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’ INTRODUCTION

The study of metal�supported self-assembled monolayers
(SAMs) first emerged in 1946 when Zisman published his work
on surfactants that self-assemble onto clean metal substrates.1

The potential for using the specific interaction between sulfur
and gold was realized by Taniguchi et al.2 in their electrochemical
studies of bis(4-pyridyl) disulfide-modified electrodes in 1982.
Intense interest in this field grew rapidly following the 1983
studies by Nuzzo and Allara, who reported the spontaneous
formation of SAMs upon exposure of gold substrates to dilute
solutions of di-n-alkyl disulfides.3 SAMs on gold derived from di-
n-alkyl disulfides and analogous alkanethiols are attractive nano-
scale tools because they offer the ability to control interfacial
properties through simple chemical synthesis. Consequently,
SAMs are now used in a variety of applications, including micro-
electronics;4�6 bioadhesion-resistant surfaces;7�11 biosen-
sors;12�14 photochemistry;15,16 and perhaps most importantly,
corrosion prevention.17�23

Although SAMs have shown great potential in countless areas
of research, an evaluation of their stabilities in solution and at

elevated temperatures remains incomplete. It is known that
SAMs on gold derived from normal long-chain alkanethiols form
highly ordered, well-packed films because of van der Waals
interactions between neighboring chains.24,25 Nevertheless, these
SAMs exhibit only moderate thermal stability under ambient
conditions26�28 and typically decompose upon heating at tem-
peratures above 80 �C in solution.25,29 Additional factors that
limit the durability of alkanethiol-based SAMs on gold include
their facile oxidation by atmospheric levels of ozone,30�33

their displacement from the surface by immersion in a solution
containing a different adsorbate molecule,34�36 and their ability
to migrate on the gold surface.37,38 Considering these issues,
efforts to enhance the durability of the films have employed
strategies such as the utilization of intermolecular hydrogen
bonding,39�42 multiple headgroup-substrate interactions,43�53

cross-linking between neighboring adsorbates,54 underpotential
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ABSTRACT: The solution-phase thermal desorption of three
series of self-assembled monolayers (SAMs) on gold generated
from terminally perfluorinated alkanethiols was examined.
Series 1 SAMs, F(CF2)x(CH2)11SH, where x = 1�10, consisted
of a constant hydrocarbon segment length with an increasing
fluorocarbon segment length. Series 2 SAMs, F(CF2)10(CH2)y-
SH, where y = 2�6, 11, consisted of a constant fluorocarbon
segment length with an increasing hydrocarbon segment length.
Series 3 SAMs, F(CF2)x(CH2)ySH, where x = 1�10 and y =
16 � x, consisted of both hydrocarbon and fluorocarbon
segments in which the segment lengths were varied while
holding the total chain length constant at 16 carbon atoms.
SAMs from these three series were prepared and characterized using both ellipsometry and contact-angle measurements. The
resultant SAMswere shown to be highly hydrophobic and oleophobic. The SAMswere heated in decalin (DC) and perfluorodecalin
(PFD) at 80 �C for various periods of time to monitor their thermal stability when exposed to hydrocarbon versus fluorocarbon
solvents. In general, SAMs derived from n-alkanethiols and terminally perfluorinated alkanethiols exhibited diminished thermal
stabilities upon heating in a hydrocarbon solvent (DC) versus heating in a perfluorocarbon solvent (PFD). The thermal stability of
the SAMs increased with increasing lengths of the CF2 or CH2 segments. We also examined the kinetics of thermal desorption of
these SAMs. From these studies, SAMs composed of higher degrees of terminal perfluorination exhibited smaller rate constants for
the initial stage (fast regime) of desorption. When compared with analogous alkanethiol SAMs, the terminally perfluorinated SAMs
exhibited greater thermal stabilities in both DC and PFD. In addition, values of the rate constants for desorption of the alkanethiol
SAMs were approximately double those of the terminally perfluorinated SAMs having similar chain lengths.
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metal deposition,22,55�57 and the replacement of hydrocarbons
with fluorocarbons.58

Related studies have examined the stability of alkanethiolate
SAMs under various conditions, including ultrahigh vacuum
(UHV),59,60 ambient laboratory conditions,26 and contact with
hydrocarbon solvents.52 Most of these studies and those in the
preceding paragraph agree that a major pathway for the decom-
position of alkanethiolate-based SAMs on gold involves the
oxidation of the thiolate-gold bond by atmospheric ozone,30,31

diffusing to the substrate surface through defects in the mono-
layer. Consequently, the generation of SAMs having densely
packed long-chain adsorbates restricts the diffusion of ozone and
affords SAMs with enhanced stabilities.

Because of their intriguing inertness, stability, and potential use
as nanoscale corrosion inhibitors, interest in the study of SAMs
generated from the adsorption of partially fluorinated alkanethiols
or alkyldisulfides onto the surface of gold has garnered substantial
interest.38,58,61�70 These studies have found that monolayer films
derived from fluorinated alkanethiols are generally robust and es-
sentially defect-free, with the perfluorocarbon segment adopting a
helical conformation and possessing a larger van derWaals diameter
(∼5.8 Å) than those of trans-extended hydrocarbon chains
(∼4.2 Å).61,62,68 As a result, the perfluorocarbon helix augments
the film rigidity compared with corresponding hydrocarbon
chains,65 further enhancing their inertness67 and thereby contribut-
ing to their resistance to oxidation71 and degradation.72�74

In a previous study, we evaluated the relationship between film
stability and the length of the underlying methylene spacer in a
series of perfluorodecyl-terminated SAMs on gold.58 Specifically,
SAMs generated from a series of terminally perfluorinated
alkanethiols (F(CF2)10(CH2)ySH, where y = 2, 6, 11, 17, 33),
which possessed a constant degree of perfluorination but a
variable length of methylene spacer, were incubated in air at
various temperatures up to 180 �C. These studies concluded that
film durability increased systematically with increasing length of
the methylene spacer, which was attributed to increased van der
Waals interactions between neighboring methylene chains.

In the present study, we explored the thermal stability of three
series of terminally perfluorinated SAMs on gold (Figure 1), in

which the substrates were immersed in organic solvents at
elevated temperature (80 �C): F(CF2)x(CH2)11SH, where x =
1�10 (Series 1); F(CF2)10(CH2)ySH,where y=2�6, 11 (Series 2);
and (F(CF2)x(CH2)ySH,where x=1�10 and y=16� x (Series 3).
Fresh SAMs were placed in a high-boiling branched hydrocarbon
solvent (decalin; DC) and separately in its bulkier perfluorinated
analogue (perfluorodecalin; PFD) heated at 80 �C. We mon-
itored the stability of the resulting films through contact-angle
and ellipsometry measurements under controlled conditions. By
systematically varying the type of solvent (hydrocarbon vs fluoro-
carbon) and the relative lengths of the hydrocarbon and fluor-
ocarbon segments in the SAMs, these studies were designed to
reveal the important considerations necessary for the design of
highly stable nanoscale surface coatings.

’EXPERIMENTAL SECTION

Materials. Gold shot (99.999%) was purchased from
Americana Precious Metals, and chromium rods (99.9%) were
purchased from R. D. Mathis Co. Single-crystal silicon (100)
wafers were purchased from Silicon Sense, Inc. and were rinsed
with absolute ethanol prior to use. The various n-alkanethiols,
H(CH2)xSH (x = 10, 12, 14, 16, 18, 20) were purchased from
Aldrich and used without purification. The solvents decalin
(DC), perfluorodecalin (PFD), absolute ethanol, and hexade-
cane (HD) were of the highest purity available purchased from
commercial suppliers. The terminally perfluorinated alkanethiols
used in this study were either available from previous studies or
were prepared using procedures described therein.64,69,75

Preparation of Substrates.Gold substrates were prepared by
thermal evaporation under vacuum (1 � 10�5 Torr) of a 100 Å
adhesion layer of chromium onto the surface of polished silicon
wafers, followed by the evaporation of 2000 Å of gold. The gold-
coated wafers were cut with a diamond-tipped stylus (∼1 �
3 cm), rinsed with absolute ethanol, and dried with a stream of
ultrapure nitrogen before collecting base ellipsometric constants
and then further use.
Preparation of SAMs. All glassware was previously cleaned

with piranha solution (7:3 H2SO4/H2O2). Caution: Piranha
solution reacts violently with organic materials and should be handled
carefully! The clean, gold-coated wafers were incubated in a
1 mM ethanolic solution of the respective thiol for at least 24 h,
followed by rinsing with absolute ethanol and drying with
ultrapure nitrogen.
Contact Angle Goniometry. The contacting liquids (water,

HD, and PFD) were dispensed onto the surface of the mono-
layers using a Matrix Technologies micro-Electrapette 25. Ad-
vancing contact angles were measured with a Ram�e-Hart model
100 contact angle goniometer with the pipet tip in contact with
the drop. Reported values for each SAM are the average of
measurements recorded from at least two different slides and
measuring three drops per slide. Measured contact angles were
reproducible to within (2� of the values reported. All contact
angle measurements were conducted at room temperature with
the pipet tip in contact with the drop.
Ellipsometric Thickness. The thicknesses of the SAMs were

measured with a Rudolph Research Auto EL III ellipsometer
equipped with a 632.8 nm He�Ne laser at an incident angle of
70�. A refractive index of 1.45 was assumed for all SAMs.25,76 The
reported values were reproducible to within (2 Å and were the
average of at least six measurements taken at different locations
on at least two different samples.

Figure 1. SAMs on gold derived from the adsorption of three classes of
terminally perfluorinated alkanethiols.
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Evaluation of Thermal Stability. The perfluorinated alka-
nethiol and n-alkanethiol SAMSwere heated in unstirred solutions

of either DC or PFD (5 mL) at 80 �C as a function of time,
followed by rinsing with absolute ethanol and drying with ultrapure
nitrogen. The samples were then immediately subjected to analysis
by ellipsometry and then contact angle goniometry. Using a
previously developed analytical method,25,55 relative ellipsometric
thicknesses were used to determine the fraction of SAM remaining
on the surface. Further, given that contact angle measurements can
be sensitive to the orientation, composition, and conformational
order of organic thin films,77 we collected advancing contact angle
data before and after the SAMs were subjected to thermal
treatment in each solvent. In particular, contact angles of hexade-
cane (HD) are particularly useful in monitoring subtle changes in
the structure or orientation of low energy surfaces.78,79

’RESULTS AND DISCUSSION

A. Characterization of Freshly Prepared SAMs. Ellipso-
metric Characterization. Series 1, F(CF2)x(CH2)11SH.We utilized
ellipsometry to determine the initial thicknesses of the SAMs
from Series 1 and to evaluate the bulk changes in film thickness as
a function of thermal treatment. Figure 2a shows the ellipso-
metric thicknesses of Series 1 SAMs, which are consistent with
those previously reported,80 indicating that these SAMs corre-
spond to uniform, densely packed monolayer films. The thick-
nesses increase linearly with an increase in the number of CF2
units (x). The slope in Figure 2a was calculated from the least-
squares linear regression line through the data points and
corresponds to the film thickness per CF2 unit (i.e., 1.2 Å per
CF2), which is in good agreement with a previous report.80

Although ellipsometry cannot directly detect the existence of
surface defects that can plausibly influence the desorption of
SAMs, both AFM images67 and resistance measurements70 of
SAMs on gold derived from several terminally fluorinated thiols
(including several of the adsorbates examined here) suggest that
the fluorinated SAMs possess no more defects than SAMs
derived for n-alkanethiols. Consequently, we can reasonably
assume that SAMs generated from Series 1, 2, and 3 adsorbates
all demonstrate similarly low defect densities.
Series 2, F(CF2)10(CH2)ySH. In Figure 2b, the ellipsometric

thicknesses of Series 2 SAMs show a linear relationship between
film thickness and an increase in the number of CH2 units (y) in
the hydrocarbon segment. The linear regression line through the
data points gives a slope of 1.2 Å per CH2 unit, which also agrees
with the previous study.80 In contrast, we note that ellipsometric
thickness measurements of n-alkanethiolate SAMs on gold have
found a slope of 1.5 Å per CH2 unit.

24,25 Given that a separate
study determined that the CH2 moieties of semifluorinated
SAMs are tilted more from the surface normal than those of n-
alkanethiol SAMs,69 the smaller slope observed here is likely due
to the greater tilt of the hydrocarbon segments in the Series
2 SAMs.
Series 3, F(CF2)x(CH2)ySH. Figure 2c shows the thicknesses of

the Series 3 SAMs as a function of the number of perfluorinated
carbon atoms. In this plot, the thicknesses show little variation
throughout the entire series, reflecting the constant total chain
length of 16 carbon atoms per adsorbate. Although the tilt angle
of the perfluorocarbon segment increases when the length of the
hydrocarbon segment is increased (which should plausibly
influence film thickness), ellipsometry is unable to detect these
predictably subtle differences in thickness.58,81

Contact Angle Characterization. Series 1, F(CF2)x(CH2)11SH.
Figure 3a shows thewettabilities of pristine Series 1 SAMsdetermined

Figure 2. Ellipsometric thicknesses of SAMs on gold generated from
(a) Series 1, (b) Series 2, and (c) Series 3.
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by advancing contact anglemeasurements (θa) using water, HD, and
PFD as contacting liquids. The advancing contact angles of water and

HD suggest that these films become increasingly hydrophobic and
oleophobic, respectively, as the number of perfluorinated carbon
atoms (x) increases. The increase in advancing contact angle with
increasing x for all three liquids is consistent with a corresponding
decrease in dispersive energy across the interface, which is plausibly
due to a decrease in the surface density of CF3 groups.64 The
enhanced increase in the advancing contact angles of water indicates
that these films might be sensitive to the presence of fluorocar-
bon�hydrocarbon (FC�HC) dipoles.64 As x increases from 1 to 6,
the contact angles increase due to decreased polar interactions
between water and the surface of the SAMs. As x increases, the
FC�HCdipole is buried deeper into the film structure, increasing its
distance from the polar contacting liquid, and thus decreasing the
mutually attractive forces. At x g 6, the FC�HC dipole becomes
sufficiently buried to the point that the dipoles are insensitive to the
polar water molecules; consequently, the contact angles plateau to
their maximum value.
Series 2, F(CF2)10(CH2)ySH. The molecular packing, structure,

wettability, and thermal stability in air of SAMs generated from
Series 2 maintaining a constant perfluorocarbon segment length
while varying the methylene spacer have been previously de-
scribed.58,67 The advancing contact angles of pristine Series 2
SAMs when using water, HD, and PFD as contacting liquids are
shown in Figure 3b. The average advancing contact angles of
Series 2 SAMs for water (θa

H2O = 120�) and HD (θa
HD = 80�)

suggest both highly hydrophobic and oleophobic surfaces,
respectively, consistent with films composed of high degrees
of terminal perfluorination.58 Large contact angles of HD arise
from the characteristically weak dispersive interactions between
fluorocarbons and hydrocarbons.82 The small increase in the
advancing contact angles of HD as the length of the methylene
spacer (y) increases, where y = 2 (θa

HD = 78�) and y = 11 (θaHD =
82�), might arise from a corresponding decrease in the distance-
dependent van der Waals interactions between the contacting
liquid and the underlying gold substrate.83 We note, however,
that no similar trend was observed when PFD was used as the
contacting liquid; for PFD, the values remained nearly constant
for all values of y.
Of the three contacting liquids, the advancing contact angles of

water on Series 2 SAMs show the greatest increase in contact
angle as the length of the methylene spacer (y) increases. As the
number of CH2 groups (y) increases from 2 to 11, the advancing
contact angle of water increases from 116� to 128�, suggesting
either that the interaction between the contacting liquid and the
gold surface is not entirely dispersive in nature or that the water
molecules intercalate more ready into the SAMs having shorter
methylene spacers.58,83

Series 3, F(CF2)x(CH2)ySH. Figure 3c shows the wettabilities of
the Series 3 SAMs using water, HD, and PFD as the contacting
liquids. For each liquid, as the number of perfluorinated carbon
atoms increases, there is an increase in the contact angle value.
Although dipole interactions cannot be entirely excluded in the
case of water,82 the observed trend suggests that the dispersive
interactions between the liquids and the SAMs decrease with
increasing degree of fluorination, which is analogous to the trend
observed for the Series 1 SAMs.64,84

B. Thermal Desorption Studies. Given that applications of
organic thin films might require their use at elevated tempera-
tures in solution environments, we compared the thermal
desorption of the terminally perfluorinated SAMs in both a
hydrocarbon (DC) and a perfluorocarbon (PFD) solvent. We
chose these two solvents on the basis of the dual composition of

Figure 3. Advancing contact angles of water (H2O), hexadecane (HD),
and perfluorodecalin (PFD) on SAMs on gold generated from (a) Series
1, (b) Series 2, and (c) Series 3.
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the SAMs and also on the fact that the bulkiness of these solvents
versus their straight-chain counterparts might prevent their
intercalation into the film assembly. In a previous study, we
incubated SAMs on gold generated from terminally perfluori-
nated alkanethiols F(CF2)10(CH2)xSH, where x = 2, 6, 11, 17,
33, in air for 1 h at various temperatures up to 180 �C.58 The data
showed that an increase in the length of the hydrocarbon
segment stabilized the films against thermal degradation. This
enhanced stability was attributed to a greater number of van der
Waals interactions per adsorbate as the length of the hydro-
carbon segment increased. Similarly, by maintaining a constant
hydrocarbon segment length while varying the perfluorocarbon
segment length, we observed an increase in thermal stability with
increasing perfluorocarbon length. Interestingly, the thermal
enhancement was greater per additional perfluoromethylene
than per additional methylene.
In the present study, we used ellipsometry and contact angle

measurements to monitor thermal desorption in solution to
provide amore complete picture of both chain length and solvent

effects on the stability of terminally perfluorinated SAMs on gold.
To this end, we evaluated the thermal stabilities of SAMs
generated from n-alkanethiols: H(CH2)nSH (CnSH), F(CF2)x-
(CH2)11SH (Series 1), F(CF2)10(CH2)ySH (Series 2), and
F(CF2)x(CH2)ySH (Series 3) by ex situ monitoring of their
desorption into both a hydrocarbon (DC) and a perfluorocarbon
(PFD) solvent. Desorption studies were performed by placing
SAM-coated wafers into either DC or PFD held at 80 �C for 90
min. The extent of desorption was monitored by examining the
changes in ellipsometric thickness85 and the advancing contact
angles of hexadecane.86

Ideally, our experiments would also include thermal desorp-
tion measurements of SAMs generated from semifluorinated
adsorbates terminated by a hydrocarbon segment (e.g., H-
(CH2)x(CF2)11SH, H(CH2)10(CF2)ySH, and H(CH2)x(CF2)y-
SH) to provide greater insight into the factors that enhance the
stability of semifluorinated films. Unfortunately, the synthesis of
such adsorbates has proven to be considerably more difficult
when compared with the synthesis of terminally perfluorinated
adsorbates.
SAMs from n-Alkanethiols, (CnSH). To provide a baseline

reference, we first measured the thermal stability of SAMs on
gold derived from n-alkanethiols, CnSH, where n = 10, 12, 14, 16,
18, 20, as a function of chain length under controlled conditions.
Figure 4a and b shows the fraction of SAM remaining on the
surface and the advancing contact angles of hexadecane (HD),
respectively, upon thermal treatment. At first glance, two con-
clusions can be drawn from the data in Figure 4a: (1) the CnSH
SAMs are significantly less stable in DC than in PFD and (2) the
stability increases slightly in both solvents with increasing chain
length. Because hexadecane contact angle measurements reflect
the conformational order of hydrocarbon SAMs,77�79 the ad-
vancing contact angle data in Figure 4b provide complementary
support for the ellipsometric observations. Specifically, the
advancing contact angles of CnSH SAMs heated in DC are
∼25�30� lower than the corresponding CnSH SAMs heated in
PFD, indicating a considerably greater degree of surface dis-
ordering for the former SAMs. In addition, a similar enhance-
ment in stability can be observed within the series as the chain
length increases.
The enhanced desorption of CnSH SAMs inDC vs PFDmight

be due to (1) enhanced intercalation of the relatively small DC
molecules into the film assemblies or (2) enhanced solvation of
CnSH by DC (or both). In general, the thermal stability of the
CnSH SAMs composed of longer methylene moieties display a
greater resistance to film degradation upon heating in both
solvents, which is consistent with the importance of interchain
van der Waals interactions in film stabilization.51

SAMs from Series 1, F(CF2)x(CH2)11SH. We examined the
influence of the length of the fluorocarbon segment on the
thermal stability of terminally perfluorinated SAMs having a
constant hydrocarbon spacer length. Figure 5a shows the thermal
desorption data of Series 1 SAMs heated at 80 �C for 90 min in
DC and PFD as a function of the length of the fluorocarbon
segment (x). Although analysis of the data in Figure 5a indicates
some degree of desorption upon heating in both solvents, it is
readily apparent that the SAMs desorbed to a much greater
extent in DC, particularly for those having short perfluorocarbon
segments. As a representative example of the Series 1 SAMs, 46%
of the SAM with x = 7 desorbed upon heating in DC for 90 min
compared with 12% desorption upon similar heating in PFD.
Further, although 90% ormore of the Series 1 SAMs having three

Figure 4. Heating of n-alkanethiol SAMs, CnSH, in decalin (DC) and
perfluorodecalin (PFD) at 80 �C for 90 min followed by the collection
of (a) ellipsometric thicknesses and (b) advancing contact angles of
hexadecane.
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or fewer perfluorinated carbon atoms desorbed upon heating in
DC, those heated in PFD showed only modest desorption
(<25%).
The thermal stabilities of the Series 1 SAMs were also assessed

by monitoring changes in the advancing contact angles of HD.
Figure 5b shows that the HD contact angles decreased system-
atically in DC and PFD as the length of the perfluorocarbon
segment decreased, which is consistent with a decrease in order/
packing. In addition, Figure 5b further supports the trend
observed by ellipsometry in which desorption in DC is greater
than that in PFD. Importantly, SAMs with xg 8 appeared to be
quite robust in both DC and PFD at elevated temperatures.
SAMs from Series 2, F(CF2)10(CH2)ySH. With this series, we

examined the influence of the length of the methylene spacer on
the thermal stability of terminally perfluorinated SAMs having a
constant fluorocarbon segment length. Analysis of the thermal
desorption data in Figure 6a reveals that, again, the SAMs
desorbed more readily in DC than in PFD. However, the
differences between desorption in DC vs that in PFD were

significantly reduced compared with those found with the Series
1 SAMs. Further, although Series 2 SAMs where y = 11 showed
substantial resistance to desorption in both DC and PFD, this
resistance fell dramatically for ye 6, particularly for desorptions
performed in DC. For example, where y = 2, 75% of the SAM
remained upon heating in PFD, but only 57% remained upon
heating in DC.
The advancing contact angles of HD on Series 2 SAMs were

also measured to evaluate the effects of thermal treatment.
Figure 6b shows that upon heating in both solvents, the SAMs
became more wettable with decreasing length of the methylene
spacer; this trend was enhanced in DC compared with PFD. For
example, we measured a θa

HD of 73� for y = 6 and a θaHD of 55� for
y = 2 after heating in DC. In contrast, we measured a θa

HD of 77�
for y = 6 and a θa

HD of 64� for y = 2 after heating in PFD. These
data indicate a loss of film order, a greater desorption in DC
compared with PFD, or both. Furthermore, the thermal degrada-
tion of the SAMs in both solvents decreases with increasing
length of the methylene spacer. Taken as a whole, however, the

Figure 5. Heating of Series 1 SAMs, F(CF2)x(CH2)11SH, where x =
1�10, in decalin (DC) and perfluorodecalin (PFD) at 80 �C for 90 min,
followed by the collection of (a) ellipsometric thicknesses and (b)
advancing contact angles of hexadecane.

Figure 6. Heating of Series 2 SAMs, F(CF2)10(CH2)ySH, where y =
2�6 and 11, in decalin (DC) and perfluorodecalin (PFD) at 80 �C for
90 min, followed by the collection of (a) ellipsometric thicknesses and
(b) advancing contact angles of hexadecane.
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data from both Series 1 and 2 support the conclusion that the
thermal stability/degradation of terminally perfluorinated SAMs
depends more strongly on the length of the fluorocarbon
segment than on the length of the methylene spacer.51

SAMs from Series 3, F(CF2)x(CH2)ySH. In the two preceding
series, we probed the effects of (1) varying the length of
perfluorocarbon segment while holding the methylene spacer
length constant and (2) varying the length of the methylene
spacer while holding the perfluorocarbon segment length con-
stant. To probe deeper, we generated SAMs from Series 3, in
which both the length of the hydrocarbon and fluorocarbon
segments were systematically varied while holding the total chain
length constant at 16 carbon atoms. The data in Figure 7a show
that the Series 3 SAMs are more resistant to desorption in PFD
than in DC. Although the total chain length of these SAMs is
constant, a clear distinction exists between the most highly
fluorinated adsorbates (e.g., F10H6) and those having few
perfluorinated carbon atoms (e.g., F1H15): the former are more
resistant to desorption than the latter. In PFD, this difference is

relatively small (4% desorption vs 22% desorption, respectively);
in DC, however, the difference is markedly greater (6% desorp-
tion vs 98% desorption, respectively). On the basis of the general
trend in both solvents that the more highly fluorinated SAMs are
more resistant to desorption than those with less fluorination, we
can conclude (as above) that the thermal stability/degradation of
terminally perfluorinated SAMs is more strongly influenced by
the length of the perfluorocarbon segment than the length of the
methylene spacer.
We also measured the advancing contact angles of hexadecane

on the thermally treated Series 3 SAMs. Figure 7b shows that
there were systematic decreases in the value of θa

HD as a function
of decreasing perfluorination; further, the decreases were ampli-
fied upon heating in DC vs PFD. These trends mirror the data
from the ellipsometric measurements described in the preced-
ing paragraph and thereby augment the conclusions presented
therein.
Desorption Kinetics of Terminally Perfluorinated SAMs on

Gold. For each of the SAMs, we examined the fraction of SAM
remaining as a function of time upon heating at 80 �C in DC and
PFD (Figures 8�9,10). All of the desorption profiles exhibit two
common features: (1) a fast initial desorption regime followed by
a slower or nondesorbing regime and (2) the fraction of SAM

Figure 7. Heating of Series 3 SAMs, F(CF2)x(CH2)ySH, where x =
1�10 and y = 16 � x, in decalin (DC) and perfluorodecalin (PFD)
at 80 �C for 90 min, followed by the collection of (a) ellipsometric
thicknesses and (b) advancing contact angles of hexadecane.

Figure 8. Fraction of Series 1 SAM remaining as a function of time after
heating in (a) DC and (b) PFD at 80 �C.
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remaining on the surface was greater at a given time for longer
fluorocarbon and hydrocarbon segments. The presence of two
distinct desorption regimes has been noted in previous studies
of the desorption of SAMs on gold.52,85,87 A two-site model of
desorption was proposed to rationalize the observed two
regimes.85 Desorption of thiols from gold occurs rapidly at sites
where thiols are weakly bound (site 1); little or no desorption
occurs on sites where thiols are strongly bound (site 2). In the
fast-desorbing regime (site 1), the structural features of the
adsorbates might directly influence the rates of desorption. On
the other hand, in the slow-desorbing regime, the thiols adsorbed
to site 2 can either directly desorb from site 2 or diffuse to site 1
before desorbing from the surface, where the rate of diffusion of
the thiolate species might also be strongly influenced by the
structural features of the adsorbates.
To determine the relative rates of desorption for the adsor-

bates, we chose to examine the initial desorption profiles in the
fast desorbing regime. In our analysis, we determined the initial
rate constants (k) for desorption in the fast regime at 80 �C by
means of first-order kinetics according to eq 1:

Tt � T∞ð Þ= T0 � T∞ð Þ ¼ e�kt ð1Þ

where T0 is the initial thickness of the SAM, Tt is the thickness of
the SAM at time t, and T∞ is the thickness of the slow/
nondesorbing fraction of the SAM.83

Tables 1�4 give the initial rate constants for desorption in the
fast desorbing regime in DC and PFD at 80 �C for SAMs derived
from n-alkanethiols (CnSH) and from each of the terminally
perfluorinated akanethiols shown in Figure 1. The rate constants
in Table 1 are consistent with those reported previously for the
desorption in DC of SAMs on gold derived from n-alkanethiols
(CnSH).

52 As a whole, the rate constants for the CnSH SAMs are
larger in DC than in PFD; moreover, they decrease as the length
of the hydrocarbon chain increases in DC, but are relatively
constant for all chain lengths in PFD. When the hydrocarbon
chain becomes sufficiently long (n g 18), the rate constants in

Figure 9. Fraction of Series 2 SAM remaining as a function of time after
heating in (a) DC and (b) PFD at 80 �C.

Figure 10. Fraction of Series 3 SAM remaining as a function of time
after heating in (a) DC and (b) PFD at 80 �C.

Table 1. First-Order Rate Constants for the Desorption of
n-Alkanethiol SAMs (CnSH) in the Fast-Desorbing Regime
at 80 �C in Decalin (DC) and Perfluorodecalin (PFD)

k � 10�3 (s�1) n = 10 12 14 16 18 20

k (DC) 3.0 3.0 2.9 2.7 2.4 2.3

k (PFD) 2.4 2.4 2.3 2.2 2.4 2.3
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DC begin to match those in PFD, suggesting that the rate-
determining step for desorption becomes the same at long chain
lengths for the two solvent systems.
For the Series 1 SAMs (Table 2 and Figure 8), the initial rate

constants generally decrease as the length of the perfluorocarbon
segment increases in bothDCandPFD.Moreover, the SAMs desorb
more readily in DC than in PFD, particularly for the adsorbates
having short perfluorocarbon segments. The kinetics data from the
Series 2 SAMs (Table 3 and Figure 9) can be interpreted to indicate
that the stability afforded to the terminally perfluorinated SAMs
derives largely from the long perfluorocarbon segment (F10) with
only a minimal increase in stability afforded by lengthening the
methylene spacer.When examining the absolute difference in the rate
constants from the shortest (y= 2) to the longest (y= 11) methylene
segment in both DC and PFD, only small differences exist compared
with those derived from the Series 1 SAMs, for which the differences
are considerably larger for the shortest (x= 2) vs the longest (x= 10)
perfluorocarbon segment.
The desorption kinetics for the Series 3 SAMs are shown in

Table 4 and Figure 10. The initial rates of desorption decrease in
DC (and perhaps PFD) as the length of the perfluorocarbon
segment increases and the length of the methylene spacer
decreases. Furthermore, the rates of desorption in DC vs those
in PFD appear to follow no obvious trend.
To determine whether desorbed molecules in solution influ-

ence the desorption kinetics of the monolayers, we examined the
fraction of a C18SH SAM remaining as a function of time upon
consecutively immersing the monolayer in three fresh portions of
DC at 80 �C (Figure 11). Themonolayer was immersed into fresh
portions of DC at the beginning, 10 min after heating, and 30 min
after heating. The thickness of the monolayer was moni-
tored and compared with another C18SH SAM that was immersed
in only one portion ofDC at 80 �C. As shown in Figure 11, the two
desorption profiles are almost identical, indicating that desorbed
molecules have no influence on the desorption kinetics.

When broadly considering the results obtained from our thermal
desorption experiments, we can conclude that the thermal sta-
bility of Series 1 SAMs increases with increasing length of the
perfluorocarbon chain when heated in contact with both DC and
PFD. Moreover, the fastest desorption and greatest loss of
packing/order occurred with adsorbates composed of shorter
perfluorocarbon segments in DC. Overall, long perfluorocarbon
segments give rise to enhanced stability in both DC and PFD at
elevated temperature.
On the whole, the Series 2 SAMs exhibited greater resistance

to thermal desorption in both DC and PFD than did the Series 1
SAMs. This trend reflects the greater stabilizing ability, with
regard to thermal desorption, of incorporating high degrees of
terminal perfluorination into film assemblies. Collectively, the
data further suggest that the Series 2 SAMs are less thermally
stable in DC than in PFD, perhaps due to ready penetration of
the smaller and less oleophobic DC molecules into the film
assembly.

Table 2. First-Order Rate Constants for the Desorption of
Series 1 SAMs (FxH11SH) in the Fast-Desorbing Regime at
80 �C in Decalin (DC) and Perfluorodecalin (PFD)

k � 10�3 (s�1) x = 1 2 3 4 5 6 7 8 9 10

k (DC) 2.5 2.4 2.6 2.5 2.2 1.8 1.8 1.8 1.5 1.4

k (PFD) 1.9 1.5 1.5 1.7 1.9 1.8 1.8 1.6 1.4 1.2

Table 3. First-Order Rate Constants for the Desorption of
Series 2 SAMs (F10HySH) in the Fast-Desorbing Regime at
80 �C in Decalin (DC) and Perfluorodecalin (PFD)

k � 10�3 (s�1) y = 2 3 4 5 6 11

k (DC) 1.8 1.7 1.4 1.3 1.5 1.4

k (PFD) 1.4 1.5 1.6 1.4 1.2 1.1

Table 4. First-Order Rate Constants for the Desorption of
Series 3 SAMs (FxH16�xSH) in the Fast-Desorbing Regime at
80 �C in Decalin (DC) and Perfluorodecalin (PFD)

k � 10�3 (s�1) x = 1 2 3 4 5 6 7 8 9 10

k (DC) 2.7 2.5 2.4 2.0 1.8 1.5 1.4 1.5 1.6 1.6

k (PFD) 2.0 2.0 2.0 2.1 1.9 1.9 1.8 1.8 1.8 1.2

Figure 11. Fraction of C18SH SAM remaining as a function of time after
heating at 80 �C in (a) DC and in (b) fresh portions of DC at t = 0, 10,
and 30 min.
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With the Series 3 SAMs, we chose to maintain a constant
carbon chain length and vary the length of the perfluorocarbon
and hydrocarbon segments dependently. In this system, we
wished to determine which portion of the fluorinated film
(hydrocarbon vs fluorocarbon) imparted greater stability toward
thermal desorption. An increase in fluorocarbon length meant a
consequent decrease in the methylene spacer, allowing for direct
observation of stability effects based on either the perfluorocar-
bon or hydrocarbon segment. In general, the thermal stability
showed greater dependence on the length of the perfluorocarbon
segment, although the SAMs having longer methylene segments
also exhibited enhanced stability. Further, SAMs exposed to
heated solutions of PFD displayed increased resistance to
desorption compared with those heated in DC.
As a whole, the experiments reported here reveal two sig-

nificant trends. First, all of the SAMs desorb more readily in DC
than in PFD. Second, the length of the perfluorocarbon segment
has a greater impact on stability than the length of the hydro-
carbon segment. The first trend can perhaps be rationalized by
solvent intercalation. We note that PFD is substantially larger
than DC by ∼54%, on the basis of their relative molar volumes;
this calculation is based on the estimated relative molar volumes
of PFD, 237.5 mL/mol, and DC, 154.2 mL/mol.88 In this regard,
DCmolecules can conceivably intercalate more readily than PFD
into the films at elevated temperatures, solubilizing their tail
groups and enhancing their desorption. If this interpretation is
valid, then the intercalation effect for the perfluorinated films
at elevated temperatures must be sufficient to overcome the well-
known poor solubility of perfluorocarbons in hydrocarbon
solvents.89

Regarding the second trend, the enhanced stability afforded
predominantly by the perfluorocarbon segment can be rationalized
on the basis of stronger solid-state fluorocarbon�fluorocarbon
interactions than hydrocarbon�hydrocarbon interactions.90 Given
that the terminally fluorinated SAMs and the hydrocarbon SAMs
reported here are all crystalline in nature,69,81,91�100 their solid-state
thermal stability can be evaluated with respect to themelting points
of n-perfluoroalkanes, semifluorinated n-alkanes (F(CF2)x(CH2)y-
H), and n-alkanes.90,101�104 It is known that n-perfluoroalkanes
melt at higher temperatures than the corresponding semifluori-
nated n-alkanes, F(CF2)x(CH2)yH, which melt at higher tempera-
tures than the corresponding n-alkanes.90 Given these data and
assuming that the initial steps of the thermal degradation of SAMs
can be viewed as a “melting” of the crystalline chains to form
liquidlike films, SAMs with a longer perfluorocarbon moiety would
be expected to “melt” or disorder at a higher temperature than
SAMs with a shorter perfluorocarbon moiety. Although the cor-
relation between this type of “melting” transition and film degrada-
tion is complicated by uncertainties involving the products and
mechanism of the decomposition of SAMs on gold,29,77,105 it might
be plausible to view the “melting” transition as a prelude to film
degradation.
In addition, given that perfluorocarbon segments have a helical

van der Waals diameter of 5.8 Å and hydrocarbon segments
have a trans-extended van der Waals diameter of 4.2 Å,65,67 one
might assume that the hydrocarbon segments in semifluorinated
SAMs experience reduced van der Waals interactions due to
the greater separation of the chains as a result of the bulkier
terminal fluorocarbon segment. However, previous studies have
found that the CH2 moieties in these terminally perfluorinated
SAMs are more tilted from the surface normal than those in
n-alkanethiol SAMs.69 Consequently, although it is true that the

sulfur headgroups are further apart in F-SAMs than in H-SAMs,
the CH2 groups in both types of SAMs maintain intimate van der
Waals contact. Overall, these studies indicate that the thermal
stability of terminally perfluorinated SAMs on gold can be en-
hanced by increasing the lengths of the hydrocarbon, particularly
the perfluorocarbon segments.

’CONCLUSIONS

We generated SAMs on gold from three series of terminally
perfluorinated alkanethiols; (1) Series 1, F(CF2)x(CH2)11SH,
where x = 1�10; (2) Series 2, F(CF2)10(CH2)ySH, where y =
2�6, 11; and (3) Series 3, F(CF2)x(CH2)ySH where x = 1�10
and y = 16 � x. The resulting films were characterized using
ellipsometry and contact angle goniometry to measure initial film
thicknesses and advancing contact angles. Measured ellipso-
metric thicknesses from Series 1, 2, and 3 SAMs indicate the
formation of films composed of single layer thicknesses. Initial
average advancing contact angles of water (θa = ∼120�; H2O)
and hexadecane (θa = ∼80�; HD) further suggest that all three
series of PFA SAMs are highly hydrophobic and oleophobic,
respectively, consistent with a surface primarily composed of
densely packed CF3-terminated groups.92 SAMs derived from n-
alkanethiols (CnSH) were also prepared as baseline standards to
evaluate the thermal stability of the terminally perfluorinated
SAMs. The results presented here suggest that both terminally
perfluorinated and hydrocarbon SAMs are less thermally stable
in DC than in PFD, perhaps due to ready penetration of the
smaller DC molecules into the film assembly. Moreover, the
stabilities of terminally perfluorinated SAMs can be enhanced by
increasing either the length of the CF2 or CH2 segments, with the
most influential parameter being the length of the CF2 segments.
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