaces,”’® and catalyst modifiers in hydrogenation reactions
due to its simplicity to develop the monolayer thin film.'""?
Among the several types of SAMs, perhaps the most studied
systems involve the use of alkanethiols on noble metals, with
gold being the most widely used metal. This system continues
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well defined structural features, and the ability to manipulate
the interfacial properties of the films via synthetic tailoring of
the organic adsorbates.’®'* SAMs generated from thiol adsor-
bates as well as other headgroups (i.e., carboxylic acids and
phosphonic acids) have also been generated on Ag'> as well as
Cu surfaces.'"” However, the rapid oxidation of the afore-
mentioned substrates in air make it difficult to work with
alkanethiol-based SAM systems."?

Consequently, investigating custom metal substrates, where
either a SAM deposited substrate or a bare substrate is adorned
with a foreign metal species, has been undertaken as an
alternative approach to broaden the application of easily oxidiz-
able metals (i.e., silver and copper)."®' Such substrates are
obtained via the electrochemical deposition of the metal species,
such as Cd*",**?! Pb>* >3 Ag* **?*® and Cu®",>**’ at a potential
less negative than the equilibrium (Nernst) potential for the bulk
deposition of the metal.*®*® The aforementioned phenomenon,
known as underpotential deposition (UPD), is dictated by a
stronger adatom-substrate interaction than an adatom-adatom
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interaction, which occurs during bulk material deposition, lead-
ing to strong adsorption to the dissimilar metal.*® The UPD of
metals has emerged as a method for designing and precisely
controlling metal surfaces due to the reproducible control of the
surface coverage.”® The use of UPD has led to understanding
nucleation and growth mechanisms of film deposition,*' measur-
ing the electroactive surface area of metal-based materials,* the
development of fuel cells via the oxidation of glucose,® and
catalyst preparation.*® The use of SAMs developed atop UPD
metals are limited but has been explored for the enhancement
of thermal stability of SAMs on Au,*™’ the use of non-sulfur
adsorbates on Au,***° the post modification of SAM surfaces, as
well as SAM templating.”’ Furthermore, the aforementioned
studies found that the structural and interfacial properties of
the SAMs on UPD Ag differ from those of SAMs on bare Au.
Specifically, the observed differences can be attributed to the
adlayer structure the SAMs of alkanethiols adopt on the metal
surfaces, (/3 x /3)R30° on Au(111)"*"* and (\/7 x /7)R19° on
bulk Ag."*** Thus, our aim is to exploit this inherent difference in
adopted structure of the alkanethiols on the metals to tune the
interfacial properties of SAM-functionalized surfaces, specifically
oriented dipoles.

The ability to tune surface and interfacial properties by
generating an array of oriented dipoles on thin films is of
significant interest in modern nanotechnology.**"** Such sur-
faces are used in aligning energy levels to achieve work-
function modifications in organic field transistors*®*” and
solar cells,*®*® generating surfaces for the immobilization of
biomolecules and biolabeling applications,”**" and patterning
for photo-responsive surfaces.’>>* The plethora of SAM-related
literature points toward the properties of the generated SAMs as
being dictated by the functionality of the organic molecules
adsorbed on the surface.’*>® Altering the distribution of elec-
tron density of a film has proven an effective strategy since the
order of magnitude and direction of the generated dipole has a
profound effect on the interfacial properties of the generated
films.** In SAMs, interfacial dipoles can be generated by
modification of the organic constituent via the introduction
of electron withdrawing moieties, more specifically highly
electronegative fluorine atoms.”’ Numerous reports have
shown that SAMs generated from selectively fluorinated adsor-
bates (FSAMs) exhibit extraordinary interfacial properties in the
resulting films.'>®*®" Further, targeting different degrees of
fluorination in the terminus of the adsorbate allows for tuning
the interfacial properties (i.e., wettability, friction, and adhe-
sion). For instance, minimal fluorination in an alkanethiol
(i.e., CFs-terminated) led to the first example of a class of SAMs
with oriented dipoles at the fluorocarbon-hydrocarbon junc-
tion (FC-HC), which gave monolayer thin films with a more
hydrophilic nature than corresponding alkanethiol films.®>"**
Upon increasing the amount of fluorination in the adsorbate,
the influence of the FC-HC dipole diminishes, leading
to surfaces that exhibit interfacial properties resembling those
of polytetrafluoroethylene.>®®>% Further research led to the
development of FSAMs with an inverted dipole (i.e., HC-FC
representing the hydrocarbon-fluorocarbon junction) as well as
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Fig. 1 Molecules used in this study along with an illustration showing the
SAMs on Au (A) and (C) and UPD Ag (B) and (D). Hydrogen atoms are
denoted as white spheres while fluorine atoms are green.

alkyl-terminated FSAMs where the HC-FC dipole is system-
atically buried.®®®” The impact of the former study lies in the
wetting behavior that is governed by the interactions between
the interfacial dipole and restrained H-bonded liquids, as
highlighted by a reversal in the wettability of the HC-FC-
terminated films from the FC-HC-terminated films when in
contact with polar protic liquids.®” The latter study highlights
the role both the HC-FC dipole as well as the structure of the
adsorbate play on the interfacial properties of the film. To
further manipulate surface properties via oriented dipoles,
herein, we aim to modify evaporated Au substrates by the
underpotential deposition of Ag metal in efforts to manipulate
the interfacial energetics of monolayers using a series of CF;-
terminated alkanethiols of the form CF3(CH,),,SH (F1HmSH),
where m = 16-19, shown in Fig. 1. Our goal is to not only
modulate the FC-HC dipole but also elucidate the effect the
UPD Ag plays on the structural properties of the films. As a
comparison, the analogous alkanethiols, CH;(CH,),SH (HnSH),
where n = 18-20, were included in the study.

All SAMs were characterized by ellipsometry to determine
the thickness of the films and X-ray photoelectron spectroscopy
(XPS) to determine the chemical composition of the films.
Polarization-modulation infrared reflection-absorption spectro-
scopy (PM-IRRAS) was used to determine the conformational
order of the films. Finally, contact angle goniometry was used to
probe the differences in the wetting properties of the molecules
on the different metal substrates.

Experimental

Materials and methods

Gold Shot (99.999%) was bought from Kamis Inc. Chromium
rods (99.9%) were purchased from R. D. Mathis Company.
Silicon(100) wafers (polished, single crystal) were bought from
University Wafer and used as received. Tetrahydrofuran (Sigma-
Aldrich) and ethanol (Aaper Alcohol and Chemical Co) used on
the SAMs were used as received. The adsorbate 1-octadecanethiol
(H18SH) was purchased from Sigma-Aldrich. 1-heptadecanethiol
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(H17SH), 1-nonadecanethiol (H19SH), 1-eicosanethiol (H20SH),
17,17,17-trifluoroheptadecane-1-thiol (FIH16SH), 18,18,18-tri-
fluorooctadecane-1-thiol (F1H17SH), 19,19,19-trifluoronon-
adecane-1-thiol (F1H18SH), and 20,20,20-trifluoroicosane-1-
thiol (F1H19SH) were synthesized according to procedures
found in the literature.®”®

Substrate preparation

Gold slides were prepared by the thermal evaporation of 1000 A
of gold atop 100 A of chromium on Si(100) wafers under
vacuum (pressure < 6 x 10 ° torr) at a rate of 0.5 A s~ *. The
wafers were then cut into slides and stored in milliQ water until
used for electrochemical measurements.

Underpotential deposition of silver (UPD Ag)

For cyclic voltammetry (CV), a Princeton Applied Research
potentiostat/galvanostat model 263A was used to modulate
the potential applied to and measure the current of the
electrochemical systems. A homemade glass cell contained
the three electrodes used for electrochemical measurements
using gold slides as the working electrodes, a platinum wire as
the counter electrode, and mercury/mercurous sulfate in satu-
rated K,SO, as the reference electrode. The reference electrode
is +0.64 V relative to the normal hydrogen electrode (NHE). The
electrolyte for all CVs was 0.1 M sulfuric acid (Ultrex II Ultra-
pure Reagent from J. T. Baker) with 0.6 mM Ag,SO, (99.999%
trace metals basis from Aldrich) added for the silver voltam-
metry. Gold slides were cycled ten times in sulfuric acid, rinsed
with plenty of milliQ water and stored in milliQ water until
measurement of their optical properties with ellipsometry. For
the deposition of silver, the cycled gold slides were cycled in
deaerated silver solution ten times at a scan rate of 15 mvV s™*,
then held at a potential of 0.15 V vs MSE for the underpotential
deposition of silver,’® pulled out of the cell while held at
potential, rinsed with copious amounts of milliQ water, and
stored in milliQ water until analysis with ellipsometry. Repre-
sentative cyclic voltammograms for gold and silver are shown
in Fig. S1 in the ESI.{ Using stripping voltammetry, we were
able to determine that we have a 0.46 + 0.03 monolayer cover-
age of silver on gold. This value was compared to the 0.81 +
0.04 monolayer value derived from XPS calculations®® that
include silver oxides in the final coverage. A detailed discussion
regarding monolayer coverage of Ag and representative voltam-
mograms (Fig. S2, ESIt) are included in the ESI.¥

Monolayer formation and characterization

To minimize exposure to the lab environment, immediately
after collecting ellipsometric measurements on the bare sub-
strates, the slides were immersed in a 1 mM ethanol solution of
the corresponding thiol in a 40 mL vial, previously cleaned with
piranha. The self-assembled monolayers were allowed to form
for 48 h in the dark at ambient temperature. During this
equilibration time, factors such as the high affinity of thiols
to Au and Ag substrates, and stabilization of the SAMs by
van der Waals forces (~1 to 2 kcal mol " per methylene unit)
lead to the formation of densely packed monolayers.'*®%7%7
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Prior to characterization of the SAMs, the slides were rinsed
with THF followed by ethanol and dried with ultra-pure nitrogen.

A Rudolph Auto El III ellipsometer equipped with a He-Ne
laser (632.8 nm) set at an incidence angle of 70° and a refractive
index of 1.45, a value typical for organic thin films,”> was used
to obtain thickness measurements for the monolayer films.
An average of three measurements per slide was used as the
reported thickness.

X-ray photoelectron spectroscopy (XPS) was performed on a
PHI 5700 X-ray photoelectron spectrometer with a monochro-
matic Al Ko X-ray source (1486.7 eV) incident at 90° relative to
the axis of the hemispherical analyzer with a takeoff angle of
45° from the surface and a pass energy of 23.5 eV. The Au 4f;,,
peak was referenced to 84.0 eV in all the spectra.

Polarization-modulation infrared reflectance-absorption
spectroscopy (PM-IRRAS) was performed using a Nicolet Nexus
670 Fourier transform equipped with a mercury-cadmium-
telluride (MCT) detector and a Hinds Instrument PEM-90
photoelastic modulator. The surfaces were mounted at an
incident angle of 80° for the p-polarized light with respect to
the surface normal. The spectra were collected using 512 scans
at a resolution of 2 em ™.

Contact angle data were obtained using a ramé-hart model
100 contact angle goniometer set up with a Matrix Technologies
micro-Electrapette 25 to dispense probe liquids. The advancing
contact angles (0,) and receding contact angles (0,) were
obtained at a speed of 1 uL s~ '. The reported data were
reproducible to +1° and are an average of six measurements
with readings being made from each side of three droplets on
different locations along the slides (12 total measurements).

The contacting liquids used in the study include a variety
of nonpolar, polar protic, and polar aprotic liquids: bromo-
naphthalene (BNP - Sigma Aldrich); decalin (DC - Acros
Organics); hexadecane (HD - Aldrich); perfluorodecalin (FDC -
Synquest Labs); acetonitrile (MeCN - Sigma Aldrich); nitro-
benzene (NB - Acros); dimethylformamide (DMF - Sigma
Aldrich); dimethyl sulfoxide (DMSO - Sigma Aldrich); forma-
mide (FA - Sigma Aldrich); glycerol (GY - Sigma Aldrich); and
water (H,O - Millipore water with resistivity of 18.2 Q).

Results and discussion
Ellipsometric thickness assessment

In this study, the series of CF;-terminated SAMs were compared
to their hydrocarbon analogs formed on the same batch of
vapor-deposited gold that was treated electrochemically prior to
formation of the SAMs. Accounts in the literature have fully
characterized these hydrocarbon SAMs, which serve as a point
of reference in the analysis of the SAMs on UPD Ag and the
FSAMs on both substrates®®®” Fig. 2 and Table 1 depict the
average thickness measurements for the SAMs used in the
study. The thickness values of the H17SH, H18SH, H19SH,
and H20SH SAMs on gold exhibit thicknesses of 21, 22, 23, and
25 A, respectively, and are in accordance with literature
values.®” Additionally, the observed increase in the thickness
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Fig. 2 Average thickness measurements obtained for the (A) HnSH SAMs
and the (B) FIHmSH SAMs on Au (B) and UPD Ag (e).

Table 1 Ellipsometric thickness values of the investigated SAMs

Au UPD Ag Au UPD Ag

thickness thickness thickness thickness
Adsorbate  (A) (A) Adsorbate  (A) (A)
H17SH 21 24 F1H16SH 18 22
H18SH 22 26 F1H17SH 20 24
H19SH 23 27 F1H18SH 21 25
H20SH 25 29 F1H19SH 22 26

values with increasing chain length, ~1 A, is consistent with
the increase in the methylene units of the hydrocarbon
backbone.®®”* Notably, the hydrocarbon SAMs on UPD Ag are
much thicker than the corresponding SAMs on Au by ~3 A,
which is in accordance to the difference in thickness for a
hydrocarbon SAM on Au and Ag in the literature.*® Moreover,
the F1HmSH analogs exhibited SAM thicknesses on gold
that agree with literature values, 18, 20, 21, and 22 A for the
F1H16SH, F1H17SH, F1H18SH, and F1H19SH SAMs,
respectively.®” Following a similar trend as the HnSH SAMs,
the FIHmSH adsorbates produced films that were 4 A thicker
on UPD Ag compared to their counterparts on gold.

The conformation of alkanethiols SAMs on bulk Ag have
been described in the literature as having an orientation
different from that of alkanethiols on Au." For our study, we
anticipate that the molecules on UPD Ag will behave similarly
to adsorbates on bulk Ag. In terms of orientation and structure,
alkanethiols on an Au surface adopt a twist angle of ~55°
and an overall tilt of ~33°, with respect to the surface
normal."”>’*7> While on Ag surfaces, the same molecule will
have a twist angle of ~45° and a tilt of ~10°"*7*7> The
underlying difference in the orientation the adsorbates adopt
on the metal substrates lies in the different binding geometry
the sulfur atom adopts on the respective metals. Specifically,
the Au-S-C bond angle is ~104°, while the Ag-S-C bond angle
is ~180°7¢ Thus, the difference in the binding geometries
dictates the orientation of the carbon backbone on the metals.
Consequently, a more densely packed monolayer is formed on
the UPD Ag surface as compared to the Au surfaces, a scenario
that might lead to a thicker film. Given the similarities in
structure between the alkanethiols and the CF;-terminated
alkanethiols (i.e., the only difference is the fluorocarbon at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2478-2490
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the terminus), the CF;-terminated alkanethiols are expected to
adopt the same orientation as the former. However, we note
that the CF;-terminated alkanethiols yielded films on both gold
and UPD Ag surfaces with slightly lower thickness values than
the alkanethiol analogs. Previous research on CF;-terminated
alkanethiol SAMs determined the thicknesses for these types of
SAMs are ~1 A shorter than the hydrocarbon analogs, in
agreement with our observations.®”

Analysis of the monolayer films by XPS

XPS is a surface-sensitive technique that yields qualitative and
quantitative information on most elements present on a sam-
ple. In the analysis of SAMs, XPS can also give insight into the
structural features of the films.”” For the hydrocarbon SAMs,
a survey scan detected the presence of Au, C and S, as well as Ag
for the SAMs on UPD Ag. Fig. S3 (ESIT) shows XPS spectra of Au
4f and Ag 3d regions for the HnSH SAMs on UPD Ag surfaces.
Fig. 3 and 4 depict high resolution spectra of the C 1s and S 2p
regions for the hydrocarbon SAMs on Au and the Ag 3d, O 1s,
C 1s, and S 2p regions for the hydrocarbon SAMs on UPD Ag,
respectively. Tables S1 and S2 (ESIY) list the peak positions for
the photoelectrons of the HnSH and F1IHmSH SAMs on the
metal substrates respectively. The high-resolution spectra for
the regions of interest for the FIHmSH SAMs on Au (C 1s, F 1s,
and S 2p) and UPD Ag (Ag 3d, O 1s, C 1s, F 1s, and S 2p) are
shown in Fig. 5 and Fig. 6, respectively. All of the SAMs in the
study, on Au and UPD Ag, exhibit a characteristic doublet with
a ratio of 2:1 in the S 2p region, with a binding energy of
~162.0 eV for the S 2ps.,, which is indicative of a bound
thiolate.”® Furthermore, the lack of a peak at higher binding
energies, ~164 and ~168 eV, indicates the absence of highly
oxidized sulfur species or unbound thiol on the surface. More
importantly, XPS spectra of the SAMs on UPD Ag show no
signals corresponding to the O 1s core level region (binding

A)[c1s B) [s2p
Au Au
H20SH
~ |H20SH -~
£ g
< <
2 2
§ § H19SH
3 |H19sH S
H18SH
H18SH
H17SH H17SH

172 170 168 166 164 162 160
Binding Energy (eV)

300 206 202 288 284 280
Binding Energy (eV)

Fig. 3 XPS spectra for the (A) C 1s and (B) S 2p region for the HnSH SAMs
on Au.
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Fig. 4 XPS spectra for the (A) Ag 3d, (B) O 1s, (C) C 1s, and (D) S 2p region for the HnSH SAMs on UPD Ag.
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Fig. 5 XPS spectra for the (A) C 1s, (B) F 1s, and (C) S 2p region for the FLHMmSH SAMs on Au.

energy ~535 eV),”” thus confirming the absence of silver
oxides. (see Fig. 4(A) and (B) as well as Fig. 6(A) and (B)).

In addition to obtaining the elemental composition and
oxidation state of elements present in a SAM, a qualitative
examination of the packing density of the chains can be
obtained from the binding energy of the C 1s peak. For the
hydrocarbon SAMs on Au, the C 1s peak appears at ~284.9 +
0.1 eV while on UPD Ag the same peak is at ~285.2 £ 0.1 eV.
The shifts to a higher binding energies for the hydrocarbon
SAMs on UPD Ag are indicative of a more densely packed film
compared to the comparative films on Au.”® Specifically, in the
present study, the observed increase in binding energy can be
attributed to the chains being more upright on the UPD Ag
surface.’>®" On the other hand, the binding energy of C 1s for
the FSAMs on Au, shows a slight decrease (~284.8 eV) in

2482

comparison to the hydrocarbon SAMs on Au, which suggests
a lower chain packing in the former films plausibly due to the
larger chain termini. A similar decrease in the binding energy is
seen when comparing the FSAMs on UPD Ag to the hydrocarbon
SAMs on UPD Ag, 285.1 eV and ~285.2 eV, respectively. However,
it should be noted that between the two metal substrates, the
FSAMs on UPD Ag exhibit a shift to higher binding energy for the
C 1s electrons, which is in accordance with the trend observed
in the hydrocarbon SAMs on the two metals. Nevertheless, the
trends observed in the XPS spectra of the SAMs suggest that the
methylene chains on Ag are more upright and therefore allow for
a more densely packed film, as previously concluded in a friction-
force microscopy study of SAMs on Au and Ag which saw
increased stability in SAMs on Ag due to their greater packing
density compared to the monolayers on Au.*

| Mater. Chem. Front., 2025, 9, 2478-2490 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 6 XPS spectra for the (A) Ag 3d, (B) O 1s, (C) C 1s, (D) F 1s, and (E) S 2p region for the FIHmSH SAMs on UPD Ag.

Conformational order by PM-IRRAS

SAMs were characterized using PM-IRRAS to gain insight into
the relative crystallinity and conformational order of the alkyl
chains in the organic monolayer thin films. The conforma-
tional order of the SAMs is determined by the position of the
C-H antisymmetric stretch of the methylene units (v{H?).
Appearance of this band at 2918 cm ' indicates that the
hydrocarbon chains are well ordered and exhibit a trans-
extended conformation, making crystalline-like surfaces.?*3*
On the other hand, a shift to a higher wavenumber is charac-
teristic of a disordered, or liquid-like film. For the hydrocarbon
SAMs on Au, all of the SAMs in the series are well ordered, as
shown in Fig. 7, displaying their {12 at 2918 em™. A similar
observation can be seen with the hydrocarbon SAMs on UPD Ag
with the v at 2918/2917 em ™.

Another aspect to note from the analysis of the SAMs on
both substrates from the PM-IRRAS spectra involves the differ-
ence in intensity of the methyl antisymmetric to symmetric

C-H stretches, v at ~2964 em™" and 13 at ~2878 em™.
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Fig. 7 PM-IRRAS spectra of the HnSH SAMs on (A) Au and (B) UPD Ag.
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A discernable “odd-even” effect is observed with the ratio of
the intensities of the aforementioned bands. For the SAMs on
Au, the intensity of the symmetric and antisymmetric stretches
on the even SAMs, H18SH and H20SH, is roughly the same,
~1:1 ratio. On the other hand, in the odd SAMs, H17SH and
H19SH, the intensity of the symmetric C-H stretch is weaker
than the intensity of the antisymmetric stretch, leading to a
higher antisymmetric to symmetric stretching ratio, ~2:1.
Interestingly, for these hydrocarbon SAMs on UPD Ag, the
trends are the opposite. For the even-numbered chains,
H18SH and H20SH, the intensity of the antisymmetric stretch-
ing band is higher than that of the symmetric stretching, while
for the odd-numbered chains, H17SH and H19SH, the intensity
of the two stretching bands is roughly the same. The reason for
the change in the intensities can be attributed to the orienta-
tion of the methyl termini in the films on the two metal
surfaces, as illustrated in Fig. 8. According to metal-surface
selection rules governed by the PM-IRRAS technique, the
intensity of vibrations whose transition dipole moments lie
parallel to the surface normal are enhanced, while the intensity
diminishes for vibrations with a transition dipole moment
more perpendicular to the surface normal.”® For the hydrocar-
bon SAMs on Au, the terminal methyl group in the odd-
numbered chains is tilted away from the surface normal, giving
a transition dipole moment for the symmetric stretch that is
slightly perpendicular to the surface normal; whereas in the
even-numbered chains, the transition dipole moment is paral-
lel to the surface normal, and vice versa for the antisymmetric

o1

- « ©

. e
e

e .

e g

Odd Even

Fig. 8 Illustration of the HnSH SAMs on (A) Au and (B) UPD Ag surfaces
with the orientation of the terminal methyl group for odd and even
numbered chains.
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stretch. However, the direction of the terminal methyl group is
opposite in hydrocarbon SAMs on UPD Ag; the odd-numbered
chains have a more upward orientation, while the even numbered
chains have a tilted direction.

In a similar fashion, the relative ratio between the methy-
lene antisymmetric to symmetric stretches changes depending
on the substrate; the effect is apparent in the spectra of the
FSAMs rather than in the spectra of the HSAMs (vide infra).
The ratio between the methylene peaks is decidedly lower for
the SAMs on UPD Ag than Au. This can also be explained
according to the surface selection rule. As the chains tilt
upright with respect to the surface normal, the methylene
antisymmetric transition dipole moment must be getting pro-
gressively perpendicular to the surface normal, causing a lower
ratio between the methylene stretching mode intensities.”®

The PM-IRRAS spectra of the CF;-terminated FSAMs in Fig. 9
shows that the FIHmSH SAMs on the Au and UPD Ag surfaces
are well-ordered, with the alkyl chains having a ¢trans-extended
configuration. Previous studies on these types of FSAMs have
shown that the carbon backbones have similar structural
features as the hydrocarbon analogs.®® Interesting to note in
the spectra of the FSAMs, is the differences in the relative ratios
of the intensities of the methylene symmetric and antisym-
metric stretches between the two metal surfaces. For the FSAMs
on UPD Ag, the relative ratio of the antisymmetric to symmetric
stretch appears to be lower than that for the FSAMs on Au. This
phenomenon might be due to either an increase in the inten-
sity of the symmetric stretch or a decrease in the intensity of
the antisymmetric stretch; both likely arise from a decrease in
chain tilt on the UPD Ag surface.®¢

In contrast to the alkanethiol SAMs, the spectra of the FSAMs
show a discernable “odd-even” effect in the relative ratios of
the methylene stretches between odd and even chain-length
molecules. The lack of odd-even effects in the C-H stretching
vibrations of the methylene moieties in the HnSH SAMSs suggests
a uniform chain orientation on the surface for these films.””
Previous studies on SAMs have shown that an additional degree of

A)[Au VER, B) [UPD Ag

VEH,
as

Ve,
s

CH,
VveH,

F1H19SH F1H19SH
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2800 2840 2880 2920 2960 3000 3040
Wavenumber (cm™)

————T————
2800 2840 2880 2920 2960 3000 3040
Wavenumber (cm™)

Fig. 9 PM-IRRAS spectra of the FIHMSH SAMs on (A) Au and (B) UPD Ag.
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freedom in the terminal group can exhibit changes in the extent of
the odd-even effects in relation to molecular orientation.®”
Alkanethiol SAMs terminated with rigid aryl groups with odd
numbered chains show a higher packing density due to the
upright molecular orientation compared to the inclined orienta-
tion of terminal groups in even numbered alkyl chains.®”%®
However, Dauselt et al. observed a diminished odd-even effect
for anthracene terminated SAMs,* a behavior resulting from the
rotation of the terminal moiety leading to greater packing of even
numbered alkyl chains.®>°° In contrast, in this study, the presence
of a bulky fluorinated moiety allows the methylene units beneath
it to rotate about their chain axis due to a lower packing density
compared to non-fluorinated alkanes.”’ Therefore, it can be
inferred that, owing to the bulkiness of the CF; terminus, the
adjacent methylene group is likely to demonstrate a certain degree
of molecular mobility, giving rise to a shift in the surface orienta-
tion of the chains.*> An intriguing observation is the apparent
reversal of the “odd-even” effect in the relative ratios of the
methylene peaks when the substrate is changed from Au to
UPD Ag. For the odd FSAMs (F1H16SH and F1H18SH) on Au,
the relative ratio between the antisymmetric and symmetric
stretches appears to be lower than the even FSAMs (F1H17SH
and F1IH19SH). The opposite trend is observable for the FSAMs on
UPD Ag. This reversed trend suggests that the termini of the
chains might be rearranging to attain a lower surface energy,
leading to alterations in the intensity of the peaks.®”

Wettability

The ’odd-even effect’ is a well-known characteristic of n-alkanes.
Physical parameters such as melting points, densities, and ther-
modynamic properties of fusion and sublimation of n-alkanes
have exhibited odd-even alterations.’>** The molecular origin of
these variations arise from the ‘packing effect’” where in odd-
numbered alkyl chains, the terminal methyl moieties are oriented
to minimize interactions with neighboring terminal groups,
reducing packing efficiency and leading to lower melting points
and densities compared to the more tightly packed even-
numbered n-alkane chains.’>®® Similarly, alkanethiol assem-
blies have exhibited odd-even effects in electronic properties
such as current-voltage response,” charge transport, capaci-
tance, chemical reactivity, and tribological properties among
others.*>”” In this study, n-alkanethiol SAMs on Au and UPD Ag
were probed with a variety of liquids ranging in polarity to
evaluate the odd-even effect on SAM wettability on the two
different metals. The probe liquids used were: water - H,O;
glycerol - GL; formamide - FA; dimethyl sulfoxide - DMSO;
dimethylformamide - DMF; nitrobenzene — NB; acetonitrile -
ACN; bromonaphthalene - BNP; decalin - DC; hexadecane -
HD; and perfluorodecalin — FDC. Surface tension values of the
contacting liquids are presented in Table S3 (ESI}).”>™%”

Fig. 10 shows the advancing contact angle values for the
hydrocarbon SAMs on Au and UPD Ag for the nonpolar liquids:
BNP, DC, HD, and FDC. Separately, Fig. 11 shows the contact
angles for the polar contacting liquids: H,O, GL, FA, DMSO,
DMF, ACN, and NB. (see also Tables S4 and S5, ESIt). For the
hydrocarbon SAMs on Au, there is an odd-even effect in which
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Fig. 10 Advancing contact angles for BNP, DC, HD, and FDC on HnSH
SAMs on (A) Au and (B) UPD surfaces. Error bars fall within the symbols.

the odd chains (total number of carbon atoms in the chain) are
more wettable than the even chains. This phenomenon can be
attributed to the orientation of the terminal methyl group: in
the even SAMs, the methyl group is oriented more perpendi-
cular to the surface, while in the odd SAMs, it is tilted away (see
Fig. 8) allowing for an increase in molecular contact with the
underlying CH, unit.’® For the hydrocarbon SAMs on UPD Ag,
the odd-even effect is the opposite; the even SAMs are more
wettable than the odd ones. The inversion of the odd even effect
for the UPD Ag surfaces can also be attributed to the orientation
of the terminal methyl group: in the odd SAMs, the methyl
group is more perpendicular to the surface, while in the even
SAMs, it is tilted as illustrated in Fig. 8. Moreover, the odd-even
effect observed in the wettability of the hydrocarbon SAMs on
both substrates is in accordance with the interpretation made
above in the PM-IRRAS section for these SAMs (vide supra).
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The advancing contact angles for nonpolar liquids on the
FSAMs are presented in Fig. 12 and those of polar liquids in
Fig. 13. (see also Tables S5 and S6, ESIf). With the nonpolar
liquids, the contact angle values for the FSAMs are higher than
those on the hydrocarbon SAMs. On the hydrocarbon SAMs,
there are favorable dispersive interactions between the non-
polar liquids and the hydrocarbon surfaces. On the FSAMS,
there are unfavorable non-ideal interactions between the fluori-
nated surface and the hydrocarbon liquids. These observations
follow the phenomena of “like dissolves like”. Moreover, the
contact angles of the polar liquids are lower on the FSAMs
when compared to the hydrocarbon SAMs. This observation has
been attributed to the presence of an interfacial dipole in the
FSAMs.**

The FSAMs on Au show an odd-even effect in which the even
chains are more wettable than the odd ones for both sets of
liquids tested. Important to note is the inversion of the odd-
even effect observed for the FSAMs from what is observed with
the hydrocarbon SAMs. The trends in the wettability of the
hydrocarbon SAMs can be explained in terms of atomic contact
between the surface and the contacting liquid.®” However, the
same argument cannot be made with the FSAMs. Previous
research with CF;-terminated alkanethiols has demonstrated
that the presence of a permanent dipole at the interface of
these types of SAMs has a profound effect on the wettability of
the films.®>** For the FSAMs on Au, the dipole is oriented more
along the surface normal in even chains (~17° with respect to
the surface normal) while for the odd chains it is tilted away
(~58° with respect to the surface normal).®” When the dipoles
are aligned along the surface (i.e., the even chains) there are
greater dipole-dipole interactions when in contact with the
polar liquids, but only dipole-induced dipole interactions when
in contact with the nonpolar liquids. On the other hand, when
the dipoles are canted (i.e. the odd chains) there is a compensa-
tion between the dipoles which leads to a reduced favorable
interaction between the surface and the liquid.
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Fig. 11 Advancing contact angles for H,O, GL, FA, DMSO, DMF, NB, and ACN on HnSH SAMs on (A) Au and (B) UPD surfaces. Error bars fall within the

symbols.
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Fig. 12 Advancing contact angles for BNP, DC, HD, and FDC on FIHmSH
SAMs on (A) Au and (B) UPD Ag surfaces. Error bars fall within the symbols.

In the case of FDC, the odd-even effect that is observed
cannot be attributed to a dipole effect, but is more likely due to
van der Waals (induced dipole-induced dipole) interactions. In
the even-numbered chains, the CF; group is pointed more
along the surface normal, exclusively exposing fluorine atoms,
whereas in the odd chains, the CF; group is canted, exposing
the underlying CH,. Exposure of the CH, in the odd chains
causes an unfavorable dispersive interaction with the fluori-
nated liquid and a higher contact angle.

For the FSAMs on UPD Ag, the odd-even effect is opposite to
that observed on Au. Previous research has shown that the CF;-
terminated SAMs have similar structural properties as their
hydrocarbon analogs.®> Correspondingly, it is reasonable to
assume that the CFj-terminated alkanethiols on the UPD Ag
surfaces will have similar structural properties as the alka-
nethiols on UPD Ag. Taking the twist and tilt angle, ~45°
and ~11° respectively, that an alkanethiol adopts on a silver
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Fig. 14 lllustration of the FIHMSH SAMs on (A) Au and (B) UPD Ag
surfaces with the orientation of the dipole for odd and even numbered
chains.

surface™”® gives the model featured in Fig. 14. It is apparent

from the wettability data and the model in Fig. 14, that the CF;
termini on the films have the opposite orientation on the silver
surface.

The crystallographic structure and properties of alkanethiol
SAM systems are known to differ depending on whether the
molecules contain an odd or even number of carbon atoms.””
A simulation study by Ramin et al. showed the relationship
between carbon parity to structural characteristics of the
films.”® However, considering the number of methylene units
of SAMs used in our study, results in literature showed that for
molecules where n > C15, structural features such as the tilt
angle, tilt angle orientation, gauche defects and trans percen-
tage has no dependence on the odd-even effect or on the chain
length. These SAM structures exhibit a similarly strong
and uniform structural order, confirming that the significant
differences in wettability observed in this study as an ‘odd-even
effect’ stem from the interfacial dipole induced by the orienta-
tion of the terminal moiety.

Conclusions

The alkanethiols and CF;-terminated alkanethiols in this study
were used to form SAMs on Au and UPD Ag with distinct
properties. Analysis of the films by ellipsometry showed that
the thickness of the SAMs on UPD Ag were thicker by ~4 A than
the corresponding SAMS on Au. The thicker film was attributed
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Fig. 13 Advancing contact angles for H,O, GL, FA, DMSO, DMF, NB, and ACN on FIHmMSH SAMs on (A) Au and (B) UPD surfaces. Error bars fall within the

symbols.
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to the inherent differences in the binding geometry of the
sulfur anchor to the metal substrate, which leads to changes
in tilt angles adopted by the chains. Analysis by XPS confirmed
the composition of the films and presence of an unoxidized Ag
layer. Further analysis revealed a more densely packed mono-
layer on UPD Ag than on Au. The increase in packing density of
the SAMs on UPD Ag likely arises from the molecules being
more upright, due to the (/7 x /7)R19° adlayer structure,
allowing them to pack more densely and thus contributing to
the formation of thicker films. Further, analysis by PM-IRRAS
revealed well-ordered films with the chains adopting a trans-
extended conformation on both substrates. Moreover, the
wettability data obtained from the SAMs generated on both
substrates allowed us to probe the direction of the dipole,
further highlighting the likely changes in the chain orientation
between the two substrates.
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