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ABSTRACT: Self-assembled monolayers (SAMs) were pre-
pared on gold substrates from an unsymmetrical partially
fluorinated spiroalkanedithiol adsorbate with the specific
structure of [CH3(CH2)7][CF3(CF2)7(CH2)8]C[CH2SH]2
(SADT) and compared to SAMs formed from the semi-
fluorinated monothiol F8H10SH [CF3(CF2)7(CH2)10SH] of
analogous chain length and n-octadecanethiol. The adsorbate
with two alkyl chains, one terminally fluorinated and the other
nonfluorinated, was designed to form monolayers in which the
bulky helical fluorocarbon segments assemble on top of an underlying layer of well-packed trans-extended alkyl chains. Different
combinations of deposition solvents and temperatures were used to produce the bidentate SAMs. Characterization of the
resulting monolayers revealed that SAMs formed in DMF at room temperature allow complete binding of the sulfur headgroups
to the surface and exhibit higher conformational order than those produced using alternative solvent/temperature combinations.
The reduced film thicknesses and enhanced wettability of the SADT SAMs, as compared to the SAMs generated from
F8H10SH, suggest loose packing and an increase in the tilt of the terminal fluorocarbon chain segments. Nevertheless, the
density of the underlying hydrocarbon chains of the SADT SAMs was higher than that of the F8H10SH SAMs, owing to the
double-chained structure of the new adsorbate. The conformational orders of the SAM systems were observed to decrease as
follows: C18SH > F8H10SH > SADT. However, the SAMs formed from this new double-chained bidentate adsorbate in DMF
expose a fluorinated interface with a relatively low surface roughness, as determined by contact-angle hysteresis.

■ INTRODUCTION

The self-assembly of molecular adsorbates is commonly used to
prepare organic thin films because the resultant monolayer
films can be easily created by the spontaneous chemisorption of
organic molecules onto metal or metal oxide substrates to
afford well-defined interfacial properties.1−7 Many self-
assembled monolayer (SAM) systems have been investigated,
but most studies have focused on alkanethiolates on gold for a
variety of reasons including the inertness of gold and its strong
chemical interaction with sulfur. For monothiolate adsorbates,
the bonding of the headgroup to the gold surface has generally
been depicted with the sulfur atom coordinating to three gold
atoms on the surface, forming a strong covalent bond (ca. 40−
45 kcal/mol).5 However, alternative models have recently been
proposed to explain the dynamic nature of thiolate bonding on
gold surfaces, including on-top adsorption geometries in which
the sulfur is bound to a gold adatom.8 Long-chain alkanethiols
readily form densely packed and precisely oriented monolayers
on gold, with the alkyl chains adopting a trans-extended
conformation tilted ∼30° from the surface normal.5 Impor-
tantly, the thicknesses, structures, and interfacial properties of
SAMs can be controlled through modifications of the surface-
exposed adsorbate chains, enabling the formation of useful
nanoscale coatings for switching devices,9 photovoltaic cells,10

sensors,11−14 and antifouling surfaces.15−18

One longstanding area of interest for our research is the
synthesis and characterization of SAMs derived from
specifically fluorinated alkanethiols, an area of study in which
we have developed a number of strategies for preparing
alkanethiols with varying degrees of fluorination.19,20 Fluo-
rocarbon-based films offer certain advantages over hydro-
carbon-based films in terms of rigidity, thermal stability, and
oleophobicity.21,22 Their chemical inertness, hydrophobicity,
and antiadhesiveness have led to their use in a diverse range of
applications. The fluorinated SAMs used to conduct
fundamental thin-film research have mostly been derived
from surfactants that form a single bond with the sur-
face.19,20,23−25 However, the ability to use these singly bonded
adsorbates to form SAMs is limited for some applications in
which film stability is a concern.26 The single interaction
between the surfactant and substrate yields a film that is
susceptible to desorption at moderate temperatures and/or
displacement when exposed to competing adsorbates in
solution; for example, SAMs derived from normal alkanethiols
are relatively stable at room temperature but readily decompose
in hydrocarbon solvents at elevated temperatures.27 To
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enhance the stability of SAMs, our group and others have
designed a variety of special multidentate structures with
multiple interactions between the adsorbate and the sub-
strate.26,28 Regarding the research pursued by our group, we
have reported the use of aliphatic dithiocarboxylic acids,29 n-
alkyl xanthic acids,30 aromatic dithiols,31 2,2-dialkylpropanedi-
thiols (spiroalkanedithiols),32−35 and tridentate alkanethiols,36

which can enhance film stabilities. Additionally, using such
adsorbates, two chemically distinct terminal components can be
linked together in the same molecule, which allows for the
generation of homogeneously mixed multicomponent surfa-
ces.37 The attractive characteristics of the fluorocarbon and
multidentate systems motivated us to examine a partially
fluorinated bidentate dithiol with a base structure similar to that
of the spiroalkanedithiols introduced in 1999 by Shon and
Lee.32 Upon generating SAMs from our unsymmetrical partially
fluorinated spiroalkanedithiol, we wished to examine the
interfacial properties of monolayers in which the perfluor-
ocarbon chains were not subjected to the packing constraints
that occur when forming SAMs from single-chained partially
fluorinated alkanethiols.
For this report, we generated SAMs on gold from

unsymmetrical partially fluorinated spiroalkanedithiols
(SADTs) that utilize bidentate dithiolate headgroups to provide
enhanced bonding to the surface. The specific structure,
[CH3(CH2)7][CF3(CF2)7(CH2)8]C[CH2SH]2 (SADT), con-
tains the same number of hydrocarbon units (methyl/
methylene) on each chain, with one chain terminated with an
extended fluorinated segment. Considering that fluorocarbon
chains have a larger van der Waals diameter (5.6 Å)38 and
occupy more lateral space in two-dimensional film structures
than hydrocarbon chains (4.2 Å),38 this specific adsorbate was
designed to form SAMs in which the bulky helical fluorinated
chains pack on top of the underlying well-packed trans-
extended alkyl chains, as shown in Figure 1. We characterized
the structures and interfacial properties of the resultant films
using optical ellipsometry, contact-angle goniometry, polar-
ization-modulation infrared reflection absorption spectroscopy
(PM-IRRAS), and X-ray photoelectron spectroscopy (XPS).
Additionally, we also prepared SAMs from n-octadecanethiol

[CH3(CH2)17SH, C18SH] and a semifluorinated alkanethiol
[CF3(CF2)7(CH2)10SH, F8H10SH]. The data collected from
the SADT films were compared to those collected from the
C18SH and F8H10SH films, which contain terminal chain
segments with the same chemical compositions as those found
with the chains of the new bidentate thiol.

■ EXPERIMENTAL SECTION
Complete details regarding the materials, procedures, and instrumen-
tation used to conduct the research reported herein are provided in the
Supporting Information, including 1H and 13C NMR spectra for the
n e w p a r t i a l l y fl u o r i n a t e d s p i r o a l k a n e d i t h i o l , 2 -
(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadecafluoro-
hexadecyl)-2-octylpropane-1,3-dithiol (see Figures S1 and S2,
Supporting Information).

■ RESULTS AND DISCUSSION
We characterized the new SAMs generated from the targeted
unsymmetrical partially fluorinated spiroalkanedithiol under a
wide variety of conditions (i.e., solvents, temperatures, and
equilibration times) to determine the conditions needed to
generate optimally adsorbed and well-packed monolayer films.
In addition to ethanol (EtOH), we chose to use tetrahydrofur-
an (THF) and N,N-dimethylformamide (DMF) as SAM
deposition solvents because of the substantially higher
solubilities of the new adsorbate in the latter two solvents.
Also, SAMs generated from ethanolic solutions of C18SH and
F8H10SH were studied as reference films for comparison with
the new SAMs to explore potential similarities and differences
in chain packing and interfacial energy. These efforts permitted
a direct comparison of the new dithiolate SAMs with
monolayers formed from an analogous partially fluorinated
monothiol and a reference alkanethiol for which the packing
density and interfacial properties of the films were previously
optimized and thoroughly characterized.20,21,29,30,32,34,37

Thicknesses of the Films. The thicknesses of the three
films were measured after the gold substrates were allowed to
equilibrate in the individual thiol deposition solutions for 24
and 48 h. As noted earlier, the SADT SAMs were formed in
three different solvents: ethanol, DMF, and THF. As shown in
Figure 2, SAMs generated from C18SH showed no difference

Figure 1. Structures of adsorbates and illustration of SAMs examined in this study: CH3(CH2)17SH (C18SH) with the trans-extended conformation,
CF3(CF2)7(CH2)10SH (F8H10SH) with terminally fluorinated chains, and the double-chained adsorbate [CH3(CH2)7][CF3(CF2)7(CH2)8]C-
[CH2SH]2 (SADT). Structures are not drawn to scale.
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in thickness between the initial and extended immersion times.
This result corresponds to previous detailed studies showing
that normal alkanethiol adsorbates need only a 24-h
equilibration period for the SAMs to be fully formed.27 In
the cases of the F8H10SH and SADT SAMs, the thicknesses
measured at 48 h were either the same as or greater (∼1 Å)
than those measured at 24 h. (Note that these data fall within
the standard experimental uncertainty of ±2 Å.) When all of
the SAMs were allowed to equilibrate longer (i.e., a 72-h
equilibration time), the measured thicknesses showed little or
no change (data not shown).
These results are consistent with those reported by Shon and

Lee in 1999 for bidentate spiroalkanedithiols of the form
[CH3(CH2)n]2C[CH2SH]2 used to form SAMs on gold
surfaces.32 The developed films reached their final properties
(wettability and conformational order) when they were allowed
to equilibrate for a period of 48 h; a 24-h equilibration period
showed lesser film qualities, and any additional time beyond the
48-h period showed no substantial improvement.32 The authors
rationalized that the longer equilibration period needed to form
bidentate SAMs as compared to the normal alkanethiolate
SAMs could be influenced by the slower diffusion of the
bidentate adsorbate molecules on the substrates and/or the
partial reconstruction of the underlying gold surface to generate
the environment that allows the bidentate adsorbates to bind
efficiently. Assuming that the 3-fold-hollow binding site model
applies, the latter might be explained by the difference in
distances between adjacent binding sites on the gold surface
(5.0 Å) and the maximum span of the two sulfur atoms that can
be sustained without introducing excessive bond-angle strain in
the molecule (∼4.8 Å).40 In a separate work, the rate-limiting
reconstruction of the underlying gold was shown to hinder
dithiol SAM formation because of the similarity of the
adsorption rates for the bidentate single-chained alkanedithiol,
CH3(CH2)nCH[CH2SH]2, and competing alkanethiol adsor-
bates.41 The lower adsorption rate of the bidentate
spiroalkanedithiols was also attributed to the restriction on
efficient diffusion related to steric and conformational
constraints and/or the larger size of the adsorbates, which
limit their access to the surface. Consequently, a 48-h
immersion time was used in this study to form all SAMs for
further characterization and evaluation.
Shon et al. found the thicknesses of the spiroalkanedithiol

SAMs to be consistently 1−2 Å lower than those of the
corresponding normal alkanethiolate films, which is within the

experimental uncertainty of ellipsometric measurements (±2
Å).32,34 Additionally, they reported that the packing densities
calculated from XPS data proved to be only slightly lower for
the hydrocarbon chains for the films formed from the
spiroalkanedithiols (∼93%) than for the analogous normal
alkanethiolate films (100%).34 These data also indicate
similarities in adsorbate packing and average tilt angles in the
two systems. In the current report, we observed that the
thicknesses of the new bidentate SADT SAMs (in all solvents
used) were lower than those of the SAMs formed from C18SH
and F8H10SH, as shown in Figure 2. The decrease in film
thickness reflects the lower density of the fluorinated chain
segments, which probably exhibit an increased chain tilt with
looser packing for the fluorocarbon moiety. In addition, when
comparing the use of different solvents used to generate the
new SADT SAMs, the thickness measurements fell in the range
of 14−16 Å, which is still within the experimental error of the
ellipsometric measurements (±2 Å). The differences in film
thickness seen here provide little insight regarding potential
differences in SAM structure. Further characterization was
performed, and the results are discussed in subsequent sections
of this article to clarify the structure of the new bidentate
monolayer films.
Additionally, we explored the formation of the SADT SAMs

at elevated temperature. A previous desorption study of this
type of bidentate dithiol adsorbate revealed that the SAMs
generated at 50 °C are more thermally robust and can resist
desorption better than those generated under ambient
conditions.33 To evaluate whether a higher temperature
would support improved film formation in our case (i.e.,
thermodynamically equilibrated films that are highly packed
with enhanced ordering and maximized S−Au bonding
interactions), the SADT SAMs adsorbed at 50 °C were
characterized, and the resulting data were compared with the
data collected for SADT SAMs formed under ambient
conditions (i.e., 23 °C). The initial data from the ellipsometric
measurements in Figure 3 show that the thicknesses of the films
generated from the bidentate SADT adsorbate in each of the
three solvents at elevated temperatures were lower than those
of the films generated at room temperature. The decrease in
film thicknesses probably indicates a reduction in packing
density for the adsorbates and/or a greater disorder for the
overlying fluorocarbon chains and, thus, no improvement in

Figure 2. Film thicknesses measured by ellipsometry after
equilibration times of 24 and 48 h for each adsorbate in the indicated
solvents. The experimental uncertainty for the ellipsometric measure-
ments is ±2 Å.

Figure 3. Ellipsometric thicknesses of films formed on gold substrates
at room temperature (23 °C) and elevated temperature (50 °C)
measured after 48 h of immersion in each adsorbate solution using the
indicated solvents. C18SH SAMs were incubated only at room
temperature (23 °C). The experimental uncertainty for the
ellipsometric measurements is ±2 Å.
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film quality. Further analysis of these results is discussed later to
support this conclusion.
XPS Studies of Film Composition and Adsorbate

Packing. XPS spectra obtained from SAMs can be used to
reveal the chemical composition of the films and the nature of
the chemical bonds between the adsorbate headgroups and the
substrate.42 For this study, the XPS spectra of the C18SH,
F8H10SH, and SADT SAMs were obtained, verifying the
presence of the elements C and S in all of the films and F in the
latter two films. Note that the data collected from the SADT
SAMs generated at elevated temperature are not shown because
film formation at the higher temperature failed to show
enhancement in film quality (vide supra). For thiol adsorbates
deposited on gold surfaces, the binding energies of the S 2p3/2
orbitals can be used to evaluate the nature and degree of S−Au
bond formation. The S 2p3/2 binding energy for bound thiolate
was previously determined to be ∼162 eV, whereas that for
unbound thiol or disulfide is roughly 164 eV.43,44 Figure 4

shows the XPS spectra in the S 2p region of the SAMs derived
from SADT in different solvents at room temperature after 48 h
of equilibration. When ethanol was used to generate the SAM, a
small shoulder (as judged by the peak intensity) appeared
around 164 eV, indicating the presence of some unbound sulfur
atoms on the surface of the gold. This result led us to probe
whether solvents other than ethanol might be optimal for
preparing the new SAMs. Our subsequent studies found that
the use of THF or DMF led to little or no unbound sulfur as
indicated by little or no intensity near 164 eV. These data are
consistent with the thicknesses measured from SADT SAMs
(Figure 3), where the film generated from ethanol at room
temperature was thicker than those formed from THF and
DMF because of the presence of unbound adsorbates on the
surface.
The C 1s and F 1s XPS spectra of all three SAMs are

provided in panels A and B, respectively, of Figure 5, with DMF
chosen as the optimal solvent for the adsorption of SADT
based on the collective thickness, XPS, wettability, and PM-
IRRAS data obtained. Notably, the C 1s spectra exhibit peaks
characteristic of CF3, CF2, and CH2 (binding energies of 294,
292, and 284−285 eV, respectively).45 Studies have shown that
the binding energy of the C 1s aliphatic peak can be utilized to
estimate the relative coverage (i.e., packing density) of
adsorbates on a substrate.19,27,46,47 Well-packed alkanethiolate
SAMs, normally with longer alkyl chains, exhibit a resistance to
the emission of photoelectrons from the surface during X-ray

irradiation,47 whereas a loosely packed surface acts like a poor
insulator, leading the emission to be more facile and causing the
C 1s (CH2) peak to shift to lower binding energy.46

Considering the C 1s (CH2) peak position, the peaks obtained
from the C18SH and F8H10SH films appear at 285.0 and
284.5 eV, respectively, as shown in Figure 5A. The shift to
lower binding energy for the F8H10SH film suggests a
reduction in hydrocarbon chain density relative to the C18SH
SAM, which is consistent with the larger van der Waals
diameter of the overlying fluorocarbon chain (∼5.67 Å),19 with
each adsorbate occupying a larger space on the surface as
compared to normal alkanethiol adsorbates (i.e., intermolecular
spacing of 5.8 vs 5.0 Å).8,48 Additionally, Figure 5A shows that
the SADT SAMs exhibit a C 1s (CH2) peak position at 284.7
eV, which, compared to the 284.5 eV peak position for the
F8H10SH film, appears to indicate an increased chain packing
for the underlying alkyl chains in the SADT monolayer. Based
on the collected data and the reports cited above, the observed
peak positions for the C 1s (CH2) binding energies can be
interpreted to suggest that the relative packing densities of the
hydrocarbon chains within these films are in the order C18SH
> SADT > F8H10SH. Additionally, we calculated the relative
packing densities from the XPS data using the C/Au ratios and
methods developed in previous studies.36 Based on this
approach, we found that the relative chain densities for
C18SH, SADT, and F8H10SH were 100%, 98%, and 92%,
respectively (see Table S1, Supporting Information). Note that,
for SADT, the 98% relative chain-packing density corresponds
to the hydrocarbon chains underlying the fluorocarbon moiety.
These results correspond well with the order obtained from the
C 1s binding energies and also from previous studies of
spiroalkanedithiol SAMs.35

With regard to the fluorinated components, the positions of
the C 1s (CF2 and CF3) and F 1s peaks for the F8H10SH SAM
also appeared at lower binding energies than those for the
SADT SAM: C 1s (CF2), C 1s (CF3), and F 1s peaks at 291.3,
293.5, and 688.6 eV, respectively, for F8H10SH and at 291.5,

Figure 4. XPS spectra of the S 2p binding-energy region for SAMs
generated from SADT in ethanol (EtOH), N,N-dimethylformamide
(DMF), and tetrahydrofuran (THF). All SAMs were developed at
room temperature, allowing 48 h for equilibration.

Figure 5. XPS spectra of the (A) C 1s and (B) F 1s binding-energy
regions for SAMs generated from SADT in DMF as compared to the
F8H10SH and C18SH SAMs developed in EtOH. All SAMs were
developed at room temperature, allowing 48 h for equilibration.
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293.7, and 688.9 eV, respectively, for SADT (see Figure 5).
Such a shift has also been observed in semifluorinated
alkanethiol SAMs when the length of the underlying hydro-
carbon chain was increased.19,38 This shift can be related to an
extra-atomic relaxation, which is a final-state effect whereby the
metal substrate electrons can move to the ionized atom within
the film to screen the core hole.49 The screening of the core of
the excited carbon or fluorine atom in the fluorocarbon
segment depends on the distance between the core hole and
the substrate (i.e., the thickness of the underlying hydrocarbon
segment, considering the film density).38 In our case, the
difference in F8H10SH and SADT adsorbate structures is the
actual number of methylene units rather than the hydrocarbon
length between the fluorocarbon unit and the substrate. The
double-chained hydrocarbon spacer of the SADT film probably
influences the electron attenuation between the gold substrate
and the fluorocarbon helix, causing the shifts to higher binding
energies for the fluorinated components in XPS. Consequently,
these results help confirm that the hydrocarbon chain density of
the SADT SAM is higher than that of the F8H10SH SAM,
which is consistent with our model illustrated in Figure 1.
In addition to peak position, peak intensity can also be

directly related to the film density and composition.38,50 Figure
5A shows that the intensity of the C 1s (CH2) peak of the
SADT SAM is higher than that of the F8H10SH SAM, which is
affected by the molecular composition of the respective
adsorbates. The C 1s (CF2 and CF3) and F 1s peaks of the
SADT SAM show weaker intensities than the peaks of the
F8H10SH SAM (Figure 5), which can be attributed to the
packing density of the fluorocarbon chains in the corresponding
SAMs: F8H10SH > SADT.38 This difference can be attributed
to the larger space that the underlying double-chained
hydrocarbon needs to occupy on the substrate, which gives
rise to a lower overlying fluorocarbon density at the interface.
Notably, SAMs derived from SADT in all three solvents

exhibited similar C 1s (CH2) peak positions: 284.6 eV for
ethanol and THF and 284.7 eV for DMF (see Figure 6A).
Nevertheless, among the SADT SAMs, the relative packing
densities of the fluorocarbon chains in SAMs generated from
different solvents can be estimated as DMF > EtOH > THF, as
judged by the F 1s peak intensities shown in Figure 6B. These
data indicate that DMF performs slightly better as an
adsorption medium than the other two solvents.
Wettabilities of the Films. Poly(tetrafluoroethylene)

(PTFE) surfaces have remarkably low surface energies and
are extremely hydrophobic.51,52 These characteristics have
motivated surface scientists in their efforts to incorporate the
fundamental structure of PTFE into monolayers by using
fluorinated compounds to form organic thin films that exhibit
low wettabilities.22 Accordingly, semifluorinated alkanethiols
have been used to form monolayers that are less wettable than
those formed from alkanethiols (e.g., repelling both droplets of
water and hexadecane from their surfaces).20,21 The wett-
abilities of the new SADT SAMs reflect the surface exposure of
the fluorocarbon segment. The contacting liquids that we used
in these studies include nonpolar solvents (hexadecane and
perfluorodecalin), polar aprotic solvents (acetonitrile and
DMF), and a polar protic solvent (water). Using a dispersive
contacting liquid such as hexadecane can provide data to
evaluate the magnitude of the attractive dispersive interactions
between the liquid and the interfaces.53 From the data shown in
Table 1 and Figure 7, the advancing contact angle of
hexadecane (θa

HD) on the F8H10SH film was substantially

higher (∼30°) than that on the C18SH film, which is
consistent with previously observed values.20 This result is
unsurprising given that favorable dispersive interactions are
relatively weak between hydrocarbons and fluorocarbons.20 The
wettabilities of the other contacting liquids on the C18SH and
F8H10SH surfaces show the same phenomena, where the
hydrocarbon surfaces are more wettable (i.e., higher surface
energy) than the fluorocarbon surfaces.52 However, the
difference in contact angles is less pronounced in the case of
perfluorodecalin. This phenomenon can be rationalized by the
increase in favorable dispersive interactions between the
perfluorocarbon liquids and the fluorinated surfaces.
When considering the SAMs formed from SADT, the results

shown in Figure 7 demonstrate that (1) the SAMs generated
under all conditions are more wettable than those derived from
F8H10SH, whereas (2) the monolayers adsorbed from DMF
are less wettable (i.e., higher θa) than those adsorbed from
ethanol and THF, and (3) the SAMs generated at an elevated
temperature are more wettable than those generated at room
temperature. The enhanced wettability (i.e., lower θa value)
indicates an increased interaction between the contacting
liquids and the surfaces, which can be attributed to differences
in structure and/or packing density of the fluorinated chains. A
surface that is less densely packed so that the underlying CF2
units are exposed can exhibit a higher number of atomic
contacts per unit area at the interface relative to a well-packed
SAM; therefore, the dispersive interactions between the
molecules of a contacting liquid and the interface will increase,
thus causing an enhancement in the wettability of the surface.37

If the fluorocarbon helixes are oriented nearly perpendicular to
the surface of the F8H10SH SAM, as indicated by prior
reports,20 then the exposed interface of the monolayer should
consist mainly of the terminal CF3 groups. On the other hand,
the reduction in the measured contact angles on the SADT
SAMs appears to correspond to an increased chain tilt from the
surface normal for this adsorbate as compared to the F8H10SH

Figure 6. XPS spectra of the (A) C 1s and (B) F 1s regions for SAMs
generated from SADT in ethanol (EtOH), N,N-dimethylformamide
(DMF), and tetrahydrofuran (THF). All SAMs were developed at
room temperature, allowing 48 h for equilibration.
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SAM (vide supra), which would correspond to a greater
exposure of CF2 moieties at the interface. Therefore, the
collected contact-angle data are consistent with a model in
which the rigid perfluorocarbon chain segments tilt within a set
of SAMs that expose such chains at the interface.
It is also possible that enhanced solvent intercalation might

contribute to an increase in wettability.54 A loosely packed
SAM might allow liquid molecules to penetrate the monolayer
surface, contributing to an enhanced wettability. As mentioned
earlier, the packing density of the fluorinated SAMs was
estimated by the relative coverage of the fluorocarbon moieties
on the surfaces as determined from the XPS data: DMF >
EtOH > THF. These results are consistent with the enhanced
wettability of the SADT films generated from THF and
ethanol, where loosely packed fluorocarbon chains are formed,
as compared to DMF. We conclude from these observations
that, among the solvents tested, DMF provides the best
medium to generate the new bidentate SAMs with a minimum
tilt angle and a higher surface density for the fluorocarbon
chains. Based on these results, the use of DMF as the
deposition solvent at room temperature appears to provide the

Table 1. Advancing Contact Angles (θa, deg) Measured on SAMs Formed from C18SH, F8H10SH, and SADT under a Variety
of Conditions Using Various Probe Liquidsa with Hysteresis Valuesb Given in Parentheses

SAM temperature (°C) W DMF ACN HD PFD

C18SH 116 (10) 74 (8) 70 (8) 52 (8) 43 (9)
F8H10SH 124 (11) 88 (9) 85 (9) 81 (9) 46 (9)
SADT/EtOH 23 122 (13) 80 (10) 70 (12) 58 (8) 12 (−)c

50 117 (11) 73 (12) 62 (13) 50 (8) <10 (−)
SADT/DMF 23 125 (9) 85 (10) 81 (11) 75 (8) 38 (12)

50 124 (11) 84 (9) 80 (13) 72 (10) 33 (9)
SADT/THF 23 108 (10) 59 (9) 51 (13) 44 (5) <10 (−)

50 100 (6) 43 (9) 33 (12) 20 (−) <10 (−)
aProbe liquids used in these experiments were W, water; DMF, N,N-dimethylformamide; ACN, acetonitrile; HD, hexadecane; and PFD,
perfluorodecalin. b Δθ = θa − θr, where θr (deg) is the receding angle.

cContact-angle hysteresis could not be determined because the receding angles
were too low to be measured reliably. The experimental uncertainty for the contact-angle measurements is ±2°.

Figure 7. Comparison of the advancing contact angles for the C18SH,
F8H10SH, and SADT SAMs generated from different solvents at
room temperature (23 °C, solid symbols) and elevated temperature
(50 °C, open symbols) using various probe liquids: water (▼, ▽),
N,N-dimethylformamide (◆, ◇), acetonitrile (●, ○), hexadecane (▲,
△), and perfluorodecalin (■, □). The experimental uncertainty for the
contact-angle measurements is ±2°.

Figure 8. PM-IRRAS spectra of the (A) C−H and (B) C−F stretching regions for SAMs generated by the adsorption of C18SH, F8H10SH, and
SADT onto evaporated gold substrates at room temperature (23 °C) and elevated temperature (50 °C). Note that the C18SH spectrum of the C−
H stretching region collected for the SAM formed at room temperature is included in panel A as a reference.
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optimum conditions to form relatively low-wetting (i.e., highly
hydrophobic) and densely packed SADT films on gold.
Furthermore, the degree of surface roughness or hetero-

geneity at the interface can be estimated by the contact-angle
hysteresis (Δθ = θa − θr).

50 For the SADT SAM derived from
DMF at room temperature, the measured contact-angle
hysteresis values fall within a couple degrees of the hysteresis
values obtained from those for the C18SH and F8H10SH
SAMs, as shown in Table 1. The data obtained from water and
hexadecane probe contacting liquids are consistent with
commonly observed hysteresis values for homogeneous and
well-packed hydrocarbon and fluorocarbon SAMs.21 These
observations suggest that the new bidentate SADT adsorbate
can be used to generate monolayers on a gold substrate that
present an array of fluorocarbon chains with a relatively low
surface roughness and heterogeneity.
PM-IRRAS Studies of SAM Structure. Surface IR

spectroscopy can provide information regarding alkyl-chain
conformational order and orientation for organic thin
films.55−57 The position of the antisymmetric methylene C−
H stretching vibration band (νas

CH2) is acutely sensitive to the
conformational order of the hydrocarbon chains (i.e., the
degree to which the chains form trans-extended structures that
efficiently pack).55,57,58 Shifts of this band to higher wave-
numbers indicate the development of less conformationally
ordered SAMs (i.e., an increase in gauche defects in the trans-
extended chains).58 The PM-IRRAS spectra in the C−H
stretching region of all SAMs formed in this study are shown in
Figure 8A, with the νas

CH2 band positions provided in Table 2.

The position of the νas
CH2 band at 2918 cm−1 for the SAM

formed from C18SH is consistent with a well-packed film with
trans-extended alkyl chains; therefore, a relatively crystalline
assembly.58 For the F8H10SH SAM, the νas

CH2 band appears at
2919 cm−1, whereas those for the SAMs generated from SADT
in all solvents at both room temperature and elevated
temperature are higher (2921−2923 cm−1). These data indicate
that the hydrocarbon chains of the latter two SAMs are less
conformationally ordered than those of the normal alkanethio-
late SAM, and that the conformational order of the hydro-
carbon chains for all of the SAMs examined in this study
decreases in the order C18SH > F8H10SH > SADT. The IR
spectra of the SADT films adsorbed from THF at 50 °C or
from DMF at room temperature show a limiting value of
∼2921 cm−1. Although less conformationally ordered than the
C18SH SAM, this peak position for the SADT SAM is
characteristic of SAMs that are relatively well-ordered as
compared to alkane chains in the solid state.55 Considering
these results along with those obtained by XPS and wettability
measurements (and given the limited parameters sampled), the
use of DMF at room temperature appears to provide the best

deposition conditions for forming well-ordered SADT SAMs
on gold.
PM-IRRAS spectra can also be used to determine the

orientation of the fluorocarbon chains within a self-assembled
monolayer film. The specific bands are referred to as the axial
and perpendicular CF2 stretching vibration bands, which are
generated by the transition dipole moments parallel (1300−
1380 cm−1; νax

CF2) and perpendicular (1190−1270 cm−1;
νpd

CF2) to the fluorocarbon helical axis, respectively.21,50 The
observation of these peaks is limited by the surface selection
rule whereby only vibrations that involve changes in dipole
moment perpendicular to the surface can be detected and
observed in vibrational spectra;59,60 therefore, only the νax

CF2

bands will be observed if the fluorinated chains are oriented
normal to the surface. When the chains tilt from the surface
normal, the intensity of the axial component will diminish,
whereas that of the perpendicular component will increase. The
PM-IRRAS spectra in the C−F stretching region (Figure 8B)
show that the fluorocarbon chains of the F8H10SH SAMs are
oriented nearly perpendicular to the surface (i.e., relatively high
νax

CF2/νpd
CF2 intensity ratio), whereas films generated from

SADT show a reduction in the relative νax
CF2/νpd

CF2 intensity
ratios, suggesting higher tilt angles of the fluorocarbon
segments from the surface normal.
When examining the effect of temperature on the formation

of the SADT SAMs, the PM-IRRAS spectra show no benefit at
elevated temperature, a result that is consistent with the results
in the preceding sections of this article. Further, based on a
comparison of the relative νax

CF2/νpd
CF2 intensity ratio (Figure

8B), the SADT SAMs generated at 50 °C exhibit a greater tilt
for the fluorocarbon chains as compared to those generated at
room temperature. These observations are consistent with a
decrease in film thickness and an increase in film wettability for
the SADT SAMs generated at an elevated temperature, and
these results are also consistent with a more disordered film
forming at 50 °C. Among all of the conditions used to generate
the new SADT SAMs, DMF at room temperature provides the
highest νax

CF2/νpd
CF2 ratio, which is consistent with a model in

which the fluorocarbon axes of this new film derived from DMF
at room temperature are tilted minimally from the surface
normal and are more densely packed than those generated
under other conditions.

■ CONCLUSIONS
A new unsymmetrical partially fluorinated spiroalkanedithiol
{[CH3(CH2)7][CF3(CF2)7(CH2)8]C[CH2SH]2, SADT} adsor-
bate was synthesized and used to form bidentate SAMs on gold,
with the resulting thin-film data compared to those collected
for SAMs formed from C18SH and F8H10SH. Character-
ization of all of the monolayers revealed that DMF can be used
to generate the new SAM at room temperature with all sulfur
atoms bound to the surface, producing films that exhibit higher
conformational order than those produced using other solvent/
temperature combinations. Ellipsometric data indicated the
successful formation of a monolayer film from this adsorbate.
The adsorption of SADT on the gold surface was verified by
XPS. The relatively low film thickness and enhanced wettability
of the new SAM when compared to those of SAMs generated
from a single-chained, partially fluorinated alkanethiol standard
(F8H10SH) suggest loose packing and an increase in the tilt of
the terminal fluorocarbon chain segments. Nevertheless, XPS
also shows that the underlying hydrocarbon-chain density
within the bidentate SADT SAM is higher than that in the

Table 2. Positions of the CH2 Antisymmetric Stretch (cm−1)
for the PM-IRRAS Spectra of the C18SH, F8H10SH, and
SADT SAMs

SAM 23 °C 50 °C

C18SH 2918 −a

F8H10SH 2919 −a

SADT/THF 2922 2921
SADT/DMF 2921 2922
SADT/EtOH 2923 2922

aThese SAMs were only prepared at room temperature (23 °C).
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monodentate F8H10SH SAM. However, the PM-IRRAS data
suggest diminished crystallinity of these hydrocarbon chains in
the new SADT SAM. Correspondingly, the hydrocarbon chains
of the SAMs derived from SADT are the least conformationally
ordered when compared with those derived from C18SH and
F8H10SH. Nevertheless, the optimum monolayer develop-
ment conditions (i.e., DMF at room temperature) can be used
to generate films that are well-ordered, as demonstrated by the
relatively low surface roughness and the highly homogeneous
interface as confirmed by contact-angle hysteresis using a
variety of contacting liquids. Future studies will examine the
stability and performance of the new SADT SAMs in nanoscale
coating applications.
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