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We report the preparation and characterization of self-assembled monolayers (SAMs) derived from the
adsorption of partially fluorinated hexadecanethiols {CF,),-1(CH2)mSH; n = 2, 4, 6, and 8n + m= 16)

onto the surface of gold. The quality of the SAMs, as measured by electrochemical impedance spectroscopy,
was found to be sensitive to the solvent used as SAMs prepared in dichloromethane exhibited higher resistances
and lower capacitances than those prepared in liquig T extent of fluorination was observed to influence

the wettability, structure, and capacitance of the films without significantly affecting their charge-transfer
resistance or their stability against exchange by a competing adsorbate. Reflectance-absorption infrared spectra
showed that the fluorocarbon chains were oriented more normal to the surfate-f81but more parallel to

the surface fon = 2. Advancing contact angles of hexadecane increased sharply with fluorinatiom from

0 to 4 but slightly with additional fluorination, suggesting that hexadecane is insensitive,tgrétips that

are buried by>4 fluorinated carbon atoms. We also were able to model the dielectric properties of these
partially fluorinated SAMs as two capacitors in series: one due to the outer fluorocarbon region and one due
to the inner hydrocarbon region. The dielectric constants of the fluorocarbon and hydrocarbon regions of
these SAMs were quantified asl.7 and~2.3, respectively, and were comparable to the values for the pure
polymer counterparts.

Introduction methods. Barbour and Lenn$X” used impedance spectroscopy
in the absence of redox active species to show that SAMs
prepared on gold from GECF,)7(CH,),SH act as ionic insula-
tors but exhibit capacitances that are a bit higher than those of
SAMs prepared from normal alkanethiols of similar thicknEss.
An important advantage of the @EF)7(CH,),SH SAMs
compared to SAMs terminated withCH3, —OH, and—CO,H
groups is their enhanced stability against ion/water penetration
when biased to negative potentidisThese studies, however,

Self-assembled monolayers (SAMs) prepared from the chemi-
sorption of alkanethiol derivatives from solution onto a variety
of metal surfacéshave been used to create protective barrier
films2=6 and to alter surface properties that influence wett-
ability,”~19 biological adsorptiod} and friction!? The use of
alkanethiol derivatives is particularly advantageous in these
applications because of the inherent synthetic flexibility in

preparing thiol adsorbates having various terminal groups, which did not address the influence of fluorocarbon chain length on

allows systematic investigations of the fundamental relatlonshlpsthe electrochemical properties of the SAMs nor did they use

between surface structure/composition and the corresponding . 8 . .
interfacial properties? other analytical techniques to probe the properties of the films.

Until recently, SAMs used for barrier films had been primarily mfﬂiﬁg“;gf; Egg ;ﬁghcnoo-lv(\)/glr(liilrslrgg\?étggiiloOfegusorr:?ﬁéig
prepared from methyl-terminatedalkanethiols, because of their Yers, P Y

commercial availability and the low-energy, hydrophobic sur- strategies to prepare alkanethiols having varying degrees of

i ion 22 i -
faces that these hydrocarbon adsorbates gereffaéonethe- :lel:son(?r?(;li?]n. ;:Zﬁe fﬁé?i?\ gt:(ivseAi/llzotghsirj?th?rr]Ze:ffg::?scgfr
less, SAMs prepared from partially fluorinated thiols are known P gp y y

1 i ilinAS.23 fricti 12 mi 0,24-26
o e prmeabe o scueous e fuorocarboresed 0817, eI Zlreton) sttt L
films, in general, are known to offer advantages over hydro- : P g

carbon coatings in terms of rigidity, oleophobicity, and thermal the fact that increasing the length of the hydrocarbon chain on

stability 1015 These advantages have spurred several recent® terminally fluorinated alkanethiol (GFEF)1dCHz)mSH)

studies on the barrier properties of partially fluorinated alkane- improves the thermal stability of the resulting monolayer and

thiols on gold®-18 and silvet® surfaces using electrochemical increases its oleqphobiciﬁ?. Their work indicates that the
properties of the film can be tailored by simply changing the
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jenningk@vuse.vanderbilt.edu. Fax: 615-343-7951. (R.D.W.) E-mail: chemical nature of its terminal group. Lee and co-workers were
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trle’fe\%ll;rr]{g\?;'Universit properties of SAMs can be substantially altered by adding just
* University of Houstydn. one —CF; group to the end of am-alkanethiol:21523 These
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rocarbon terminal group, which has a larger cross section thann + m = 16 andn = 2, 4, 6, or 8] were prepared using the
a polymethylene chain, influences the properties of a molecular materials and procedures described by Lee and co-wofkers;

film.

Naud et al® have examined the effect of fluorination on
the capacitance of SAMs on gold prepared from
CR(CR)n-1(CH2)mSH (n = 4, 6, 8, and 10m = 2 and 11).

the nonfluorinated hexadecanethiol [&BH,):sSH denoted as
C16SH] was purchased from Aldrich. High purity isooctane,
ethanol, dichloromethane, hexadecane, and 2,2,2-triflouroethanol
were used as received from Aldrich. Potassium ferricyanide (K

Through the sole use of capacitance measurements by cyclicFe(CN)) and potassium ferrocyanide trihydrate,f€(CN)-
voltammetry in the absence of redox probes, they have 3H,0) were used as received from Aldrich. Grade-5,(80C

postulated that short fluorinated chaims= 4) are unable to

Gases) was also used as received. Deionized water (1) M

organize along the surface normal, independent of the lengthwas purified with a Modu-Pure system.

of the polymethylene tether, whereas longer fluorinated chains

Sample Preparation. Chromium (100 A) and gold (1500

(n =8 and 10) do indeed organize along the surface normal. In &y yere evaporated sequentially in a diffusion-pumped chamber

general, the SAMs prepared by Naud et®dbehaved as ideal

(operating pressure of 4 1076 Torr) onto silicon (100) wafers.

capacitors, and they used measured capacitance values ¢, saMs formed in organic solvents, evaporated gold sub-

estimate the thickness of the SAMSs.

strates were immersed into solutions containing 0.2 mM of a

In the work described here, we have combined electrochemi-thim in the solvent at 25C and 1 bar for a fixed time. Once

cal impedance spectroscopy (EIS), contact angle goniometry,
and reflectance-absorption infrared spectroscopy (RAIRS) to

correlate the effects of fluorination on the structure, wettability,
and barrier properties of partially fluorinated SAMs. We also

examine the influence of solvent on the preparation of these
SAMs and their tendency to exchange when exposed to different

solvents containing a competing thiol. The motivation behind
this work is to determine how solvent and fluorination can be

selected to enable the preparation of high-quality partially

removed, substrates were rinsed with the pure solvent and dried
in air. Exchange experiments were performed by first exposing
the gold substrates to a 0.2 mM dichloromethane solution of
the partially fluorinated thiol for 48 h. The substrates were
removed, rinsed with pure dichloromethane, dried wighahd

then exposedota 1 mMsolution of GeSH in either ethanol,
2,2,2-trifluoroethanol, isooctane, or liquid G&r 24 h.

SAM Formation in CO,. SAMs generated in COwere

fluorinated barrier films with tailored properties. To this end, Prepared without stirring in a 10-mL vessel. In a typical
we have used hexadecanethiols with systematically varying €XPeriment, a gold substrate (ca. 3 enl cm) was rinsed with

degrees of fluorination (CKICH,),sSH and CE(CF,)n-1(CH)mSH,
denoted as FnHMSH, with+ m = 16) to maintain a constant

methylene chloride, dried in air, and placed in the reactor. A
small amount of thiol was placed in the vessel before the vessel

chain length of the adsorbate while incrementally increasing Was sealed to produce a 0.2 mM solution when the system was
the length of the fluorocarbon chain. Specifically, the four Pressurized. Once sealed, low-pressure @@ briefly flushed
partially fluorinated alkanethiols that we investigate here are through the vessel, and then an Isco 260D syringe pump was

F2H14SH, F4H12SH, F6H10SH, and F8BH8SH.

used to pressurize the reactor with £8ressurization occurred

In addition to using dichloromethane, we have also chosen In less than 20 s. After a fixed time of exposure, the pressure

to explore the use of liquid COfor the formation of SAMs
with varying degrees of fluorination. Adding fluorinated func-

of the system was lowered slowly to ensure that the thiol would
not precipitate from solution and produce a physisorbed film

tional groups to Compounds tends to greaﬂy increase their 0N the surface of the mOﬂO'ayer. To further diSCOUrage thiol

solubility in CO,,27-31 and therefore, we would expect G®@
have a profound influence on the preparation of SAMs from

precipitation, approximately 60 g of pure g@as flushed
through the reactor during the lowering of the pressure. The

partially fluorinated adsorbates. Furthermore, we have previously depressurization process was only a small fraction of the

shown that liquid and supercritical GO@an be used to prepare
hydrocarbom-alkanethiolate SAMs on gold surfaces that have

experimental time and considered to be insignificant. Once
removed from the reactor, the substrate was rinsed with

greater packing densities, fewer defects, and superior electro-dichloromethane and dried in air.

chemical blocking capabilities than films formed from solvents
such as ethanol exhibitéd We were also able to control the
properties of the films simply by using binary mixtures of
organic solvents with CE?3

In a recent related study, Efimenko eBaémployed partially

Reflectance-Absorption Infrared Spectroscopy (RAIRS).
IR spectra were obtained in single-reflection mode with a Bio-
Rad Excalibur infrared spectrometer containing a universal
reflectance attachment. The p-polarized light was incident at
80° from the surface normal. The reflected light was detected

fluorinated and hydrocarbon chlorosilane precursors to producewith a narrow-band MCT detector cooled with liquid nitrogen.

SAMs on silica surfaces using liquid G@s solvent. They found

Spectral resolution was 2 crh after triangular apodization.

that the hydrocarbon chlorosilane adsorbates formed an orderedspectra were referenced to those of SAMs prepared on gold

film much more rapidly than the partially fluorinated adsorbates

from octadecanethials;, and 1000 scans of both sample and

did. The authors attributed these changes to the favorablereference were collected.

interactions of CQ with the partially fluorinated adsorbates.
Here, we propose to gain additional insight into the role 0 CO
in the preparation and properties of SAMs from partially
fluorinated alkanethiols.

Experimental Section

Materials. Gold shot (99.99%) and silicon(100) wafers were
obtained from J&J Materials (Neptune City, NJ) and Montco
Silicon (Royersford, PA), respectively. Chromium-coated tung-
sten rods were obtained from R. D. Mathis (Long Beach, CA).
Partially fluorinated alkanethiols [GECF,)n-1(CH)»SH with

Electrochemical Impedance SpectroscopyElectrochemical
impedance measurements of SAM-coated gold samples were
performed with a CMS300 electrochemical impedance system
(Gamry Instruments) interfaced to a personal computer. A glass
cell equipped with a gold-coated silicon counter electrode and
a Ag/AgCl/saturated KCI reference electrode contained an
aqueous solution of 0.1 M N8Oy, 1 mM KsFe(CN}, and 1
mM K4Fe(CN)}-3H,O. The measurements were conducted at
the open circuit potential wita 5 mV acperturbation that was
controlled between 50 mHz and 20 kHz. Film resistance and
capacitance values were determined by fitting the EIS data with
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Figure 1. Impedance data in the form of Bode magnitude plots
obtained after exposure of gold to F8H8SH (0.2 mM) in (aChklor

(b) liquid CGQ; for different times. The impedance data were obtained
in an aqueous solution containing 0.1 MJS&4, 1 mM KsFe(CN),
and 1 mM KFe(CN}.

an equivalent circuttthat consists of a solution resistance in

Weinstein et al.

formation32 The electrochemical impedance spectra in Figure

1 are in the form of a Bode magnitude plot, which is atdag

plot of impedance moduluZgo.g versus frequency. At high
frequencies, the impedance spectra are dominated by solution
resistance. At moderate frequencies, the impedance spectra
exhibit linear behavior with a slope that approacheg,
consistent with a capacitive response in which the impedance
modulus varies as 1/f2ZC), wheref is frequency andC is
capacitance. At lower frequencies, the impedance modulus is
nearly independent of frequency and approximates the resistance
of the SAM against the diffusion of soluble redox probes, which
were K;Fe(CN) and KsFe(CNY.

In Figure 1a, the impedance data indicate that the resistance
of the SAMs prepared from F8H8SH in GEl, increases with
adsorption time. In fact, the resistance for the SAM formed for
48 h is sufficiently high that it is not observed (no leveling off
at low f) on the Bode plot but can be estimated on a Nyquist
plot (not shown). Based on fits of these data to a Randles
model?® we have estimated the resistance of these films as 0.02,
0.2, and 3 M2 cn? after exposures of 0.5, 4, and 48 h,
respectively. This increase of resistance with time is consistent
with the gradual filling in and quenching of ion conducting
defects within the SAM as the chains in the film approach an
equilibrium structure. Further increases in adsorption time00
h) exhibited no additional improvement (data not shown) over
that for SAMs formed for 48 h. The capacitance of these films
decreases with adsorption time: 1.8B/cn? for 0.5 h, 1.30
uFlcr? for 4 h, and 0.90uF/cn? for 48 h. This trend is
consistent with the evolution to a lower dielectric barrier film
that more effectively excludes water.

SAMs formed from F8H8SH in liquid COalso show
increased resistance and decreased capacitance with adsorption
time; however, the quality of the SAMs formed in €&
significantly lower than those prepared in B, at identical
exposure times. This observation is highlighted by uniformly
lower resistances (502 cn? for 0.5 h, 2x 10* Q cn¥ for 4
h, and 5x 10* Q cn? for 48 h) and uniformly higher
capacitances (4.94F/cn¥ for 0.5 h, 1.50uF/cn? for 4 h, and
1.44 uF/cn? for 48 h) for SAMs prepared in COwhen
compared to those for SAMs formed in @El; (vide supra). A

series with a parallel combination of interfacial capacitance and ( 5 _p, exposure to F8H8SH in G@roduced an especially low
charge-transfer resistance using software provided by Gamry'impedance with a Warburg component at lowest frequencies,

For poorly blocking monolayers, the equivalent circuit was

modified to contain a Warburg component in series with the
charge-transfer resistance, both of which are in parallel with an

interfacial capacitance terpa:36

Wetting Measurements. Advancing contact angles were
measured on static drops of hexadecane with a ‘Rdare
manual goniometer. Hexadecane was advanced at /s prior
to measurement via an attached syringe supplied by Réane

The syringe tip remained submerged in the drop during the

measurement. For a given sample, both sides®jL drops
were measured at two separate locations.

Results and Discussion

Influence of Solvent and Adsorption Time on the Proper-

indicating a film with an unusually high density of defects. The
advancing contact angle of hexadecane on this film was 79
measurably lower than that of 8®r a well-formed SAM from
F8H8SH, suggesting an incomplete film after the 0.5 h exposure.
The inferior quality of the films adsorbed from GQs
consistent with the enhanced solvation of fluorocarbons in liquid
CO,, which can plausibly inhibit the crystallization of the
fluorocarbon chains into a densely packed SAM. Dannenberger
et al®” have shown that solvents that interact more strongly with
alkanethiols exhibit diminished rates of SAM formation. For
the specific case of fluorocarbon adsorbates i, Eimenko
et al®* used near-edge X-ray absorption fine structure (NEX-
AFS) and contact angles to show that partially fluorinated
trichlorosilanes are slower to order when formed in,@@rsus

ties of the Films.To assess the effects of solvent and adsorption less solvating organic solvents. It appears from the results

time on the barrier properties of partially fluorinated SAMs,

described herein and those of Efimenko et‘ahat CQ is a

we examined the impedance spectra of SAMs formed from poor choice of solvent for the preparation of partially fluorinated

F8H8SH, the most highly fluorinated alkanethiol in this study,
using both dichloromethane (2& and 1 bar) (Figure 1a) and
liquid CO, (25 °C and 103 bar) (Figure 1b) as solvents for

monolayer films because this solvent exhibits such a high
affinity for fluorocarbon adsorbates. Nonetheless, we have
previously shown that liquid and supercritical €@re good

exposure times of 0.5, 4.0, and 48 h. We have previously shownsolvent choices for the preparation of highly blocking SAMs
that pressure alone does not affect the properties or rate of SAMfrom hydrocarbon adsorbaté’.
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Figure 3. Influence of fluorocarbon chain length)(on the advancing
n=2 contact angle of hexadecane for SAMs prepared by exposure of gold
. to 0.2 mM FnH(16r)SH in CHCI, for 48 h. When no error bar is

3000 2950 2900 2850 2800 visible, the error is approximated by the size of the symbol.
Wavenumber (cm ™) fluorination. This trend, which is consistent with those observed
for related partially fluorinated SAMs on gold38reflects the
(b) complex interplay between hydrocarbon packing forces, fluo-
rocarbon packing forces, and the preferred stifyold bonding
geometriegs The first and second axial bandsS[?) at
~1300-1330 and~1370 cnt! are of particular interest in
characterizing the helical structure of fluorocarbons. As shown

n=6 in Figure 2b, the position of these axial bands increases in
wavenumber as the chain is increasingly fluorinated. Colorado
et al3 have correlated these changing band positions to the

length of the fluorocarbon helix. Therefore, the wavenumbers
n=4 can be used to provide information reflecting the thickness of

Absorbance

the fluorocarbon layer.
We measured the contact angle of hexadecane to qualitatively
! N assess the surface composition and structure of these partially
1400 1350 1300 1250 1200 fluorinated SAMs. Although the contact angles of water on
Wavenumber (cm ) fluorocarbon and hydrocarbon surfaces are similar in magnitude,
Figure 2. Reflectance-absorption infrared spectra of the (aHcnd the hexadecane contact angles are widely dlﬁerent on.these
(b) C—F stretching regions for SAMs prepared by exposure of gold to Surfaces and are therefore useful to evaluate partially fluorinated
0.2 mM FnH(16R)SH in CHCI, for 48 h. The spectra have been offset monolayers that contain both hydrocarbon and fluorocarbon
vertically for clarity. segments. An example of the distinct differences is shown in
Figure 3, where the advancing contact angle of hexadecane on
Influence of the Degree of Fluorination on the Properties a methyl-terminated GS—Au surface (taken to ba = 0 in
of Partially Fluorinated SAMs. We have used reflectance-  Figure 3) is 52, whereas that on SAMs prepared from partially
absorption infrared spectroscopy (RAIRS) to examine the fjyorinated thiols ranges from 74 to 83lepending on the degree
structure of partially fluorinated SAMs. Figure 2 shows thekC  of fluorination. The observed increase in contact angle with
and C-F stretching regions of infrared spectra for SAMs formed  jncreasing fluorination is consistent with the IR analysis above,
after 48 h exposure to 0.2 mM solutions of F2H14SH, \hich indicates an increase in the length of the fluorocarbon
FAH12SH, F6H10SH, and F8H8SH in @El,. In Figure 2a,  helix. The fact that the measured contact angles are relatively
the two dominant peaks in the< region correspond to the  ipsensitive to increased fluorination beyaomer 6 suggests that
asymmetric £2919 cnt?) and symmetric £2850 cnr?) the fluorocarbon layer is sufficiently thick and densely packed
methylene (Ch) stretching bands. The positions of these peaks gych that the wetting of hexadecane is unaffected by the
are cons_istent with highly crystalline, trans-ex}e_nded hydrocar- underlying methylene (Cil groups. Previous work by Laibinis
bon chains. As expected, these peaks exhibit a pronouncedst 19 has estimated the depth to which hexadecane can sense
decrease in i_ntensity as the number of methylene groups withingp, underlying molecular group (e.g., an ethereal oxygen)-ds 3
the assembling chains decreases. CH units. For the unique system examined here, we estimate
The two dominant sets of peaks in Figure 2b correspond t0 the depth to which hexadecane can sense an underlying
C—F stretching vibrations that exhibit transition dipole moments methylene group is-4—6 CF, units.
parallel (1300-1380 cn1?) and perpendicular to (1190270 We have used EIS to characterize the capacitance (Figure 4)
to as axial (5,9 and perpendicularvf?) CF; stretching  fluorinated SAMs prepared by exposure to a 0.2 mM solution
bands, respectively. The intensities of these bands provideof the thiol in CHCI, for 48 h. The impedance spectra were
information regarding the orientation of the fluorocarbon chains collected in an agueous solution Containing 0.1 MB3&,;, 1
within the SAM. For example, if the fluorocarbon chains are  mm KFe(CN}, and 1 mM KFe(CN}), and the resulting spectra
oriented normal to the surface, only the axial component will \ere fit with a Randles model equivalent circuit to quantify
overlap with the electric field vector and will be observed in capacitance and resistance. Figure 4a shows the influence of
the IR spectrum. Based on the relative intensities Hf and fluorination on the measured capacitance. For partially fluori-
vngz bands in Figure 2b, the fluorocarbon chains appear to be nated SAMs, the capacitance decreases with increasing fluorina-
oriented nearly normal to the surface for FBH8SH but progres- tion, suggesting either an increased thickness or an effectively
sively more tilted for adsorbates having lesser degrees of lower dielectric constant of the films as more carbon atoms are

n=2
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(b) n Figure 6. Influence of fluorocarbon chain lengtim)(on the charge-
transfer resistance of SAMs prepared by exposure of gold to 0.2 mM
0.15 FnH(161)SH in CHCI, for 48 h. The resistance values were

- determined by a least-squares fit of the impedance spectra with a
Randles modé€l.

To determine the dielectric constants for the fluorocarbon and
hydrocarbon regions based on the capacitance data shown in
Figure 4a, we model the partially fluorinated SAM as a bilayer
consisting of a hydrocarbon region nearest the metal surface
and a fluorocarbon region at the solution/SAM interface (Figure
5). Similar to Naud et al® we have neglected the capacitances
of the thiol headgroup and the SAMolution interface because
0.057 T T T of their relatively high values (low values for inverse capaci-

0 0z o4 06 08 1 tance). The measured capacitanCe ¢f the SAM can then be
n/m expressed as two capacitances in series

Figure 4. (a) Influence of fluorocarbon chain lengtm)(on the

capacitance of SAMs prepared by exposure of gold to 0.2 mM FnH- 1 1 1 1
(16-)SH in CHCI, for 48 h. The resistance values were determined Cc C.- + C 1)
by a least-squares fit of the impedance spectra with a Randles model. FC HC

(b) Based on eq 4, a plot ofnC)™* versusn/m for the partially .
fluorinated SAMs should yield a straight line with a slopedafi,/ where Crc and Cc represent the capacitances of the fluoro-

eoccz and an intercept derdeoecrz The line represents a least-squares  carbon and hydrocarbo_n regions, respectivc_ely. Based on a
fit to the data and exhibits a correlation coefficient of 0.997. The open Helmholtz model of the interfacethese capacitances can be

symbol represents thenC)* value for a nonfluorinated SAM prepared  written as
from C16SH, which clearly fails to fall along the linear extrapolation

(mC)' (cm%uF)

of the partially fluorinated SAMs.
Cec= cero 2)
- e
FC
\ I C. = fen¥o 3)
3 T Cye " mdy,

whereeg is the permittivity of vacuum andcy, and dcr; are
/// % the incremental thicknesses of each methylene or perfluorom-
Fi 5 Twol d model df describe th " fh ethylene unit, taken as 1.18 and 1.23 A, respecti¥eyom-
ijgure 5. Iwo-layered model used to aescribe the capacitance o E€Se Khini “idi :
partially fluorinated SAMs, as given by eqs-3. The fluorocarbon bining egs +3 and dividing each term by yields

and hydrocarbon layers are modeled as capacitors in series. 1 d d
4 __cH2 | Tere n
fluorinated. Colorado et &F have previously shown that the MC ety €crgoM
ellipsometric thicknesses of these films are essentially constant

with increasing fluorination despite the more normal orientation which is in a convenient slope-intercept form.
of the fluorocarbon segments. Therefore, the decrease of To testthe validity of the capacitance model in eq 4, we have
capacitance witim is more likely due to a lower overall dielectric  taken the data from Figure 4a and plottead)—! versusn/m
constant ag increases, consistent with the fact that fluorocarbon in Figure 4b. The extremely high linearity (correlation coef-
polymers such as poly(tetrafluoroethylene) exhibit lower di- ficient = 0.997) of these data suggests that eq 4 does indeed
electric constants:(= 1.9-2.1) than hydrocarbon polymers such describe the layered composition of these partially fluorinated
as polyethylenee(= 2.3)3° Surprisingly, the capacitance for alkanethiolate SAMs. The slope of the plot in Figure 4a yields
the SAM prepared from unsubstituted¢SH (n = 0) is lower a dielectric constant for the fluorocarbon regiesg) of ~1.7.

than those for the partially fluorinated SAMs and fails to follow Fluorocarbon polymers typically exhibit dielectric constants of
the observed trend. This result is consistent with that of Barbour 1.9-2.1, with the lower values in this range corresponding to
and Lennox® who observed that methyl-terminategal- polymers with CE groups in the side chaitf. The dielectric
kanethiols formed SAMs that exhibited lower capacitances than constant of-1.7 observed here is likely due to the predominate
those for partially fluorinated SAMs of similar thickness. effect of the—CF; group in each molecular chain, suggesting

4)
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TABLE 1: Influence of the Degree of Fluorination on the TABLE 2: Effect of Solvent on Exchangéb

Exchange of Fluorinated SAMs solvent F2H14SH coverage  F8H8SH coverage
adsorbate coverage isooctance 0.89 0.92
F2H14SH 0.50 liq CO, 0.85 0.91
F4H12SH 0.57 ethanol 0.50 0.67
F6H10SH 0.57 trifluoroethanol 0.69 0.63
F8H8SH 0.67

a SAMs prepared from F2H14SH or F8H8SH on gold were exposed
aSAMs were exposed to 1 mM ;6SH in ethanol for 24 h. to 1 mM CieSH in the listed solvents for 24 BApproximate errors
b Approximate errors are:0.05 based on the standard deviation of are +0.05 based on the standard deviation of results from multiple
results from multiple independent preparations. independent preparations.

that the terminal group has a significant affect on the overall where Omeas is the measured advancing contact angle of
dielectric constant as well as the capacitance of the film. This hexadecanefcr is the contact angle on the pure partially
lower dielectric constant may also reflect the lower density of fluorinated SAM, andfcy is the contact angle on the pure
the fluorocarbon segments constrained within the SAM as nonfluorinated G SAM. For all partially fluorinated SAMs,
compared to macromolecular chains in the bulk state. The the coverage of the fluorinated adsorbatégrf, which is
intercept in Figure 4a yields a dielectric constant for the initially at 1.0, decreases upon exposure t@SH after 24 h.
hydrocarbon regionetyy) of ~2.3, which is identical to that  In general, Table 1 shows that increased fluorination produces
reported for polyethylene film¥ The data point atVm = 0 a SAM that is more stable against displacement by a competing
corresponds to that for a SAM prepared from nonfluorinated adsorbate, although the differences observed here are modest.
C16SH which, again, fails to follow the trend exhibited by the The partially fluorinated SAMs studied here are significantly
partially fluorinated SAMs. The lower capacitance of the more stable against exchange than those composed of HS-
nonfluorinated SAM might reflect the more insulating nature (CH,)1:0CH,CF,CF;, where 80% of the SAM was displaced

of the methyl group (compared to a methylene group) combined within 24 h under identical conditiorf§ The greater chain length
with a different structure of the hydrocarbon chains in the and the absence of the ether linkage in the current study
absence of the fluorinated groups. Dielectric constants of methyl- produces a more crystalline structure, as shown by RAIRS, that
terminatecdh-alkanethiolate SAMs have been reported-&sl, might be responsible for stabilizing the SAMs against exchange.
measurably lower than that for polyethylet®. The slight differences in stability with increased fluorination,

Figure 6 shows the influence of fluorination on the charge- as shown in Table 1 perhaps arise from enhanced levels of
transfer resistance of the partially fluorinated SAMs. Across interchain interactions and/or poor solubility of the partially
different experiments, the reproducibility of resistance measure- fluorinated adsorbates in ethanol, both of which should improve
ments for these SAMs was less than that of capacitancethe stability of the SAM against exchange.
measurements as indicated by the larger error bars in Figure 6 To address the various mechanistic aspects of the exchange
compared to those in Figure 4. Nevertheless, neither across allprocess, we varied the solvent to examine its interactions with
five repeated experiments nor within any one experiment did both the immobilized adsorbate and the competing adsorbate
we observe any significant trend in resistance based on the extentn solution. Table 2 shows the influence of solvent on the
of fluorination. Resistance measurements are more sensitive toexchange of two different partially fluorinated SAMs (prepared
the defect density within a SAM than are capacitance measure-from F2H14SH and F8H8SH) with 1 mM;6SH. Both SAMs
ments? and the relatively high resistance values shown in exchange to a lesser degree when exposed to less polar solvents,
Figure 5 indicate that all of the films studied, regardless of the such as isooctane and liquid @03 bar), than when exposed
extent of fluorination, are highly blocking with extremely low to ethanol and 2,2,2-trifluoroethanol. The tendency for the SAMs
defect densities. These results suggest that partially fluorinatedto exchange less in liquid GOa good solvent for fluorocarbons,
SAMs, which exhibit enhanced stabilities in comparison with than in ethanol, an inferior solvent for fluorocarbons, suggests
hydrocarbon SAM4? would provide outstanding barrier proper-  that the interactions between solvent and immobilized adsorbate
ties to impact applications such as corrosion inhibition and are less important than those between the solvent and the
lithographic etch resists. competing adsorbate. For example, long-chain alkanethiols are

Influence of Solvent and Fluorination on Exchange.A known to be much less soluble in polar solvents such as ethanol

SAM will lose some of its adsorbates when exposed to a solution than in alkanes> The less favorable interactions between
of a competing adsorbate because of exchange or displacementsSH and ethanol or 2,2,2-trifluoroethanol can plausibly
reactions. The stability of a SAM against exchange has beenPromote interactions betwc_aen the n_onpolar thiol and the low-
related to its defect contefdt; 4 solvent-adsorbate interactioffs, ~ €nergy surface of the partially fluorinated SAMs. Surfactants

and interchain interactiorf84647The present system can provide and long chain alcohols form highly ordered bilayer structures

fundamental information on the exchange process because®n loW-energy surfaces in wat€tand alkanethiols have been

varying the fluorocarbon chain length affects both interchain propose(c)i to form bilayer structures on low-energy surfaces in
interactions and solvent-adsorbate interactions while the defect®tanol® The weak interactions between these polar solvents
content of these monolayers is similar, as suggested by Figuread the competing adsorbate, coupled with the high interfacial
6. Thus, we have investigated the exchange of partially free energy betweer_1 the_fluorlnated surface and_ the polar
fluorinated hexadecanethiolates by exposare t mMsolution  SClvent, might effectively increase the concentration of the
of nonfluorinated GsSH in ethanol for 24 h (Table 1). We competlng.thlol at the vicinity of the metal surface and thereby
estimated the coverage of the partially fluorinated adsorbatesPromote displacement.

(¢cp) after the exposure by using the measured hexadecane ]

contact angles and Cassie’s equation Conclusions

Our results suggest that the quality of partially fluorinated
COSO neas™ Pcr COSOce + (1 — ¢cp) COSOgy  (5) monolayer films prepared from FnHMSH is sensitive to solvent
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and that the use of a strong solvent for fluorocarbons leads to  (17) Barbour, E.; Lennox, R. B.angmuir200Q 16, 4222-4228.
films with inferior properties. By using partially fluorinated (18) Naud, C.; Calas, P.; Commeyras, lAangmuir 2001, 17, 4851~
hexadecanethiols, we have been able to address in a systematiC' g gyreigh, T. D.; Shi, C.; Kilic, S.; Kovacik, S.; Thompson, T.;
manner the influence of fluorination on the structural and Enrick, R. M. Corrosion2002 58, 49—-56.
electrochemical properties of monolayer films. Increasing the  (20) Yamada, S.; Israelachvili, J. Phys. Chem. BL99§ 102, 234.
extent of fluorination results in an orientation of the fluorocarbon  (21) Srinivasan, U.; Houston, M. R.; Howe, R. T.; Maboudian,JR.
helical axis that is more normal to the metal surface and also Microelectromech. Sysi99§ 7. 252260, ;

elica . (22) Graupe, M.; Koini, T.; Wang, V. Y.; Nassif, G. M.; Colorado, R.;
reduces the capacitance of the monolayer because of thevilazana, R. J.; Dong, H.; Miura, Y. F.; Shmakova, O. E.; Lee, TJR.
presence of a thicker region of low-dielectric fluorocarbon near Fluorine Chem1999 93, 107-115.

: : P (23) Colorado, R.; Lee, T. Rl. Phys. Org. Chen200Q 13, 796-807.
the SAM/aqueous interface. Increasing the extent of fluorination (24) Tamada, K ; Nagasawa, J.; Nakanishi, F.: Abe, K.. Hara, M.: Knoll,

does not significantly influence the charge transfer resistancey ; ishida, T.; Fukushima, H.; Miyashita, S.; Usui, T.: Koini, T.; Lee, T.

of the films, which is uniformly high, or their tendency to
exchange when exposed to solutionsne€ieSH. The use of

more polar solvents does promote exchange, which is consistenti'é21
with a decreased solubility of the competing adsorbate that

enhances its concentration at the SAM/solution interface.
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