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Can Cyclopropyl-Terminated Self-Assembled
Monolayers on Gold Be Used to Mimic the

face of Polyethylene?
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ABSTRACT This paper describes the formation of a new series of monolayer films generated by the self-assembly of w-cyclopropyl-
alkanethiols, CyPr(CH,),SH (n = 9—13), onto the surface of gold. Procedures used to prepare the w-cyclopropylalkanethiol adsorbates
are also reported. Methyl-, vinyl-, and isopropyl-terminated self-assembled monolayers (SAMs) were also prepared and used as reference
films to evaluate the structure and properties of the new cyclopropyl-terminated films. Ellipsometry and polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) were used to examine the structure of the SAMs. A small but systematically
lower thickness of the new films compared to that of analogous methyl-terminated SAMs was observed. Also, the orientation of the
ring with respect to the surface normal was observed to vary systematically with the number of methylene groups in the adsorbate
backbone (i.e., odd vs even chain lengths). Measurements of wettability by contact angle goniometry also revealed a small but
reproducible “odd—even” effect for all contacting liquids used, except hexadecane, which almost completely wet the surfaces (6, =
10—13°). When compared to the wettability data obtained from methyl- and isopropyl-terminated SAMs, the wettability data obtained
from the cyclopropyl-terminated SAMs suggest that these films offer an increased density of atomic contacts per unit area across the
surface, and thus enhanced attractive interactions with contacting liquids. Comparison of the wettabilities of vinyl-terminated and
cyclopropyl-terminated films is complicated by dipole—induced dipole interactions and/or 7—a interactions between the surfaces
and the probe liquids. Furthermore, the significantly similar wettabilities of the cyclopropyl-terminated SAMs and the surface of
polyethylene suggests that these SAMs (and perhaps other SAMs with judiciously designed tailgroups) can be used to mimic the

interfacial properties of polymeric materials without complications arising from surface reconstruction.
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INTRODUCTION

oth engineers and scientists have implemented a

broad spectrum of techniques to evaluate the bulk

and interfacial properties of polymers (1). The second
endeavor has proven to be quite frustrating and constrained
by the investigator’s capacity to monitor and control the
environmental conditions precisely at the interface to pre-
vent the well-known phenomenon of reorganization of the
surface (2). The continuing trend toward the nanoscale
miniaturization of devices requires an increase in the surface-
to-bulk ratio of materials. In theory, miniature devices that
incorporate soft organic materials, such as polymers and
lubricants, can access size regimes at the molecular (i.e.,
nanometer and subnanometer) level. Consequently, under-
standing the structure—property relationships at the inter-
faces of polymers at the nanoscale will be key to the next
generation of nanodevices, including those relating to mi-
croelectromechanical systems (MEMs) (3—5), microfluidics
(6, 7), dendrimeric drug delivery (8), and microelectronics
(9, 10). Pursuing such applications for polymers requires
appropriate model systems to investigate the interfacial
chemistry of polymers in a systematic fashion (i.e., without
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shrouding by surface reconstruction). To this end, we have
sought to use self-assembled monolayers (SAMs) to generate
and study the chemistry of model polymer interfaces.

In the present study, we have chosen to model polyeth-
ylene, as it is the most important polymer in volume while
being sufficiently simple in structure/composition that we
can establish some firm grounds for further studies. De-
pending on the conditions adopted for the polymerization
of ethylene, the degree of grafting and thus the proportion
of methyl groups will vary greatly. As a consequence, the
surface properties of the polymer will be greatly affected as
demonstrated by the scatter in the reported contact angles
for water on polyethylene that are found in the literature
(11, 12). In this paper, we explore the relationship between
the structure of a surface composed exclusively of methylene
groups and its wettability (13). This issue is technologically
relevant because a more profound understanding of the
relationship between surface structure and wettability might
lead to new and improved applications for polymers. We
also wish to extract from our data some guidelines for
engineers to find the proper conditions and/or formulation
to afford desired interfacial properties.

Contact angle measurements are probably the oldest and
the most widely used technique to characterize surfaces (14).
Most often, however, contact angles are measured for an
unknown surface and simply compared to charts of contact
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angles obtained for a given polymer under various condi-
tions without any true understanding of the structure/nature
of the surface. Since the famed Young’s equation (14),
several elaborate theories have been put forward in efforts
to correlate the contact angle measurements with the energy
of interfaces. These efforts, however, have had limited
success, especially in the case of inhomogeneously rough
surfaces (15, 16). The difficulties in reconciling theories and
experiments are probably associated with the fact that the
theories try to connect a macroscopically observed phenom-
enon and differences in interfacial free energies for the three
boundaries: solid/liquid, solid/gas, and liquid/gas (by defini-
tion, the contact angle should be measured at the three-
phase point, so an approximation is made at the outset).
These interfacial free energies are themselves dependent
upon the nanoscale structure and composition of both the
contacting liquid and the outermost few angstroms of the
surface being evaluated.

Starting with the seminal paper by Nuzzo and Allara (17),
self-assembled monolayers (SAMs) have proven themselves
to be useful tools for designing and controlling interfaces at
the nanometer scale. As alkanethiolates adsorb on the
surface of Au(111), they form a monolayer of soft material
whose structure and nature can be tailored through synthe-
sis. When the quality of the gold used as substrate is
acceptable (as judged by the size of the flat Au(111) terraces
in AFM and/or the contact angle hysteresis), the SAM pro-
duced will present a smooth interface composed of a defined
concentration of terminal groups (18). The structure of SAMs
is determined by a balance of interactions between: (1) sulfur
and gold, (2) the alkyl or aryl chains, and (3) terminal groups.
Our interest in using SAMs to model/study polymer surfaces
is driven by at least three factors: (1) the variety of polymer
surfaces that can be investigated is limited only by the
inventiveness in the design of adsorbates that can present
the appropriate functional groups at the interface; (2) the
literature presents a vast number of monolayers having
widely differing terminal groups, which have been charac-
terized using numerous surface-specific techniques, so the
foundation for comparison is already laid; and (3) previous
reports (19) have shown that SAMs derived from alkanethiols
having at least ten carbon atoms (i.e., nine methylene
groups) in the alkyl chain afford well-ordered monolayer
films. In the work reported here, we designed all adsorbates
accordingly. With well-packed films, we can expect to
observe only a limited degree of reorganization during the
time required for complete characterization of the system.

To model the surface of polyethylene, we chose to
examine SAMs derived from the adsorption of cyclopropyl-
terminated alkanethiols on gold. The choice of terminal
cyclopropyl groups was driven by at least five factors. First,
we anticipated that these adsorbates would form a densely
packed surface composed exclusively of methylene groups.
Second, the orientation of the cyclopropyl group (and thus
the terminal methylene groups) could be systematically
varied by changing the length of the methylene chain (odd
vs even). Third, we chose to use the smallest ring possible
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because we hoped the size of the cyclopropyl group would
not strongly affect the structure and packing of the mono-
layer film. This factor was a prerequisite to allow us to make
unambiguous comparisons between the new surface and
previously studied monolayers. Fourth, we wished to use this
monolayer to shed new light on a statement that has been
used for more than 40 years: “methylene groups are more
wettable than methyl groups”; this concept was first intro-
duced in the 1950s by Zisman and co-workers while com-
paring the surfaces of polyethylene, paraffins, and n-hexatri-
acontane (20, 21). It has been used quite extensively by
surface scientists (including ourselves) (22—28) to rationalize
the so-called “odd—even” effect (29, 30). The SAMs gener-
ated from alkanethiols having alternating alkyl chains lengths
are generally attributed to the exposure of the higher energy
methylene group adjacent to the terminal methyl in SAMs
derived from alkanethiols having an odd number of carbon
atoms (31 —33). Variationsinsurface wettability (22,23, 25, 28)
and frictional properties (25, 26, 34) have been observed in
various research groups. Even though a cyclopropyl meth-
ylene group might be different from an aliphatic methylene
group (35), we felt this system would be valuable, given the
minimal effect that such a small ring should have on the
packing of the monolayer. Finally, another challenge was to
address the sp? character of these methylene groups and its
potential influence on the contact angles. To this end, we
prepared vinyl-terminated SAMs and examined their struc-
ture and wettability. In addition, we used methyl-terminated
SAMs as reference standards and isopropyl-terminated SAMs
to make a direct parallel with the cyclopropyl group since
this tailgroup contains two terminal methyl groups per
adsorbate just as the cyclopropyl group contains two termi-
nal methylene groups per adsorbate.

The structures of the cyclopropyl-terminated SAMs re-
ported in this paper were characterized using ellipsometry
(to evaluate the thickness of the films) and reflection absorp-
tion infrared spectroscopy (to evaluate the orientation and
conformational order of the films). The interfacial wettabili-
ties of the SAMs were characterized by contact angle goni-
ometry using a combination of polar protic (water, forma-
mide, and N-methylformamide), polar aprotic (N,N-
dimethylformamide and acetonitrile), and apolar aprotic
solvents (hexadecane and squalane). Methyl-terminated as
well as vinyl- and isopropyl-terminated SAMs were used as
the model references to evaluate the structure and properties
of this new type of film.

EXPERIMENTAL SECTION

Materials. All contacting liquids were of the highest purity
available from commercial suppliers and were used without
purification. 11-Bromo-1-undecene was purchased from TCI
America; all other w-bromoalkenes were synthesized using
conventional procedures involving the malonic ester synthesis,
saponification, decarboxylation, and reduction followed by
bromination. The w-cyclopropylalkanethiols, CyPr(CH,),SH (n
= 9—13), were prepared using the strategy outlined in Scheme
1. Because we used similar synthetic methods for most of these
steps, we provide below the detailed procedures for all steps
involved in the synthesis of CyPr(CH,),,SH as a representative
example. Nuclear magnetic resonance (NMR) data for 'H and
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Scheme 1. Synthesis of w-Cyclopropylalkanethiols,
CyPr(CH,),SH (n = 9—13)
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Scheme 3. Synthesis of w-Isopropylalkanethiols
n=12,13
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'3C nuclei of all w-cyclopropylalkanethiols are reported. The
actual NMR spectra for these final products are also provided
as Supporting Information. Similarly, we describe the synthesis
of w-alkenyl disulfides and w-isopropylalkanethiols (Schemes
2 and 3, respectively).

Synthesis of 12-Cyclopropyldodecanethiol. As shown in
Scheme 1, the preparation of 12-cyclopropyldodecanethiol (n
= 12) begins with the synthesis of 11-bromoundecylcyclopro-
pane (36). Aliquots of anhydrous copper(l) chloride (9.86 g, 99.5
mmol) and zinc dust (6.51 g, 99.5 mmol) in 40 mL of diethyl
ether were stirred and heated to reflux for 30 min under argon.
Neat 11-bromo-1-undecene (10 g, 38 mmol) was added to the
complex followed by methylene iodide (0.90 mL, 50 mmol),
and the mixture was maintained at reflux for 40 h under argon.
The mixture turned dark purple, indicating the formation of
colloidal copper. The ether phase was poured onto a mixture
of ice and 1 N HCL. The resulting ether phase was washed with
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brine (100 mL), dried over anhydrous MgSOy, filtered, and
concentrated to dryness. The crude product was composed of
an estimated 60% of the desired cyclopropyl derivative and
40 % olefinic starting material according to analysis by 'H NMR
spectroscopy. Attempts to recover the starting material by
column chromatography on silica gel were essentially unsuc-
cessful. Attempts to repeat the reaction using the crude product
as the starting material brought limited improvements to the
overall yield. The reddish crude product was diluted with
dichloromethane (100 mL), and ozone was bubbled through the
solution for 10 min at 0 °C. The solution was purged with argon,
then dimethyl sulfide (8.48 mL, 115 mmol) was added to the
cooled solution, which was stirred overnight at room temper-
ature. The dichloromethane was evaporated, and the residue
was purified by column chromatography on silica gel (hexanes,
Ry = 0.75) to afford 5.77 g of 11-bromoundecylcyclopropane
(55%) as a colorless liquid. '"H NMR (300 MHz, CDCls): 6 3.42
(t,J=7.2Hz, 2H), 1.86 (m, 2 H), 1.27 (bm, 18 H), 0.65 (m, 1
H), 0.38 (m, 2 H), —0.01 (m, 2 H).

12-Cyclopropyldodecanoic Acid. A pear-shaped 100 mL
Schlenk flask loaded with magnesium turnings (0.794 g, 32.7
mmol) was flame-dried under vacuum. THF (5 mL) and a few
crystals of sublimed iodine were introduced under a stream of
argon. An aliquot of 11-bromoundecylcyclopropane (3.0 g, 11
mmol) diluted in 20 mL of dry THF was then added dropwise
until a greenish color was observed; the addition rate was
adjusted so as to maintain a gentle reflux. After completion of
the addition, the mixture was stirred for an additional 30 min.
The resulting Grignard reagent was quickly transferred under
argon onto a large excess of dry ice (CO,; 4.8 g, 0.11 mol). The
mixture was left to warm for 30 min at room temperature. The
reaction was carefully quenched using water (20 mL) and then
diluted HCI (40 mL). The aqueous layer was separated from the
organic layer and extracted with diethyl ether (3 x 30 mL). The
combined organic layers were washed with brine (100 mL),
dried over anhydrous MgSO,, filtered, and concentrated to
dryness. The crude product was purified by column chroma-
tography on silica gel (20% diethyl ether/hexanes, Ry = 0.36)
to afford 1.50 g of 12-cyclopropyldodecanoic acid (57 %) as a
white solid. "H NMR (300 MHz, CDCl5): 6 2.35 (t, ] = 7.8 Hz, 2
H), 1.62 (m, 2 H), 1.26 (bm, 18 H), 0.64 (m, 1 H), 0.37 (m, 2
H), —0.01 (m, 2 H).

12-Cyclopropyldodecanol. An aliquot of 12-cyclopropyl-
dodecanoic acid (1.50 g, 6.25 mmol) diluted in 20 mL of dry
THF was carefully added to a suspension of lithium aluminum
hydride (0.474 g, 18.8 mmol) in 20 mL of dry THF cooled by
an ice bath. The reaction mixture was refluxed overnight under
argon. The reaction mixture was cooled to 0 °C and then
quenched with a few milliliters of ethanol followed by acidifica-
tion to pH ~1 using dilute HCI. The mixture was left stirring until
the precipitate was completely dissolved. The aqueous layer was
extracted with hexanes (3 x 20 mL). The combined organic
layers were washed with brine (100 mL), dried over anhydrous
MgSOy, filtered, and concentrated to dryness. The solid residue
was dissolved in a minimum amount of hexanes and purified
by column chromatography on silica gel (20% diethyl ether/
hexanes, Ry=0.17) to afford 1.21 g of 12-cyclopropyldodecanol
(85%) as a white solid. '"H NMR (300 MHz, CDCls): 0 3.64
(t,J=7.5Hz, 2 H), 1.56 (m, 2 H), 1.26 (bm, 20 H), 0.63 (m, 1
H), 0.38 (m, 2 H), 0.00 (m, 2 H).

12-Cyclopropyldodecylmethanesulfonate. To an aliquot of
12-cyclopropyldodecanol (1.0 g, 4.4 mmol) diluted in 50 mL of
hexanes was slowly added an aliquot (0.41 mL, 5.3 mmol) of
triethylamine. The reaction mixture was left stirring at room
temperature for 30 min. The solution was cooled in an ice bath,
and then an aliquot (3.10 mL, 22.1 mmol) of methanesulfonyl
chloride was added dropwise. The reaction was stirred for 4 h
at room temperature to ensure completion. Excess methane-
sulfonyl chloride was destroyed using a small aliquot of water.
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The precipitate was dissolved in 100 mL of water. The organic
layer was separated, and the aqueous layer was extracted with
diethyl ether (3 x 50 mL). The combined organic layers were
washed with dilute HCI (100 mL), saturated aqueous NaHCOs5
(50 mL), and brine (100 mL). The organic layer was dried over
anhydrous MgSO,, filtered, and concentrated to dryness to
afford 1.20 g of 12-cyclopropyldodecylmethanesulfonate (89 %).
The crude mesylate was used in the next step without further
purification. "H NMR (300 MHz, CDCls): 6 4.22 (t, /] = 6.0 Hz, 2
H), 3.01 (s,3 H), 1.74 (m, 2 H), 1.27 (bm, 20 H), 0.64 (m, 1 H),
0.38 (m, 2 H), —0.01 (m, 2 H).
12-Bromododecylcyclopropane. The crude mesylate (1.20
g, 3.94 mmol) and lithium bromide (1.02 mg, 1 1.8 mmol) were
dissolved in reagent grade acetone (50 mL) and refluxed
overnight. The solvent was removed by rotary evaporation.
Water (100 mL) and diethyl ether (50 mL) were added to
dissolve the salt and the product, respectively. The aqueous
layer was extracted with diethyl ether (3 x 50 mL). The
combined organic layers were washed with brine (200 mL),
dried over anhydrous MgSO,, filtered, and concentrated to
dryness. The crude product was purified by column chroma-
tography on silica gel (hexanes, Ry = 0.72) to afford 1.10 g of
12-bromododecylcyclopropane (97 %). 'H NMR (300 MHz,
CDCls): 6 3.41 (t, ] = 7.2 Hz, 2 H), 1.85 (m, 2 H), 1.26 (bm, 20
H), 0.65 (m, 1 H), 0.38 (m, 2 H), —0.02 (m, 2 H).
12-Cyclopropyldodecylthioacetate. Potassium thioacetate
(0.87 g, 7.6 mmol) was dissolved in 50 mL of absolute ethanol
(previously degassed) under argon. The crude bromide (1.10
g, 3.82 mmol) diluted with degassed absolute ethanol was
added dropwise to potassium thioacetate solution over 5 min.
The reaction mixture was stirred under reflux for 4 h. After
cooling, the precipitate was filtered off and rinsed with ethanol,
and the resulting organic phase was evaporated to dryness. The
residue was taken up with a mixture of hexanes (100 mL) and
water (100 mL). The aqueous layer was extracted with hexanes
(3 x 50 mL), and the combined organic layers were washed
with brine (100 mL), dried over anhydrous MgSOy, filtered, and
evaporated to dryness. The crude product was purified using
column chromatography on silica gel (hexanes, Ry = 0.2) to
afford 0.50 g of 12-cyclopropyldodecylthioacetate (46 %) as a
white solid. "H NMR (300 MHz, CDCl5): 6 2.86 (t, ] = 6.9 Hz, 2
H), 2.32 (s, 3 H), 1.55 (m, 2 H), 1.25 (bm, 20 H), 0.64 (m, 1 H),
0.37 (m, 2 H), —0.03 (m, 2 H).
12-Cyclopropyldodecanethiol. An aliquot of 12-cyclopro-
pyldodecylthioacetate (0.50 g, 1.8 mmol) diluted in dry THF (10
mL) was carefully added to a suspension of lithium aluminum
hydride (100 mg, 2.64 mmol) in dry THF (10 mL) at 0 °C. The
reaction mixture was stirred for 4 h at room temperature under
argon. After completion, the reaction mixture was cooled to 0
°C, quenched with water (20 mL), and acidified to pH ~1 using
dilute HCI (50 mL) under an argon atmosphere. The mixture
was left stirring until the precipitate was completely dissolved.
The aqueous layer was extracted with hexanes (3 x 50 mL) and
the combined organic layers were washed with brine (100 mL),
dried over anhydrous MgSO,, filtered, and concentrated to
dryness. The residue was purified by column chromatography
on silica gel (hexanes, R = 0.54) to afford 0.40 g of 12-
cyclopropyldodecanethiol (94 %). 'H NMR (300 MHz, CDCl5): &
2.52(q,/=7.5Hz, 2 H), 1.60 (quintet, /= 7.5 Hz, 2 H), 1.33 (t,
J=7.5Hz, 1 H), 1.26 (bs, 18 H), 1.17 (q, /= 6.9 Hz, 2 H), 0.64
(m, 1 H), 0.38 (m, 2 H), —0.02 (m, 2 H). '°C NMR (75 MHz,
CDCls): 6 34.8,34.1,29.7,29.65,29.57,29.55,29.5,29.1, 28 4,
24.7,10.4, 4.3.
9-Cyclopropylnonanethiol. 'H NMR (300 MHz, CDCls): 0
2.52(q,/=7.5Hz, 2 H), 1.60 (quintet, /= 7.5 Hz, 2 H), 1.33 (t,
J=7.5Hz, 1 H),1.26 (bs, 12 H), 1.17 (q,/= 7.0 Hz, 2 H), 0.64
(m, 1 H), 0.37 (m, 2 H), —0.02 (m, 2 H). '°C NMR (75 MHz,
CDCl5): 0 34.8,34.0,29.63, 29.61,29.5,29.1, 28.4,24.7, 10.9,
4.3.
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10-Cyclopropyldecanethiol. 'H NMR (300 MHz, CDCls): ¢
2.52(q.J=7.5Hz, 2 H), 1.61 (quintet, J= 7.5 Hz, 2 H), 1.33 (t,
J=7.5Hz, 1 H),1.27 (bs, 14 H), 1.17 (q, /= 6.9 Hz, 2 H), 0.64
(m, 1 H), 0.38 (m, 2 H), —0.02 (m, 2 H). '°C NMR (75 MHz,
CDCl3): 034.8,34.1,29.7,29.64, 29.58, 29.5, 29.1, 28.4, 24.7,
10.9, 4.4.

11-Cyclopropylundecanethiol. '"H NMR (300 MHz, CDCl5):
02.52(q,/=7.5Hz, 2 H), 1.60 (quintet, / = 7.5 Hz, 2 H), 1.33
(t,J=7.5Hz, 1 H), 1.26 (bs, 16 H), 1.17 (g, ] = 7.0 Hz, 2 H),
0.64 (m, 1 H),0.38 (m, 2 H), —0.02 (m, 2 H). '>*C NMR (75 MHz,
CDCl5): 0 34.8, 34.1, 29.69, 29.66, 29.64, 29.59, 29.53, 29.51,
29.1,28.4,24.7,10.9, 4 .4.

13-Cyclopropyltridecanethiol. 'H NMR (300 MHz, CDCl5):
02.52(q,]=7.5Hz, 2 H), 1.61 (quintet, ] = 7.5 Hz, 2 H), 1.33
(t,/J=7.5Hz, 1 H), 1.26 (bs, 20 H), 1.17 (g, ] = 6.9 Hz, 2 H),
0.64 (m, 1 H),0.38 (m, 2 H), —0.02 (m, 2 H). '°C NMR (75 MHz,
CDCls): 6 34.8,34.1,29.7,29.65,29.57, 29.55,29.5,29.1, 28 4,
24.7,10.9, 4.3.

Synthesis of 13-Tetradecenyl Disulfide. As illustrated in
Scheme 2, the preparation of 13-tetradecenyl disulfide (n = 12)
begins with the synthesis of (11-bromoundecyloxy)tert-bu-
tyldimethylsilane. A mixture of 11-bromo-1-undecanol (3.0 g,
12 mmol), tert-butyldimethylsilyl chloride (TBDMSCI; 1.99 g,
13.2 mmol), triethylamine (1.92 mL, 13.8 mmol), and 4-di-
methylaminopyridine (0.059 g, 0.48 mmol) in dichloromethane
was stirred overnight at room temperature under argon. After
evaporation of solvent, the residue was taken up using a mixture
of diethyl ether (100 mL) and 10 % aqueous HCI (100 mL). The
organic layer was washed with 10 % aqueous HCI (3 x 100 mL),
dried over anhydrous MgSOy, and concentrated to dryness. The
crude product was purified by column chromatography on silica
gel (2% diethyl ether/hexanes, Ry = 0.3) to afford 4.1 g of (11-
bromoundecyloxy)-tert-butyldimethylsilane (98 % ) as a viscous
oil. "H NMR (300 MHz, CDCl5): 6 3.59 (t, /] = 6.6 Hz, 2 H), 3.41
(t,J= 6.9 Hz, 2 H), 1.85(m, 2 H), 1.46 (m, 2 H), 1.27 (bm, 14
H), 0.89 (s, 9 H), 0.05 (s, 6 H).

Tert-butyldimethyl(13-tetradecenyloxy)silane. An aliquot
of (1 1-bromoundecyloxy)tert-butyldimethylsilane (1.20 g, 3.30
mmol) was dissolved in dry THF (10 mL), and the catalyst
Li,CuCly (0.1 M in THF, 1.32 mL, 0.132 mmol) was added to
the solution under argon. The mixture was left stirring at room
temperature for 20 min, and allyl magnesium chloride (2.0 M
solution in THF, 3.30 mL, 6.60 mmol) was then added dropwise
over 15 min. The reaction mixture turned from bright orange
to colorless at the beginning, and then to brown as an excess
of Grignard reagent was added. The reaction was left stirring
overnight at room temperature under argon to ensure comple-
tion. The flask was cooled in an ice bath, and the reaction was
quenched with saturated aqueous NH4Cl (100 mL). The aqueous
layer was extracted with hexanes (3 x 50 mL), and the
combined organic layers were washed with brine (200 mL),
dried over anhydrous MgSO,, and concentrated to dryness. The
crude tert-butyldimethyl(13-tetradecenyloxy)silane (1.0 g, 86 %)
was used in the next step without further purification. '"H NMR
(300 MHz, CDCl5): 6 5.78—5.83 (m, 1 H), 4.90—5.02 (m, 2 H),
3.59 (t,J]=6.6 Hz, 2 H), 2.03 (m, 2 H), 1.50 (m, 2 H), 1.25 (bm,
18 H), 0.89 (s, 9 H), 0.04 (s, 6 H).

13-Tetradecenol. Tert-butylammonium fluoride (TBAF; 1.0 M
solution in THF, 5.77 mL, 5.77 mmol) was added to a stirred
solution of tert-butyldimethyl(13-tetradecenyloxy)silane (1.0 g,
2.2 mmol) in dry THF (15 mL). The stirring was continued for 2 h
at room temperature under argon. The solution was then poured
into water (100 mL) and extracted with ethyl acetate (3 x 50
mL). The combined organic phase was washed with brine (100
mL), dried over anhydrous MgSO,, and concentrated to dryness.
The crude 13-tetradecenol (0.38 g, 86 %) was used in the next
step without further purification. '"H NMR (300 MHz, CDCls): &
5.78—=5.85 (m, 1 H), 4.90—5.02 (m, 2 H), 3.64 (t, ] = 6.6 Hz, 2
H), 2.02 (m, 2 H), 1.55 (m, 2 H), 1.26 (bm, 18 H).
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13-Tetradecenylmethanesulfonate. To an aliquot of 13-
tetradecenol (0.38 g, 1.8 mmol) diluted in 50 mL of hexanes
was slowly added an aliquot (1.25 mL, 8.95 mmol) of triethyl-
amine. The reaction mixture was left stirring at room temper-
ature for 30 min. The solution was cooled in an ice bath, and
then an aliquot (0.42 mL, 5.4 mmol) of methanesulfonyl
chloride was added dropwise. The reaction mixture was stirred
for 4 h at room temperature to ensure completion. Excess
methanesulfonyl chloride was destroyed by adding a small
aliquot of water, and the precipitate was dissolved by adding
100 mL of water. The organic layer was separated, and the
aqueous layer was extracted with diethyl ether (3 x 50 mL).
The combined organic layers were washed with dilute HCI (100
mL), saturated aqueous NaHCO5 (50 mL), and brine (100 mL).
The organic layer was dried over anhydrous MgSOy, filtered, and
concentrated to dryness to afford 0.55 g of crude 13-tetrade-
cenylmethanesulfonate (106 %), which was used in the next
step without further purification. 'H NMR (300 MHz, CDCl5): &
5.79—5.85 (m, 1 H), 4.93—5.05 (m, 2 H), 4.25 (t,/] = 6.6 Hz, 2
H), 3.03 (s, 3 H), 2.05 (m, 2 H), 1.77 (m, 2 H), 1.29 (bm, 18 H).

13-Tetradecenylthioacetate. Potassium thioacetate (0.432
g, 3.80 mmol) was dissolved in 20 mL of absolute ethanol
(previously degassed) under argon. The crude mesylate (0.55
g, 1.9 mmol) diluted with degassed absolute ethanol was added
dropwise to the stirred solution over 5 min. The reaction
mixture was stirred under reflux for 4 h. After cooling, the
precipitate was filtered off and rinsed with ethanol. The resulting
organic phase was evaporated to dryness. The residue was
taken up with a mixture of hexanes (100 mL) and water (100
mL). The aqueous layer was extracted with hexanes (3 x 30
mL), and the combined organic layers were washed with brine
(100 mL), dried over anhydrous MgSQy, filtered, and evaporated
to dryness. The crude product was purified using column
chromatography on silica gel (hexanes, Ry = 0.18) to afford
0.40 g of 13-tetradecenylthioacetate (78 %) as a white solid. 'H
NMR (300 MHz, CDCl5): 6 5.79—5.85 (m, 1 H), 4.92—5.03 (m,
2 H),2.87(t,J]=7.2Hz,2H),2.33(s,3H),2.03(m,2H), 1.52
(m, 2 H), 1.26 (bm, 18 H).

13-Tetradecenyl Disulfide. An aliquot of 13-tetradecenyl-
thioacetate (0.40 g, 1.5 mmol) diluted in dry THF (10 mL) was
carefully added to a suspension of lithium aluminum hydride
(84 mg, 2.2 mmol) in dry THF (10 mL) at 0 °C. The reaction
mixture was stirred for 4 h under argon at room temperature.
The reaction mixture was quenched with water (20 mL) at 0
°C, and then acidified to pH ~1 using dilute HCI (50 mL) in air.
The mixture was left stirring until the precipitate was completely
dissolved at 0 °C. The aqueous layer was extracted with
hexanes (3 x 50 mL) and the combined organic layers were
washed with brine (100 mL), dried over anhydrous MgSOy,
filtered, and concentrated to dryness. The residue was purified
by column chromatography on silica gel (hexanes, Ry = 0.67)
to afford 108 mg of 13-tetradecenyl disulfide (32%). '"H NMR
(300 MHz, CDCls): 6 5.77—5.86 (m, 2 H), 4.90—5.02 (m, 4 H),
2.51 (t,J=6.9Hz, 4 H), 2.04 (m, 4 H), 1.67 (m, 4 H), 1.26 (bs,
36 H).

14-Pentadecenyl Disulfide. 'H NMR (300 MHz, CDCl5):
5.79—5.83 (m, 2 H), 4.90—5.02 (m, 4 H), 2.51 (t, /= 7.2 Hz, 4
H), 2.03 (m, 4 H), 1.58 (m, 4 H), 1.26 (bs, 40 H).

Synthesis of 12-Isopropyldodecanethiol. As illustrated in
Scheme 3, the synthesis of 12-isopropyldodecanethiol (n = 12)
begins with the preparation of 11-(tert-butyldimethylsilylox-
y)undecylphosphonium bromide. A mixture of (1 1-bromoun-
decyloxy)tert-butyldimethylsilane (1.50 g, 4.12 mmol) and
triphenylphosphine (1.62 g, 6.18 mmol) was stirred neat at 95
°C overnight under argon. After cooling, excess triphenylphos-
phine and unreacted materials were removed through tritura-
tion with dry diethyl ether. Any residual water was removed
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by azeotropic distillation with benzene. The phosphonium
bromide (2.17 g, 84 %) was used in the next step without further
purification.

Tert-butyldimethyl(12-isopropyl-11-dodecenyloxy)silane.
The crude phosphonium bromide (2.17 g, 3.46 mmol) was
dissolved in dry THF (25 mL) and cooled to —78 °C under argon.
An aliquot of n-BuLi (1.60 M in hexanes, 2.80 mL, 4.50 mmol)
was added dropwise and stirring was continued for an ad-
ditional 30 min at —40 °C. The resulting bright orange ylide
solution was cooled to —78 °C and treated with isobutyralde-
hyde (0.628 mL, 6.92 mmol). The reaction mixture was stirred
at room temperature overnight. The resulting slurry was filtered,
and the precipitate was washed with THF. The filtrate was
concentrated to dryness, and the residue was triturated with
hexanes to remove triphenylphosphine oxide. The organic
phase was evaporated to dryness, and the residue was purified
using column chromatography on silica gel (hexanes, Rf = 0.24)
to afford tert-butyldimethyl(12-isopropyl-1 1-dodecenyloxy)si-
lane (0.50 g, 42 %) as a colorless oil. "H NMR (300 MHz, CDCl5):
03.60 (t,] = 6.6 Hz, 2 H), 3.19 (t, ] = 6.9 Hz, 2 H), 1.82 (m, 2
H), 1.50 (m, 2 H), 1.26 (bs, 14 H), 0.90 (s, 9 H), 0.05 (s, 6 H).

12-Isopropyl-11-dodecenol. TBAF (1.0 M solution in THF,
2.90 mL, 2.90 mmol) was added to a stirred solution of tert-
butyldimethyl(12-isopropyl-1 1-dodecenyloxy)silane (0.50 g, 1.5
mmol) in dry THF (10 mL) at room temperature and the stirring
was continued for 2 h under argon. The mixture was then
poured into water (100 mL) and extracted with ethyl acetate (3
x 50 mL). The combined organic phase was washed with brine
(100 mL), dried over anhydrous MgSO,, and concentrated to
dryness. The crude 12-isopropyl-11-dodecenol (0.33 g, 100 %)
was used in the next step without further purification. '"H NMR
(300 MHz, CDCl5): 0 5.2 (m, 2 H), 3.62 (t, ] = 6.3 Hz, 2 H), 2.58
(m, 1 H), 2.03 (m, 2 H), 1.54 (m, 2 H), 1.38—1.22 (m, 14 H),
0.88 (d, J = 6.6 Hz, 6 H).

12-Isopropyldodecanol. To a stirred suspension of Pd/C (100
mg) in dichloromethane (20 mL) activated with hydrogen was
added an aliquot of 12-isopropyl-11-dodecenol (0.33 g, 1.5
mmol). The mixture was stirred under a small overpressure of
hydrogen for 1 h at room temperature. The solid was filtered
through a plug of silica gel, and the residue was diluted with 50
mL of dichloromethane and cooled to 0 °C in an ice bath. Ozone
was bubbled through the solution for 10 min. The disappear-
ance of olefinic moiety was monitored by '"H NMR spectroscopy
by taking an aliquot of the reaction mixture. After bubbling
argon through the solution for 10 min, the solvent was evapo-
rated at room temperature under vacuum. Methanol (20 mL)
was added to dissolve the residue and an aliquot of sodium
borohydride (100 mg) was added to the cooled solution. The
mixture was stirred overnight at room temperature under argon
then ice—water (200 mL) was added to quench the reaction.
The mixture was neutralized with concentrated HCl and ex-
tracted with hexanes (3 x 100 mL). The combined organic
layers were washed with brine (200 mL), dried over anhydrous
MgSO,, and concentrated to dryness. The crude product was
purified using column chromatography on silica gel (diethyl
ether/hexanes = 1/2, Ry = 0.33) to afford 12-isopropyldodecanol
(0.31¢,92%). '"HNMR (300 MHz, CDCl5): 0 3.62 (t, ] = 6.3 Hz,
2 H), 1.59—1.43 (m, 4 H), 1.37—1.10 (m, 20 H), 0.88 (d, ] =
6.6 Hz, 6 H).

12-Isopropyldodecylmethanesulfonate. To an aliquot of 12-
isopropyldodecanol (0.31 g, 1.3 mmol) diluted in 50 mL of
hexanes was slowly added an aliquot (0.93 mL, 6.7 mmol) of
triethylamine. The reaction mixture was left stirring at room
temperature for 30 min. The solution was cooled in an ice bath,
and then an aliquot (0.31 mL, 4.0 mmol) of methanesulfonyl
chloride was added dropwise. The reaction was stirred for 4 h
at room temperature to ensure completion. Excess methane-
sulfonyl chloride was destroyed using small aliquot of water,
and the precipitate was dissolved using 200 mL of water. The
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organic layer was separated, and the aqueous layer was ex-
tracted with diethyl ether (3 x 50 mL). The combined organic
layers were washed with dilute HCI (300 mL), saturated aqueous
NaHCOs5 (200 mL), and brine (300 mL). The organic layer was
dried over MgSO,, filtered, and concentrated to dryness to
afford 0.36 g of crude mesylate (88 %), which was used in the
next step without further purification. 'H NMR (300 MHz,
CDCls): 6 4.20 (t, ] = 6.9 Hz, 2 H), 2.98 (s, 3 H), 1.73 (m, 2 H),
1.50 (m, 1 H), 1.40—1.10 (m, 20 H), 0.88 (d, ] = 6.6 Hz, 6 H).

12-Isopropyldodecylthioacetate. Potassium thioacetate (0.40
g, 3.5 mmol) was dissolved in 50 mL of absolute ethanol
(previously degassed) under argon. The crude mesylate (0.36
g, 1.2 mmol) was added dropwise to the stirred solution over 5
min. The reaction mixture was stirred under reflux for 4 h. After
cooling, the precipitate was filtered off and rinsed with ethanol.
The resulting organic phase was evaporated to dryness. The
residue was taken up with a mixture of hexanes (100 mL) and
water (100 mL). The aqueous layer was extracted with hexanes
(3 x 50 mL). The combined organic layers were washed with
brine (100 mL), dried over anhydrous MgSO,, filtered, and
evaporated to dryness. The crude product was purified using
column chromatography on silica gel (hexanes, Ry = 0.26) to
afford 12-isopropyldodecylthioacetate (0.301 g, 90 %) as a white
solid. 'H NMR (300 MHz, CDCls): 6 2.87 (t, ] = 7.2 Hz, 2 H),
2.33 (s, 3 H), 2.03 (m, 2 H), 1.50 (m, 1 H), 1.39—1.10 (m, 20
H), 0.88 (d, /] = 6.6 Hz, 6 H).

12-Isopropyldodecanethiol. An aliquot of 12-isopropyldode-
cylthioacetate (0.301 g, 1.05 mmol) diluted in dry THF (10 mL)
was carefully added to a suspension of lithium aluminum
hydride (59 mg, 1.6 mmol) in dry THF (10 mL) cooled in an ice
bath. The reaction mixture was stirred for 4 h under argon. The
reaction mixture was cooled to 0 °C, quenched with a few
milliliters of water, and acidified to pH ~1 using dilute HCI. The
mixture was left stirring under argon until the precipitate was
completely dissolved. The aqueous layer was extracted with
hexanes (3 x 50 mL), and the combined organic layers were
washed with brine (2 x 200 mL), dried over anhydrous MgSOy,
filtered, and concentrated to dryness to afford 220 mg of 12-
isopropyldodecanethiol (87 %). 'H NMR (300 MHz, CDCls): 0
2.50 (q, /= 7.5Hz, 2 H), 1.64—1.43 (m, 3 H), 1.38—1.10 (m,
21 H), 0.85 (d, ] = 6.6 Hz, 6 H). '3C NMR (75 MHz, CDCl5): 0
39.0, 34.0, 29.9, 29.7, 29.63, 29.57, 29.5, 29.1, 28.4, 28.0,
27.4,24.6, 22.6.

13-Isopropyltridecanethiol. 'H NMR (300 MHz, CDCls): &
2.50(q,/= 7.4 Hz, 2 H), 1.65—1.44 (m, 3 H), 1.36—1.05 (m,
23 H), 0.86 (d, ] = 6.6 Hz, 6 H). '3C NMR (75 MHz, CDCl5): 0
39.1,34.1,29.9,29.8,29.7, 29.6, 29.4, 29.1, 28.4, 28.0, 27.5,
24.7,22.7.

Substrate Preparation. Gold substrates were prepared by
thermal evaporation of 1000 A of gold onto silicon wafers
Si(111), precoated with an adhesion layer of chromium (100
A). The deposition was carried out at a rate of 1 A/s under
ultrahigh vacuum conditions. The resulting gold-coated wafers
were rinsed with absolute ethanol and blown dry with ultrahigh
purity nitrogen gas prior to adsorption of the thiols.

Sample Preparation. Ethanolic solutions of each thiol at 1
mM concentration were prepared in glass vial, which were
previously cleaned with piranha solution (H,SO4:H,0, = 3:1).
Caution: Piranha solution can react violently with organic com-
pounds and should be handled with care. The clean gold-coated
wafers were immersed in the thiol solutions for 24 h, after which
they were rinsed with absolute ethanol and blown dry with
ultrahigh purity nitrogen gas before characterization.

Ellipsometric Thickness Measurements. A Rudolph Re-
search Auto EL III ellipsometer operating with a 632.8 nm
He—Ne laser at an incident angle of 70° from the surface
normal was employed to measure the thickness of the SAMs.
A refractive index of 1.45 was assumed for all films. The
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FIGURE 1. Ellipsometric thicknesses for analogous isopropyl-, meth-
yl-, cyclopropyl-, and vinyl-terminated SAMs.

reported values represent the average of at least 12 measure-
ments and were reproducible within £2 A,

Contact Angle Measurements. Contacting liquids were dis-
pensed onto the surface of the SAMs using a Matrix Technolo-
gies micro-Electrapette 25. Advancing and receding contact
angles were measured with a ramé-hart model 100 goniometer
with the pipet tip in contact with the drop of liquid. The reported
are the average of at least 12 measurements and were repro-
ducible within &=1°.

Polarization Modulation Infrared Reflection Absorption
Spectroscopy (PM-IRRAS). A Nicolet MAGNA-IR 860 Fourier-
transform spectrometer equipped with a liquid nitrogen-cooled
mercury—cadmium—telluride (MCT) detector and a Hinds In-
struments PEM-90 photoelastic modulator (37 Hz) was em-
ployed to acquire the PM-IRRAS spectra. The data were collected
at a spectral resolution of 4 cm™' for 256 scans using p-polarized
light reflected from the sample at an angle of incidence of 80°
from the surface normal.

Preparation of Polyethylene (PE) Films. Polyethylene (PE -
linear, MW ~52 000) in pellet form was purchased from Poly-
sciences, Inc. The pellets were flattened by pressing with a
mechanical press at a pressure of 10 000 psi to produce thin
sheets of PE. The sheets were further processed by mounting
the material in a mechanical vice sandwiched between two
polished metal surfaces for one hour at a temperature of 150
°C. This procedure created flat PE surfaces that maintained their
profile throughout the ensuing experimental analysis.

RESULTS AND DISCUSSION

Ellipsometric Thicknesses. Figure 1 summarizes the
ellipsometric thicknesses of SAMs on gold derived from the
series of newly prepared w-cyclopropylalkanethiols as well
as the thicknesses of SAMs derived from normal alkanethiols
of similar chain length. For comparison, we also included
thickness data for two representative vinyl-terminated SAMs
and two representative isopropyl-terminated SAMs. As the
number of CH, groups increases from 9 to 13, the thickness
increases in a systematic fashion. For the cyclopropyl-
terminated SAMs, the plot gives a slope of 1.5 A per CH, unit.
Both the calculated slope and the absolute thicknesses are
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in good agreement with those previously observed in the
widely investigated normal alkanethiol SAMs on gold (37, 38).
Comparison of the cyclopropyl-terminated SAMs to the
methyl-terminated SAMs reveals that the thicknesses of the
former are slightly lower by ~0.5 A for all chain lengths
examined.

To rationalize this small but reproducible difference, we
first assume that the chain tilt (~30°) (18) and the confor-
mational order of all of the films are similar (both assump-
tions are consistent with our analysis by PM-IRRAS; vide
infra). We also know that the terminal C—C bond length is
unusually short for the cyclopropyl ring (i.e., 1.515 A for
cyclopropyl vs 1.545 A for CH5CH,) (35), and the HCH bond
angle is expanded to 114.5° (35). Simple modeling as an
equilateral triangle reveals that the shortest diagonal be-
tween the ring carbons and the opposite edge of a cyclopro-
pylring is ~1.31 A. Correspondingly, projection in the plane
normal to the surface predicts that a cyclopropyl terminal
group in a SAM on gold should be shorter by ~0.2 A than
an analogous terminal CHsCH, group (i.e., 1.13 A for cyclo-
propyl vs 1.34 A for ethyl) (39). This difference alone,
however, is insufficient to account for the reproducibly
observed difference in thickness of ~0.5 A.

Although it is plausible that the steric bulk of the cyclo-
propyl groups might disrupt the interchain packing and give
rise to an anomalously low ellipsometric thickness, we note
that the SAMs terminated with even bulkier isopropyl groups
(40) show the opposite trend (see Figure 1). Furthermore,
SAMs terminated with sterically smaller vinyl groups (40, 41)
exhibit thicknesses similar to those of the cyclopropyl-
terminated SAMs (and thus diminished thicknesses com-
pared to the corresponding CH;CH,-terminated SAMs). Like
the cyclopropyl-terminated SAMs, this latter phenomenon
can be attributed in part to the vinyl group’s diminished
terminal bond length (i.e., the length of the terminal C=C
bond is 1.34 A rather than 1.54 A) (35) and its expanded
HCH bond angle (120°) (35). Notably, vinyl and cyclopropyl
groups are more conformationally restricted (i.e., rigid) when
compared to ethyl and isopropyl groups, respectively. Nev-
ertheless, the steric bulk of a vinyl group is less than that of
an ethyl group (41), and the steric bulk of each of these
groups is less than that of a cyclopropyl group (40, 41).

Polarization Modulation Infrared Reflection
Absorption Spectroscopy (PM-IRRAS). Infrared re-
flectance spectra in the C—H stretching region of SAMs
derived from the series of w-cyclopropylalkanethiols are
shown in Figure 2. The first striking observation is that the
vibrations corresponding to the stretching of the methylene
groups in the ring are blue-shifted (i.e., 3000—3100 cm™")
relative to the methylene groups along the chain backbone
(i.e.,2850—2920 cm™'), as detailed in Table 1. This shift was
also observed in the transmission IR spectra of the corre-
sponding thiols as illustrated in Figure 3.

Generally, for cyclopropane, to relieve the strain associ-
ated with the sharp angle between carbons in the ring (60°),
the four sp® hybrid orbitals of carbon are nonequivalent.
There is a greater degree of p character for the internal
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FIGURE 2. PM-IRRAS spectra of cyclopropyl-terminated SAMs of
increasing chain length.

Table 1. Peak Assignments (cm™ ') for the
PM-IRRAS Spectra of the Cyclopropyl-Terminated
SAMs
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assignment CyPr9 CyPri10 CyPri1l CyPri2 CyPri3
CH2 sym stretch 2850 2850 2850 2850 2850
CH2 antisym stretch 2919 2919 2918.5 2918 2918
CH2 cycle sym stretch 3004.5 3006.5 3006.5 3006.5 3006.5
CH2 cycle antisym streccn 3081.5 3081.5 3081.5(w) 3081.5

orbitals involved in the formation of C—C bonds to relieve
the small-angle strain; these orbitals are referred to as ~sp®
orbitals (35). Correspondingly, the p character decreases in
the external hybrid orbitals involved in C—H bond forma-
tion, rendering them similar to ~sp? orbitals (35, 42). These
characteristics are supported by the PM-IRRAS spectra of the
cyclopropyl- and vinyl-terminated SAMs (see Figure 4). In
particular, the positions of the cyclic CH, stretching bands
(3000—3100 cm™ ") of the cyclopropyl-terminated films and
those of the terminal and internal olefinic C—H stretching
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FIGURE 3. Transmission IR of cyclopropyl- and methyl-terminated
SAMs: CyPr(CH;)oSH and CH5CH,(CH,)oSH.
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FIGURE 4. Comparison of the PM-IRRAS spectra for methyl-, iso-
propyl-, cyclopropyl-, and vinyl-terminated SAMs of identical chain
length (n = 12).

Table 2. Peak Assignments (cm™ ") for the
PM-IRRAS Spectra of Methyl-, Vinyl-, and
Isopropyl-terminated SAMs, When n = 12

assignment CH5CH,12 Vinyl 12 [Pr 12
CH2 sym stretch 2850 2850 2850
CH3 sym stretch 2877.5 2873.5 (w)
CH2 antisym stretch 2918 2919 2919
CH35 antisym stretch 2964 2960 (s,br)
C=CHz sym streich 2983 (W)
H—=C=Cygrercn 3008 (W)
C=CH2 antisym stretch 3083

bands (2980—3100 cm™") of the vinyl-terminated films are
nearly identical (see also Table 2). Interestingly, although
vinyl-terminated SAMs are known (43, 44), information
regarding the orientation of the terminal group with respect
to the surface has yet to be reported.

For long aliphatic chains and polymers, Snyder and co-
workers demonstrated that the position of the antisymmet-
ric CH, stretch varies systematically with the number of
gauche defects along the methylene chain (45). More pre-
cisely, a crystalline sample of stretched polymer chains
shows a sharp band at 2918 cm™!; in contrast, a liquidlike
environment for the chains shows a broad peak that is blue-
shifted to 2926 cm™! (45). Similarly, for SAMs derived from
normal alkanethiols on gold, the conformational order of the
films can be evaluated from the position of the antisymmet-
ric stretching band as well as its width at half height (fwhm)
(46). For our cyclopropyl-terminated SAMs, the antisymmet-
ric CH; stretching band undergoes a red shift from 2919 to
2918 cm™! as the number of methylene groups increases
from 9 to 13 (see Figure 2 and Table 1). This trend can be
rationalized by the increase in interchain van der Waals
interactions that accompanies the increase in chain length,
giving rise to an increase in the conformational order or
“crystallinity” of the films. Notably, the increase in intensity
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FIGURE 5. Proposed orientation of the cyclopropyl terminal group
on the surfaces with odd- and even-numbered chains and the
corresponding transition dipoles of the methylene vibrations.

of this band (Figure 2) directly reflects the increase in the
number of methylene units in the chains.

In the PM-IRRAS spectra of the cyclopropyl-terminated
SAMs (Figure 2), there is a small but reproducible “odd—even”
effect in the cyclic CH, stretching region (3000—3100 cm™")
(47, 48). In particular, the films with even-numbered chain
lengths show a greater intensity ratio for the symmetric
cyclic CH, stretch (3006 cm™") vs the antisymmetric cyclic
CH, stretch (3081 cm™"). This phenomenon can be rational-
ized by considering the orientation of the cyclic methylene
groups relative to the surface normal. When a molecule is
adsorbed on a substrate, the molecule induces opposite
image charges in the substrate (49). The dipole moment of
the molecule and the image charges perpendicular to the
surface reinforce each other. In contrast, the dipole mo-
ments of the molecule and the image charges parallel to the
surface cancel out. Therefore, the surface selection rule
states that only vibrations that involve changes in dipole
moment perpendicular to the surface can be detected and
observed in the vibrational spectrum (50, 51). Examination
of the transmission IR for all cyclopropyl-terminated thiols
(data not shown) revealed no significant difference in the
intensity of the peaks associated with the symmetric and
antisymmetric stretches of the cyclic methylenes. Therefore,
the observed “odd—even” effect appears to arise exclusively
from the differences in the orientation of the ring with
respect to the surface normal.

Further, when considering the relative orientation of the
ring with respect to the surface normal, we can predict that
the ring will tilt more for adsorbates containing an odd
number of carbon atoms in the backbone (i.e., counting only
the CH, groups between the sulfur headgroup and the
terminal cyclopropyl ring), while the even-numbered chains
produce surfaces with the rings oriented largely perpendicu-
lar to the surface (see Figure 5). Because of the symmetry
of cyclopropyl group, the cyclic CH, symmetric stretch is
oriented directly along the bisector of the ring and within
the plane defined by the main axis of the molecule, whereas
the cyclic CH, antisymmetric stretch is perpendicular to the

IEDAPPLIED MATERIALS 1261

XINTERFACES



http://pubs.acs.org/action/showImage?doi=10.1021/am1001585&iName=master.img-013.png&w=184&h=216
http://pubs.acs.org/action/showImage?doi=10.1021/am1001585&iName=master.img-014.jpg&w=165&h=183

CyPr 12

ARIR

CH;CH, 12

V-

1000 1200 1400 1600 1800 2000

Wavenumber (cm™')

FIGURE 6. Comparison of the PM-IRRAS spectra in the C—C stretch-
ing region for methyl- and cyclopropyl-terminated SAMs, where
n=12.

ring as illustrated in Figure 5. Thus, for SAMs generated from
the even-numbered chains, the orientation of the ring is such
that the intensity of the symmetric stretching band is
maximized compared to the antisymmetric band, whereas
the opposite is true for SAMs generated from the odd-
numbered backbones.

Figure 4 highlights the fact that the backbone CH, anti-
symmetric (2918 cm™!) and symmetric (2850 cm™!) stretches
for all of the films appear at roughly the same band position,
and the magnitude of the fwhm is also similar. In case of
the isopropyl-terminated SAMs, this observation agrees with
the conclusion by Kim et al. that large isopropyl terminal
groups fail to perturb the packing structure of SAMs on gold
(52). Our spectral data suggest that this conclusion is also
valid for cyclopropyl- and vinyl-terminated SAMs on gold.
Even though we are unable to determine the precise orienta-
tion of the terminal vinyl and isopropyl groups from the PM-
IRRAS spectra, we can conclude with confidence that the
conformational order of the methylene backbones is similar
for all of the films generated in this investigation.

Spectra of representative methyl- and cyclopropyl-termi-
nated SAMs in the C—C stretching region (1000—2000 cm™")
are shown in Figure 6. The most obvious difference between
the two spectra is the presence of a strong band at 1016
cm™! in the latter SAM, which can be assigned to a cyclo-
propyl ring vibration (47). Because the intensity of this band
is roughly the same for all of the cyclopropyl-terminated
SAMs examined (data not shown) and in the transmission
IR spectra of the cyclopropyl-terminated thiols (e.g., Figure
3), the change in the dipole moment associated with this ring
vibration must be unaffected by the orientation of the ring
with respect to the surface. A second difference between the
two spectra in Figure 6 is the weak band at 1274 cm™" in
the cyclopropyl-terminated SAM, which is associated with
a CH, deformation mode for the cyclic CH, groups (48).
Other bands are either weak or are associated with the
hydrocarbon backbone and will not be interpreted here.

Contact Angle Measurements. Table 3 lists the
contact angle values measured for several probe liquids on
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Table 3. Advancing Contact Angles (deg) Measured
on Cyclopropyl-, Methyl-, Isopropyl-, and
Vinyl-Terminated SAMs using Various Probe Liquids;
Values of Hysteresis (Difference between Advancing
and Receding Contact Angles) Are Given in
Parentheses

W F MF DMF  ACN SQ HD

CyPr 9 99 (12) 9) 619 51(8) 49 (13) 26 (14) =10 (—

8 ( ) ()
CyPr10 101 (12) 80 (8) 62(9) 53(8) 51(13)29(12) =10 (—)
CyPr 11 101 (11) 78 (8) 61 (9) 53(8) 50 (12) 28 (11) =10 (—)
CyPr12 103 (11) 81 (8) 64 (8) 55(7) 51(10) 29 (11) =10 (—)
CyPr 13 1(11) 79(8) 62 (7) 54 (6) 51(9) 28(10) 13 (—)
CH5CH,9 114 (11) 94 (10) 78 (8) 72 (5) 64 (8) 51 (9) 46 (8)
CH5CH,10 114 (10) 96 (8) 81 (6) 75(5) 67 (9) 54 (7) 48 (8)
CH5CH,11 115 (10) 95(9) 79 (9) 72 (6) 64 (8) 53(8) 47 (8)
CH5CH,12 114 (10) 98 (8) 84 (8) 76 (7) 67 (8) 55(8) 49 (8)
CH5CH,13 115 (10) 96 (8) 81 (10) 73 (7) 65(8) 53 (8) 47 (7)
IPr 12 109 (10) 91 (10) 77 (9) 66 (9) 62 (8) 49 (10) 40 (8)
IPr 13 110 (10) 90 (9) 76 (9) 66 (8) 62 (9) 48 (11) 41 (7)
vinyl 12 100 (11) 83 (11) 54 (10) 45 (11) 32 (13) 35(12)31( 1)
vinyl 13 101 (11) 83 (11) 55 (11) 46 (10) 33 (12) 35 (12) 31 (10)

“The values reported here are the average of at least 12
measurements (reproducible within £1°). Entries marked by (—)
could not be recorded because the receding contact angles are <10°
(commonly defined as fully wettable). Probe liquids used in this
experiment are W = water, F = formamide, MF
N-methylformamide, DMF = N,N-dimethylformamide, ACN
acetronitrile, SO = squalane, HD =hexadecane.

the surfaces of the cyclopropyl-terminated SAMs. Figure 7
also plots the contact angle data collected for the SAMs
having the longest even (n = 12; Figure 7a) and odd (n =
13; Figure 7b) chain lengths. For comparison, we chose to
examine vinyl- and isopropyl-terminated SAMs in addition
to the classic methyl-terminated SAMs.

The contact angle data for all of the probe liquids dem-
onstrate that the methyl-terminated SAMs are universally the
least wettable, followed by the isopropyl-terminated SAMs.
Because methyl and isopropyl groups can interact only
through dispersive interactions, the trend observed merely
reflects the ability of solvent molecules to interact with the
surfaces through short-range attractive forces (53). Interest-
ingly, given that interfacial methyl groups are less wettable
than methylene groups (31, 33), one might have predicted
that the wettability would decrease upon substituting a single
CHj5 group in a normal alkanethiolate SAM with two CHj
groups. The fact that the opposite trend is observed can be
interpreted in the context of the model proposed by Shon
et al., which relates interfacial wettability to the density of
atomic contacts per unit area of a surface in contact with a
probe liquid (25). When applied to the present system and
with the knowledge that the lattice spacing of the terminal
groups in methyl-terminated and isopropryl-terminated SAMs
is the same (52), the Shon et al. model would predict a
greater density of atomic contacts for isopropyl surfaces than
for methyl surfaces, and thus enhanced wettability for the
former surfaces, which is consistent with the experimental
observations reported here. Nevertheless, it is also possible
that enhanced solvent intercalation (54) might be respon-
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FIGURE 7. Comparison of the contact angles using various probe
liquids for methyl- (M), isopropyl- (O), vinyl- (), and cyclopropyl-
terminated SAMs (A) of (a) the even (n = 12) and (b) odd chains
(n = 13). The probe liquids are W = water, F = formamide, MF =
N-methylformamide, DMF = N,N-dimethylformamide, ACN =
acetronitrile, SQ = squalane, HD = hexadecane (see also Table 3).

sible for (or at least contribute to) the enhanced wettability
of the isopropyl-terminated SAMs.

Figure 7 shows further that the vinyl- and cyclopropyl-
terminated SAMs are markedly more wettable than the two
previous systems. According to the analysis given above, the
enhanced wettability of these surfaces might arise from
either intercalation effects or an increased density of atomic
contacts between the interfaces and the contacting liquids.
We note, however, that the vinyl-terminated SAMs expose
m bonds at the interface; similarly, the bent bonds (i.e.,
banana-shaped orbitals) of the cyclopropyl ring have inter-
mediate character between o and 7 (55). It is also plausible
that the enhanced wettability of these two films arises from
the greater polarizability of their zz-type terminal groups.

There are, however, differences in wettability between
these two latter systems that warrant further discussion (see
Figure 7). For the nonpolar contacting liquids (squalane and
hexadecane), the fact that the cyclopropyl-terminated films
are more wettable than the vinyl-terminated films can be
rationalized by the Shon et al. model (25), where the
cyclopropyl terminus offers a greater density of atomic
contacts compared to the vinyl-terminated films. For the
polar contacting liquids (save for water and formamide,
which possess the greatest surface tensions and are thus less
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FIGURE 8. Contact angle data of cyclopropyl-terminated SAMs with
respect to chain length using various probe liquids (W = water, F =
formamide, MF = N-methylformamide, DMF = N,N-dimethylforma-
mide, ACN = acetronitrile, SQ = squalane, HD = hexadecane; see
also Table 3).

easily influenced by small variations in interfacial structure/
composition), the trend is reversed. The enhanced wetta-
bility of the vinyl-terminated films by methylformamide,
dimethylformamide, and acetonitrile can be rationalized on
the basis of their strong dipole—induced dipole interaction
with the polarizable z-bond of the vinyl group and/or by
mutually attractive 7— interactions between these liquids
and the terminal vinyl group.

Figure 8 shows the wettability of the cyclopropyl-termi-
nated SAMs as a function of chain length. For all contacting
liquids (save for hexadecane, which completely wets the
surfaces), a small but reproducible “odd—even” parity effect
can be observed (29, 56, 57). Our proposed orientation of
the cyclopropyl terminal group (see Figure 5) indicates that
for the films having even-numbered chain lengths, the
terminal group is oriented roughly normal to the surface,
principally exposing the edge of the ring at the interface. In
contrast, for the films having odd-numbered chain lengths,
the terminal group is aligned more parallel to the surface,
exposing an enhanced density of atomic contacts at the
interface. As noted above and in a previous report (25), this
phenomenon can be used to rationalize an enhanced wet-
tability of the films having odd-numbered chain lengths.

Finally, based on wetting studies of polyethylene (PE)
surfaces, Johnson and Dettre reported the advancing contact
angle of water on PE film varies from 92° to 107° depending
on the density of the polymer (58). The commonly accepted
values for the advancing contact angle of water on PE films
is 94°, which was obtained from a sample of PE having five
methyl groups per 1000 carbon atoms in the polymer chain
(59, 60). Because an increase in the number of methyl
groups decreases polymer density, it is therefore plausible
that a PE film having 21 methyl groups per 1000 carbon
atoms in the polymer chain would exhibit a water contact
angle of ~101—105°, as has been reported (61). A similar
value of 103° was reported for low-density PE films (11),
and on PE deposited on glass slides (62). In contrast,
nonpolar probe liquids (e.g., hexane and hexadecane) showed
complete wetting of the PE surfaces (i.e., contact angle
values of ~0°) (60, 62).
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FIGURE 9. Contact angle data obtained with a wide variety of probe
liquids (W = water, F = formamide, MF = N-methylformamide,
DMF = N,N-dimethylformamide, ACN = acetronitrile, SQ = squalane,
HD = hexadecane) on PE films (A) and on cyclopropyl-terminated
SAMs having the longest even (n = 12, ) and odd chain lengths
n=13, @)

To provide a more comprehensive comparison, we col-
lected wettability data for all of the probe liquids on PE films.
Figure 9 shows the contact angles of the two cyclopropyl-
terminated monolayers having the longest chain lengths
together with the contact angles collected on the PE films.
Within experimental error (i.e., £2°), the entire collection
of probe liquids wets the SAMs and the polymer films
identically. Given the broad range of probe liquids used (i.e.,
from polar protic to nonpolar aprotic), this comparison
demonstrates that the interface of the cyclopropyl-terminat-
ed SAMs is similar in chemical structure/composition to that
of PE films, suggesting that appropriately designed SAMs can
serve as ideal models of polymeric interfaces without com-
plications arising from surface reconstruction. Although
cross-linking can be used to limit recronstruction in polymer
films, the cross-links themselves can influence the interfacial
properties. SAMs thus offer a convenient model system for
evaluating these effects.

CONCLUSIONS
The adsorption of w-cyclopropylalkanethiols on gold af-

forded densely packed and well-ordered monolayer films.
The structure of the new films was evaluated by using
ellipsometry and PM-IRRAS, and their interfacial properties
were evaluated using contact angle goniometry. Both ellip-
sometry and PM-IRRAS data are consistent with the C—C
bond of the three-membered ring opposite to the alkyl chain
lying parallel to the surface. The orientation of the cyclopro-
pyl groups with respect to the surface normal varied sys-
tematically with the number of methylene groups in the
chain of the adsorbate molecule (i.e., odd vs even). Although
only small variations in the wettability of the surfaces were
found, these variations were present for all types of contact-
ing liquids used. Furthermore, comparison of the wettabili-
ties of cyclopropyl-, methyl-, vinyl-, and isopropyl-terminat-
ed SAMs revealed that the contact angle values depended
on the density of atomic contacts at the interface of the films.
Additional differences in the wettabilities of vinyl- and
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cyclopropyl-terminated SAMs were attributed to &—a inter-
actions across the interface of the former films. Importantly,
the wettability of the cyclopropyl-terminated SAMs was
identical to that of PE surfaces for a wide variety of contact-
ing liquids. The remarkable consistency of the data warrants
further investigation of the use of SAMs to mimic the
interfacial properties of polymeric materials.
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