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ABSTRACT:  The direction and magnitude of surface dipoles directly affect interfacial properties 

and can be tuned through molecular design.  This article examines the effect of a hydrocarbon-

fluorocarbon, "HC-FC", dipole on the structural and interfacial properties of self-assembled 

monolayers (SAMs) as the dipole is buried into the film.  A series of selectively fluorinated 

alkanethiols with a progressively extended alkyl chain atop six fluorocarbons and an alkyl spacer 

of 11 hydrocarbons, H(CH2)n(CF2)6(CH2)11SH, where n = 1–7 (HnF6H11SH) were prepared and 

used to generate SAMs on evaporated gold, allowing for the systematic burying of the HC-FC 

dipole into the film.  Structural analyses of the films revealed well-ordered films with slight 

disorder/loose packing in the top alkyl chains.  In addition, odd-even effects were observed in the 

orientation and wettability of the SAMs corresponding to the number of carbon atoms in the top 

alkyl chain, leading to the conclusion that the fluorinated segment behaves as a surrogate surface.  

As for the effect of the dipole on the wetting behavior of the films, the effect appears to be 

minimized after three methylene units, however the structural features of the monolayers were also 

found to influence the wettability of the films.

INTRODUCTION

Recent advances in nanotechnology have benefitted from the use of fluorinated organic thin films.  

Properties inherent to fluorocarbons allow them to be a leading candidate for nanoscale 

applications that include their use as lubricants for nanoelectromechanical systems (NEMS) and 

microelectromechanical systems (MEMS).1-3  The lubricant of choice for these types of systems 

has included partially fluorinated alkylsilanes in the form of fluorinated self-assembled 

monolayers (FSAMs).  A better understanding of these robust films, with properties such as low 

adhesion and thermal stability, has been gained from studies regarding the structural/compositional 

features of these monolayers at the interface.3-7  For example, multiple reports have described 
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greater frictional properties for perfluorinated monolayer films on silica when compared to those 

of Teflon.3,8  Moreover, perfluorinated coatings can alter the work function of electrodes, leading 

to a reduction in the charge-transfer barrier between the electrode and an overlying conjugated 

polymer.9-12  Nevertheless, fluorinated thin films enjoy widespread use in applications beyond 

those of mechanical and electronic devices.  In particular, fluorinated adsorbates have been used 

to generate anti-fouling coatings that inhibit the adsorption of biomaterials.13-14

Self-assembled monolayers (SAMs) generated by the adsorption of alkanethiols on gold continue 

to be widely used as model systems to investigate how the molecular features of an adsorbate 

influence the physical properties of the investigated films.15-18  Several synthetic routes have 

evolved from research involving partially fluorinated alkanethiols in efforts to impart specifically 

desired properties into thin films.4,19  Notably, the physical properties of SAMs derived from a 

series of fluorinated alkanethiols of the form CF3(CF2)n(CH2)2SH are dictated by the large 

perfluorinated segment rather than the short hydrocarbon spacer.20-23  Insights into the role that 

limited levels of fluorination play on the interfacial properties of such films have been gained by 

the use of uniquely structured fluorinated adsorbates.24-29  Lee and co-workers, for example, have 

shown the dependence of physical properties on the degree of fluorination by forming SAMs from 

partially fluorinated molecules of the form CF3(CF2)n(CH2)11SH where n = 1-10 (FnH11SH).24-27  

Moreover, the alkyl spacers of the SAMs largely dictate the structural features of the minimally 

fluorinated films, such as the relative crystallinity and packing density.30-31  In addition, the 

improved thermal stability of fluorinated SAMs appears to depend on the enhanced van der Waals 

(vdW) interactions between the alkyl spacers that increases with increasing chain length, giving 

the films their high degree of conformational order.27

In a recent study,32 we introduced methyl-terminated partially fluorinated SAMs of the form 

CH3(CF2)6(CH2)nSH, where n = 10–13 (H1F6HnSH), as the first examples of fluorinated thin 

films with an inverted oriented surface dipole (i.e., HC–FC dipole, representing the hydrocarbon-

fluorocarbon junction) at the terminal interface.  These films, which represent a poignant example 

of manipulating the interfacial energies of monolayers using surface dipoles, exhibit lower contact 

angles by polar liquids than CF3-terminated SAMs;32-33 in addition, the methyl-terminated FSAMs 

display higher contact angles than their hydrocarbon analogs.  However, the impact of these studies 

lies in the ability of the films to exhibit odd-even effects that are opposite to the those observed in 
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3

CF3-terminated films when in contact with polar protic liquids.  In such liquids, the intermolecular 

H-bonds restrain the molecules from adopting a more favorable interfacial orientation (based on 

polarity) in the presence of the inverted surface dipole, as shown in Figure 1.

H3C

F F

FF
SH
n3

H1F6HnSH
n = 10 -13

Figure 1.  Illustration of oriented dipoles and their direction in SAMs generated from H1F6HnSH 
on gold.  

In addition to the inverted odd-even effect observed for the H1F6HnSH FSAMs, the underlying 

perfluorinated segment in these adsorbates renders the films more oleophobic than their all-

hydrocarbon counterparts.  Additionally, the wetting behavior of various nonpolar liquids indicates 

that the orientation of the HC–FC dipole dictates the oleophobic character of the films through 

changes in the degree by which the underlying CF2 units are exposed at the interface.

Building on our earlier work, the current study aims to draw a clearer conceptualization of the 

extent of the influence of the HC–FC inverted dipole.  To this end, we designed, synthesized, and 

generated monolayer thin films from a series of alkyl-capped partially fluorinated alkanethiols of 

the structures H(CH2)n(CF2)6(CH2)11SH (HnF6H11SH, where n = 1–7).  Depictions of the 

partially fluorinated films examined in this study are shown in Figure 2 along with their fully 

hydrocarbon analogs.  This study sought to determine the length of the top hydrocarbon segment 

beyond which the HC–FC dipole ceases to influence the interfacial energetics of the system. 

Figure 2.  Schematic representation of SAMs generated from the HnF6H11SH (top) and HmSH 
(bottom) series.
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We also wished to evaluate the effect of the extended alkyl moiety on the structural features of the 

fluorinated thin-films.  Along with the new adsorbates, we also describe studies of a series of 

normal alkanethiol SAMs H(CH2)mSH (HmSH, where m = 18–24) to serve as reference films in 

our efforts to evaluate the structural and interfacial properties of the FSAMs generated from 

HnF6H11SH.  SAMs formed from HnF6H11SH and the reference HmSH adsorbates were 

analyzed using ellipsometry, X–ray photoelectron spectroscopy (XPS), polarization modulation 

infrared reflection-adsorption spectroscopy (PM-IRRAS), vibrational sum frequency generation 

(SFG) spectroscopy, and contact angle goniometry.

EXPERIMENTAL SECTION

Materials.  We purchased gold shot (99.999%; Americana Precious Metals), chromium rods 

(99.9%; R. D. Mathis Company), polished single-crystal silicon(100) wafers (Silicon Wafer 

Enterprises) from the indicated supplies.  Diethyl ether (Et2O) and tetrahydrofuran (THF) were 

purchased from Avantor Performance Materials (Macron Chemicals and J.T. Baker), and were 

dried by distilling over calcium hydride (Sigma-Aldrich).  Methanol (MeOH), acetone, and 

hexanes (from Avantor Performance Materials); ethyl acetate and dichloroethane (DCE) (from 

Sigma Aldrich) were either used as received or degassed by purging with argon gas.  

Azobisisobutyronitrile (AIBN), methanesulfonyl chloride (MsCl), lithium aluminum hydride 

(LiAlH4), allyl alcohol, triethylamine (Et3N), palladium on carbon (Pd/C), potassium thioacetate 

(KSAc), tetrabutylammonium fluoride solution, and methyl 10-undecenoate were all purchased 

from Sigma Aldrich and used as received.  1,6-Diiodoperfluorohexane (Synquest Labs), 4-bromo-

1-butene and 5-bromo-1-pentene (TCI America), 7-bromohept-1-ene (Oakwood), and 6-

bromohex-1-ene (Matrix Scientific) were used as received.  Sulfuric acid (H2SO4; J.T. Baker) and 

hydrochloric acid (HCl); potassium iodide (KI - EMD Chemicals); zinc dust (Fischer); glacial 

acetic acid (AcOH; Mallinckrodt Chemicals) were all used as received.

The adsorbate 1-octadecanethiol (H18SH) was purchased from Sigma Aldrich and used as 

received.  The adsorbates 1-nonadecanethiol (H19SH), 1-eicosanethiol (H20SH), 1-

henicosanethiol (H21SH), 1-docosanethiol (H22SH), 1-tricosanethiol (H23SH), 1-

tetracosanethiol (H24SH), and 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorooctadecane-1-

thiol (H1F6H11SH) were synthesized according to literature procedures.31-32,34-35
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5

Synthesis of Terminally Alkylated Partially Fluorinated Alkanethiols.  As detailed below, the 

adsorbate 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorononadecane-1-thiol (H2F6H11SH) 

was synthesized according to Scheme 1; the adsorbate 12,12,13,13,14,14,15,15,16,16,17,17-

dodecafluoroeicosane-1-thiol (H3F6H11SH) was synthesized according to Scheme 2; and the 

adsorbates 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorohenicosane-1-thiol (H4F6H11SH), 

12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorodocosane-1-thiol (H5F6H11SH), 

12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorotricosane-1-thiol (H6F6H11SH), and 

12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorotetracosane-1-thiol (H7F6H11SH) were 

synthesized according to Scheme 3.

Scheme 1. Synthesis of 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorononadecane-1-

thiol (H2F6H11SH).
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Methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,17-diiodoheptadecanoate (1).  In a 

100-mL Schlenk flask, the starting materials 1,6-diiodoperfluorohexane (6.00 g; 10.8 mmol), 

AIBN (10 mol %) and methyl 10-undecenoate (1.83 g; 9.21 mmol) were dissolved in 20 mL of 

DCE.  The system was degassed with three cycles of a standard freeze-pump-thaw procedure, and 

the mixture was heated to 85 °C for 5 h.  After cooling to rt, the solvent was removed by rotary 

evaporation, and the product was purified by silica gel chromatography using hexanes / ethyl 

acetate (95:5) as the eluent to give methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-

10,17-diiodoheptadecanoate (1) in 56% yield.  1H NMR (600 MHz, CDCl3): δ 4.32 (m, 1 H), 3.66 

(s, 3 H), 2.70–2.95 (m, 2H2), 2.30 (t, J = 7.56 Hz, 2 H), 1.71–1.85 (m, 2 H), 1.51–1.63 (m, 4 H), 
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6

1.24–1.42 (m, 8 H).  19F NMR (565 MHz, CDCl3): δ -58.8 (m, 2 F), -111.8 to -115.2 (m, 4 F),          

-120.91 (m, 2 F), -121.45 (m, 2 F), -123.50 (m, 2 F).

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,19-diiodo-19-(trimethylsilyl)no-

nadecanoate (2).  In a 100-mL Schlenk flask, F-iodoester 1 (2.75 g; 3.6 mmol), 

trimethyl(vinyl)silane (0.80 mL; 5.4 mmol), and AIBN (10 %) were dissolved in 20 mL of DCE.  

The mixture was degassed with three standard freeze-pump-thaw cycles and then warmed to 85 

°C until consumption of the starting alkene.  Afterward, rotary evaporation was used to remove 

the solvent, and the product was purified by chromatography on silica gel using hexanes / ethyl 

acetate (95:5) as the eluent to give the intermediate silane in 99% yield.  1H NMR (400 MHz, 

CDCl3):  δ 4.29–4.36 (m, 1H), 3.66 (s, 3H), 3.19–3.22 (m, 1H), 2.50–2.99 (m, 4H), 2.30 (t, 

J = 7.66 Hz, 2H), 1.71–1.86 (m, 2H), 1.58–1.63 (m, 2H), 1.21–1.43 (m ,10H), 0.19 (s, 9H).  
19F NMR (376 MHz, CDCl3): δ -115.7 to -111.2 (m, 4F, broad), -121.6 (m, 4F), -123.61 (m, 4F).

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorononadeca-10,18-dienoate (3).  In a 

100-mL round bottom flask, compound 2 (3.03 g; 3.55 mmol) was dissolved in 50 mL of distilled 

THF and cooled to 0 °C.  Once cooled, 1 M TBAF solution (14.2 mL; 14.2 mmol) was added 

dropwise to the flask.  The mixture was allowed to stir at rt for 16 h.  Afterward, the reaction was 

quenched with 50 mL of 1 M HCl.  The product was extracted with Et2O (3 × 100 mL), and the 

organic layer washed with both water (2 × 100 mL) and brine (1 × 100 mL), and then dried with 

MgSO4.  After the solid was filtered off, the solution was passed through a short plug of silica gel, 

and then rotary evaporation was used to remove the solvent to give 3, which was carried on to the 

next step without further purification.  1H NMR (600 MHz, CDCl3):  δ 6.36–6.40 (m, 1H), 5.93–

6.03 (m, 2H), 5.77–5.84 (m, 1H), 5.59 (q, J = 13.06 Hz, 1H), 3.66 (s, 3H), 2.30 (t, J = 7.21 Hz, 

2H), 2.18 (m, 2H), 1.60–1.62 (m, 2H), 1.42–1.47 (m, 2H), 1.19–1.29 (m, 7H).  19F NMR (565 

MHz, CDCl3):  δ -111.1 (m, 2F), -113.7 (m, 2F), -121.5 (m, 4F), -123.6 (m, 4F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorononadecan-1-ol (4).  A slurry of Pd/C 

(10 mol %) in anhydrous MeOH (15 mL) was prepared in an oven dried 2-neck round bottom 

flask.  The slurry was evacuated, refilled with H2, and stirred for 20 min.  Afterward, a solution of 

dissolved diene 3 (1.93 g; 3.69 mmol) in MeOH (20 mL) was transferred into the slurry.  The 

mixture was stirred at rt for 48 h, refilling the flask with H2 as necessary.  Afterward, the mixture 

was diluted with Et2O (200 mL) and filtered through a Celite pad.  The solvent was then removed 
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7

to give the ethyl-terminated partially fluorinated ester, which was used in the next step without 

purification.  The crude ester (1.95 g; 3.69 mmol) was dissolved in dry THF (50 mL) and added 

dropwise to a stirred slurry of LiAlH4 (0.218 g; 5.75 mmol) at 0 °C.  The mixture was then allowed 

to warm to rt and stirred for 6 h.  The reaction was quenched at 0 °C with H2O (10 mL) and 

acidified with 2 M HCl (20 mL).  The compound was extracted with Et2O (3 × 100 mL), and the 

organic layer washed with both water (1 × 100 mL) and brine (1 × 100 mL), dried with MgSO4, 

and the solvent removed by rotary evaporation.  The crude alcohol was purified using silica gel 

chromatography with hexanes / ethyl acetate (80:20) as the eluent to give alcohol 4 in 82% yield 

from the iodosilane.  1H NMR (600 MHz, CDCl3):  δ 3.64 (q, J = 6.19 Hz, 2H), 1.99–2.17 (m, 

4H), 1.54–1.61 (m, 4H), 1.25–1.36 (m, 14H), 1.19 (t, J = 5.5 Hz, 1H), 1.14 (t, J = 7.56 Hz, 3H).  
19F NMR (565 MHz, CDCl3):  δ -114.4 to -114.3 (m, 2F), -116.3 to -116.2 (m, 2F), -121.8 (m, 4F), 

-123.6 (m, 4F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorononadecane-1-thiol (H2F6H11SH).  The 

alcohol (1.47 g; 2.95 mmol) was dissolved in anhydrous THF (75 mL), and at 0 °C Et3N (1.3 mL; 

9.3 mmol) was added.  After stirring for 30 min, an aliquot of MsCl (0.7 mL; 1.5 mmol) was added 

to the flask, and the mixture was allowed to stir at rt for 6 h.  Afterward, the reaction was quenched 

with cold H2O (50 mL), and the product was extracted with Et2O (3 × 100 mL).  The organic layer 

was then washed with 1 M HCl (1 × 100 mL), water (1 × 100 mL), brine (1 × 100 mL), and dried 

with MgSO4.  The solvent was then removed by rotary evaporation, and the crude mesylate carried 

to the next step without purification.  The crude mesylated alcohol (1.98 g; 3.42 mmol) and KSAc 

(1.180 g; 10.3 mmol) were dissolved in anhydrous EtOH (75 mL, previously degassed) and 

refluxed for 4 h.  After cooling to rt, the reaction was quenched with H2O (50 mL) and the product 

extracted with Et2O (3 × 100 mL).  The organic layers were combined and washed with H2O 

(1 × 100 mL) and brine (1 × 100 mL), and dried with MgSO4.  After removal of the solvent by 

rotary evaporation, the crude thioacetate was carried to the next step without further purification.  

The crude thioacetate (1.6 g; 2.9 mmol) was dissolved in anhydrous THF (50 mL, previous 

degassed).  Once dissolved, the solution was added to a slurry of LiAlH4 (0.17 g; 4.5 mmol) in 

10 mL of THF (previously degassed) at 0 °C.  The mixture was stirred at rt for 6 h.  Afterward, the 

reaction was quenched with H2O (20 mL, previously degassed) at 0 °C and immediately acidified 

with 1 M H2SO4 (50 mL, previously degassed) until the pH of the solution was ~1.  The product 

was then extracted with Et2O (3 × 100 mL), and the combined organic layers were washed with 
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8

H2O (1 × 100 mL) and brine (1 × 100 mL), and dried with MgSO4.  After removal of the solvent 

by rotary evaporation, the crude thiol was purified using silica gel chromatography with hexanes / 

ethyl acetate (99:1) as the eluent to give 12,12,13,13,14,14,15,15,16,16,17,17-

dodecafluorononadecane-1-thiol (H2F6H11SH) in 88% yield.  1H NMR (600 MHz, CDCl3):  

δ 2.52 (q, J = 7.33 Hz, 2H), 2.15 (m, 4H), 1.56–1.63 (m, 4H), 1.27–1.43 (m, 14H), 1.33 (t, J = 7.90 

Hz, 1H), 1.13 (t, J = 7.21 Hz, 3H).  19F NMR (565 MHz, CDCl3):  δ -114.4 (m, 2F), -116.4 (m, 

2F), -121.8 (m, 4F), -123.6 (m, 4F).  13C NMR (125 MHz, CDCl3):  δ 34.1 (s), 31.0 (t, 

J = 22.18 Hz), 29.2–29.6 (m), 28.5 (s), 24.7 (t, J = 11.09 Hz), 24.5 (s), 20.2 (m), 4.6 (t, 

J = 4.44 Hz).  Broad peaks at δ 109.4–120.6 are characteristic of a long perfluorocarbon chain.26  

HR-CI-MS, m/z:  515.1644 [M-H]+.

Scheme 2. Synthesis of 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoroeicosane-1-thiol 

(H3F6H11SH).
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Methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-20-hydroxy-10,19-diiodoeicosanoate 

(5).  In a 100-mL Schlenk flask, F-iodoester 1 (0.85 g; 1.1 mmol), AIBN (10 mol %), and allyl 

alcohol (0.13 g; 2.2 mmol) were dissolved in 20 mL of DCE.  The mixture was degassed with 

three standard freeze-pump-thaw cycles, and the reaction heated to 85 ºC for 12 h.  The solvent 

was then removed by rotary evaporation, and the product was purified by silica gel 

chromatography using hexanes / ethyl acetate (70:30) as the eluent system to give methyl 
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12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-20-hydroxy-10,19-diiodoeicosanoate (5) in 

93% yield.  1H NMR (500 MHz, CDCl3): δ 4.43 (m, 1 H), 4.32 (m, 1 H), 3.79 (m, 2 H), 3.66 (s, 

3 H), 2.70–3.06 (m, 4 H), 2.30 (t, J = 7.56 Hz, 2 H), 2.06 (t, J = 6.87 Hz, 1 H), 1.71–1.85 (m, 2 H), 

1.51–1.63 (m, 2 H), 1.24–1.42 (m, 10 H).  19F NMR (470 MHz, CDCl3): δ -111.2 to -114.9 (m, 

4 F), -121.6 (m, 4 F), -123.6 (m, 4 F).

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoroeicos-19-enoate (6).  Compound 5 

(0.85 g; 1.0 mmol) was dissolved in a solution of THF (20 mL) and glacial acetic acid (50 mL).  

Zinc dust (2.06 g; 31.4 mmol) was then added under a flow of argon, and the mixture was stirred 

at rt for 48 h.  The mixture was then diluted with 200 mL of Et2O and filtered through Celite.  The 

filtrate was then washed with water (3  100 mL), saturated aqueous NaHCO3 (1  100 mL), and 

brine (1  50 mL), and dried over MgSO4.  The solvent was removed by rotary evaporation to give 

methyl 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoroeicos-19-enoate (6) in 90% yield.  1H 

NMR (500 MHz, CDCl3): δ 5.79 (m, 1 H), 5.32 (m, 2 H), 3.66 (s, 3 H), 2.84 (m, 2 H), 2.29 (t, 

J = 7.56 Hz, 2 H), 1.98–2.10 (m, 2 H), 1.55–1.63 (m, 2 H), 1.21–1.37 (m, 14 H).  19F NMR 

(470 MHz, CDCl3): δ -113.2 (m, 2 F), -114.3 (m, 2 F), -121.8 (m, 4 F), -123.2 (m, 2 F), -123.6 (m, 

2 F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoroeicosan-1-ol (7).  Olefin 6 (0.51 g; 0.94 mmol) 

was dissolved in anhydrous THF (50 mL) and added dropwise to a stirring slurry of LiAlH4 

(0.107 g; 2.82 mmol) in THF (10 mL) at 0 °C.  The mixture was then warmed to rt and stirred for 

6 h under argon.  Afterward, at 0 °C, the reaction was quenched with 20 mL of water, followed by 

the addition of 1 M aqueous HCl solution (20 mL).  The mixture was then extracted with Et2O 

(3  100 mL).  The combined organic layers were washed with water (1  100 mL) and brine 

(1  100 mL), dried over MgSO4, and evaporated to dryness by rotary evaporation.  The crude 

alcohol was used in the next step without further purification.

The crude compound was dissolved in 30 mL of MeOH and added to a slurry of Pd/C (10%).  The 

mixture was placed under 1 atm of hydrogen and stirred at rt for 12 h.  The mixture was filtered 

through a pad of Celite and then washed with Et2O (100 mL).  After removal of solvent, the product 

was purified by chromatography on silica gel using hexanes / ethyl acetate (70:30) as the eluent 

system to give 12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoroeicosan-1-ol (7) in 66% yield.  
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1H NMR (500 MHz, CDCl3):  δ 3.64 (t, J = 6.70 Hz, 2 H), 1.98–2.08 (m, 4 H), 1.55–1.65 (m, 6 H), 

1.14–1.41 (m, 14 H), 1.01 (t, J = 7.22 Hz, 3 H).  19F NMR (470 MHz, CDCl3): δ -114.4 (m, 4 F), 

-121.8 (m., 4 F), -123.7 (m, 4 F).

S-(12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoroeicosyl) ethanethioate (8).  Alcohol 7 (0.32 

g; 0.62 mmol) was dissolved in anhydrous THF (20 mL), and at 0 °C NEt3 (0.26 mL; 1.9 mmol) 

was added to the flask.  After stirring for 30 min, MsCl (0.24 mL; 3.1 mmol) was added dropwise, 

and the mixture was allowed to stir at rt for 12 h.  The reaction was then quenched with 50 mL of 

cold water, and the product was extracted with Et2O (3  100 mL).  The combined organic phases 

were washed with 1 M aqueous HCl (1 × 100 mL), water (1 × 100 mL), brine (1 × 100 mL), and 

dried with MgSO4.  The solvent was then removed by rotary evaporation, and the crude mesylate 

was used in the next step without purification. 

The crude product and KSAc (0.345 g; 3.02 mmol) were dissolved in anhydrous ethanol (50 mL, 

previously degassed) and refluxed for 6 h.  After cooling to rt, the reaction was quenched with 

H2O (50 mL) and the product extracted with Et2O (3  100 mL).  The organic layers were combined 

and washed with H2O (1 × 100 mL) and brine (1 × 100 mL), and dried with MgSO4.  After removal 

of the solvent by rotary evaporation, the crude thioacetate was purified by chromatography on 

silica gel (hexanes / ethyl acetate; 95:5) to give S-(12,12,13,13,14,14,15,15,16,16,17,17-

dodecafluoroeicosyl) ethanethioate (8) in 98% yield.  1H NMR (500 MHz, CDCl3):  δ 2.85 (t, 

J = 7.39 Hz, 2 H), 2.32 (s, 3 H), 1.98–2.08 (m, 6 H), 1.52–1.66 (m, 4 H), 1.26–1.36 (m, 14 H), 

1.02 (t, J = 7.39 Hz, 3 H).  19F NMR (470 MHz, CDCl3): δ -114.3 (m, 4 F), -121.8 (m, 4 F), -123.7 

(m, 4 F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoroeicosane-1-thiol (H3F6H11SH).  Thioacetate 

8 (0.30 g; 0.52 mmol) was dissolved in anhydrous THF (30 mL).  Once dissolved, the solution 

was added to a slurry of LiAlH4 (0.059 g; 1.6 mmol) in THF (5 mL) at -10 °C.  The mixture was 

stirred at ~ -10 °C for 6 h under argon.  Afterward, the reaction was quenched with H2O (20 mL, 

previously degassed) at 0 °C and immediately acidified with 1 M H2SO4 (50 mL, previously 

degassed) until the pH of the solution was ~1.  The product was then extracted with Et2O 

(3 × 100 mL) and the combined organic layers washed with H2O (1 × 100 mL) and brine 

(1 × 100 mL), and dried with MgSO4.  After removal of the solvent by rotary evaporation.  The 
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resulting thiol was purified by chromatography on silica gel (hexanes / ethyl acetate; 99:1) to give 

12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoroeicosane-1-thiol (H3F6H11SH) in 50% yield.  
1H NMR (600 MHz, CDCl3): δ 2.51 (q, J = 7.45 Hz, 2 H), 1.96–2.09 (m, 4 H), 1.55–1.68 (m, 6 

H), 1.25–1.36 (m, 15 H), 1.02 (t, J = 7.45 Hz, 3 H).  19F NMR (565 MHz, CDCl3):  δ -114.3 (m, 

4F), -121.8 (m, 4F), -123.7 (m, 4F).  13C NMR (150 MHz, CDCl3):  δ 34.2 (s), 33.0 (t, J = 22.18 

Hz), 31.1 (t, J = 22.18 Hz), 29.2–29.6 (m), 28.5 (s), 24.8 (s), 20.3 (s), 13.9 (m), 13.8 (s).  Broad 

peaks at δ 109.4–120.5 are characteristic of a long perfluorocarbon chain.26  HR-CI-MS, m/z:  

529.1797 [M-H]+.

Scheme 3. Synthesis of 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorohenicosane-1-

thiol (H4F6H11SH), 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorodocosane-1-thiol 

(H5F6H11SH), 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotricosane-1-thiol 

(H6F6H11SH), and 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotetracosane-1-thiol 

(H7F6H11SH).
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Methyl 21-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,19-diiodohenicosano-

ate (9a).  In a 100-mL Schlenk flask, F-iodoester 1 (1.64 g; 2.18 mmol), AIBN (10 mol %), and 
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12

4-bromo-heptene (0.60 g; 4.4 mmol) were dissolved in 20 mL of DCE and degassed using three 

cycles of a standard freeze-pump-thaw procedure.  After degassing, the reaction was run at 85 °C 

for 12 h.  Afterward, the solvent was removed by rotary evaporation, and the crude product purified 

by silica gel chromatography using hexanes / ethyl acetate (90:10) as the eluent to give 9a in 88 % 

yield.  1H NMR (500 MHz, CDCl3): δ 4.49–4.51 (m, 1 H), 4.30–4.35 (m, 1 H), 3.66 (s, 3 H), 3.59–

3.61 (m, 1 H), 3.46–3.51 (m, 1 H), 2.75–3.04 (m, 4 H), 2.30 (t, J = 7.56 Hz, 2 H), 2.22–2.34 (m, 

2 H), 1.72–1.83 (m, 2 H), 1.51–1.63 (m, 4 H), 1.18–1.42 (m, 8 H).  19F NMR (476 MHz, CDCl3): 

δ -110.5 – -114.8 (m, 4 F), -121.5 (m, 4 F), -123.5 (m, 4 F).  Compounds 9b, 9c, and 9d were 

prepared using analogous methodology (vide infra).

Methyl 22-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,19-diiododocosanoate 

(9b) in 86% yield.  1H NMR (500 MHz, CDCl3): δ 4.30–4.34 (m, 2 H), 3.66 (s, 3 H), 3.43–3.45 

(m, 2 H), 2.73–2.92 (m, 4 H), 2.30 (t, J = 7.56 Hz, 2 H), 2.11–2.19 (m, 1 H), 1.92–2.04 (m, 3 H), 

1.72–1.84 (m, 2 H), 1.60–1.63 (m, 2 H), 1.51–1.56 (m, 1 H), 1.23–1.42 (m, 9 H).  19F NMR 

(476 MHz, CDCl3): δ -111.2 – -114.8 (m, 4F), -121.6 (m, 4F), -123.6 (m, 4F).

Methyl 23-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,19-diiodotricosanoate 

(9c) in 88 % yield.  1H NMR (500 MHz, CDCl3): δ 4.30–4.35 (m, 2H), 3.66 (s, 3H), 3.42 (t, J = 6.7 

Hz, 2H), 2.71–2.99 (m, 4H), 2.30 (t, J = 7.56 Hz, 2H), 1.68–1.98 (m, 6H), 1.51–1.63 (m, 4H), 

1.24–1.42 (m, 10H).  19F NMR (476 MHz, CDCl3): δ -111.9 – -111.1 (m, 2F), -114.8 – -114.2 (m, 

2F), -121.6 (m, 4F), -123.6 (m, 4F).

Methyl 24-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluoro-10,19-diiodotetracosano-

ate (9d) in 90 % yield.  1H NMR (400 MHz, CDCl3):  δ 4.29–4.36 (m, 2H), 3.67 (s, 3H), 3.42 (t, 

J = 6.6 Hz, 2H), 2.69–2.99 (m, 4H), 2.31 (t, J = 7.56 Hz, 2H), 1.71–1.93 (m, 6H), 1.21–1.64 (m, 

16H).  19F NMR (376 MHz, CDCl3):  δ -111.2 (m, 1F), -111.9 – -111.8 (m, 2F), -114.2 (m, 2F), -

114.9 (m, 1F), -121.6 (m, 4F), -123.6 (m, 4F).

Methyl 21-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorohenicosanoate (10a) 

Intermediate 9a (1.7 g; 1.9 mmol) was dissolved in a 500-mL round bottom flask in glacial acetic 

acid (100 mL); 20 mL of distilled THF were added in order to help the compound dissolve.  Zn 

powder (3.77 g; 57.5 mmol) was added under the flow of argon with vigorous stirring.  The mixture 

was allowed to stir at rt in the dark for 48 h.  Afterward, the accumulated pressure was carefully 
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released before opening the flask.  The mixture was diluted with diethyl ether and filtered through 

a pad of Celite.  The filtrate was then washed with a copious amount of water (10 × 100 mL), 

saturated NaHCO3 solution (2 × 50 mL), brine (1 × 100 mL), and dried with MgSO4.  The solvent 

was then removed by rotary evaporation giving intermediate 10a in 94% yield.  1H NMR (500 

MHz, CDCl3): δ 3.66 (s, 3 H), 3.43 (t, J = 6.70, 2 H), 2.30 (t, J = 7.56, 2 H), 2.13–1.91 (m, 6 H), 

1.78 (m, 2 H), 1.62–1.54 (m, 4H), 1.35 (m, 12 H).  19F NMR (476 MHz, CDCl3):  δ -114.3 (m, 4 

F), -121.8 (m, 4 F), -123.6 (m, 4 F).  Compounds 10b, 10c, and 10d were prepared using analogous 

methodology (vide infra).

Methyl 22-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorodocosanoate (10b) in 96% 

yield.  1H NMR (500 MHz, CDCl3): δ 3.66 (s, 3 H), 3.42 (t, J = 6.70 Hz, 2 H), 2.30 (t, J = 7.56 Hz, 

2 H), 1.98–2.13 (m, 4 H), 1.87–1.93 (m, 2 H), 1.54–1.64 (m, 8 H), 1.24–1.37 (m, 12 H).  19F NMR 

(476 MHz, CDCl3):  δ -114.3 (m, 4F), -121.8 (m, 4F), -123.6

Methyl 23-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorotricosanoate (10c) in 92% 

yield.  1H NMR (500 MHz, CDCl3):  δ 3.65 (s, 3H), 3.40 (t, J = 6.70 Hz, 2H), 2.29 (t, J = 7.56 Hz, 

2H), 1.97–2.10 (m, 4H), 1.84–1.89 (m, 2H), 1.54–1.65 (m, 6H), 1.20–1.51 (m, 16H).  19F NMR 

(476 MHz, CDCl3):  δ -114.3 (m, 4F), -121.6 (m, 4F), -123.1

Methyl 24-Bromo-12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorotetracosanoate (10d) in 

93% yield.   1H NMR (500 MHz, CDCl3):  δ 3.67 (s, 3H), 3.41 (t, J = 6.87 Hz, 2H), 2.30 (t, 

J = 7.73 Hz, 2H), 2.03–2.05 (m, 4H), 1.83–1.89 (m, 2H), 1.55–1.62 (m, 6H), 1.25–1.47 (m, 18H).  
19F NMR (476 MHz, CDCl3):  δ -114.3 (m, 4F), -121.8 (m, 4F), -123.6.

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoro-21-iodohenicosanoate (11a).  The 

bromoester (1.33 g; 2.09 mmol) and potassium iodide (1.74 g; 10.5 mmol) were dissolved in 

50 mL of acetone in a 100-mL round bottom flask.  The mixture was then refluxed for 24 h.  After 

cooling to rt, the solvent was removed by rotary evaporation, and the resulting residue was 

dissolved in Et2O (200 mL).  The organic layer was then washed with water (1 × 100 mL) and 

brine (1 × 100 mL), and dried with MgSO4.  Rotary evaporation was used to remove the solvent 

to give 11a in 95% yield.  1H NMR (500 MHz, CDCl3): δ 3.66 (s, 3 H), 3.20 (t, J = 6.87 Hz, 2 H), 

2.30 (t, J = 7.56 Hz, 2 H), 1.98–2.10 (m, 4 H), 1.91 (m, 2H), 1.71–1.78 (m, 2 H), 1.54–1.63 (m, 
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4 H), 1.20–1.43 (m, 12 H).  19F NMR (476 MHz, CDCl3): δ -114.3 (m, 4 F), -121.8 (m, 4 F), -

123.6 (m, 4 F).  Compounds 11b, 11c, and 11d were prepared using analogous methodology.

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoro-22-iododocosanoate (11b) in 97% 

yield.  1H NMR (500 MHz, CDCl3): δ 3.66 (s, 3 H), 3.20 (t, J = 6.87 Hz, 2 H), 2.30 (t, J = 7.56 Hz, 

2 H), 2.01–2.11 (m, 4 H), 1.83–1.89 (m, 2 H), 1.43–1.65 (m, 8 H), 1.25–1.36 (m, 12 H).  19F NMR 

(476 MHz, CDCl3): δ -114.3 (m, 4 F), -121.8 (m, 4 F), -123.6 (m, 4 F).

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoro-23-iodotricosanoate (11c) in 100 % 

yield.  1H NMR (500 MHz, CDCl3):  δ 3.66 (s, 3H), 3.18 (t, J = 7.04 Hz, 2H), 2.29 (t, J = 7.56 Hz, 

2H), 1.97–2.10 (m, 4H), 1.80–1.86 (m, 2H), 1.54–1.64 (m, 6H), 1.27–1.47 (m, 16H).  19F NMR 

(476 MHz, CDCl3):  δ -114.3 (m, 4F), -121.6 (m, 4F), -123.6 (m, 4F).

Methyl 12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluoro-24-iodotetracosanoate (11d) in 99% 

yield.  1H NMR (500 MHz, CDCl3):  δ 3.67 (s, 3H), 3.19 (t, J = 6.87 Hz, 2H), 2.30 (t, J = 7.73 Hz, 

2H), 1.99–2.09 (m, 4H), 1.80–1.85 (m, 2H), 1.57–1.63 (m, 6H), 1.25–1.44 (m, 18H).  19F NMR 

(470 MHz, CDCl3):  δ -114.3 (m, 4F), -121.8 (m, 4F), -123.6 (m, 4F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorohenicosan-1-ol (12a).  Intermediate 11a 

(1.37 g; 2.00 mmol) was dissolved in a mixture of glacial acetic acid (100 mL) and THF (20 mL).  

The addition of zinc dust (1.98 g; 30.1 mmol) was performed under a flow of argon with vigorous 

stirring.  The mixture was allowed to stir at rt for 48 h, at which point the mixture was diluted with 

Et2O (200 mL) and filtered through a pad of Celite.  The filtrate was then washed with H2O 

(10 × 100 mL), saturated NaHCO3 (2 × 50 mL), brine (1 × 100 mL), and dried with MgSO4.  

Rotary evaporation was used to remove the solvent, and the crude product carried into the next 

step without further purification.

The resulting crude ester (0.916 g; 1.65 mmol) was dissolved in dry THF (50 mL) and added to a 

stirring slurry of LiAlH4 (0.188 g; 4.94 mmol) at 0 °C.  The mixture was allowed to stir at rt for 

4 h under argon.  The mixture was cooled to 0 °C, quenched with H2O (20 mL), and acidified with 

1 M HCl (50 mL).  The solution was then extracted with Et2O (3 × 100 mL).  The combined Et2O 

layers were washed with water (1 × 100 mL) and brine (1 × 100 mL), and dried with MgSO4.  

Afterward, the solvent was removed by rotary evaporation, and the compound purified with silica 
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gel chromatography using hexanes / ethyl acetate (80:20) as the eluent to give 

12,12,13,13,14,14,15,15,16,16,17,17-dodecafluorotetracosan-1-ol (12a) in 76% yield.  1H NMR 

(500 MHz, CDCl3):  δ 3.64 (t, J = 6.70 Hz, 2 H), 1.98–2.10 (m, 4 H), 1.55–1.58 (m, 6 H), 1.28–

1.41 (m, 16 H), 0.95 (t, J = 7.22 Hz, 3 H).  19F NMR (476 MHz, CDCl3):  δ -114.3 (m, 4 F), -121.8 

(m, 4 F), -123.6 (m, 4 F).  Compounds 12b, 12c, and 12d were prepared using analogous 

methodology.

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorodocosan-1-ol (12b) in 95% yield.  1H NMR 

(500 MHz, CDCl3):  δ 3.63 (q, J = 6.30 Hz, 2 H), 1.98–2.09 (m, 4 H), 1.54–1.61 (m, 6 H), 1.25–

1.37 (m, 18 H), 0.91 (t, J = 7.05 Hz, 3 H).  19F NMR (476 MHz, CDCl3): δ -114.3 (m, 4 F), -121.8 

(m, 4 F), -123.6 (m, 4 F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotricosan-1-ol (12c) in 40% yield.  1H NMR 

(500 MHz, CDCl3):  δ 3.62–3.67 (m, 2H), 1.98–2.10 (m, 4H), 1.54–1.62 (m, 6H), 1.21–1.40 (m, 

20H), 0.90 (t, J = 7.04 Hz, 3H).  19F NMR (476 MHz, CDCl3):  δ -114.3 (m ,4F), -121.8 (m, 4F), 

-123.6 (m, 4F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotetracosan-1-ol (12d) in 76% yield.  1H NMR 

(400 MHz, CDCl3):  δ 3.62–3.67 (q, J = 6.11 Hz, 2H), 1.97–2.11 (m, 4H), 1.53–1.63 (m, 6H), 

1.28–1.36 (m, 22H), 1.19 (t, J = 5.27 Hz, 1H), 0.89 (t, J = 6.87 Hz, 3H).  19F NMR (376 MHz, 

CDCl3):  δ -114.3 (m, 4F), -121.8 (m, 4F), -123.7 to -123.6 (m, 4F).

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorohenicosane-1-thiol (H4F6H11SH).  Alcohol 

12a (0.66 g; 1.2 mmol) was dissolved in 50 mL of anhydrous THF followed by cooling to 0 °C.  

Afterward, Et3N (0.52 mL; 3.7 mmol) was added dropwise, and the solution was allowed to stir at 

0 °C for 30 min.  Subsequently, an aliquot of MsCl (0.48 mL; 6.2 mmol) was slowly added to the 

mixture.  The mixture was warmed to rt and stirred for 6 h.  The reaction was then quenched with 

ice-cold water (50 mL) followed by 1 M HCl (50 mL).  The solution was then extracted with Et2O 

(3 × 100 mL).  The combined organic layers were then washed with 1 M HCl (1 × 100 mL), H2O 

(1 × 100 mL), brine (1 × 100 mL), and dried with MgSO4.  Rotary evaporation was used to remove 

the solvent, and the resulting mesylated alcohol was used in the next step without further 

purification.
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The crude mesylated-alcohol (0.87 g; 1.4 mmol) and KSAc (0.819 g; 7.17 mmol) were dissolved 

in anhydrous ethanol (100 mL, previously degassed).  The mixture was then refluxed for 4 h.  

Afterward, the solvent was removed by rotary evaporation, and the resulting residue was dissolved 

in Et2O (200 mL).  The organic layer was washed with water (1 × 100 mL) and brine (1 × 100 mL), 

dried with MgSO4, and the solvent removed by rotary evaporation.  The crude thioacetate was 

dried under high vacuum overnight and used in the next step without further purification.

The resulting crude thioacetate (0.61 g; 2.11 mmol) was dissolved in anhydrous THF (20 mL; 

previously degassed) and added dropwise to a stirring slurry of LiAlH4 (0.119 g: 3.12 mmol) at 

0 °C.  The mixture was allowed to stir at rt for 3 h.  The reaction was quenched at 0 °C with H2O 

(20 mL; previously degassed) and immediately acidified with 1 M H2SO4 (50 mL; previously 

degassed).  The aqueous layer was then extracted with Et2O (3 × 100 mL), and the organic layer 

was washed with H2O (1 × 100 mL) and brine (1 × 100 mL), and dried with MgSO4.  Rotary 

evaporation was used to remove the solvent, and the crude thiol was purified using silica gel 

chromatography with hexanes as the eluent to give 12,12,13,13,14,14,15,15,16,16,17,17-

Dodecafluorohenicosane-1-thiol (H4F6H11SH) in 91% yield.  1H NMR (500 MHz, CDCl3): 

δ 2.53 (q, J = 7.45 Hz, 2 H), 1.98–2.09 (m, 4 H), 1.55–1.63 (m, 6 H), 1.28–1.44 (m, 16 H), 0.95 (t, 

J = 7.39 Hz, 3 H).  19F NMR (476 MHz, CDCl3): δ -114.3 (m, 4 F), -121.8 (m, 4 F), -123.6 (m, 

4 F).  13C NMR (125 MHz, CDCl3): δ 39.2 (s), 34.1 (s), 30.6–31.2 (m), 29.0–29.5 (m), 28.4–28.6 

(d), 24.7 (s), 22.2–22.3 (d), 20.2 (s), 13.8 (s), 4.0 (s).  Broad peaks at δ 108.9–120.6 are 

characteristic of a long perfluorocarbon chain.26  HR-CI-MS, m/z:  543.1969 [M-H]+.  Compounds 

H5F6H11SH, H6F6H11SH, and H7F6H11SH were prepared using analogous methodology.

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorodocosane-1-thiol (H5F6H11SH) in 85% 

yield.  1H NMR (600 MHz, CDCl3): δ 2.52 (q, J = 7.33 Hz, 2 H), 1.99–2.08 (m, 4 H), 1.56–1.62 

(m, 6 H), 1.28–1.43 (m, 19 H), 0.91 (t, J = 7.05 Hz, 3 H).  19F NMR (565 MHz, CDCl3):  δ -114.5 

(m, 4F), -121.9 (m, 4F), -123.7 (m, 4F).  13 C NMR (500 MHz, CDCl3): δ 76.8–77.4 (m), 34.1 (s), 

31.3 (s), 31.2 (m), 31.0 (m), 30.9 (m), 29.1–29.5 (m), 28.4 (s), 24.7 (s), 22.4 (s), 19.9–20.2 (d), 

13.9 (s).  Broad peaks at δ 108.7–120.6 are characteristic of a long perfluorocarbon chain.26  HR-

CI-MS, m/z:  557.2106 [M-H]+.
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12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotricosane-1-thiol (H6F6H11SH) in 83% 

yield.  1H NMR (500 MHz, CDCl3): δ 2.53 (q, J = 7.45 Hz, 2H), 1.99–2.09 (m, 4H), 1.56–1.63 

(m, 4H), 1.28–1.39 (m, 22H), 1.33 (t, J = 7.73 Hz, 1H), 0.90 (t, J = 6.87 Hz, 3H).  19F NMR 

(476 MHz, CDCl3): δ -114.3 (m, 4F), -121.8 (m, 4F), -123.6 (m, 4F).  13C NMR (150 MHz, 

CDCl3): δ 31.5 (s), 31.0 (t, J = 22.8 Hz), 29.1–29.5 (m), 28.9 (s), 28.4 (s), 22.5 (s), 20.2 (s), 14.1 

(s).  Broad peaks at δ 109.2–120.6 are characteristic of a long perfluorocarbon chain.26  HR-CI-

MS, m/z:  571.2254 [M-H]+.

12,12,13,13,14,14,15,15,16,16,17,17-Dodecafluorotetracosane-1-thiol (H7F6H11SH) in 76% 

yield.  1H NMR (600 MHz, CDCl3):  δ 2.53 (q, J = 7.33 Hz, 2H), 1.99–2.08 (m, 4H), 1.55–1.63 

(m, 4H), 1.28–1.37 (m, 25H), 0.89 (t, J = 6.87 Hz, 3H).  19F NMR (565 MHz, CDCL3): δ -114.4 

(m, 4F), -121.9 (m, 4F), -123.7 (m, 4F).  13C NMR (150 MHz, CDCl3): δ 34.2 (s), 31.7 (s), 31.1 

(t, J = 22.2 Hz), 29.1–29.6 (m), 28.5 (s), 24.8 (s), 22.7 (s), 20.3 (s), 14.2 (s).  Broad peaks at δ 

109.4–120.5 are characteristic of a long perfluorocarbon chain.26  HR-CI-MS, m/z: 585.2423 [M-

H]+.

Substrate Preparation and Monolayer Formation

Gold slides were prepared by the thermal evaporation of 1000 Å of gold atop 100 Å of chromium 

on Si(100) wafers under vacuum (pressure  6 x 10-5 torr) at a rate of 0.5 Å/s.  Prior to SAM 

formation, gold wafers were cut into 3 cm × 1 cm slides, rinsed with absolute ethanol, and dried 

with ultra-pure nitrogen gas.  After collecting the ellipsometric constants, two gold slides were 

immersed per 1 mM thiol solutions (5% THF in EtOH) for 48 h; all solvents were degassed with 

argon prior to SAM formation.  Piranha solution was used to clean the glass vials, which were 

subsequently rinsed thoroughly with deionized water, followed by absolute ethanol.  [Caution: 

Piranha solution is highly corrosive, should never be stored, and should be handled with extreme 

care.].  SAMs were rinsed with THF followed by ethanol and dried using a stream of ultra-pure 

nitrogen gas before characterization.

Characterization of the Monolayers   

The thickness values were measured using a Rudolph Research Auto EL III ellipsometer equipped 

with a He-Ne laser (632.8 nm).  The incident angle was set at 70°, and a refractive index of 1.45, 
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typical for an organic film, was used.36  An average of 6 measurements (3 per slide) was used to 

obtain the reported thickness. 

A PHI 5700 X-ray photoelectron spectrometer was used to obtain the XPS spectra of the SAMs.  

The instrument was equipped with a monochromatic Al K X-ray source (1486.7 eV) incident at 

90° relative to the axis of the hemispherical energy analyzer.  A take-off angle of 45° from the 

surface and a pass energy of 23.5 eV were used.  The Au 4f7/2 peak was referenced at a binding 

energy of 84.0 eV in all of the spectra.

A Nicolet Nexus 670 Fourier transform spectrometer equipped with a mercury-cadmium-telluride 

(MCT) detector and a Hinds Instrument PEM-90 photoelastic modulator was used to perform 

polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS).  The 

instrument was setup to allow the p-polarized light to reflect from the surface at an incident angle 

of 80° with respect to the surface normal.  The spectra were collected using 512 scans at a spectral 

resolution of 2 cm-1.

Vibrational sum frequency generation (SFG) spectroscopy is a surface-sensitive second-order 

nonlinear spectroscopic technique that under the electric dipole approximation can only give signal 

at interfaces where the local centrosymmetry of the system is broken.37  A more detailed 

explanation of the technique is available in the literature.37-39  SFG spectroscopy was performed 

using a pulsed EKSPLA PL-2251A Nd:YAG laser at 1064 nm to pump a LaserVision optical 

parametric generation/optical parametric amplification (OPG/OPA) system.  The OPG/OPA 

generates the visible 532 nm beam and tunable IR beam in the C-H stretching region from 2750-

3100 cm-1 used in the SFG experiments.  The beams, with incident angles of 50° and 60°, 

respectively, overlap spatially and temporally at the sample surface in a copropagating 

configuration to generate a new beam with a frequency at the sum of the two input frequencies.  

The reflected SFG beam is filtered using a monochromator to minimize collinear scattered light 

from the input 532 nm beam, and is detected using a photomultiplier tube.  The resulting spectra 

were an average of 10 or more scans taken at a scan rate of 1 cm-1 s-1 with an average of 20 laser 

shots per data point.  Two different polarization combinations, ppp and ssp (for which the letters 

denote first the SFG, then visible, and then IR beam polarizations with respect to the surface 
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normal), were gathered.  Each ppp spectrum was fitted to the vibrational mode assignments as 

listed in Table S6 using Mathematica 11 according to equation 1 below,39

(1)𝐼𝑆𝐹𝐺 ∝  |𝝌(2)
𝑅 + 𝝌(2)

𝑁𝑅|2 = |∑𝑞
𝐴𝑞

𝜔𝑞 ― 𝜔𝐼𝑅 ― 𝑖Γ𝑞
+ 𝐴𝑁𝑅𝑒𝑖𝜖|2

where  is the intensity of the SFG signal,  and  are the resonant and non-resonant 𝐼𝑆𝐹𝐺 𝝌(2)
𝑅 𝝌(2)

𝑁𝑅

contributions to the second-order nonlinear susceptibility,  and  denote the amplitude and 𝐴𝑞 Γ𝑞

linewidth of the qth vibrational mode at a frequency of , the infrared frequency is ,  and 𝜔𝑞 𝜔𝐼𝑅 𝐴𝑁𝑅 𝜖 

are the non-resonant amplitude and phase of the substrate, respectively.  The parameters derived 

from the fitting analysis were used to determine the average orientation (tilt angle) of the methyl 

group in the FSAMs by using the ratio of the intensities of the symmetric and antisymmetric methyl 

C-H stretching normal modes compared to a theoretical orientation curve of intensity ratio versus 

methyl tilt angle as detailed in previous studies.39-41

A Ramé-Hart model 100 contact angle goniometer was used to collect the contact angles of the 

various liquids on the SAM surfaces.  A Matrix Technologies micro-Electrapette 25 was used to 

dispense the liquids at a speed of 1 µL/s.  The reported data is an average of 12 measurements, 3 

drops per slide from both edges of the drop.

Computational Details.

The electronic structure calculations were performed with the ORCA program.42  The geometries 

of the partially fluorinated alkanethiols were optimized using the orbital optimized43 (OO) and 

spin-component scaled44 (SCS) MP2 method in combination with the resolution-of-identity (RI) 

approximation.45  A double-z basis set (def2-SVP)46 together with a matching auxiliary basis set 

def2-SVP/C was applied for all atoms.  The optimized geometries of the adsorbates obtained 

following this method were used to generate a graphical representation of the FSAMs shown in 

Figure 9.

RESULTS AND DISCUSSION

In this report, the HnF6H11SH SAMs were characterized and compared to a series of SAMs 

derived from their normal alkanethiol analogs (HmSH).  SAMs derived from normal alkanethiols 
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have been rigorously characterized in several previous studies24,31-32,36,47-48 and serve here as a 

reference for the evaluation of the HnF6H11SH FSAMs.

Thickness of Monolayers by Ellipsometry.  Growth and equilibration of the HnF6H11SH 

adsorbates in gold in EtOH at room temperature yielded SAMs that were thinner than the expected 

values for similarly structured SAMs, in addition to displaying suboptimal binding of the 

headgroup to gold and disorder in the alkyl chains.32  Equilibration of the FSAMs at 40 °C, as in 

a previous report on similarly structured alkanethiols,32 led to even more disorder and reduced 

thicknesses.  Consequently, we chose to develop the SAMs in a series of EtOH / THF mixtures in 

efforts to obtain densely packed and conformationally ordered monolayer films.  The thickness 

measurements obtained for the adsorption of H2F6H11SH (chosen as a representative adsorbate) 

onto gold from various mixtures of solvents are shown in Table S1.  It is apparent from the data 

that high concentrations of THF lead to a reduction of the thickness of the SAMs, and further 

equilibration at 40 °C failed to yield any significant difference in the thickness values.  Additional 

trials revealed that the FSAMs developed in a mixture of 5% THF and 95% EtOH gave the most 

densely packed and conformationally ordered monolayers as indicated from analyses by XPS and 

surface infrared spectroscopy, which are described in following sections.

Given the preceding studies, we generated monolayers from HnF6H11SH in a mixture of 5% THF 

and 95% EtOH with equilibration for 48 h at room temperature.  The average thickness values 

obtained for these FSAMs and the HmSH SAMs (developed in EtOH) are displayed in Table 1.  

Further, the thickness values for the hydrocarbon SAMs gave results that are consistent with the 

literature.47  For the SAMs derived from HnF6H11SH, however, the average thicknesses were 

lower than those of their hydrocarbon analogs.  In our previous investigation of the first member 

of this series, H1F6HnSH,32 we attributed such a reduction in thickness to the larger vdW diameter 

of the fluorinated segment (~5.6 Å) compared to the smaller hydrocarbon spacer (~4.2 Å) leading 

to a lower chain density in the films.4,32  Moreover, the data in Table 1 show that the HnF6H11SH 

FSAMs with the adsorbates having the shortest terminal alkyl chains (methyl, ethyl, propyl, and 

butyl) all exhibit roughly the same ellipsometric thickness (~18 Å); in contrast, the adsorbates with 

the longest terminal alkyl chains (pentyl, hexyl, and heptyl) show an initial increase in thickness, 

which then remains roughly constant (~22 Å).  Accordingly, based on the thickness measurements, 

Page 20 of 45

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21

it appears that the orientation and packing of the molecules in the SAMs depend, at least in part, 

on the length of the terminal alkyl chain.

Table 1.  Ellipsometric Thicknesses of SAMs on Gold Derived from HmSH and HnF6H11SH
Adsorbatea Thickness (Å) Adsorbateb Thickness (Å)

H18SH 23 ± 1 H1F6H11SH 17 ± 1

H19SH 25 ± 1 H2F6H11SH 18 ± 1

H20SH 26 ± 1 H3F6H11SH 19 ± 2

H21SH 27 ± 0 H4F6H11SH 18 ± 1

H22SH 28 ± 1 H5F6H11SH 21 ± 2

H23SH 31 ± 1 H6F6H11SH 22 ± 2

H24SH 32 ± 2 H7F6H11SH 22 ± 1
aDeveloped in EtOH.  bDeveloped in 95% EtOH and 5% THF.

Composition and Packing of Monolayers by XPS.  The XPS spectra of the C 1s and S 2p 

photoelectrons for the HmSH SAMs are presented in Figure 3, and their binding energies as well 

as percentage of bound sulfur are listed in Table S2.  The spectra for all of the HmSH SAMs 

exhibit a characteristic doublet in the S 2p region in a 1:2 ratio, which can be assigned to the S 

2p3/2 and S 2p1/2 electrons.49-50  For a thiolate bound to gold, the S 2p3/2 peak is characterized by a 

binding energy of ~162 eV; moreover, the absence of peaks at ~164 eV and ~168 eV indicates that 

there are no unbound or oxidized sulfur species, respectively, in the samples.49-50  Additionally, 

we calculate the percentage of bound thiolates (Table S2) by deconvoluting the S 2p peaks, shown 

in Figure S19.  The XPS data presented here can therefore be taken to indicate that the sulfur atoms 

in all of these monolayers are mostly bound (98 %, 93%, 92 %, 89 %, 91%, 91 %, and 88 % for 

H18SH, H19SH, H220SH, H21SH, H22SH, H23SH, and H24SH, respectively) to gold as 

surface thiolates.  We note also that the absence of any peaks for fluorine is consistent with the 

chemical makeup of the all-hydrocarbon HmSH adsorbates.
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Figure 3.  XPS spectra of the (A) C 1s and (B) S 2p regions collected from the HmSH SAMs.

The C 1s, F 1s, and S 2p regions for the HnF6H11SH FSAMs are presented in Figure 4, and their 

corresponding binding energies and percentage of bound sulfur are listed in Table S3.  

Deconvolution of the S 2p peaks for the HnF6H11SH FSAMs (Figure S20) reveals that the 

monolayers are mostly bound: 82 %, 83 %, 81 %, 91 %, 93 %, 96 %, and 88 % for H1F6H11SH, 

H2F6H11SH, H3F6H11SH, H4F6H11SH, H5F6H11SH, H6F6H11SH, and H7F6H11SH, 

respectively.  The C 1s region of the HnF6H11SH FSAMs in Figure 4A shows two peaks at ~284 

eV and ~291 eV that are associated with the CH2 and CF2 carbons, respectively.32  Analysis of the 

binding energies of the C 1s photoelectrons arising from the CH2 carbons can give insight into the 

relative packing density of the film; typically, an increase in the binding energy of the peak 

indicates an increase in the packing density of the alkyl spacer in the SAMs.36,51-52  Examination 

of the peak position of the C 1s (CH3/CH2) for the HnF6H11SH FSAMs reveals a shift to higher 

binding energies as the top alkyl chain is extended.  For the SAMs with the longer alkyl chains 

(i.e., H5F6H11SH and longer), the FSAMs appear to pack similarly to the hydrocarbon SAMs, 

with a binding energy of ~285.0 eV.  Additionally, examination of the peak position of the F 1s 

electrons shows that as the length of the terminal alkyl chain is increased, the binding energy 

decreases; notably, an analogous shift is observed in the binding energy of the C 1s electrons of 

the CF2 moieties.  Previous reports have observed a similar shift for the binding energy of the 

fluorinated segments for FSAMs in which the underlying spacer is systematically increased.30  
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Figure 4. XPS spectra of the (A) C 1s, (B) F 1s, and (C) S 2p regions collected from the 
HnF6H11SH SAMs.

Such an effect has been attributed to the greater distance between the gold substrate and the excited 

atoms.30,36,53  Since, however, the distance between the gold substrate and the fluorinated segments 

in the HnF6H11SH SAMs is constant, a different phenomenon must be causing the shifts observed 

here.

The CH2 C 1s binding energies for the FSAMs derived from adsorbates having terminal methyl 

and ethyl groups (BE = 284.5-284.6 eV associated with loose packing) seem to indicate that the 

vdW and steric interactions between the fluorinated segments strongly influence the 

structure/packing of these SAMs; in contrast, the CH2 C 1s binding energies for the FSAMs 

derived from the adsorbates having terminal propyl, butyl, pentyl, hexyl, and heptyl chains (BE = 

284.8-285.0 eV associated with dense "crystalline" packing), suggest that the alkyl chains as a 

whole control the structure/packing of these latter SAMs.  In Table S3, given that the shifts in the 

F 1s and CF2 C 1s binding energies as the length of the terminal alkyl is increased behave 

oppositely to the corresponding shifts in the CH2 C 1s binding energies, we interpret the shifts 

observed here to indicate that loose packing is induced in the fluorinated segments as the length 

of the terminal alkyl chains is increased.  As per variation in the molecular density of the SAMs 
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due to different chain lengths, Table S4 and S5 indicate that all of the monolayers within the series 

have similar densities.

In addition to the shifts in the binding energies of the electrons of the HnF6H11SH FSAMs, the 

shape of the peak associated with the C 1s (CH2/CH3) provides additional information.  There is 

an asymmetry and/or broadening associated with the HnF6H11SH FSAMs where n = 1-4, which 

perhaps arises from the impact of the perfluorocarbons on the binding energies of the adjacent CH2 

species.  For the films with the longer terminal alkyl chains, however, it is plausible that the signal 

intensities from those photoelectrons are attenuated.

Conformational Order of Monolayers by PM-IRRAS.  We utilized PM-IRRAS to obtain 
insight into the packing/orientation of the terminal group in the FSAMs as well as the relative 
conformation of the alkyl chains.  Figure 5 shows the PM-IRRAS spectra for the C–H stretching 
vibration region for the hydrocarbon SAMs and HnF6H11SH FSAMs examined in this study, and 
the peak positions are listed in Table S6.  The C-F stretching region of the HnF6H11SH FSAMs 
were also examined and are shown in Figure S22.  However, there was no discernible difference 
between the spectra, therefore the focus of our analysis will be on  the C-H stretching region.  
Previous research has utilized the position of the methylene C–H antisymmetric stretching 
vibration as an indicator of the relative conformational order of the films; specifically, for a well-

ordered highly crystalline film, the antisymmetric vibration (as
CH2) appears at ~2918 cm-1.36,54-55  

Conversely, a shift to higher wavenumbers is an indication of a disordered film.  All of the SAMs 

examined in this study exhibit a as
CH2 of 2918  2 cm-1, indicating well-ordered SAMs with the 

hydrocarbon chains having mostly trans-extended conformations.36,54-55

The position of the antisymmetric C-H stretching vibration associated with the methyl, as
CH3, 

provides additional insight into the structure of these SAMs.  For the SAM derived from 

H1F6H11SH, the peak associated with as
CH3 is hardly visible in the IR due to the diminution of 

the as
CH3 peaks by the adjacent fluorocarbon segment.32,56  For the SAM derived from 

H2F6H11SH, we would expect the as
CH3 peak to appear at ~2985 cm-1, in agreement with the 

bulk IR and Raman spectra for this molecule (Figure S21) as well as model compounds found in 

the literature,56 however, this peak is not visible in the PM-IRRAS spectrum possibly due to the 

orientation of the methyl group (as detailed below in the SFG section) and/or the proximity of the 

methyl group to the perfluorocarbon segment.32,56  In contrast, the as
CH3 peak for the SAM derived 

from H3F6H11SH appears at 2977 cm-1, and this peak shifts to lower frequencies as the terminal 
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Figure 5.  PM-IRRAS spectra for the C-H stretching region collected from (A) HmSH SAMs and 
(B) HnF6H11SH FSAMs.
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alkyl chain is lengthened, plateauing for the butyl, pentyl, hexyl, and heptyl analogs at a value 

similar to that observed for SAMs derived from alkanethiols (~2964 cm-1).  A similar trend is 

observed for the symmetric CH3 stretch (s
CH3).  Notably, this trend mirrors that found in the peak 

positions of the methyl carbon in the carbon NMR data of the corresponding adsorbates, with the 

exception of the H2F6H11SH (see Figure S23 and Table S7).  We are currently undertaking 

additional studies to determine the origin of the shifts highlighted here.

In addition to the conformational order of the SAMs and the shifts observed for the methyl 

vibrations, the relative intensity of the as
CH3 and s

CH3 peaks for the SAMs can yield some insight 

into the orientation of the terminal methyl group.  In the surface IR spectra of the hydrocarbon 

SAMs, there is a variation in the relative intensity of the vibrations associated with the methyl 

group that depends on the total number of carbons in the chain.  For the chains having an even 

number of carbon atoms (HmSH, where m = 18, 20, 22, and 24), the ratio of the intensity of s
CH3 

to as
CH3 is ~1:1, whereas for the chains having an odd number of carbon atoms, (HmSH, where 

m = 19, 21, and 23), the ratio is ~1:2.  Odd-even effects have been observed in the surface IR 

spectra of hydrocarbon SAMs generated from n-alkanethiols on gold and have been attributed to 

the change in direction of the transition dipole moment (TDM) of the vibration as the structure of 

the SAM changes with the total number of carbons in the chain, thereby altering its IR intensity 

according to the metal surface selection rule that governs surface IR techniques.51,57

The spectra of the HnF6H11SH FSAMs having terminal alkyl chains longer than two carbon 

atoms (HnF6H11SH, where n = 3-7), also show a variation in the intensity of the C–H stretches 

of the methyl groups (see Figure 5).  In the FSAM series, the odd-even trend is opposite to that 

observed in the corresponding hydrocarbon SAMs and varies alternately with the number of 

carbons in the terminal alkyl chain.  In this case, the films with odd-numbered chains have a high 

s
CH3 to as

CH3 ratio of ~1:1, and the films with even-numbered chains have a lower ratio of ~1:2 

(see Figure 5).  Considering the reversal of the odd-even effect in the HnF6H11SH FSAMs and 

the IR surface selection rule for films on metal surfaces, we can conclude that, with respect to total 

chain length, the terminal methyl groups are oriented oppositely for the HnF6H11SH SAMs 

compared to the HmSH SAMs.  

Based on the metal surface selection rule, components of the transition dipole moment that are 
perpendicular to the surface can be strongly excited by the p-polarized radiation (with respect to 
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the surface normal) used in surface infrared spectroscopy and thereby, are easily detected, while 
those parallel to the surface will be too weakly excited to produce detectable signal.58  Following 
these guidelines, we can conclude that the methyl group in HnF6H11SH FSAMs with even-
numbered chain lengths (HnF6H11SH where n = 3, 5, and 7) must be tilted away from the surface 
normal.  In this scenario, the transition dipole moment of the antisymmetric stretch is pointed 

somewhat perpendicular to the gold surface, causing both peaks (s
CH3 and as

CH3) to have similar 
intensity.  On the other hand, in the HnF6H11SH FSAMs with odd-numbered chain lengths 
(HnF6H11SH where n = 4 and 6), the transition dipole moment for the symmetric stretch is more 
closely aligned with the surface normal, and for the antisymmetric stretch, it is tilted away from 

the surface normal, causing s
CH3 to be more intense than as

CH3.  A quantitative analysis of the 
orientation of the terminal methyl group is discussed in the following SFG section.

Orientation of the Methyl Group by SFG.  We employed sum frequency generation (SFG) 
spectroscopy to determine the orientation of the terminal methyl group and gain insight into the 
effect of fine shifts in structure on the physical properties of the films.  In contrast to the PM-

IRRAS spectra above, the as
CH3 peak is visible in the SFG spectra due to the interface-selectivity 

of the technique.37  The normalized and fitted SFG spectra of the C–H stretching region for the 

HnF6H11SH FSAMs are presented in Figure 6, where the symmetric, s
CH3, antisymmetric, as

CH3, 

and fermi resonance, FR
CH3, methyl C–H stretching peak positions are marked with black dotted 

lines and the symmetric, s
CH2, and antisymmetric, as

CH2 methylene C–H stretching peak positions 
are marked with black dotted lines.  Additional discussion on peak assignment is found in the 
Supporting Information.  The SFG spectrum of the H18SH SAM is also shown for comparison of 
stretching frequencies and relative peak intensities.  All peak intensities in the SFG spectra were 
fit according to Lorentzian line shapes following the peak assignments listed in Table S6.  The 
fitting parameters and intensity ratios used in the determination of the orientation of the methyl 
group are listed in Table S8.  
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Figure 6.  Normalized SFG spectra for the C-H stretching region collected from HnF6H11SH 
FSAMs.  The solid lines denote the fits to the spectra according to Equation S1.  PPP denotes the 
polarization direction of the SFG, visible, and IR beams, in that order, with respect to the surface 
normal.  The symmetric, s

CH3, and antisymmetric, as
CH3, methyl C-H stretching peak positions 

are marked with black dotted lines.  The SFG spectrum of H18SH is included as a reference.

Apparent from Figure 6 and Table S6, proximity to the fluorinated chain dramatically blue-shifts 

the methyl group s
CH3, and as

CH3 stretching frequencies for films with short alkyl chains 
(HnF6H11SH, where n = 1-3), whereas the films with longer alkyl chains (HnF6H11SH, where 
n = 4-7) show similar peak positions to films derived from n-alkanethiols (i.e., H18SH).  These 
spectra, together with the PM-IRRAS and XPS, demonstrate that the effect of the fluorocarbons 
diminishes after three CH2 groups separate the methyl group and the fluorinated segment.  
Similarly, a study by Laibinis et. al. found that the influence of an embedded oxygen atom in an 
alkanethiol SAM on the stretching frequencies of a methyl group diminished by extending the 
distance between the oxygen and the methyl group by three methylene groups.59
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To gain a better understanding of the monolayer structure, we determined the orientation of the 
terminal methyl group in these SAMs using the ratio of SFG peak intensities from the symmetric 
and antisymmetric methyl C–H stretches in the PPP spectra.38,60  Note, assignment of the methyl 
stretches used in this analysis is detailed in the Supporting Information.  Based on this analysis, 
the average tilt angle along the terminal C–C bond of the methyl group with respect to the surface 
normal, hereafter described as the "methyl group tilt angle," was determined for each 
HnF6H11SH FSAM, and the results are plotted in Figure 7.  The data assumes a delta distribution 
of orientation angles, and the asymmetric error bars indicate a possible range of methyl group tilt 
angles derived from the simulated orientation curve (Figure S24) based on the error in the intensity 
ratios.

Figure 7 shows a clear odd-even effect in the orientation of the terminal methyl group, where films 
with even-numbered chains (HnF6H11SH, where n = 1, 3, 5, and 7) show a methyl group tilt 
angle more parallel to the surface than the films with odd-numbered chains (HnF6H11SH, where 
n = 2, 4, and 6).  This result is consistent with the qualitative observations from the PM-IRRAS 
spectra, given that an upright tilt angle for the final C–C bond in the molecule causes the even-

numbered chains to exhibit strong as
CH3 peak intensities while those of the odd-numbered chain 

are weak.  Due to the distance between the methyl group and the fluorocarbon segment, the as
CH3 

is visible in the PM-IRRAS spectra of the H4F6H11SH and H6F6H11SH adsorbates, despite 
their upright orientation.  Additionally, the odd-even effect observed in the orientation of the 
methyl group in the FSAMs corresponds to what has been observed in n-alkanethiol SAMs having 
the same total carbon count as the top alkyl segment of the HnF6H11SH adsorbates (i.e., the same 
as SAMs on Au(111) derived from HmSH)61 and is due to the overall tilted structure of the carbon 
backbone on the gold surface.36,48,59
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Figure 7.  Average methyl group tilt angle of the HnF6H11SH FSAMs, derived from the SFG 
spectra.  The figure in the corner is a pictorial representation of the methyl group tilt angle and is 
not meant to indicate that the chain underneath the methyl group will follow the same tilt angle.  
Small error bars lie within the symbol.

Finally, the appearance of strong methylene contributions with resonances at ~2850 and ~2920 
cm-1 in the SFG spectra of both allowed polarization combinations, ppp (Figure 6) and ssp (Figure 
S25), lends evidence to the relative disorder of the top-most alkyl chains in the FSAMs compared 
to a pure hydrocarbon SAM (H18SH), also corroborating the analysis by XPS.  The short chain 
above the spatially larger fluorinated segment is plausibly conformationally disordered, leading to 
the top-most alkyl segment of the HnF6H11SH FSAMs to adopt similar packing behavior to that 
of short n-alkanethiol SAMs (i.e., H7SH) on Au.36  Hydrocarbon SAMs that are loosely-packed 
and disorganized have gauche defects that break the local centrosymmetry of the methylene groups 
in an otherwise trans-extended chain, giving rise to SFG signal.37  The presence of peaks 
associated with the methylene groups and the terminal group orientation analysis performed 
further demonstrate that the terminal groups of the HnF6H11SH FSAMs are orientationally 
similar to that of regular alkanethiols with the same overall length as the alkylated segment (i.e., 
HmSH where n = m), however these groups exhibit blue-shifted stretching frequencies plausibly 
due to their interaction with the electron-withdrawing fluorinated segments.
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Interfacial Properties by Contact Angles.  The interfacial energy and heterogeneity of a film can 
be determined by examining the wetting behavior of the film when exposed to a systematically 
chosen set of contacting probe liquids.  Recently,12 we evaluated the impact of the inverted HC–
FC dipole (representing the hydrocarbon-fluorocarbon junction) and the "normal" FC–HC dipole 
(representing the fluorocarbon-hydrocarbon junction) on the transport properties of SAMs on gold.  
In the present study, we used several polar and nonpolar liquids to probe the influence of the HC–
FC dipole as it was buried in the HnF6H11SH FSAMs.

We used the nonpolar liquids decalin (DC), hexadecane (HD), and the weakly polar 
bromonaphthalene (BNP) along with the fluorocarbon liquid perfluorodecalin (PFD) to probe the 
dispersive interactions.  The polar liquids used included a series of polar aprotic liquids of varying 
polarity: nitrobenzene (NB), dimethylsulfoxide (DMSO), dimethylformamide (DMF), and 
acetonitrile (ACN).  Additionally, we used three polar protic liquids: water (H2O), formamide 
(FA), and glycerol (GL).  For the sake of comparison, we also examined the wettability of the 
SAMs derived from the corresponding n-alkanethiols.  

Probing Dispersive Interactions with the Nonpolar Liquids.  Figure 8 and Table S9 show the 
advancing contact angles obtained for the nonpolar liquids on the SAMs.  In Figure 8A, there is a 
clear odd-even effect in the wettability data of the HmSH SAMs in which the odd SAMs are more 
wettable than the even SAMs, an observation that agrees with literature studies of alkanethiols on 
Au.32,48,62  In contrast for the HnF6H11SH FSAMs (Figure 8B), the contact angles of the nonpolar 
liquids DC and HD systematically decrease as the length of the terminal alkyl chain is increased 
until the values reach those of the hydrocarbon SAMs.  For the HnF6H11SH FSAMs having n = 
1-3, there appears to be unfavorable dispersive interactions between the contacting liquids and the 
underlying fluorinated segment, leading to an increase in the contact angles compared to the 
hydrocarbon SAMs.  For the HnF6H11SH FSAMs having n = 4-7, no unfavorable interactions 
between the contacting liquid and the fluorinated segment can be detected, in accordance with the 
observations made from the XPS, PM-IRRAS, and SFG spectra.  

Additionally, an odd-even effect can be seen for the HnF6H11SH FSAMs having n = 4-7 in which 

the SAMs with a top alkyl chain length having an odd number of carbon atoms are more wettable 

than those having an even number of carbon atoms.  In the former SAMs, the terminal methyl 

group is tilted away from the surface normal, as described in the SFG section, exposing the 

underlying CH2 groups and increasing molecular contact between the surface and the liquid,32,48,62 

as depicted in Figure 9. 
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Figure 8.  Advancing contact angle values of the nonpolar liquids on (A) HmSH SAMs and (B) 
HnF6H11SH FSAMs.  Small error bars lie within the symbol.

Odd OddEven Even

A) B)

Figure 9.  Depiction of the terminal methyl group orientation in the SAMs derived from the 
adsorption of (A) HmSH and (B) HnF6H11SH SAMs on gold.  Details of the molecular modeling 
of the adsorbates are described in the Experimental Section.
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The wettability of PFD on the HnF6H11SH FSAMs (see Figure 8B) offers additional insight 

regarding the effect of the underlying fluorocarbon segment on the wettability of these SAMs.  The 

contact angles of the PFD on the HnF6H11SH FSAMs where n = 1-3 imply that the fluorocarbon 

moieties are exposed at the interface of these SAMs, possibly due to the short length of the top 

chain leading to a loosely-packed state that allows for penetration of the liquid further into the film 

compared to a densely-packed monolayer.  The contact angle of PFD on the H2F6H11SH SAM 

is dramatically higher than that for the H1F6H11SH SAM due to unfavorable interactions between 

the fluorinated liquid and the hydrocarbon interface.  However, there is a slight decrease in the 

contact angle on the H3F6H11SH surface, which could be due to the ethyl group being pointed 

more upright on the surface while the propyl group is more tilted away exposing the CF2 at the 

interface.  Another dramatic increase in the contact angle is observed upon going from the propyl- 

to butyl-terminated FSAM; an odd-even effect greatly affected by the underlying CF2.  For the 

HnF6H11SH FSAMs with n = 4-7, the odd-even effect continues to be observed, but it is less 

substantial than that for the HnF6H11SH FSAMs with n = 1-3.  Finally, the bulky aromatic 

bromonaphthalene (BNP) is the outlier here: on the HnF6H11SH FSAMs, the contact angles of 

BNP are roughly the same across the series.  The size and planar geometry of the liquid might be 

responsible for the observed invariance.

Probing the Effect of the HC–FC Dipole with Polar Aprotic Liquids.  To gain further insight into 

the interfacial properties of the films (including the potential impact of the HC-FC dipole), the 

SAMs were probed with a variety of polar aprotic and protic liquids of varying polarity.  Figure 10 

shows the advancing contact angles of the polar aprotic liquids DMSO, DMF, ACN, and NB on 

the SAMs (see also Table S10).  For the hydrocarbon HmSH SAMs (Figure 10A), the contact 

angles exhibit an apparent odd-even effect in which the odd SAMs are more wettable than the 

even SAMs, consistent with the trends observed with the nonpolar liquids in Figure 8A.  However, 

for the HnF6H11SH FSAMs (Figure 10B), there is a systematic increase in the contact angles of 

the polar aprotic liquids, with the exception of NB (vide infra); this trend is consistent with a model 

in which the HC-FC is buried into the film as the length of the alkyl chain is increased.  More 

specifically, as the length of the alkyl chain is extended, the distance-dependent dipole-dipole 

interactions (Keesom forces) between the HC-FC dipoles and those of the contacting liquid 

become weaker, which gives rise to increasing contact angle values.   
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We note also that the polar aprotic contacting liquids fail to exhibit a clear odd-even effect on the 

HnF6H11SH FSAMs, save for NB, where the contact angles vary systematically with the length 

of the terminal alkyl chain.  The lack of an odd-even effect for DMSO, DMF, and ACN is likely 

due to intercalation of these relatively small molecules into the slightly disordered top alkyl portion

Figure 10.  Advancing contact angle values of the polar aprotic liquids on (A) the HmSH SAMs 
and (B) the HnF6HnSH FSAMs.  Small error bars lie within the symbol.
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 of the HnF6H11SH FSAMs, as described in the SFG section, as well as the strong dipole of these 

liquids (DMSO = 3.96 D; DMF = 3.86 D; and ACN = 3.20 D).63-64  It is further interesting to note 

that the HnF6H11SH FSAMs where n is odd (H1F6H11SH, H3F6H11SH, H5F6H11SH, and 

H7F6H11SH) are more wettable by the sterically larger NB than the HnF6H11SH FSAMs where 

n is even (H2F6H11SH, H4F6H11SH, H6F6H11SH).  Furthermore, the odd-even effect is 

opposite to that observed on the hydrocarbon HmSH SAMs of corresponding overall chain length, 

an observation that is reinforced by the analysis made in the IR and SFG sections above regarding 

the orientation of the terminal methyl group.  Although the orientation of the terminal methyl 

moiety plays a role in the wettability of the NB, the effect of the HC-FC dipole for the shorter alkyl 

chains also contributes to the wetting properties of the films (for NB,  = 4.22 D).63-64  The 

difference in the contact angle for the H1F6H11SH SAM (67°) and the H2F6H11SH SAM (71°) 

is greater than that for the contact angles of the H4F6H11SH SAM (71°) and the H5F6H11SH 

SAM (70°), suggesting a greater dipole-dipole interaction between the HC-FC dipole and the 

dipole of the NB contacting liquid for the shorter alkyl chains.  

The Role of H-Bonding in Polar Protic Liquids on the Wettability of the FSAMs.  We also probed 

the SAMs with various polar protic liquids (Figure 11).  The contact angle data in Figure 11A on 

the HmSH SAMs show comparable values and no strong odd-even effects as observed in previous 

studies of SAMs on gold derived from n-alkanethiols.31-32,62  Notably, our previous study of SAMs 

derived from the H1F6HnSH series found not only odd-even effects for polar protic liquids, but 

also a reversal in the odd-even trend of polar protic liquids compared to polar aprotic liquids on 

these SAMs.32  The reversal was attributed to the unfavorable interaction between the dipoles of 

the FSAM surface and the polar protic contacting liquids (i.e., + at the SAM interface and + of 

the contacting liquids) as well as the inability of the contacting liquids to undergo favorable 

interfacial rearrangement/orientation due to their extensive H-bonding network.32  However, in the 

present study of polar protic liquids on the HnF6H11SH FSAMs (Figure 11B), we observe no 

obvious odd-even effects and thus no corresponding trend reversal.  Similar to the aprotic liquids, 

the contact angles of the polar protic liquids (H2O, GL, and FA) on the HnF6H11SH FSAMs 

increase as the length of the terminal alkyl chain is increased until reaching values similar to those 

found on the hydrocarbon HmSH SAMs.  The decreasing trend in wettability (i.e., higher contact 

angles) of these liquids further supports a model in which the influence of the HC-FC dipole 

weakens as the dipole is systematically buried into the film, as observed with the aprotic liquids 
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(vide supra).  Furthermore, the weakness of the buried dipoles limits their possible impact on any 

odd-even trends in wettability.

Figure 11.  Advancing contact angle values of the polar protic liquids on (A) the HmSH SAMs 
and (B) the HnF6HnSH FSAMs.  Small error bars lie within the symbol.

Interestingly, our previous studies of FC–HC dipole-based films found that increasing the amount 

of terminal fluorination led to decreases in wettability for both polar and nonpolar contacting 

liquids,28-29 which is consistent with a model in which the FC–HC dipole is buried.  In contrast, 

the inverted HC–FC dipole-based films described here showed a decrease in wettability for polar 

liquids but an increase in wettability for nonpolar liquids as the HC–FC dipole was buried.  These 

differing trends no doubt arise from the weak attractive forces between the former fluorocarbon-

Page 36 of 45

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



37

terminated FC–HC films and the nonpolar hydrocarbon-based probe liquids, which interact more 

strongly with the latter hydrocarbon-terminated HC–FC films.

Overall, the data presented here collectively suggest that the orientation of the terminal methyl 

group in the HnF6H11SH FSAMs is opposite to that of the hydrocarbon SAMs of corresponding 

chain length, suggesting that the fluorinated segment behaves as a surrogate surface from which 

the top hydrocarbon segment builds until the interfacial properties match those of short-chain n-

alkanethiol-based SAMs on gold.  

CONCLUSIONS
A new series of alkyl-terminated fluorinated alkanethiols was synthesized and used to generate 
FSAMs on gold.  Analysis by ellipsometry found that there were no significant differences in the 
thicknesses of the HnF6H11SH FSAMS with n = 1–4 (~18 Å) and similarly for HnF6H11SH 
FSAMS with n = 5–7 (~21 Å).  We also found that the nature of the adsorbate (i.e., the differences 
in the vdW diameter of the hydrocarbon and fluorocarbon segments, the helical nature of the 
fluorocarbon segment, and the location of the HC-FC dipole) exhibits a profound effect on the 
interfacial properties of the films.  Analysis by XPS revealed an increase in the packing density of 
the hydrocarbon segments as the terminal alkyl chain length was increased with a concomitant 
reduction in the packing density of the fluorocarbon segments.  Analysis using surface IR found 
that all of the HnF6H11SH FSAMs were well-ordered.  Furthermore, an odd-even effect was 
observed for the methyl C–H stretching bands that corresponded to the number of carbons in the 
terminal alkyl chain rather than the total number of carbons.  This observation suggests that the 
fluorocarbon segment behaves as a surrogate surface in which the odd-even effect follows the 
trend for short-chain n-alkanethiol-based SAMs on gold.  This finding was validated by SFG 
methyl group orientation analysis, which showed a systematic change in the tilt angle of the 
terminal C–C bond with odd-even variations in the length of the terminal alky group.  
Correspondingly, the wettability data were strongly influenced by the orientation of the terminal 
methyl groups in these types of SAMs.  As per the interfacial energies of these monolayers, the 
contact angle data showed that the underlying HC-FC dipoles and the structure of the adsorbate 
have a strong effect on the wettability of the monolayer, with the influence of the HC-FC surface 
dipole dissipating as the length of the terminal alkyl group is increased (i.e., as the dipole is buried 
into the film).  
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The Supporting Information is available free of charge on the ACS Publications website at 
https://pubs.acs.org.  The Supporting Information contains details on NMR characterization of the 
adsorbates (1H, 19F, and 13C), additional ellipsometry data, additional XPS data, additional surface 
IR data, IR and Raman spectra of the bulk adsorbates, background information for the SFG 
analysis, and detailed contact angle data.
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