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ABSTRACT: Self-assembled monolayers (SAMs) were prepared from a
novel two-tailed partially fluorinated thiol (F8C11/C16), possessing one
hydrocarbon chain and one chain with an extended fluorinated segment,
and from mixtures of F8C11/C16 and hexadecanethiol (C16) on gold,
with the expectation that the internal chemical dissimilarity and wedge-
like shape of F8C11/C16 would lead to unique self-organizational motifs.
The SAMs were systematically characterized using ellipsometry, atomic
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS),
contact angle goniometry, and polarization modulation infrared
reflection−absorption spectroscopy (PM-IRRAS). Based on this
characterization, the one-component F8C11/C16 SAMs exhibited relatively poor molecular organization compared to
traditional alkanethiols, forming low coverage monolayers with significant molecular disorder. However, the series of mixed
SAMs formed from F8C11 and F8C11/C16 were anomalously well ordered as indicated by film thickness, surface coverage, and
the frequencies of characteristic vibrational modes. AFM images of these mixed SAMs exhibited nanoscale fibrillar structures in a
birds-nest morphology, suggesting that in the presence of a C16 matrix, the F8C11/C16 component organized into the two-
dimensional analogue of discrete bilayers. Control experiments involving mixed SAMs comprised of F8C11/C16 and a single-
tailed partially fluorinated thiol (F8C11) or C16 and F8C11 exhibited no appreciable indication of interesting self-organization
beyond an evenly dispersed mixing of the thiolates or phase separation, respectively.

■ INTRODUCTION

The development of methods for controlling self-organization
and morphology in mixed-adsorbate systems can lead to an
increase in the number of applications for self-assembled
monolayer (SAM) films in nanoscale devices. The advantages
associated with achieving chemically induced ordering of the
surface distribution of specifically designed surfactants can be
found in the research associated with advanced SAM systems:
the preparation of mixed SAMs that allow specific interactions
between nanoparticles, enabling unique nanoparticle struc-
tures;1 the isolation of novel SAM adsorbates targeted for use
as components in nanoelectronics;2,3 the creation of nanoscale
arrays or specialized biosensors for nanoscale biodiagnostics;4

and the possible development of nanoscale circuitry through
the careful design of adsorbate structure and equilibrium
processes.5

Phase control within a three-dimensional (3D) environment
to produce specific macroscale characteristics for liquid systems
is currently accomplished through the prudent application of a
surfactant. In an aqueous solution, the introduction of an
appropriate amphiphilic molecule provides the potential for
creating micelles that reduce the solution’s organizational
energy through structural reduction in interfacial tension.6 In
3D systems, surfactants that lack the ability to provide a
significant difference in head-to-tail solubility typically also fail

to create macrostructures such as micelles. Additionally, simple
surfactants possessing a polar headgroup with an extended alkyl
chain tend to form micelles that are size-limitedthey cease
growing upon reaching a characteristic size.6

The application of surfactant technology to manipulate two-
dimensional (2D) phase structures at interfacial boundaries (an
array of mixed interfacial surfactants in the form of a
monolayer) requires the development of molecules that not
only possess a headgroup that forms a stable bond with the
substrate but also possess structural features that create strong,
reliable, phase-inducing interactions within the monolayer.
Examples of phase development within a monolayer film
initiated at an air−liquid interface (Langmuir−Blodgett
monolayer films, LB films)7−11 or on a solid substrate (self-
assembled monolayers, SAMs)12−17 abound in the literature.
However, few involve the use of an intervening surfactant
molecule to direct phase boundary development within the
monolayer. For such films, one method of determining the
influence of a 2D surfactant upon the phase boundaries that
develop between immiscible surface-active molecules is to
assess the line tension along those boundaries with and without
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the intervening line-active phase boundary surfactant (“linac-
tant”) present. These specialty surfactants have been defined by
Trabelsi and co-workers in their research on line tension within
monolayers as those that “partition at phase boundaries and
reduce the line tension between coexisting two-dimensional
phases in molecular monolayers”.18

Previous work by our research team has demonstrated that
partially fluorinated compounds can exert a significant influence
upon line tension in LB films and monolayers self-assembled on
mica.18,19 Specifically, we compared a single-tailed motif to that
of a double-tailed surfactant to determine which more
efficiently reduced line tension within a monolayer film.
Additionally, various single-tailed linactants, possessing differing
lengths for their hydrocarbon and fluorocarbon chain segments,
were ranked according to their linactant efficiency.20

The focus of the current report is not upon the efficiency of a
proposed linactant, but upon the value of this type of unique
surfactant in manipulating the nature of the surface structures
formed within a SAM. For SAMs prepared on a gold substrate,
the structuring of the domains that form is complicated by the
presence of the chemical bonds of the headgroups with the
solid surface, as compared to Langmuir films where the
interaction of the headgroup during phase development is with
a fluid substrate. Therefore, the role of line tension on phase
boundary development is influenced by the surface’s role in the
film-forming processes.21 The ultimate goal of the research
examined in this report is the development of patterned SAMs
with well-defined phase domain ordering subject to control
through the utilization of adsorbates specifically designed to
intervene at phase boundaries, providing a chemical means of
creating surface structures via equilibrium methods. This
particular study started with the synthesis of a double-tailed
surfactant designed to adsorb at a phase boundary: one tail (the
alkyl chain) is expected to prefer the aliphatic phase while the
other (the partially fluorinated chain) would hypothetically
favor a fluorinated phase (see Figure 1).22

The fundamental phases for the mixed SAMs are associated
with molecules C16 (hydrocarbon phase) and F8C11
(fluorocarbon phase). In principle, a mixture of molecule

C16 and F8C11/C16 could represent a 2D analogue to a
micellar phase, producing binary SAMs with independent
structures formed from F8C11/C16. According to the micelle
model, as F8C11/C16 is introduced and the concentration of
F8C11/C16 is increased, the linactant-directed structures on
the surface should increase in population, each structure with a
characteristic dimension of two molecules. At higher concen-
trations, the surface aggregates might become elongated and
eventually form long lines as the system adjusts to minimize
surface energy.23 A schematic cross section of a linactant-
directed phase structure is illustrated in Figure 2. In this
analogy, a three-component mixture of C16, F8C11/C16, and
F8C11 would represent an emulsion or microemulsion.

The characterization of SAMs in general, and mixed SAMs in
particular, is especially challenging and requires a comple-
mentary multitechnique approach.24−27 While atomic force
microscopy (AFM) can be useful for observations of surface
topography, it provides little information about the degree of
molecular organization, and in fact the utility of this approach is
limited in cases where structures are extremely small.
Spectroscopic methods provide high sensitivity and quantitative
information with respect to molecular order. For example, a
recent study by Centrone et al.28 utilized a previously
established relationship between the stretching frequencies of
the C−H bonds found in extended alkyl chains and the
conformational order of systems containing such chains29−33 to
identify trends in phase development for mixed-monolayer
systems on metal nanoparticles. Similarly, Whitesides and
colleagues extensively published about the formation and
analysis of mixed-monolayer films on flat gold, laying the
groundwork for the current analytical methods used in the
study of binary SAMs.25,26,34−36 Vibrational spectroscopy, and
complementary methods such as ellipsometry and contact angle
goniometry, are particularly useful when used in concert to
study the systematic development of molecular order as a
function of SAM composition.
An earlier paper from our team focused on the synthesis and

characterization of SAMs prepared from compound F8C11/
C16.22 The single-component SAMs formed from this
adsorbate were compared to those formed from normal

Figure 1. Structures for hexadecanethiol (C16), the double-tailed
partially fluorinated monothiol (F8C11/C16), and the corresponding
partially fluorinated single-tailed thiol (F8C11).

Figure 2. Illustration of a cross section of a linactant-directed structure
in a binary SAM formed from C16 and F8C11/C16. The black
rectangles represent the perfluorinated segments of the F8C11/C16
adsorbate.

Langmuir Article

dx.doi.org/10.1021/la302882w | Langmuir 2012, 28, 16834−1684416835



hexadecanethiol, C16, and the partially fluorinated single-chain
thiol F8C11. This second report provides a review of the binary
SAMs formed with this double-tailed thiol. While limited, there
are a few examples of this type of thiol architecture in the
literature, but these predecessors were not targeted for phase
manipulation.37−41 For the current study, the three series of
mixed-monolayer films were composed of C16 and F8C11/
C16, F8C11 and F8C11/C16, along with a reference series
composed of C16 and F8C11. Each of these sets of SAMs was
prepared with a systematic variance of the relative ratio of the
component thiols in the ethanolic developing solution from
which the individual SAMs were formed. Analysis of the
resulting SAMs was conducted using ellipsometry, contact
angle goniometry, polarization modulation infrared reflection−
absorption spectroscopy (PM-IRRAS), X-ray photoelectron
spectroscopy (XPS), scanning tunneling microscopy (STM),
and atomic force microscopy (AFM). Prior to the acquisition of
the AFM images, all of the analytical data were consistent with
a model in which the mixed SAMs of C16 and F8C11/C16
were producing 2D micelles throughout the entire series of
mixed monolayers. However, as described below, the observed
unique behavior is also consistent with nanoscale molecular
organization of component F8C11/C16 into 2D “bilayers”.
The other two series failed to exhibit any particularly interesting
behavior and are thus described only briefly.

■ EXPERIMENTAL SECTION
Materials. The adsorbate 12,12,13,13,14,14,15,15,16,16,17,17,

18,18,19,19,19-heptadecafluorononadecane-1-thiol (F8C11) was pre-
pared according to a procedure available in the literature.42,43 The
synthetic scheme used to produce 12,12,13,13,14,14,15,15,
16,16,17,17,18,18,19,19,19-heptadecafluoro-2-tetradecylnonadecane-1-
thiol (F8C11/C16) was given in the initial report on this double-tailed
thiol.22 Hexadecanethiol (C16) was acquired from Alfa Aesar and used
as purchased.
Gold (99.999%) was purchased from Kamis Inc., chromium rods

(99.9%) from R. D. Mathis Company, and silicon wafers from Silicon
Inc. The silicon wafers were 100 mm Si(100) single crystal wafers
polished on one side. The rinse solvents, methanol (MeOH) and
tetrahydrofuran (THF), were acquired from Mallinckrodt Chemicals.
Anhydrous ethanol (EtOH) was purchased from Pharmco-Aaper.
Preparation of SAMs. Solutions of the thiol(s) at 1 mM

concentration were prepared in ethanol in vials previously cleaned
with piranha solution (7:3 concentrated H2SO4/30% H2O2). Caution:
piranha solution reacts violently with organic materials and should be
handled carefully. The vials were then rinsed with deionized water,
followed by ethanol, and dried in an oven at 100 °C. Gold surfaces
were prepared by deposition of a bonding primer of thermally
generated chromium vapors (ca. 100 Å) onto ethanol-rinsed Si(100)
wafers, followed by vapor deposition of gold (ca. 1000 Å). The
resulting gold-coated wafers were cut into slides (∼1 × 3 cm), rinsed
with absolute ethanol, and blown dry with nitrogen gas prior to
immersion in the already prepared thiol solutions. For the ethanolic
developing solutions, the surfactant ratios were varied while the overall
thiol concentration was maintained at 1.0 mM. The SAMs were
allowed to equilibrate for at least 48 h. For each SAM series, six
monolayers were prepared with the following development solution
ratios (the “solution composition”): 100% A, 80% A with 20% B, 60%
A with 40% B, 40% A with 60% B, 20% A with 80% B, and 100% B.
Measurements of Ellipsometric Thickness. Thickness measure-

ments for the monolayers were obtained with a Rudolf Research Auto
EL III ellipsometer equipped with a He−Ne laser operating at 632.8
nm at an angle of incidence of 70°. To calculate the thicknesses, a
refractive index of 1.45 was used for all of the films. For each individual
monolayer of the three binary SAM series, data were collected and
averaged from at least three measurements on two distinct slides. The

thickness measurements for the SAMs were found to be reproducible
within ±2 Å.

Measurements of Contact Angles. Contact angle measurements
were obtained with a rame-́hart model 100 contact angle goniometer.
The contacting liquids that were used were hexadecane (HD; Aldrich,
99+%) and water (W; Milli-Q deionized). A Matrix Technologies
micro-Electrapette 25 was utilized for liquid drop dispensing and
withdrawal. Contact angle data were collected and averaged for
measurements on two distinct slides per each SAM using three
separate drops on each slide. Advancing (θa) and receding (θr) contact
angles were taken for both drop edges with the pipet remaining in
contact with the drop throughout the procedure.

Acquisition of X-ray Photoelectron Spectra. A PHI 5700 X-ray
photoelectron spectrometer (XPS) equipped with a monochromatic
Al Kα X-ray source (hν = 1486.7 eV) with an angle of incidence of 90°
relative to the axis of a hemispherical energy analyzer was employed to
obtain X-ray photoelectron spectra of the SAMs. The instrument was
set at a photoelectron takeoff angle of 45° from the surface with a pass
energy of 23.5 eV. The base pressure in the chamber during data
acquisition was ∼4 × 10−8 Torr, and the spectra were collected at
room temperature. The binding energies for C1s, F1s, and S2p peaks
were referenced to that of the Au4f 7/2 peak at 84.0 eV.

To calculate the surface compositions of the SAMs generated from
the binary mixtures in solution for the two series incorporating C16,
the XPS F1s to Au4f signal ratio for SAMs derived from the pure thiols
F8C11/C16 and F8C11 was used to normalize the data for the F1s to
Au4f signal ratio for their respective sets of data. This provides a
reliable estimate of the relative surface presence of the fluorinated
thiolates as compared to a SAM fully populated with the fluorinated
species. To calculate the surface composition for the series
incorporating both F8C11/C16 and F8C11, the difference between
the two F1s to Au4f signal ratios for the SAMs prepared from pure
thiols F8C11/C16 and F8C11 was used to normalize the data, after
each individual ratio for the SAMs in the series were reduced by the
F1s to Au4f signal ratio for F8C11/C16.

Additionally, graphs of the S2p to Au4f ratios for each series were
assembled as a means of analyzing general trends in the data for the
relative surface density. For these graphs, the ratio for the single-
component SAM possessing the most efficient packing characteristics
was used for normalization.

Acquisition of PM-IRRAS Spectra. Polarization modulation
infrared reflection−absorption spectroscopy (PM-IRRAS) data were
collected utilizing a Nicolet Nexus 670 Fourier transform infrared
spectrometer equipped with a liquid nitrogen-cooled MCT (mercury−
cadmium telluride) detector and a Hinds Instruments PEM-90
photoelastic modulator (37 kHz). The infrared light was reflected
off the sample surface at an angle of incidence of 80°. We collected
256 scans to produce each spectrum, with each scan having a spectral
resolution of 4 cm−1.

Acquisition of Scanning Tunneling and Atomic Force
Microscope Images. Images were acquired by scanning tunneling
microscopy (STM) and atomic force microscopy (AFM) on an
Agilent Technologies 5500 scanning probe microscope utilizing
interchangeable scanner heads. For AFM, a 10 μm scanner head was
used operating in either acoustic ac mode or contact mode. The probe
was a Bruker MSNL-10 silicon tip on a silicon nitride cantilever. The
probe for STM scanning was a platinum−iridium wire cut immediately
prior to imaging. The gold surface used to provide high-resolution
images was atomically smooth gold on mica from Agilent
Technologies.

■ RESULTS
Scanning Probe Microscopy Measurements of Sur-

face Topography. Figure 3a shows an AFM topographic
image for a mixed SAM whose solution composition was 20:80,
C16:F8C11/C16. The surface area scanned for this image was
∼325 nm × 325 nm. A higher magnification image was
achieved by probing the surface in ethanol, as shown in Figure
3b. Prior research suggests that the presence of an intervening
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liquid such as ethanol reduces adhesive forces between the
AFM probe and the interface of the SAM,44 which might
reduce the perturbation of the surface structures and improve
the quality of the images acquired by AFM. The change in
probe environment did not appear to impact the nature of the
observed phase structures. However, the collection of these
images in two different environments offers some confidence
that the images accurately reflect the nature of the fundamental
structure of the adsorbates in these films. We enhanced the
contrast of the inset in Figure 3b to highlight the detail of the
suggested phase structures. We believe that these structures
reflect the alignments illustrated in Figure 2. A qualitative
review of the fibrillar surface structures shows that many are
∼10 nm in length and most are roughly 1 nm wide. However,
given the typical size of the AFM probe itself (∼4 nm), this
estimate of width should be treated as an upper limit.
The structures are disordered and interconnected in a bird’s-

nest morphology. Efforts to image these structures for SAMs
with a lower concentration of F8C11/C16 were unsuccessful,
as were efforts to image the SAM shown in Figure 3 by contact
mode (AFM) or by scanning tunneling microscopy. However, a
mixed SAM comprised of C16 and F8C11 was imaged by both
of these methods. In contrast with the fibrillar nanostructures
observed for the C16:F8C11/C16 mixture, the nature of the
nanoscale phase structures for the C16:F8C11 mixed SAM
were approximately circular shapes of various sizes. A
representative STM image can be found in the Supporting
Information (see Figure S1). Efforts to obtain AFM images of
phase structures for mixed SAMs formed from F8C11 and
F8C11/C16 were unsuccessful.
Analysis of Surface Composition Using XPS. XPS

provides an efficient means of obtaining compositional data for
SAMs formed on gold.34,45 In addition to insight into the
elemental content, the characterization of the surface bonds,
and the presence of surface contaminants,46,47 XPS is also a
useful tool for discerning trends with regards to packing or
adsorbate surface density in a series of SAMs.48 For many
studies involving alkanethiols on gold, XPS has been an
important instrumental method for determining whether the
SAM film is effectively bound to the surface or if the monolayer
films contain measurable amounts of oxidized headgroups. For
the analytical procedure used in this experiment, unbound thiol
distorts the XPS data used to calculate adsorbate surface
density, leading to an increase in error in these calculations.
Steps taken to ensure that such distortions were avoided with
the collected data can be found in the Supporting Information.

To prepare the XPS analyses in this report, the areas under the
S2p peaks for sulfur, F1s peaks for fluorine, and the Au4f peaks
for gold were used to perform the appropriate calculations as
outlined in the Experimental Section.
Figure 4 provides a comparison of the mole fraction of

F8C11/C16 in the SAM developing solution versus the mole

fraction of F8C11/C16 within the final monolayer film. An
important interpretation of these data is that the variance in the
adsorbate content of the solution composition versus that of
the surface composition reflects a process of competitive
adsorption where the dominant adsorbate on the surface is the
one with less steric bulk. Variances in surface adsorption related
to steric hindrance for similarly structured adsorbates can be
found in the work of Bain et al., where a series of thiols and
disulfides showed that the thiol was the favored adsorbate by a
margin of 2 to 1 over the disulfide.36 The XPS data in Figure 4
exhibit a clear crossover at a solution composition ratio of
∼10:90, C16:F8C11/C16.49
A similar adsorption pattern was observed in the XPS data

plots for mixed SAMs comprised of F8C11 and F8C11/C16
(see Figure S3a in the Supporting Information), again
reinforcing the notion that the double-tailed thiol is the less
favored adsorbate. The XPS data for SAMs comprised of C16
and F8C11 (see Figure S3b) appear to indicate a slight
preference for F8C11 in the adsorbate surface composition as
compared to the solution composition, even though F8C11 is
encumbered by a rigid perfluorinated tailgroup. This minor
variance in adsorption might be due to stronger van der Waals
attractions between the F8C11 adsorbates related to their
slightly longer chain length. However, according to Bain and
colleagues, such discrepancies in the surface composition of
their mixed-SAM systems (where the two adsorbates acted
independently and were of similar size) were attributed to
solvation effects.36 For the current system, the relative solubility
of the three thiols in ethanol as observed in the preparation of

Figure 3. AFM images collected in AC (tapping) mode in (a) air and
(b) ethanol for a SAM developed in a 20:80 mixed-thiol solution
(C16:F8C11/C16). Contrast for the enlarged image inset in the
upper right-hand corner of (b) has been enhanced to highlight the
suggested phase structures.

Figure 4. Comparison of the mole fraction of F8C11/C16 within the
SAM film (y-axis) versus the mole fraction of F8C11/C16 in the SAM
developing solution (x-axis) for SAMs comprised of C16 and F8C11/
C16, as determined from XPS data. A solid line marks where solution
and surface compositions are equivalent. Two dashed lines have been
included to enable the estimation of a possible inflection point. Error
bars indicate the standard deviation for each of the individual data
points.
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the deposition solutions is C16 > F8C11/C16 > F8C11.
Therefore, the preferred adsorbate apparently reflects the
influence of both solvation effects (phase preference) and steric

bulk, with the latter amplified for F8C11/C16 due to the
diminished enthalpic gain per chain upon formation of the S−
Au bond.

Figure 5. The normalized S2p to Au4f integrated peak ratios calculated from the XPS data for mixed SAMs comprised of C16 and F8C11/C16. The
relative sulfur density (or headgroup density) is normalized using the peak ratio for the single-component SAM formed from C16. The horizontal
axis represents the composition of (a) the SAM development solution and (b) the resulting SAM film. A solid line represents an “ideal” trend for the
surface adsorbate composition. A dashed line highlights a distinct trend for concentrations of F8C11/C16 less than unity. Error bars indicate the
standard deviation for each of the individual data points.

Figure 6. Ellipsometric thickness measurements for the mixed SAM series comprised of C16 and F8C11/C16, in angstroms. The horizontal axis
represents the composition of (a) the SAM deposition solution and (b) the resulting SAM film. A dashed line emphasizes a distinct trend for
concentrations of F8C11/C16 less than unity. A solid line represents an ideal trend for the surface adsorbate composition. Error bars indicate the
standard deviation for each of the individual data points.
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The trends for relative thiolate surface density in the form of
a normalized relative sulfur density (or headgroup density) are
shown in Figure 5 for mixed SAMs comprised of C16 and
F8C11/C16, as determined by the mole fraction of F8C11/
C16 in the development solution (Figure 5a) and the mole
fraction of F8C11/C16 on the surface (Figure 5b). The results
of an analysis of the XPS data for the single-component SAMs
formed from C16, F8C11/C16, and F8C11 were reported
previously.22 In that report, it was determined that a
comparison of the relative adsorbate surface density of these
SAMs yielded a general trend of decreasing surface density of
C16 > F8C11 > F8C11/C16, a result that is consistent with
the data obtained by other instrumental means. As shown in
Figure 5, the surface density for all mixed SAMs is the same as
for SAMs comprised of C16. The surface density for one-
component SAMs comprised of F8C11/C16 is approximately
half that of the SAM formed from the single-tailed normal
alkanethiol. This result is a logical consequence of the two-
tailed structure/stoichiometry of F8C11/C16. However, the
absence of a significant decrease in thiolate headgroup density
for mixed films indicates the presence of an anomalously high
packing density of F8C11/C16 in mixed films relative to that
within one-component films. Analogous surface density data for
the other mixed SAM series are presented in the Supporting
Information (see Figure S4). In both cases, the XPS data are
more consistent with an “ideal” mean-field trendline between
the two single-component SAMs: the solid line present in
Figure 5b and in Figures S4b and S4d in the Supporting
Information.
Ellipsometric Thickness Measurements. The application

of ellipsometry to follow trends in the thickness profile of a
series of SAMs provides useful information only because of the
height differences for the components of these adsorbed films,
providing an indirect means for tracking surface phase
development. Assuming the systematic mixing of each SAM

series occurs with a distribution of phase structures of
unchanging dimensions, but methodically varying surface
population, as the deposition solution mixture for each SAM
in the series systematically shifts from one adsorbate mixture to
another, then the anticipated trend for a graph of the
ellipsometric measurements for the mixed-SAM series would
be linear.6 As shown in Figure 6, for mixed SAMs of C16 and
F8C11/C16, the ellipsometric thickness measurements exhibit
a linear trend for most of the SAMs in the series.50 This linear
data trend has been highlighted by the inclusion of dashed lines
in the figure and provides a notable deviation from an ideal
mean-field trendline, the solid line in Figure 6b.51 The
analytical data as a function of the solution composition, such
as those in Figure 6a, provide a means of analyzing the relative
positioning of the collected data points absent the compression
of the mixed-SAM surface composition data and any error
associated with the analysis of the XPS data.
The drop in thickness for the last data point is associated

with the SAM formed exclusively from F8C11/C16, which
Zhang and co-workers have previously determined forms a
loosely packed SAM.22 As discussed further below, the
discrepancy of this last data point with respect to the trend
associated with the other concentrations (a distinct drop in film
thickness in contrast with the gradual increase observed for
lower concentrations) constitutes direct evidence for a
qualitatively different type of organization of compound
F8C11/C16 within mixed SAMs versus within a one-
component SAM. The data for the other two series of mixed
SAMs failed to exhibit consistent trends as shown in the
Supporting Information (see Figure S5). The ellipsometric data
for the single-component SAMs are consistent with published
data.22,40,52

SAM Organization Analyzed by PM-IRRAS. As men-
tioned above, the band positions of the C−H stretching
vibrations observed via infrared spectroscopy are known as

Figure 7. PM-IRRAS data for (a) the symmetric (■) and (b) the antisymmetric (□) methylene C−H stretching vibrations for mixed SAMs
comprised of C16 and F8C11/C16. The horizontal axes represent the adsorbate composition of the SAMs on the surface. Solid lines represent ideal
trends for the surface adsorbate composition. Error bars indicate the standard deviation for each of the individual data points.
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sensitive indicators of the molecular environment of the alkyl
chains in a SAM and also of the nature of the collective
conformational order of the individual chains.30,53 Previous
studies of normal alkanethiolate SAMs have shown that the
relative crystallinity for alkyl chains in a self-assembled
monolayer film can be estimated from the band position of
the methylene C−H antisymmetric vibration (νa

CH2) and
symmetric vibration (νs

CH2).29,32,33 This determination was
made by comparison to the IR spectral data collected for νa

CH2

of a set of solid n-alkanes (∼2920 cm−1) versus liquid n-alkanes
(∼2928 cm−1) and for νs

CH2 of solid n-alkanes (∼2850 cm−1)
versus liquid n-alkanes (∼2856 cm−1).30 The importance of
these peak positions with regards to determining the relative
structural order of a variety of alkyl chain assemblies was also
confirmed in Raman studies involving polymethylene
chains.54,55

The PM-IRRAS data collected for mixed SAMs comprised of
C16 and F8C11/C16 are displayed in Figure 7.56 For this
study, both the νs

CH2 (Figure 7a) and νa
CH2 (Figure 7b) peak

positions were reviewed to determine if they provided
indications of changes in molecular environment for the
methylene units. For both modes, the peak positions are
essentially unchanged within experimental error for all mixed
films but exhibit a distinct jump to greater wavenumbers for
one-component SAMs of compound F8C11/C16. This
phenomenon is particularly apparent for νa

CH2 but also
discernible for νs

CH2. Consistent with the interpretation of the
ellipsometric data described above, this behavior is again direct

evidence that the organization of F8C11/C16 within mixed
SAMs (with C16) is qualitatively different than the
organization within one-component films. In particular,
F8C11/C16 is conformationally disorganized within one-
component films but fails to induce disorder within this series
of mixed films.
The plots for the PM-IRRAS data as as a function of the

mole fraction of F8C11/C16 in the development solution are
shown in the Supporting Information in Figure S6. Figure S7
provides a representative set of spectra for the SAMs of the
series prepared from C16 and F8C11/C16. Peak positions for
the other mixed SAM series are presented in Figures S8 and S9.
Interestingly, for mixed SAMs comprised of F8C11 and
F8C11/C16, the peak position of νa

CH2 exhibits a distinct
shift between two-component and one-component films of
F8C11/C16; however, this is completely absent in the peak
positions of νs

CH2. Peak positions associated with SAMs
comprised of C16 and F8C11 are basically consistent with
expected ideal trendlines.

Film Wettability. Contact angle goniometry is a useful
instrumental method for analyzing the surface composition,
relative surface packing, and general ordering of a self-
assembled monolayer film.57 For the current set of mixed-
SAM systems, the absolute interpretation of the results
obtained from contact angle measurements is complicated by
the adsorbate mixture itself. This complication can be
attributed, in part, to the added complexity introduced by the
double-tailed thiolate, along with irregularities in the interfacial

Figure 8. Wettability data for contacting liquids on mixed SAMs comprised of C16 and F8C11/C16 for water for advancing (blue ■) and receding
(blue □) contact angles (θ) and hexadecane for advancing (red ■) and receding (red □) contact angles. The horizontal axis represents the
composition of (a) the SAM development solution and (b) the resulting SAM film. Solid lines represent ideal trends for the surface adsorbate
composition. Dashed lines highlight distinct trends for the advancing contact angles for concentrations of F8C11/C16 less than unity. Error bars
indicate the standard deviation for each of the individual data points.
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profile related to the presence of the longer terminal
perfluorocarbon segments on F8C11/C16 and F8C11 that
can protrude above the nonfluorinated alkyl chains. The
nanoscale roughness associated with these perfluorinated
segments might lead to an exaggerated impact for the terminal
perfluorocarbons upon the measured contact angles.58

However, the associated trends in wettability should correlate
with the relative presence of the two types of surface chains for
each SAM series. For the SAMs in this study, the dipole
associated with the transition between the fluorocarbon and
hydrocarbon segments of the adsorbates is sufficiently buried to
avoid impacting the surface energy of the SAMs involved.59

Owing to the absence of any exposed polar component, the
surface forces acting on the contacting liquids are limited to
dispersive forces.
Advancing contact angles (θa) and receding contact angles

(θr) for the contacting liquids hexadecane (HD; a nonpolar
liquid) and water (W; a polar liquid) for SAMs comprised of
C16 and F8C11/C16 are shown in Figure 8.60 Solid lines
representing an ideal trendline have been inserted in Figure 8b
between the θa data points associated with the two single-
component monolayers, providing a guide for analysis of the
data for each contacting liquid.
In Figure 8, the blue symbols represent the advancing (solid

blue symbols) and receding (unfilled blue symbols) contact
angles for W. Consistent with our observations with the relative
headgroup density and ellipsometric thickness data, the two-
component monolayers in Figure 8b exhibit a distinct trend
with composition (indicated by the dashed lines). However,
this trend does not extrapolate to a value consistent with that
observed for the one-component F8C11/C16 SAM, again
suggesting that the organization of F8C11/C16 within two-
component films is qualitatively different than that within the
disordered one-component F8C11/C16 SAMs.
As for the contact angle data for HD, the red symbols

represent the advancing (solid red symbols) and receding
(unfilled red symbols) contact angles. The HD contact angle
data reflects the greater affinity of the hydrocarbon contacting
liquid for the hydrocarbon chains in the mixed SAMs and a
measurably lower affinity for the fluorocarbon moieties.61 The
absence of a similar relationship for these adsorbates with W is
reflected in the lower slope of the ideal trendline for W. As with
W, a distinct trend for the HD θa data in Figure 8b is
highlighted by a dashed line, a trendline associated with the first
five data points, that diverges significantly from the ideal
trendline. The consistent presence of a linear trend associated
with the mixed SAMs for the wettability data collected for these
films further supports a conclusion that they are a consequence
of a unique structural organization of F8C11/C16 within the
two-component films.
Contact angle data for the other series are presented and

described in greater detail in the Supporting Information (see
Figure S10). Generally speaking, mixed SAMs comprised of
F8C11 and F8C11/C16 exhibited contact angles in reasonable
agreement with the ideal trendline, which might indicate mixing
of the thiolates at the molecular level, while mixed SAMs
comprised of C16 and F8C11 exhibited trends consistent with
significant heterogeneity caused by phase separation.

■ DISCUSSION
The results presented above describe a scenario where the two-
tailed compound, F8C11/C16, forms a low-density poorly
ordered SAM on its own but is highly organized within a mixed

SAM with a one-tailed hydrocarbon component (C16).
Measurements on these mixed SAMs deviate from expectations
based on a simple weighted average of two components and
exhibit a distinct correlation of trends for the analytical data
obtained from a variety of instrumental methods. AFM images
suggest that the organization takes the form of extremely
narrow fibrillar nanostructures. Analytical data for the mixed
SAMs comprised of F8C11/C16 and the single-tailed partially
fluorinated compound (F8C11) exhibit trends indicating that
the methodical replacement of F8C11 with F8C11/C16 in the
set of mixed-SAM solutions examined in this paper led to
minimal changes in the obtained measurements. However, this
series does not afford the continuity in data trends exhibited by
the SAMs formed from C16 and F8C11/C16. Recent research
on monolayers of fluorocarbon/hydrocarbon (FnHn) diblock
moieties indicate that such molecular structures have a strong
propensity to self-assemble, a characteristic that is attributed in
part to the dipole at the structural transition.62 These favorable
molecular attractions between the fluorocarbon/hydrocarbon
segments of the F8C11 and F8C11/C16 adsorbates might
produce a more intimate intermixing of these components, as
compared to C16 and F8C11/C16, leading to the difficulties
experienced in attempts to obtain AFM images of surface
structures for this series of mixed SAMs. Mixed SAMs of the
two single-tailed compounds appear to phase separate into
small domains of varying size, and measurements are generally
consistent with this spatial heterogeneity.
These observations are entirely consistent with a picture that

is in direct analogy with surfactant (e.g., phospholipid) self-
assembly in 3D solutions, where F8C11/C16 corresponds to
the surfactant, and C16 and F8C11 correspond to two
chemically dissimilar solvents (e.g., oil and water). For example,
depending on the hydrophilic−lipophilic balance (HLB) of a
given surfactant,63 the surfactant will spontaneously organize
into well-defined assemblies (e.g., spherical micelles, cylindrical
micelles, or bilayers) in one solvent (as F8C11/C16 does when
dissolved in C16) but will be highly soluble in a complementary
solvent (as F8C11/C16 is in F8C11). Clearly, the two solvents
themselves will engage in uncontrolled phase separation when
mixed (i.e., C16 and F8C11). Again for 3D surfactant
solutions, it is generally accepted that the morphology of the
assembly that is formed in a given case depends on the details
of the molecular architecture, specifically, the shape of the
surfactant molecule often characterized by the molecular shape
factor.64 Thus, while wedge-shaped surfactants may prefer to
assemble into spherical micelles, two-tailed “cylindrical”
surfactants such as phospholipids typically assemble into
bilayer-based aggregates such as vesicles. Since the cross
section of self-assembled surfactant aggregates in 3D always
involve some sort of bilayer motif, they exhibit at least one
dimension that is associated with twice the molecular length
(e.g., 3−5 nm).
In a recent report by Malone and co-workers utilizing

partially fluorinated phosphonic acid surfactants within a matrix
of a fatty acid LB monolayer, linactant surface structures were
characterized in the form of clusters that developed to a
characteristic size and shape.65 They proposed that this system
represented the 2D thermodynamic analogue of a micellar
dispersion and that the rather large size of the aggregates (tens
of nanometers) was due to a splayed configuration associated
with the bulky fluorinated tailgroups, as opposed to a bilayer
motif as expected in 3D. Objects of similar size had been
previously observed in neat monolayers comprised of partially
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fluorinated compounds.19,20 However, as in 3D, it is expected
that the size and shape of preferred aggregates will be related to
the details of the molecular geometry.
In 2D, symmetry dictates the possibility of two fundamental

classes of embedded geometrical manifolds: for example,
circular (zero dimensional) and linear (one-dimensional). We
propose that the aggregates formed by F8C11/C16 within a
matrix of C16 represent an example of a one-dimensional
(fibrillar) aggregate in a 2D (monolayer) environment.
Interestingly, in contrast with circular aggregates previously
observed that had characteristic dimensions an order of
magnitude larger than the relative molecular length scale (i.e.,
the molecular cross section), the fibrils observed here have a
width that is consistent with twice the molecular cross section.
Additional influences on the final form of the shapes adopted
by these assemblies likely include the relative size and
conformational mobility of the two phase-incompatible
tailgroups. For concreteness, Figure 9 shows a proposed “top-

view” schematic diagram of how compound F8C11/C16 might
self-assemble into hypothetical “circular” or linear micelles; the
latter is consistent with the observations presented here. We
hypothesize that the “side-by-side” geometry of the chemically
dissimilar moieties in F8C11/C16 enhances the propensity for
this particular type of aggregate to form in the C16 matrix.

■ CONCLUSIONS
The design and synthesis of a novel two-tailed partially
fluorinated thiol, a linactant possessing one hydrocarbon chain
and one chain with an extended fluorinated segment, has
revealed unique self-organizational motifs when used in
combination with hexadecanethiol in a series of mixed SAMs.
The resulting two-component monolayers were anomalously
well ordered, as compared to the corresponding single-
component films. Additionally, the analytical data associated
with this series of mixed SAMs consistently exhibited linear
trends as a function of composition, consistent with an
increasing concentration of nanoscale structures of unchanging
dimension and internal organization. The literature is replete
with examples of the challenges involved in designing reliable
mixed-monolayer systems for macromolecule attachment,
addressing key issues related to monolayer formation such as
creating densely packed films,66 establishing thiol ratios for
calibrating attachment sites,67 or addressing steric crowding
problems at the macromolecule attachment site due to the
relative thiolate ratio.68 Ultimately, the unique nanoscale
structures uncovered by the data trends for the mixed SAMs
formed from C16 and F8C11/C16 might encourage the

development of similarly designed adsorbates, yielding an
efficient method for calibrating the density of macromolecule
binding sites in mixed-monolayer systems. Such an adsorbate
system, with predictable dispersive character, might prove
useful in the development of nanoparticle therapeutic and drug
delivery systems.69 Additionally, continued refinement of the
architecture of F8C11/C16 might lead to greater control of the
resulting phase structures for mixed-thiolate SAMs, possibly
leading to reproducible surface structures such as nanoscale
lines and uniform circles, providing a chemical means of
forming nanoscale architecture for nanoelectronic devices.
Future work with this linactant will include analysis of how
this double-tailed thiol performs in a ternary mixed-monolayer
system.
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