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Abstract

Modem device technology involves a variety materials including—metals, 

semiconductors, and polymers— each with characteristic interfacial behavior. This thesis 

addresses important issues relating to each o f these types o f material. For example, self­

assembled monolayers (SAMs) o f alkanethiolates on gold are o f interest as a model 

system for fundamental surface science, as well as for technological applications. We 

have studied the stability o f alkanethiolates in self-assembled monolayers (SAMs) on 

gold in air and found that the rate o f oxidation increases dramatically with decreasing size 

and amount o f Au (111) grains on the surface.

We also report an electrochemical method for the preparation o f self-assembled 

monolayers by oxidizing alkylthiosulfates, or '“Bunte salts,” and trapping the resulting 

intermediates or products at gold electrodes. Selective preparation o f self-assembled 

monolayers on gold was accomplished by electrolysis o f alkylthiosulfates in THF in the 

presence of tetrafl uoroborate anion.

We have used molecular self-assembly to prepare highly ordered monolayer films 

on silicon (oxide) substrates, to prepare well-defined Si/SiCVpolymer interfaces for 

studies o f device-failure mechanisms. Chemical synthesis was used to introduce amine 

groups capable o f forming covalent bonds to polyimide coatings. Formation of the 

monolayer adhesion promoter was confirmed by infrared and X-ray photoelectron 

spectroscopy, and adhesion tests showed that this structurally well-defined adhesion 

promoter greatly enhanced the adhesion o f polyimide films to silicon.

I
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Finally, in the area o f self-assembled monolayers, a branched alkanethiol having 

one hydrocarbon chain and one fluorocarbon chain was synthesized as part o f a 

collaboration study on 2-D phase behavior in self-assembled monolayers on gold.

The surface of the crosslinked terpolymer o f ethylene, propylene, and diene 

(EPDM) was oxidized using water plasma. This hydrophilic surface became 

hydrophobic when heated against air, thus minimizing its interfacial free energy. 

However, the surface showed an unusual reconstruction, becoming more hydrophilic, 

when the substrate was equilibrated against air at room temperature, contrary to the 

behavior o f most other modified polymer surfaces. These changes in surface wettability 

depended on the extent o f modification, annealing temperature, cooling temperature, and 

bulk crosslinking density.

2
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Chapter 1 

Air Oxidation of Self-Assembled Monolayers on Polycrystalline Gold: 
The Role of the Gold Substrate

This chapter includes material that has been modified with permission from: Mong-Tung 

Lee, Chen-Chan Hsueh, Michael S. Freund, and Gregory S. Ferguson Langmuir 1998, 

14,6419-6423. Copyright 1998, American Chemical Society.

1.1 Abstract

Alkanethiolates in self-assembled monolayers on gold oxidize in air, in the dark, 

to form sulfinates and sulfonates. The kinetics o f oxidation, however, vary depending on 

the morphology o f the underlying gold, with the rate o f oxidation increasing dramatically 

with a  decrease in the size o f the grains and the amount o f Au (111) on the surface. This 

difference in kinetics o f oxidation is sufficiently great to explain discrepancies among 

previous reports in the literature regarding the inertness o f these SAMs in air. The 

oxidized products also desorb readily, and these species decompose under prolonged x- 

ray irradiation in ultrahigh vacuum.

3
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1.2 Introduction

Self-assembled monolayers (SAMs) o f alkanethiols on gold have been studied 

extensively because they have ordered structures and are easy to prepare, and thus allow 

convenient control o f surface composition. 1*3 During the past several years, a number of 

groups have reported mass spectrometric evidence for the air oxidation of the thiolates in 

these SAMs to produce alkyl sulfinates and sulfonates.4*6 The possibility o f oxidation 

has been confirmed by other methods and attributed to photochemical processes.7*8 A 

report from Fritsch and coworkers, however, provided evidence that the degree of 

oxidation can be extensive and fast in the absence o f light!9 This result raises several 

interesting questions, primary among which is why extensive oxidation had not been 

evident in x-ray photoelectron (XPS) spectra in earlier reports.2,10' 11 A possible 

explanation for this discrepancy is that the kinetics o f oxidation may vary from laboratory 

to laboratory, leading to different assessments o f inertness. We hypothesized that the 

kinetics o f oxidation in the systems would depend not only on the concentration of 

oxidants (e.g., ozone) in the ambient atmosphere, but also, and perhaps more importantly, 

on the size o f ordered domains within the SAM. We expected that oxidation would be 

more facile at defect sites, for example at interfacial grain boundaries between gold 

crystallites, and therefore that the degree o f polycrystallinity o f the gold could strongly 

influence the kinetics o f oxidation. Such defect sites are known to enhance reactivity 

locally in these systems. 12 Finally, it is also possible that in some instruments, 

particularly those without monochromators, the flux o f low-energy secondary electrons

4
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from the gold substrate is sufficient to reduce the oxidized sulfur species back to 

thiolates.13

To test these hypotheses, we have studied the oxidation of SAMs of alkanethiolates 

using XPS to determine the composition o f monolayers and the oxidation state of their 

constituent sulfur atoms on gold films having different surface-grain sizes. Scanning 

tunneling microscopy provided images of the gold surfaces and allowed quantitative 

assessment o f grain sizes. We have examined thermally evaporated gold films supported 

on both glass and on silicon supports. This chapter reports evidence for vast differences 

in rate o f oxidation by air in the dark -i.e ., complete oxidation over periods o f a few days 

versus no oxidation over two weeks- for samples having different average grain sizes. 

Furthermore, these two types o f sample were prepared by methods that initially appeared 

similar. Although we did not control the amount o f ozone in the atmosphere above our 

samples, we did our experiments with both types o f gold substrate in the same 

laboratories, and at least in one case, at the same time. This finding is important because 

SAMs o f alkanethiols on gold have been widely used in fundamental studies of surface 

science, as well as for a basic platform for building sensors. Furthermore, one could 

image the possibility that a controllable-release medical device could be designed using 

SAMs o f alkanethiol on gold having a rough surface.

13  Results and Discussion

In 1997 Ingrid Fritsch and her coworkers reported evidence using Fourier transform 

mass spectrometry that the degree o f oxidation o f dodecanethio late SAMs on sputtered

5
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gold can be extensive in the absence o f light, and can even be complete within 9 h !9 In 

1998, Schoenfisch and Pemberton reported fast oxidation o f SAMs of octadecanethiol on 

mechanically and electrochemically polished polycrystalline gold. 14 Their surface 

Raman spectra showed that sulfonate, sulfonite, sulfate, and sulfite species were formed 

at the surface after 6  h o f exposure to air. X-ray photoelectron spectroscopy results also 

confirmed the rapid and complete loss o f the intensity o f the thiolate sulfur 2p peak at 

162 eV . 14 Futhermore, their work identified ozone as the oxidant in air responsible for 

this reactivity. Subsequently, oxidation of octadecanethiolate overlayers on gold 

clusters15 by O3 within an hour has also been reported. 16

Obviously, this extensive oxidation reported by Fritsch could not be due to the 

known photochemical processes, and thus the speed o f the oxidation posed a huge 

apparent discrepancy in the kinetics o f oxidation between Fritsch’s laboratory and those 

o f others. To resolve this discrepancy, our hypothesis was that the gold substrates 

themselves might play an important role in determining the quality o f SAMs adsorbed on 

them. The quality o f the SAMs, we expected, would in turn at least partially determine 

their level o f inertness toward oxidation. There are several factors that influence the 

texture o f gold films during the their preparation, and we expected that differences in this 

texture, specifically grain sizes, would give monolayers having different levels o f 

inertness.

1. The method o f  deposition: Evaporated gold films are usually considerably 

smoother than sputtered gold films.17' 18 In the sputtering technique, energetic 

target atoms or clusters o f atoms are ejected and condensed onto a substrate to form

6
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a film. The sputtered atoms have a much higher kinetic energy than those in an 

evaporation and thus are more likely to become embedded within the substrate 

surface and have limited surface mobility. In addition to surface damage caused by 

such energetic impacts, the formation o f a high areal density o f nucleation centers 

results in a rough surface. As a result, sputtering generally fails to produce large 

and oriented crystallites on substrates. 17' 18 Because grain boundaries in SAMs are 

known to be more reactive than regions within ordered domains, 12 we expected that 

the rough surface or less oriented crystallites o f Fritsch’s sputtered gold films might 

be responsible for the unusually fast oxidation. Similar to the sputtering process, 

polishing polycrystalline gold also results in a rough surface.

2. Rate o f  Deposition: In general, higher deposition rates produce gold films with 

rougher surfaces. Rechelt and Lutz used X-ray diffraction to study gold films 

deposited at various rates and found a strong dependence o f the evaporation rate on 

the transition temperature required to obtain a given crystal quality. 19 At higher 

evaporation rates, the substrate temperature necessary to obtain well-oriented 

surfaces increased. 19

3. Substrates: Evaporation o f gold on mica produces gold films with larger grains 

than on silicon wafers (100) because its crystal-packing parameters are close to 

those o f gold, so that near-epitaxial growth is possible. Epitaxial growth o f gold 

films on mica has been extensively studied using scanning tunneling microscopy.20* 

24 DeRose demonstrated that baking mica before the evaporation o f gold helped 

reduce the surface roughness and suggested that heating the mica helped to

7
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eliminate contamination by outgasing.2S Nonetheless, in our studies we found that 

silicon wafers and glass microscope slides provided convenient substrates that 

allowed us to vary the quality of deposited gold films widely.

4. Temperature during the evaporation. Evaporation o f gold onto unheated 

substrates tends to result in gold films with larger numbers o f small grains than 

evaporations onto heated substrates.26 Scanning tunneling microscopy (STM) of 

gold films have shown that during a room temperature evaporation, nuclei do not 

fuse together into larger single crystallites as the films coalesce.26 X-ray diffraction 

has also shown that weak epitaxial growth o f gold was deposited on mica near room 

temperature, resulting in a highly textured film and the presence o f (2 0 0 ), (2 2 0 ), 

and (311) reflections from atomic planes normal to the substrate.26 An increase in 

the substrate temperature during the thermal evaporation resulted in flatter and 

smoother gold films.22'23,25 Dishner and coworker reported that the surface of gold 

on mica became rough again if  the substrate temperature was greater than 380 °C, 

and they attributed this effect to three-dimensional growth being favored over two- 

dimensional growth at such a high temperature.21 Hopfher and coworkers, 

however, have reported that evaporation at 500 °C gave large crystalline areas with 

a moderate number o f defects.27 The stability o f substrates at high temperature also 

has an important effect on the quality o f resulting films in heated evaporations. 

Mica, for example, starts to decompose when it exceeds 600 °C, and of course, 

glass microscope slides soften at ~ 720 °C .28

5. Annealing. Annealing provides thermal energy for atoms that have been

8
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deposited to rearrange and form larger and energetically favored crystals. It can 

therefore produce smoother surfaces.19 These larger grains are produced as smaller 

grains merge as the substrate temperature increases. In addition, annealed films 

approach complete [111] termination.21 Little change o f surface morphology, 

however, would be expected for samples that had originally been deposited at high 

temperature.23

6. Film Thickness'. Chidsey et al. compared gold films on mica that were either 

thickness on surface morphology.23 Holes between grains were observed on the 

500-A sample, though no holes were found in the thicker sample.

In our studies, gold films were prepared using thermal evaporation onto silicon and 

onto glass substrates, and we varied the rate o f evaporation to control the surface 

morphology. Gold was evaporated at a rate o f approximately 1.5 A/s onto glass and onto 

silicon substrates that had been treated with (3-mercaptopropyl)trimethoxysilane as an 

adhesion promoter to produce gold films for adsorption of SAMs (films I/glass and 

I/silicon).29 Likewise, evaporation onto substrates at a slower rate, approximately 0.5 A 

/s, produced a second set o f films for comparison (films 2/glass and 2/silicon). Scanning 

tunneling microscopy (STM) in air revealed differences in the morphologies o f the films 

deposited at different rates (Figure l.l) : films I/glass and 1/silicon had smaller average 

grain sizes than the corresponding samples, 2/glass and 2/silicon.30

A standard intercept method was used to estimate the average surface-grain size (a) 

from the STM images using equation l . l ,  where the mean intercept distance (/) is 

determined by

9
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Figure 1.1. STM images o f thermally evaporated gold films grown at: a) 1/glass; b) 

1/silicon; c) 2/glass; and d) 2/silicon. The sample bias was 20 mV versus the tip with a 

constant tunneling current o f 2 nA.

10
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a = (4p)/n (1.1)

dividing the length o f a trace across the image by the number o f grain boundaries that 

intersect the trace.31 The results o f this analysis for diagonal lines across l-^an x l-/an 

images o f the samples in Figure 1.1, presented in Table 1.1, demonstrate a significant 

change in surface-grain size (or areal density o f grain boundaries) as a function of 

evaporation rate.32 For each substrate, the slower growth rate resulted in approximately 

a six-fold increase in the average surface-grain size. We note this analysis gives only an 

approximate measurement o f grain sizes, as it assumes that the grains are symmetric 

(“equiaxed”).31

We also found that, in general, gold films on glass had larger grains than those on 

silicon wafers, even though the surface o f silicon wafers appear to be smoother than glass 

by STM.33 A possible explanation is that the heat generated during the thermal 

evaporation was dissipated faster onto a silicon wafers due to its higher thermal 

conductivity.34 Gold atoms deposited onto a silicon surface could thus quickly lose 

thermal energy and become less mobile and unable to form grains with larger areas. We 

don’t believe the crystallinity o f silicon to be o f direct importance because the native 

oxide overlayer is amorphous. Furthermore, the (3-mercaptopropyl)trimethoxysilane 

adhesion promoter on the glass slides and silicon wafers likely left both the surfaces 

undifferentiated chemically.

X-ray diffractometry (XRD, 0/20 scan in the range o f 2-90° 26) o f samples 1/glass 

and 2/glass as seen in Figure 1.2, revealed the expected predominance o f preferred (111) 

orientation o f the gold crystallites, with smaller (200), (220), and (311) reflections.35

12
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Table 1.1. Average Surface-Grain Size for Gold Films Grown at Different Evaporation 

Rates, Determined Using a Standard Intercept Method.

1/glass 2/glass l/silicon 2/silicon
N* 45 19 73 31

I (nm) 31 74 19 46
a  (nmz) 1200 7000 460 2700

* The grain-boundary intercepts were determined along diagonal traces I-/an x 1- 

/<m STM images o f the samples in Figure 1.1.
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Figure 1.2. The X-ray Dif&actograms (XRD, 0/20 scan in the range of 2-90° 20) of 

samples (a) gold evaporated on glass at 0.5 A/s; (b) gold evaporated on glass at 0.5 A/s.
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Sample 1/glass, grown at the faster rate, showed more intense reflections due to these 

minor components than did sample 2/glass by factors o f about 3-5 (Table 1.2). The 

fraction o f the surface displaying the crystal faces corresponding to these reflections may 

be important because at least one o f them, Au (100), is associated with an 

incommensurate arrangement o f the monolayer lattice and correspondingly weaker thiol- 

gold bonding, relative to the commensurate monolayer on Au (111).36 We have focused 

in this study on the effect o f the differences elucidated by STM and XRD on the 

propensity o f SAMs grown on these surfaces to oxidize in air.37

Several samples were cut from gold films 1/glass and 2/glass and immersed into a 

SO mM solution o f dodecanethiol in ethanol at room temperature. After a minimum of 48 

h in this solution, duplicate samples o f each type were removed, rinsed with ethanol, and 

dried with a stream o f nitrogen. One o f these samples was used to measure contact 

angles o f water and o f hexadecane; the other was stored under ambient conditions in the 

dark for specific periods o f time prior to XPS analysis. Samples la/glass, la/silicon, 

2a/glass, and 2a/silicon were transferred from the thiol solutions, following rinsing and 

drying, into the spectrometer within 20 min to minimize their exposure to air. Samples 

lb/glass, lb/silicon, 2b/glass, and 2b/silicon were stored in air in the dark for 12 h prior 

to XPS analysis. Samples lc/giass, lc/silicon, 2c/glass, and 2c/silicon were stored in air 

in the dark for 6 d prior to analysis by XPS.38

Survey XPS scans o f SAMs on the gold films having small surface-grain sizes 

showed an increase in the amount o f oxygen and decrease in the amount o f carbon, 

relative to gold, as a function o f the amount o f time the sample had been exposed to air

16
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Table 1.2. Normalized Peak Areas from 6/26 X-ray Difftactograms of Evaporated Gold

Films.

reflection
(hkl)

normalized peak areas (%) 
for sample 1/glass

reflection
(hkl)

normalized peak areas (%) 
for sample 2/glass

111 100 111 100
200 3.51 200 1.23
220 1.56 220 0.323
311 4.09 311 1.39
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(Figure 1.3). atomic ratios o f oxygen : gold and carbon : gold, taken from the survey 

scans o f these samples, are reported in Table 1.3. Little or no oxygen was present in the 

survey scans o f the samples that were exposed to air for only a short time (la/glass and 

la/silicon). The samples that had spent several hours to days in air, in contrast, showed 

much larger amounts o f oxygen. High-resolution spectra o f the sulfur 2p region o f 

samples la-c/glass and o f samples la-c/silicon showed a corresponding decrease in the 

amount o f thiolate sulfur (162.0 eV, 2p3a', 163.2 eV, 2^\n) and the appearance o f a broad 

emission characteristic o f oxidized sulfur as the amount o f time samples had spent in air 

increased (Figure 1.4). The high-resolution scans o f the sulfur 2p region o f sample 

lc/glass and o f sample lc/silicon, in fact, revealed only a broad doublet centered at 

approximately 168.0 eV and no doublet due to thiolate sulfur, indicating complete 

oxidation o f these monolayers. The range o f binding energy spanned by this 

photoemission is consistent with the presence o f both sulfonate (ca. 168.4 eV) and 

sulfinate (ca. 166.5 eV) species.40

The dramatic decrease in carbon photoemission (C : Au ratio, Table 1.3) as samples 

were exposed to air for longer periods o f time is consistent with partial desorption o f the 

monolayers as a result o f their storage in air. To assess the possibility o f decomposition 

or desorption during the XPS measurement, we conducted a separate control experiment 

in which a sample was prepared in the same way as lc/glass, and after 6 d in air in the 

dark, an XPS spectrum o f this sample also showed complete oxidation o f the thiolate 

species in the SAM. Figure 1.5 displays high-resolution XPS spectra o f this sample taken 

over the course o f 16 h o f x-ray irradiation in ultrahigh vacuum and shows a decrease o f

18
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Figure 1.3. Survey XPS spectra o f self-assembled monolayers that had been stored in air 

in the dark for approximately 20 min (la/glass and la/silicon), 12 h (lb/glass and 

lb/silicon), and 6 d (lc/glass and tc/silicon). These SAMs were formed by adsorption of 

dodecanethiol on gold films that had been evaporated at a rate o f 1.5 A/s onto either glass 

or silicon substrates. The spectrum for sample lc/silicon has been normalized to the 

same peak height for the Au peak as found in spectra la/silicon and lb/silicon.39
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Table 1.3. Ratios o f Corrected40 Photoemission Intensity from Survey XPS Spectra of 

Samples la-c/glass and la-c/silicon.

'—-— Element 
Sample ~ '— —-__.

O/Au C/Au

la/glass < 0.05* 2.6
lb/glass 0.41 1.5
lc/glass 0.50 0.95

la/silicon 0.11 2.5
lb/silicon 0.16 1.7
1 c/silicon 0.50 0.96

* The height o f the O Is peak was less than twice the standard deviation o f the noise in 
this spectrum.
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Figure 1.4. High-resolution XPS spectra of the sulfur 2p region for samples la-c/glass 

and la-e/sUlcon).
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Figure 1.5. High-resolution XPS spectra o f the sulfur 2p region for a sample prepared 

and treated in the same way as lc/glass as a function o f time o f exposure to x-rays in the

spectrometer a) initial spectrum; b) I h; c) 3 h; d) 6.5 h; and e) 16 h.
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approximately 71% o f the sulfur 2p signal during that period. The loss o f this signal 

could be due to damage o f the film resulting from exposure to x-rays over this extended 

tim e,13 for example by extrusion o f SO2 or SO3. This explanation is consistent with the 

fact that over same period o f time the carbon signal did not decrease. As the sulfur 2p 

photoemission decreased in intensity, it shifted to higher binding energy, suggesting that 

the sulfinate species desorb or decompose preferentially to the sulfonates. This loss o f 

oxidized sulfur may explain why some have observed oxidation by mass spectrometry 

but not by XPS.41 Finally, we did not find evidence for reduction o f the oxidized sulfur 

species back to thiolates, despite the flux o f low-energy secondary electrons from the 

gold substrate.13

Analogous samples prepared on the gold films that had been evaporated at a 

slower rate (2/glass and 2/silicon) contrasted starkly in their behavior in air in the dark: 

they were inert to oxidation over the same periods o f time studied for samples la-c/glass 

and la-c/silicon. Although survey XPS scans o f these samples showed small amounts o f 

oxygen (Figure 1.5), high-resolution spectra o f the sulfur 2p region showed no evidence 

for oxidation o f the thiolate species in the SAM (Figure 1.6). An additional sample that 

was allowed to age in air for two weeks in the dark showed a large increase in the amount 

o f oxygen in the survey scan (2d/glass, Figure 1.5 and Table 1.4), but again failed to 

show evidence for oxidation o f the thiolate species in the high-resolution spectrum o f the 

sulfur 2p region (Figure 1.7). We attribute the added oxygen to adventitious 

contamination. Our evidence was further supported by the STM data from Poirier and 

his coworkers that the oxidation of decanethiolate monolayer under ozone initiated at
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Figure 1.6. Survey XPS spectra o f self-assembled monolayers that had been stored in air 

in the dark for approximately 20 min (2a/glass and 2a/silicon), 12 h (2b/glass and 

2b/silicon), 6 d (2c/glass and 2c/silicon) and 2 weeks (2d/glass). These SAMs were 

formed by adsorption o f dodecanethiol on gold films that had been evaporated at a rate of 

0.S A/s onto either glass or silicon substrates. The spectra for samples 2a/glass and 

2a/silicon were collected at a take-off angle o f 57°; the others were collected at 20°.
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Figure 1.7. High-resolution XPS spectra o f the sulfur 2p region for samples 2a-d/elass 
and 2a-e/sillcon.
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Table 1.4. Ratios o f Corrected23 Photoemission Intensity from Survey XPS Spectra of 

Samples 2a-d/glass and 2a-c/silicon.

C/AuElement O/Au

Sample
<0.09

3.00.12
2.50.10
3.80.64

<0.06
2.40.082b/silicon
2.80.152c/silicon

* These spectra were collected at a take-off angle o f 57°; the others were collected at 20°.

: The height o f the O 1 s peak was less than twice the standard deviation o f the noise in 
this spectrum.
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domain boundary and propagated into the domains.42

1.4 Conclusions

In summary, our results confirm that alkyl thiolates in self-assembled monolayers 

on gold can oxidize extensively in air, in the dark, to form the corresponding sulfinates 

and sulfonates. The rate at which this oxidation occurs, however, depends critically on 

the morphology o f the gold surface: surfaces with higher areal densities (Table 1.1) o f 

grain boundaries oxidized within hours to days, whereas those having lower areal 

densities showed no apparent oxidation after two weeks. Such a wide variability in rate, 

resulting from subtle differences in formation o f the gold films, may be responsible for 

differences among reports by various other groups. We cannot rule out, however, that in 

some cases differences in the composition o f the air (e.g., the concentration o f ozone or 

other oxidants) in contact with the sample may also play a role. We assume that grain 

boundaries evident in the STM images correspond to defects (e.g., line defects between 

ordered domains) in the SAMs adsorbed at these sites, and as such give rise to enhanced 

reactivity.30 In addition, XRD o f a gold film evaporated at the faster rate indicated the 

presence o f more Au (100), which binds alkyl thiolates less strongly than does Au 

(111).36

The oxidized products appear to desorb as a result o f exposure to air under 

ambient conditions over a period o f days, consistent with these species being less 

strongly bound to the gold than are thiolates. Analysis by XPS results in loss o f sulfonate 

sulfur and oxygen atoms under x-ray irradiation in ultrahigh vacuum over a period o f 

hours. In addition to providing direct evidence and quantification o f the extent o f
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oxidation o f SAMs by air in the dark, our studies provide practical guidance regarding 

how to prepare samples with desired reactivity, or lack thereof, in air. Future studies and 

applications that use SAMs o f alkyl thiolates on gold must account for the possibility and 

the kinetics o f this chemistry.

1.5 Experimental Methods

1.5.1 Materials. The dodecanethiol was obtained from Aldrich and was distilled 

under vacuum prior to use. Absolute ethanol was obtained from McCormick Distilling 

Co. and used as received. Hexadecane used in contact-angle measurements was obtained 

from Aldrich and was purified by percolation twice through activated alumina. Gold 

(99.99%) was obtained from Refining System Co.

1.5.2 Sample Preparation. Silicon wafers and glass microscope slides were 

treated with (3-mercaptopropyl)trimethoxysilane (Union Carbide) according to a 

published procedure to act as an adhesion promoter for a gold overlayer.29 Gold films 

were then deposited by thermal evaporation o f the metal at two different rates, 

approximately 1.5 A/s (films I/glass and I/silicon) or 0.5 A/s (films 2/glass and 

2/silicon) at a background pressure o f approximately lxlO*6 Torr, to a final thickness o f 

about 1000 A. Several samples cut from the same evaporated gold film were immersed 

into the same unstirred solution o f dodecanethiol (50 mM) in ethanol at room 

temperature. Samples were removed and stored under ambient conditions in the dark for 

various amounts o f time prior to analysis.

1.5.3 X-ray Photoelectron Spectroscopy. The XPS spectra in this paper were 

obtained using a Scienta ESCA-300 spectrometer, equipped with a rotating anode (A1
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K a) source producing 6.0 kW of x-ray power, a monochromator, and 300-mm (diameter) 

hemispherical analyzer. All spectra were collected at a take-off angle of 20° (unless 

noted otherwise) between the plane o f the surface and the detector, a slit width o f 0.8 

mm, and were referenced to the Au 4f7/2 peak set at 84.0 eV. The background pressure in 

the sample chamber was 2x 1 O'9 Torr. Survey scans were collected with a pass energy of 

75 eV and a step energy o f 1.0 eV, and took 19 min to complete. High-resolution spectra 

were the sum o f five scans collected with a pass energy o f 150 eV and a step energy of

0.1 eV. Under these conditions, a single scan took 1.67 min to complete. For 

quantitative analysis, the sensitivity factors used to correct the number of counts under 

each peak (or envelope) were: O Is, 2.8370; C Is, 1.000; S 2p (both components), 

2.1735; and Au 4f7/2, 9.5800. The sensitivity factors for oxygen, carbon, and sulfur 

photoemission are based on data in reference 42 and were verified by A. C. Miller with 

the Scienta ESCA-300 at Lehigh University. The value for gold is the Scofield value.40

1.5.4 Scanning Tunneling Microscopy (STM). STM images were taken with a 

NanoScope (Digital Instruments). Platinum-iridium wires were used as tunneling tips, 

and the sample bias was set at 20 mV versus the tip. The STM was operated in height 

mode, with a  scan rate o f 1.97 Hz and a constant tunneling current of 2 nA. All images 

were corrected for tilt and curvature.

1.5.6 X-ray Diffraction (XRD). X-ray diffractometry was performed using a 

Philips APD 3720 powder diffractometer. The samples o f gold deposited on glass at 

different evaporation rates were broken to approximately 1.5 cm x 1 cm to fit into the 

well in the sample mount. The diffractometer was operated in 0/20 mode using
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monochromatized CuKa radiation (k  = 0. 154 nra) from an anode operating at 45 kV and 

30 mA. Data were obtained using a 0.05° step and 3 s/step collection time.

1.5.7 Contact-Angle Measurements. Contact-angle measurements were made 

with hexadecane and with water using a Rame-Hart NRL Model 100 goniometer. A 

minimum of three independent measurements were made for each sample. The 

advancing contact angles o f water on the surfaces analyzed were in the range 112-114°; 

the advancing angles of hexadecane were 43-45°. These angles are in accord with values 

reported for well-ordered monolayers.2

1.5.8 Ellipsometric Measurements. Ellipsometric measurements were made 

using a null ellipsometer (Rudolph Auto-EL III) equipped with helium-neon laser (X = 

632.8 nm) set at a 70° incident angle. Measurements were made from three arbitrarily 

chosen spots on the samples. Data were analyzed using the manufacturer’s program, and 

calculations o f film thickness assumed a refractive index o f the monolayer o f 1.5. The 

ellipsometric thickness o f these SAMs was approximately 10 A, consistent with 

contamination physisorbed on the gold surface prior to treatment with the thiol being 

displaced during the adsorption o f the SAM.2
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Chapter 2

Electrochemical^ Directed Self-Assembly of Monolayers on Gold

This chapter includes material that has been modified with permission from: Chen-Chan 

Hsueh, Mong-Tung Lee, Michael S. Freund, and Gregory S. Ferguson, Angew. Chem. 

Int. Eng. 2000, 39,1228. Copyright 2000, Wiley-VCH. Other portions will be published 

in a scientific journal copyright assigned to the publisher.

2.1 Abstract

We report an electrochemical method for the preparation o f self-assembled 

monolayers (SAMs) by oxidizing alkylthiosulfates, or “Bunte salts," and trapping the 

resulting intermediates or products at gold electrodes. Selective preparation o f self­

assembled monolayers (SAMs) on gold was accomplished by electrolysis of 

alkylthiosulfates (Bunte salts) in THF in the presence o f tetrabutylammonium 

tetrafluoroborate as the supporting electrolyte. Tetrafiuoroborate ions inhibited the 

spontaneous chemisorption o f alkylthiosulfates to form monolayers, so that monolayers 

formed only on gold electrodes at a sufficiently oxidative potential. This oxidative 

potential was applied using square-wave pulses, and as expected, the degree of 

completeness o f the monolayers depended upon both the voltage and the length o f the 

period during which it was applied. The monolayers produced are very similar to those 

prepared in the conventional way, by chemisorption of alkanethiols, though this approach 

allows SAMs to be formed selectively in less than a minute.
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X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy supported our 

hypothesis that this process involved formation o f stable gold-thiolate bonds at the gold 

surface and that (bi)sulfate is a side-product under our experimental conditions. Unlike 

the preparation o f SAMs from alkanethiols, clean gold was not required for forming 

complete monolayers from alkylthiosulfates. We demonstrated the selectivity o f this 

process by chemically modifying one electrode in the close proximity (76 /mi) o f another 

on a microelectronic device.
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2.2 Introduction

Molecular self-assembly o f monolayers (SAMs) provides a simple method to 

form highly ordered two-dimensional organic assemblies. Among the various systems 

that display this behavior, SAMs formed by the chemisorption o f alkanethiols on gold to 

produce strong gold-thiolate bonds is particularly convenient because o f the ease of their 

preparation.1'3 Well-ordered SAMs form spontaneously on gold surfaces within a short 

period upon immersion o f the surface in either a dilute solution or the vapor o f an 

alkanethiol o f interest. These monolayers have been used as model systems for 

fundamental studies o f wettability,4 adhesion,5 biocompatibility,6 fouling,7 as well as 

serving as the basis for building multilayers8 and bio- and analytical sensors,9 for the 

immobilization o f biomolecules, 10 and for preparing patterned surfaces.11

One o f the most attractive characteristics o f self-assembled monolayers (SAMs) is 

the facility o f their preparation —simply exposing a substrate surface to an appropriate 

adsorbate- 1'3 though this facility prevents selective formation at particular surfaces in the 

presence o f others o f the same composition. While contact printing o f SAMs has proven 

useful in preparing mesoscale patterns on various substrates, 12 formation o f monolayers 

on only particular features o f a pre-existing pattern —such as an electrode array, an 

integrated circuit, or a MEMS device—  has remained an elusive synthetic challenge. 

Hence, treating an array o f identical gold electrodes with a solution o f an alkanethiol or 

alkyl disulfide would result in formation o f a monolayer on all o f the electrodes. One 

approach to controlling self-assembly in these systems has focused on the inability of 

thiolate ions to covalently bind the gold surface directly, without concomitant 

oxidation. 13 Hence, gold electrodes immersed in a solution o f thiolate ions will only
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adsorb a SAM if  held at a  sufficiently high potential. Electrochemistry, in this case 

reduction, can also be used to remove SAMs that had previously been adsorbed. 14 

Hence, an alternative strategy for producing patterns involves allowing indiscriminate 

self-assembly to occur, followed by articulation o f a pattern by the selective removal of 

the SAM from certain substrates.

Alkylthiosulfates, also known as Bunte salts, can be used to synthesize disulfides 

by oxidation, 13 acidic hydrolysis, 16*17 or alkaline degradation. 18 Disulfides also can be 

formed from Bunte salts electrochemically. 19*20 This method has been extended to form 

polysulfides from “double” Bunte salts, molecules carrying two thiosulfate groups, using 

electrochemistry with gold electrodes.21

At the outset o f this work, we hypothesized that if oxidation of Bunte salts 

occurred at a gold electrode, trapping o f the intermediates or products o f the oxidation 

could provide a selective method for driving self-assembly only at electrodes held a 

sufficiently high potential. Our hypothesis, summarized in Figure 2.1, is that oxidation 

would lead to formation o f an alkylsulfide radical by release o f SO3.19,20 This radical 

could then combine directly with a dangling bond at the gold surface, or could couple to 

form disulfide. Either o f these pathways would be expected to lead to formation of 

SAMs, as disulfides readily oxidatively add to gold surfaces.22 Finally, SO3 would be 

expected to react with any water in the solvent to form sulfate ion. Sulfuric acid 

produced in this way could also be involved in monolayer formation, via acid hydrolysis 

o f the Bunte salt to give thiol.

The monolayers produced in this way are very similar to those prepared in the 

conventional method, by chemisorption o f alkanethiols. One focus o f the present study
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Figure 2.1. Schematic Representation o f the Proposed Electrochemical Synthesis o f 

Self-Assembled Monolayers on Gold.
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was to address aspects of the mechanism o f the electrochemical synthesis o f monolayers 

in this way, including the inhibition o f spontaneous chemisorption o f alkylthiosulfates in 

the presence o f tetrabutylammonium tetrafluoroborate, and identification o f the side- 

product(s) o f the process.

We also demonstrate the selective formation by oxidation o f alkylthiosulfates 

selectively in specific locations on a set o f closely spaced microelectrodes.23 The 

resulting chemical differentiation at small scales o f length is a feature we expect to be 

very useful in microelectronic and sensor applications. For example, one could 

potentially use this method to build a sensor that has SAMs with different functionalities 

on an each member o f an electrode array. This alternative approach to the synthesis of 

SAMs also offers several attractive features: it allows control o f the degree o f coverage, 

requires only short adsorption times (< I min), does not require clean substrates, and 

uses precursors that do not have unpleasant odors (for n-alkyl chains greater than about 

10 carbons in length).

2 3  Results and Discussion

Oxidation o f Alkylthiosulfates

Alkylthiosulfates, CH3<CH2)nS203Na (n = 15 ,13 ,11 ,9 , and 7) were synthesized 

by nucleophilic displacement reactions between sodium thiosulfate and the corresponding 

alkyl bromides, and purified by recrystallization in ethanol, according to a reported 

procedure.17 Our initial studies o f the electrochemistry o f these alkylthiosulfates were 

carried out using cyclic voltammetry in various solvents, e.g. acetonitrile, water, ethanol, 

and ethanol/water (50:50), but oxidation was only observed in the THF. Different
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supporting electrolytes were also used, with widely varying results. For example, the 

cyclic voltammogram (-0.9 V to 1.6  V) o f n-hexadecylthiosulfate in THF using UCIO4 

as the supporting electrolyte contained an oxidation peak at 0.9S V in the first anodic 

scan, which then decreased significantly in the following scans (Figure 2.2). The sample 

became more hydrophobic after 3 cycles, but an ordered monolayer did not form: contact 

angles o f hexadecane on the surface after 200  scans (16-18°) indicated that the monolayer 

was incomplete. Cycling to a lower potential (1.2 V) did produce a nearly complete 

monolayer with contact angles o f hexadecane o f42-44° (Figure 2.3). Control 

experiments, however, suggested that formation o f this monolayer could have been due 

primarily to the spontaneous chemisorption o f n-hexadecylthiosulfate, rather than to the 

electrochemical process (vide infra). Nonetheless, cycling to the low positive potential in 

these experiments apparently avoided the oxidative desorption found at potentials 

approaching ~ 1.6 V.

In contrast, the voltammogram o f n-hexadecylthiosulfate in THF with 0.1 M 

BU4NBF4 as the supporting electrolyte contained a large oxidation peak in the first anodic 

scan, which decreased only gradually in subsequent scans (Figure 2.4). The current rose 

sharply and reached a maximum at approximately 0.9S V before decreasing again, 

consistent with a decrease in the concentration o f Bunte salt near the gold electrode or 

blocking o f the electrode by the resulting monolayer at the gold surface. The peak 

current due to oxidation o f Bunte salt gradually decreased in each successive scan until 

about the sixth scan, after which it remained unchanged. This decrease in current in each 

successive scan was likely due to the decrease o f free gold surface after each scan, arising
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Figure 2.2. Cyclic voltammograms for a 10 mM solution of sodium 

hexadecylthiosulfate in THF from -0 .9  to 1.6 V (0.1 M LiClC>4, 100 mV/s) using a ] 

working electrode and a Ag/AgNOj reference electrode (3 mM in CH3CN).

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oo
<N

io

(yrl) juajjn^

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Po
ten

tia
l 

(V
)



Figure 2.3. Cyclic voltammograms for a 10 mM solution o f sodium 

hexadecylthiosulfate in THF from -0 .9  to 1.2 V (0.1 M UCIO4, 100 mV/s) using a ; 

working electrode and a Ag/AgNCb reference electrode (3 mM in CH3CN).
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Figure 2.4. Cyclic voltammograms for a 10 mM solution o f sodium n- 

hexadecylthiosulfate in THF (0.1 M BU4NBF4, 100 mV/s) using a gold working electrode 

and a Ag/AgNCh reference electrode (3 mM in CH3CN). The inset shows a cyclic 

voltammogram for a bare gold electrode in THF (0.1 M BU4NBF4, 100 mV/s) using a 

Ag/AgNC>3 reference electrode.
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from chemisorption of the SAM.

Electrochemical Formation o f  Ordered Monolayers

As with LiC104, cycling to 1.6 V with Bu4NBF4 as the supporting electrolyte did 

not produce ordered SAMs. A monolayer formed in this way, using even 200 scans, had 

a contact angle o f hexadecane o f only 30°. For comparison, monolayers formed by 

chemisorption o f hexadecanethiol gave contact angles o f hexadecane o f 44 to 46°. 

Cycling to lower potential (from -0 .9  V to 1.2 V or -0 .9  V to 1.3 V) for 8 scans, 

however, did produce ordered monolayers with contact angles o f hexadecane o f 45-46°. 

Figure 2.5a shows a cyclic voltammogram for a gold electrode immersed in a 10 mM 

solution of sodium n-hexadecylthiosulfate in THF, with 0.1 M Bu4NBF4 as a supporting 

electrolyte and an Ag/AgNO, (3 mM in CH,CN) reference electrode. The figure inset 

magnifies this voltammogram in the range of potential from -0.80 to +0.50 V in the 

anodic scan and clearly displays the onset of current flow at about -0.60 V. The current 

rose to a small steady-state value at potentials between approximately -0.20 and +0.20 V, 

after which it rose sharply into the main voltametric peak (Epj +0.85 V).

Because the return wave in cyclic voltammetry was not necessary to build SAMs, 

we used simpler potentiometric “pulses” to assess our ability to form SAMs 

electrochemically. We used potential pulses within the range of potential giving 

measurable anodic current to assess our ability to form SAMs electrochemically and to 

minimize any oxidative degradation or disordering o f the resulting monolayer Figure 

2.5b). In these experiments, a  gold electrode was immersed into the sodium n-
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Figure 2.5. Cyclic voltammogram (top) for a 10 mM solution o f sodium n- 

hexadecylthiosulfate in THF (0.1 M BU4NBF4) using a gold working electrode and a 

Ag/AgN0 3  (3 mM in CH3CN) reference electrode. The inset figure shows the onset of 

current flow in the anodic scan. The bottom plot shows the advancing contact angles of 

hexadecane on SAMs formed by electrochemical oxidation o f n-hexadecylthiosulfate 

using 1 (open circles), 3 (squares), and 5 (filled circles) voltametric pulses to different 

potentials.
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hexadecylthiosulfate solution (THF, 0.1 M But NBF4), and its potential was then stepped 

from -0.90 V (again, vs. Ag/AgNOa) to a particular value in the range producing anodic 

current in the cyclic voltammogram. It was held at this potential for 5 s and then stepped 

back to the -0.90 V resting potential. This process was repeated using a separate sample 

for each potential from -0.60 to +1.60 V, in 0.10-V increments. The advancing contact 

angle o f hexadecane provided a convenient measure o f the degree of completeness o f the 

resulting monolayer films as a function o f the applied potential used in their formation. 

Figure 2.5b shows these data for samples prepared using 1, 3, or 5 pulses to specific 

potentials. In all cases, the onset o f anodic current at approximately -0.50 V 

corresponded closely to the appearance o f a finite contact angle o f hexadecane on the 

film produced. The contact angle increased with increasing applied potential, up to about 

1.20 V, above which the contact angle began to decrease. The peak contact angles (45- 

47°) compared favorably with those reported for complete, well-ordered SAMs prepared 

by the self-assembly o f hexadecanethiol.2 The degradation in oleophobicity at high 

potential corresponded to a strong anodic current (Figure 2.5a), probably reflecting 

oxidation o f the gold electrode or o f THF and concomitant disordering o f the films. 

These results were important because they defined the range o f potential that would be 

useful for the synthesis o f SAMs.

The monolayers in Figure 2.5b formed by 5 pulses gave slightly higher contact 

angles than those formed by 3 pulses; monolayers formed by a single pulse gave much 

lower contact angles, indicating less complete formation. We followed the growth of 

these films systematically, as a  function o f the number o f potentiometric pulses, by
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monitoring the thickness and wettability o f monolayers formed by electrolysis of n- 

hexadecylthiosulfate at 1.20 V. These experiments utilized a single electrode, whose 

surface was characterized alter each pulse or series o f pulses. As the number of pulses 

was increased, the contact angles of both water and hexadecane rose as shown in Figure 

2.6 (bottom), and reached limiting values consistent with a well-ordered monolayer (H2O, 

112-114°; hexadecane, 45-47°).2 The ellipsometric thickness o f the monolayer also 

increased as a function o f the number o f pulses to approximately 13 A, consistent with 

the length o f the alkyl chain o f the adsorbate if  some contamination was removed from 

the surface o f the gold during the electro-chemisorption (Figure 2.6, top),2 or with a small 

amount o f free volume in the product film. For comparison, a monolayer formed at the 

same time by self-assembly o f hexadecanethiol gave the same thickness.

We also prepared SAMs o f tetradecanethio late by oxidizing sodium n- 

tetradecylthiosulfate. In these experiments, a  gold electrode was immersed into a 

solution (THF, 0.1 M But NBF4) o f sodium n-tetradecylthiosulfate, and the potential was 

stepped from a resting value o f -0.90 V (vs. Ag/AgNC>3) to a particular value in the range 

producing anodic current in the cyclic voltammogram. The gold electrode was held at 

this potential for S s and then stepped back to the -0.90 V resting potential for 5 s. To 

optimize the procedure for synthesizing SAMs, this process was repeated 5 times using a 

separate sample for each potential from -0.50 to 1.60 V in 0.1-V increments. The degree 

o f completeness o f each resulting monolayer was assessed by measuring the advancing 

contact angles o f hexadecane on its surface as shown in Figure 2.7. The contact angles 

increased with increasing applied potential, up to about 1.10 V, above which the contact
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Figure 2.6. Ellipsometric thickness (top) and advancing contact angles o f water and of 

hexadecane (bottom) on a gold electrode as a function o f the number o f potential pulses 

to 1.20 V (vs. Ag/AgN03) in a 10 mM solution o f sodium n-hexadecylthiosulfate in THF 

(0.1M Bu*NBF4).
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Figure 2.7. Advancing contact angles o f hexadecane on SAMs formed by electrochemical 

oxidation o f n-tetradecylthiosulfate using five voltametric pulses to various potentials.
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angles began to decrease. The maximum contact angles (45-46°) agreed with those 

reported for complete, well-ordered SAMs prepared by the chemisorption o f n- 

tetradecanethiol (44-460).2

We also followed the growth o f these films systematically, as a function o f the 

number o f potentiometric pulses to a given potential by monitoring wettability by 

hexadecane on monolayers formed by electrolysis o f n-tctradecylthiosulfate. Figure 2.8 

shows these data for SAMs generated with from 1 to 100 pulses to 0.90, 1.00, 1.10, and 

1.60 V. Using 0.90 V as the working potential, the contact angles o f hexadecane on gold 

rose from 0 to 42° in the first ten pulses and then increased slowly to 45° after 100 cycles. 

With 1.00 V as the working potential, the contact angles o f hexadecane reached 44° after 

10 pulses and leveling off at 46° after 20 pulses. The optimum working potential for n- 

tetradecylthiosulfates, however, was 1.10 V, giving a SAM with a hexadecane contact 

angles o f 44° after only 3 pulses, and quickly levelling off at 46° after only 5 cycles. 

Consistent with our results from cyclic voltammetry, using potentials higher than this 

optimum value gave incomplete monolayers. For example, pulses to 1.60 V gave lower 

contact angles o f hexadecane in the first 2 0  pulses, and did not produce a monolayer with 

satisfactory contact angles (45-46°) after even 100 pulses.

The optimum potential to produce complete SAMs, judged by contact angles o f 

hexadecane, varied as a function o f the length o f the alkyl chain o f the alkylthiosulfates. 

We formed high quality SAMs from n-dodecylthiosulfates at 1.00 V, n- 

tetradecylthiosulfate at 1.10 V, and from n-hexadecylthiosulfate at 1.20 V. These data 

are consistent with ion migration and/or electron tunneling being important as these
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Figure 2.8. Advancing contact angles o f hexadecane on SAMs formed by 

electrochemical oxidation of w-tetradecylthiosulfate as a function o f the number of 

voltametric pulses to 0.90 ( • ) ,  1.00 (O ), 1.10  (■ ) or 1.60 (□ ) V.
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SAMs approach completion and explain why more complete SAMs are formed at higher 

potentials, up to the point were oxidation o f the gold becomes a problem .24 At a partially 

completed SAM, a potential slightly lower than the optimum potential, i.e. 1.00 V vs. 

1.10 V, may not provide enough energy for an alkylthiosulfate ion to migrate, or for an 

electron to tunnel, through the film. Therefore, many more pluses were needed at 1.00 V 

than 1.10 V to get complete coverage. At even lower potential (e.g. 0.90 V), the 

monolayer only approached but did not reach completion. Potentials higher than 1.10 V 

resulted in oxidation o f the gold, the SAM, or the solvent, with concomitant disordering 

o f the monolayer.

Chemical analysis by x-ray photoelectron spectroscopy o f SAMs formed 

electrochemically revealed the presence o f only carbon and sulfur, as thiolate, on the gold 

surface (Figure 2.9). Survey spectra (20° take-off angle) o f a monolayer formed by the 

electrolysis o f n-hexadecylthiosulfate at 1.20 V (S pulses) and o f one formed by 

adsorption o f n-hexadecanethiol from ethanol, shown in Figure 2.9, are nearly 

indistinguishable. Furthermore, high-resolution spectra (Figure 2.10, 20° take-off angle) 

o f the same samples in the sulfur 2p region showed that both samples contained only 

thiolate sulfur, with no evidence o f higher oxidation states due either to incomplete 

reduction o f the thiosulfate or to oxidation o f the thiolate by air (Figure 2.9, inset).25 

Likewise, the ratio o f the integrated carbon (Is) to gold {Aina) signals- a measure o f the 

completeness o f the monolayer- was very similar for the two types o f monolayer (thiol, 

3.0; thiosulfate, 2.8).26
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Figure 2.9. X-ray photoelectron survey spectra o f SAMs formed by adsorption of 

hexadecanethiol (a) and electro-chemisorption o f n-hexadecylthiosulfate (b).
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Figure 2.10. High-resolution X-ray photoelectron survey spectra in the sulfur 2p region 

o f SAMs formed by (a) adsorption o f n-hexadecanethiol and (b) by electro-chemisorption 

o f n-hexadecylthiosulfate.
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Spontaneous, Non-electrochemical Formation o f SAMs from  Bunte Salts.

In the absence o f B114NBF4, a solution o f n-hexadecylthiosulfate (10 mM in THF) 

formed complete a  monolayer on gold spontaneously within 15 min, consistent with 

related observations by Lukkari and co-workers.27 Thus, the selectivity o f our approach 

depends on the ability o f BU4NBF4 to inhibit this spontaneous process in THF. In the 

presence o f 0.1 M BU4NBF4, it took 91 h to form an ordered monolayer by the 

spontaneous chemisorption o f n-hexadecylthiosulfates in THF (Figure 2.11). Table 2.1 

shows the contact angles o f hexadecane on gold surfaces after treatment with THF 

solutions of n-hexadecylthiosulfate for 15 min in the presence of various amount of 

B114NBF4. As expected, low concentrations o f BU4NBF4 allowed monolayer formation to 

proceed to near completion within this time period, whereas higher concentrations 

significantly inhibited growth. Chemisorption was not inhibited, however, when 

tetrabutylammonium hexafluorophosphate (BU4NPF6) or tetrabutylammonium 

perchlorate (BU4NCIO4) were used as the supporting electrolyte instead o f BU4NBF4, 

indicating that the tetrafluoroborate anion is responsible for inhibition o f spontaneous 

chemisorption. One possible explanation may be the basicity o f tetrafluoroborate in non- 

aqueous solvents such as THF, which could prevent acid hydrolysis o f Bunte salt to 

produce thiol. In contrast, the presence o f BU4NBF4 (0.1 M in THF) did not appear to 

inhibit the formation o f SAMs by chemisorption o f n-hexadecanethiol (10 mM).

Electrolysis o f  Bunte salts at other Electrodes

When using platinum or graphite instead o f gold as the working electrode (THF, 

0.1 M BU4NBF4), we did not observe oxidation attributable to the Bunte salt by cyclic
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Figure 2.11. Advancing contact angles o f hexadecane (6 a) on a gold electrode as a 

function o f the immersion time in a 10 mM solution o f sodium n-hexadecylthiosulfate 

with (■ ) and without (O ) 0.1 M B114NBF4. The inset shows the change in contact angles 

o f hexadecane within the first 4 h.
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Table 2.1. Contact Angles o f Hexadecane on SAMs Formed by Spontaneous 

Chemisorption o f n-Hexadecylthiosulfate. After 15 min in the Presence/Absence of 

Tetrabutylammonium Tetrafluoroborate.

rBu4NBF4l/rCi6H33S203Nal 0 1 5 10
0, 46 42 16 <10°
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F igu re  2 .12 . (a) C yclic  v o ltam m o g ram s fo r a  10 m M  so lu tion  o f  sod ium  n-

h ex ad ecy lth io su lfa te  in  T H F  (0.1 M  BU4 N B F 4 , 100 m V /s) u sing  a  g raph ite  w ork ing  

e lec tro d e  a n d  a  Ag/AgNC >3 re fe rence  e lec tro d e  (3 m M  in  C H 3 C N ). T he in se t show s a  

cyc lic  v o ltam m o g ram  fo r  a  g raph ite  e lec tro d e  in  th e  so lu tio n  o f  10 m M  ferrocene in  T H F  

(0.1 M  B 114N B F 4 , 100 m V /s) b e fo re  a n d  a fte r  b e in g  u sed  (A g/A gN (> 3  reference 

e lec tro d e), (b ) C yclic  v o ltam m ogram s fo r a  10 m M  so lu tion  o f  sod ium  n- 

h ex ad ecy lth io su lfa te  in  T H F  (0.1 M  BU4N B F 4 , 100 m V /s) u sing  a  p la tin u m  w ork ing  

e lec tro d e  a n d  a  A g /A g N 0 3 re fe rence  e lec tro d e  (3 m M  in  C H 3C N ). T he  in se t show s a  

cyclic  v o ltam m o g ram  fo r  a  p la tin u m  e lec tro d e  in  th e  so lu tio n  o f  10 m M  ferrocene  in  T H F  

(0.1 M  BU4 N B F 4 , 100 m V /s) b e fo re  an d  a fte r  b e in g  used  (A g/A gN C h reference 

e lec trode).
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voltammetry. Figure 2.12 shows typical voltammograms for n-hexadecylthiosulfate (10 

mM in THF, 0.1 M B114NBF4) using graphite and platinum as the working electrode, 

respectively. No oxidation peaks were observed at either electrode between -0 .9  to 1.2 

V. To rule out the possibility o f electrode fouling during the cyclic scans, the electrodes 

were checked using ferrocene-ferricinium as a probe redox couple. Both electrodes 

showed normal electrochemical responses both before and after the Bunte-salt 

experiments (Figure 2.12, insets). Interestingly, the bulk electrolysis o f Bunte salts at 

platinum electrodes in acidic water (0.1 M H2S 04 or 0.5 M NaHS04) has been reported 

previously. 17 Our results clearly indicate the involvement o f gold surface chemistry in 

the electrochemically directed self-assembly o f Bunte salts to form monolayers.

Mechanism o f  Monolayer Formation by Electrolysis at Gold Electrodes

Our mechanistic hypothesis, summarized in Figure 2.1, for the formation of 

SAMs in this way proposes the loss o f SO3 from the initially formed radical, followed by 

hydration to produce sulfuric acid. Because sulfate salts of sodium are only sparingly 

soluble in THF, one might expect precipitation at the electrode surface. To test this 

hypothesis, we analyzed the monolayer formed by oxidation of n-hexadecylthiosulfate 

both before and after rinsing with water, using x-ray photoelectron spectroscopy. The 

monolayers used in these studies were formed by electrolysis o f n-hexadecylthiosulfate at 

1.20 V using 5 pulses. After monolayer formation, one sample was rinsed with dry THF, 

and the other was rinsed with dry THF and then with water. The survey spectra (Figure 

2.13) o f these two samples were similar, expect for the photoemission due to Na (Is) at 

1072.0 eV and O (Is) at 532.5 eV in the sample rinsed only with THF. The surface ratio
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Figure 2.13. X-ray photoelectron survey spectra of SAMs formed by electro- 

chemisorption o f n-hexadecylthiosulfate, and that had been washed with only THF or 

washed with THF and water.
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o f sodium : sulfur (as sulfate): oxygen is 1.5 : 1 : 4 based on high-resolution spectra (Au 

Aiin, C Is, O Is, and N a Is, and S 2p region) indicating a m ixture o f bisulfate and sulfate 

were produced during the electrolysis . 2 8  To minimize the influence o f  damage to the 

sample, these high-resolution spectra were collected from a different spot on the sample 

where the survey spectrum and the C, S, and Au regional scans were obtained. The 

sulfur spectrum was collected tw ice so that this ratio came from the same spot.

High-resolution scans o f  the sulfur 2p region (Figure 2.14) revealed an additional 

difference: the sample rinsed only with THF contained two types o f sulfur, a spin-orbit 

doublet at 162.0 and 163.1 eV due to the thiolate and an additional doublet at higher 

binding energy (170.0 and 171.3 eV) assigned to sulfate . 2 8  In contrast, the monolayer 

washed with THF and water contained photoemission from sulfur only as thiolate (162.0 

and 163.2 eV). The ratio o f  N a : S (as sulfate): O in the monolayers rinsed with only 

THF suggested the formation o f m ixture o f sodium sulfate and sodium bisulfate. These 

data are consistent with the proposed conversion o f alkylthiosulfate to thiolate and 

sulfate, as summarized in Figure 2.1.

Because sulfate is produced stoichiometrically in Figure 2.1, we expected bulk 

electrolysis o f n-hexadecylthiosulfate to produce a  large amount o f it. Indeed, 72 h of 

continuous pulses to 1.20 V were applied in 20 mL o f a  30 mM n-hexadecylthiosulfate 

solution (0.3 M B114NBF4 ) in THF at a  gold electrode. A white solid precipitated onto the 

electrode during the electrolysis. The solution was centrifuged and the precipitate 

collected, and an infrared spectrum o f  the crude solid indicated the presence o f a mixture 

o f  B114NBF4 , Na2 SC>4 , and NaHSC>4 . A fter extraction o f the BU4NBF4  w ith THF, the
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Figure 2.14. High-resolution sulfur 2p x-ray photoelectron spectra o f SAMs formed by 

electro-chemisorption o f n-hexadecylthiosulfate, and washed with only THF or washed 

with THF and water.
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Figure 2.15. The infrared spectra of: (i) the aqueous extracts o f product in bulk 

electrolysis o f sodium n-hexadecylthiosulfate in THF; (ii) sodium sulfate; (iii) sodium 

bisulfate; and (iv) sodium n-decylthiosulfate.
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infrared spectrum o f the purified solid (Figure 2.15) indicated that the product was 

mainly NaHSC>4.29

Advantages o f this Electrochemical Synthesis o f  SAMs

One advantage o f this electrochemical synthesis o f SAMs is that clean gold is not 

required to form complete monolayers. To demonstrate this feature in dramatic way, two 

dirty gold electrodes were prepared by soaking in pump oil, followed by rinsing using 

hexanes and THF and drying with a stream o f N2. A good monolayer (0a = 44° for 

hexadecane) was obtained on one o f these electrodes after 100 pulses to 1.10 V with n- 

tetradecylthiosulfate. In contrast, even 24 h o f immersion in a 50-mM solution o f 

hexadecanethiol in ethanol gave only an incomplete monolayer, with a 37° contact angle 

o f hexadecane. These data suggest that the potential pulses either removed 

contamination from gold electrode or that the applied potential served to “drive” the 

alkylthiosulfate ion through the contamination and thereby displace it.

An even more important key advantage o f this electrochemical synthesis over the 

conventional chemisorption of alkanethiols and -disulfides is that it provides selectivity in 

the placement o f a SAM only on electrodes at potentials high enough to oxidize the 

thiosulfate precursor. We demonstrated this feature o f the synthesis by selectively 

modifying one electrode in the close proximity o f another. The samples used in these 

studies were triple-track testers,30 comprising a  serpentine pattern o f three 76-/an-wide 

gold lines spaced 76 fan apart on an alumina substrate. The two outer lines were 

connected at one end and electronically isolated to differentiate an inner electrode.
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In order to make the electrochemical modifications on the triple-track tester, we 

first covered its leads using epoxy to avoid the interference from the leads that were made 

o f iron. We calculated the theoretical pulsing time that was short enough to avoid the 

diffusion o f the alkyl thiolate radicals generated from the working gold track during 

modification. We estimated the thickness o f a diffusion layer according the following 

equation:

A2 = 2 Dt (2.1)

where A is the mean square displacement o f the molecule, D is the diffusion 

coefficient (a typical value of D is 5 x 10' 5 cm2/sec in aqueous solution), and t is time.31 

In order to make the diffusion layer thickness smaller than the distance between each 

track, 76 pm, the pulse sequence must be less than about 1 s according to equation 2.1. 

This theoretical prediction was examined experimentally as follows: the triple track tester 

was immersed into a 1 mM solution o f K.3Fe(CN)6 in water. Two o f the triple tracks were 

monitored simultaneously by using the bi-potential function o f the potentiostat. At the 

beginning, both tracks were held at 0.5 V so that no Fe(CN)63‘ would be reduced to 

Fe(CN)64~- The potential o f one track was then changed to 0  volt so that Fe(CN)63‘ near 

this track began to be reduced to Fe(CN)64* and could diffuse away from the track. After 

1.1 s, we observed a spike from the other track due to the oxidation of Fe(CN)64* that had 

diffused from the other track. From this experiment, we learned that the experimental 

value matched the theoretical value quite well and defined how short our pulses had to be 

to avoid the diffusion layer to reach the neighboring electrode. However, we also 

recognized that the diffusion layer could be built up if  continuous pulses were applied
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and the idle period was not short enough.

We started to modify our track by oxidizing n-dodecylthiosulfate salt with various 

pulse periods and checked the monolayer coverage by the blockage o f redox o f Fe(CN)63’ 

/Fe(CN)64'. Contact angle measurements could not be applied on such a small surface, 

76/an in width, to provide information about the film quality. The literature contains 

reports that an ordered monolayer could effectively block the diffusion o f Fe(CN>63'  from 

the bulk solution by electron tunneling.32 We saw very little blockage o f the redox of 

Fe(CN)637Fe(CN)64* on the track after even several hundred 0 .0 1 - and 0.05-s pulses. The 

monolayer gave only partial blockage on the track after 150 cycles o f 0.1 s pulse 

sequences. Finally, 0.2-s pulses gave satisfactory results.

To demonstrate selectivity in this process, a triple-tracks-tester was then 

immersed into a 10 mM solution o f sodium n-dodecylthiosulfate (THF, 0.1 M B114NBF4), 

and the potential o f the central electrode was stepped from -0.90 V (vs. Ag/AgNC>3) to 

+0.90 V. It was held at this potential for 200 ms and then stepped back to the -0.90 V 

resting potential. This process was repeated through 150 pulses, with a 6 -s interval 

between pulses; the outer electrode was electronically isolated throughout this process. 

The differences between this protocol and that used to form the SAMs o f n- 

hexadecylthiosulfate reflect optimization to minimize cross-contamination o f the nearby 

electrode in this experiment, as well as the difference in the chain lengths (C12 vs. Ci6) of 

the precursors.

This process left the two electrodes on the device strongly differentiated, both in 

surface energy and electrochemical activity. Figure 2.16 shows a fluorescence
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micrograph (lOOx magnification) o f the device coated with a thin layer o f a 1.06-mM 

aqueous solution o f the fluorescent dye, rhodamine-6 G .33

Blue excitation light B2A OM 510 

450 ~ 490 am main 480 nm 

520 -700 nm

Green excitation light G2A DM 580 

5 1 0 - 560 nm main 546 nm 

590 -700 nm

The modified (central) electrode repels the solution and thus appears black due to 

the absence o f the dye. The unmodified (outer) electrode is coated with the dye solution 

and thus appears greenish-yellow. Below the micrograph in Figure 2.16 are cyclic 

voltammograms for a second triple-track tester immersed in aqueous solution of 

ferricyanide, before and after electrode modification. The modified electrode B showed a 

normal response prior to modification but was electrochemically inactive after coating 

with a dodecanethiolate monolayer. In contrast, the response of the unmodified electrode 

A at this scan rate did not change significantly before and after treatment of electrode B.

2.4 Conclusions

In summary, we have developed an electrochemical method for the selective 

formation of self-assembled monolayers on a particular gold electrode in the presence of 

another nearby electrode. Self-assembled monolayers were prepared by electrolysis of 

alkylthiosulfates in THF in the presence o f tetrabutylammonium tetrafluoroborate as the 

supporting electrolyte. The tetrafluoroborate ion was found to inhibit the spontaneous
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Figure 2.16. A fluorescence micrograph (lOOx magnification) o f a triple-track tester 

covered with a thin film o f an aqueous solution o f the fluorescent dye, rhodamine-6G 

(1.06-mM). The central electrode has been modified by 150 pulses to 0.90 V (vs. 

Ag/AgNOs) in a 10 mM solution o f sodium n-dodecylthiosulfate in THF (0.1 M B114 

NBF4) and is hydrophobic and dewetted by the dye solution. The outer electrode (two 

outer conducting lines) is unmodified and covered by the dye solution. Both the widths 

o f the gold lines and the spacings between them were in the range o f 70-80 pm. The 

cyclic voltammograms (1.0 mM K3Fe(CN)6, 0.1 M KC1, 100 mV/s) beneath the 

micrograph show the voltametric responses o f both electrodes before (solid lines) and 

after (dashed lines) modification o f the inner electrode.
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chemisorption o f alkylthiosulfate onto gold, and thus SAMs only formed when a 

sufficiently anodic potential was applied. Cyclic voltammetry produced ordered 

monolayers, as long as the limiting upper voltage was not greater than 1.3 V. Likewise, 

potentiometric pulses could also be used to produce complete monolayers selectively in 

the presence o f tetrafluoroborate ion. The degree o f completeness o f the resulting 

monolayers depended on the potential and number o f pulses applied. A partial 

monolayer was formed when pulses to low potential were applied, and we attribute this 

result to an insufficient driving force for ion migration and/or electron tunneling through 

a partial film. At optimum potentials, however, a monolayer can be formed using only 5 

pulses (less than 1 min). Use o f a higher potential (e.g., 1.6  V) gave monolayers with low 

coverage due to oxidation o f the gold, the SAM, or the solvent. The dependence of 

optimum potential upon alkyl chain length is consistent with the ion migration and/or 

electron tunneling hypothesis.

Spectroscopic evidence using both XPS and FT-IR indicated a byproduct of this 

process, that insoluble in THF, was a sulfate salt. Specifically, sulfur 2p photoemission 

in the XPS spectrum o f SAMs that had been rinsed with only THF indicated the presence 

o f both thiolate (monolayer) and sulfate (side-product) sulfur. An infrared spectrum of 

the product in a  bulk electrolysis confirmed this assignment. These results are consistent 

with the mechanism in Figure 2.1.

The monolayers produced are very similar in thickness, wettability, blocking of 

heterogeneous electron transfer and elemental composition to analogous SAMs formed 

by the chemisorption o f alkanethiols. The selectivity o f this synthetic method should 

allow the preparation o f microelectrode arrays having differentiated surface chemistry, a
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goal o f great importance in the fabrication of sophisticated sensor arrays.34*35 Other 

attractive features o f this electrosynthesis o f SAMs are: i) the control it provides over the 

degree o f coverage; ii) the short time necessary to form a SAM (less than a minute); iii) 

the ability to form SAMs easily on electrodes that are not clean; and iv) the use of 

precursors that lack an unpleasant odor (for alkyl groups containing more than about 10 

carbons). Our use o f alkylthiosulfates, rather than thiols or thiolates, as precursors avoids 

the risk of thiolate (solution)/thiolate (SAM) exchange that could prevent or complicate 

formation o f a SAM on one electrode without contaminating a different SAM already in 

place on another.

2 .5  Experimental Methods

2.5.1 Materials. Hexadecanethiol (Aldrich, 92%) was purified by distillation 

under vacuum prior to use. Tetrabutylammonium hexafluorophosphate (98%), 

tetrabutylammonium perchlorate (99%), lithium perchlorate (95+%), sodium hydrogen 

sulfate (technical grade), 1 -bromohexadecane (97%), 1 -bromotetradecane (97%), 1- 

bromododecane (96%), 1 -bromodecane (98%), 1 -bromooctane (99%), potassium 

ferricyanide (99%), potassium ferrocyanide (99%), Rhodamine-6 G (99%), and sodium 

thiosulfate pentahydrate (99.5%) were obtained from Aldrich and used as received. 

Ferrocene (dicyclopentadienyliron, 98%) was obtained from Alfa and used as received. 

Absolute ethanol (McCormick Distilling Co), sodium sulfate (EM Science, 99%), and 

silver nitrate (Kodak, 99.9%) were used as received. The hexadecane (Aldrich, 99%) 

used in the contact-angle measurements was purified by percolation twice through 

activated alumina. Tetrahydofuran (EM Science, 99.94%) was distilled from sodium-
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benzophenone ketyl before use. Gold (99.99%) was obtained from Refining System Co 

and used as received. The epoxy, Epoxi-Patch, was from Dexter Corporation and used as 

received. Pump oil used in the “dirty gold” experiment was from VWR Scientific 

(vacuum pump oil No. 19) and used as received. All water used in this work was purified 

with a Milli-Pore Milli-Q system to a resistivity o f at least IS Mft-cm.

2.5.2 Preparation o f Sodium Alkylthiosulfates, CHifCH^nS^OsNa (n= 7, 9, 11, 

13, 15). The Bunte salts were prepared following a literature procedure.17 For example, 

1 -bromohexadecane (1.53 g, 5 mmol) dissolved in 20 mL o f ethanol was added to a 

solution o f sodium thiosulfate (1.24 g, 5 mmol) in 20 mL o f water, and the mixture was 

brought to reflux until the solution became homogeneous. The solution was then cooled 

to room temperature, allowing the n-hexadecylthiosulfate to precipitate. The white solid 

was filtered and recrystallized using ethanol. *H NMR: C //3(CH2)i5SSC>3Na, 0.86, (t, 

3H); CH3(Ctf2)i3CH2SS0 3 Na, 1.31-1.50, (m, 26H); CH3(CH2)i4C //2SS0 3Na, 1.65, 

(doublet-triplet, 2H); CH3(CH2)i3CH2C //2SS0 3Na, 2.66, (t, 2H).

2.5.3 Electrochemistry. The electrochemistry experiments were carried out 

using Bioanalytical Systems BAS-100B or EG & G Potentiostat/Galvanostat Model 273 

from Princeton Applied Research. A conventional three-electrode configuration is 

equipped. In all cases, the gold coated on glass was the working electrode, a platinum 

flag (7 mm x 20 mm) was the counter electrode, and a glass tube with a Vycor tip 

containing Ag/AgN0 3  (3 mM)31 in acetonitrile plus 0.1 M (Bu)4NBF4 which freshly 

prepared prior to experiments was the reference electrode. This reference electrode was 

checked against the Fe(CN)637Fe(CN)62' redox couple prior to these experiments. All the
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cyclic voltammograms reported in this paper started with a scan in the anodic direction 

from -0.90 V and were collected at 100 mV/s in the presence of 0.1 M BU4NBF4 as a 

supporting electrolyte.

2.5.4 Sample Preparation. Glass microscope slides were treated with (3- 

mercaptopropyl)trimethoxysilane according to a published procedure to act as an 

adhesion promoter for a gold overlayer.36 Gold films were then deposited by thermal 

evaporation o f the metal at ~ 0.5 A/s at a background pressure of approximately 2X10-6 

Torr, to a final thickness o f about 1000  A. The gold electrode was placed into 10 mM 

sodium alkylthiosulfate with 0.10 mM (Bu>4NBF4 in THF. The potential was stepped 

from -0.90 V to 1.20 V for 5 s and then stepped back to the -0.90 V resting potential for 

5 times for sodium n-hexadecylthiosulfate. The working potentials for the tetradecyl and 

dodecyl analogues were set at 1.10 V and 1.00 V, respectively, while the resting potential 

was kept at -0 .90 V. The substrate was then rinsed with THF and absolute ethanol and 

dried with a stream o f N2.

2.5.4 X-ray Photoelectron Spectroscopy. The XPS spectra in this paper were 

obtained using a Scienta ESCA-300 spectrometer, equipped with a rotating anode (A1 

K a) source producing approximately 39.0 kW o f X-ray power, a monochromator, and a 

300-mm (diameter) hemispherical analyzer. All spectra were collected at a  20° take-off 

angle between the plane o f the surface and the detector, a  slit width o f 11 mm, and were 

referenced to the Au peak set at 84.0 eV. The background pressure in the sample 

chamber was 2xl0"9 Torr. Survey scans were collected with a pass energy o f 75 eV and a 

step energy o f 1.0 eV, and took 5.5 min to complete. Sulfur 2p regional scans were
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collected with a pass energy o f ISO eV and a step energy of 0.05 eV, and took 10 min to 

complete (S scans). Carbon Is regional scans were collected with a pass energy o f 150 

eV and a step energy o f 0.05 eV, and took 4.5 min to complete (2 scans). Gold Ai-jo. 

regional scans were collected with a pass energy o f 75 eV and a step energy of 0.2 eV, 

and took 1 min to complete (single scan). Oxygen Is regional scans were collected with 

a pass energy o f 150 eV and a step energy o f 0.05 eV, and took 6  min to complete (3 

scans). Sodium Is regional scans were collected with a pass energy of 150 eV and a step 

energy o f 0.05 eV, and took 6.5 min to complete (5 scans).

For quantitative analysis, the sensitivity factors used to correct the number o f 

counts under each peak (or envelope) were: Au 9.58; C Is, 1.000; O Is, 2.8370; S 

2p (both components), 2.1735; and Na Is, 8.520. The sensitivity factors for oxygen, 

carbon, and sulfur, and sodium photoemission were determined by A. C. Miller with the 

Scienta ESCA-300 at Lehigh University. The value for gold is the Scofield value.37 The 

curve fitting was performed using Scienta ESCA system software38 following a published 

procedure:39 Each peak is described as a sum o f Gaussian and Lorentzian functions, 

assuming a linear baseline. For C Is photoemission, all fits had reasonable mixing (m >

0.85) and asymmetry (A < 0.12) ratios, as well as acceptable line widths (1.00-1.25 eV, 

fwhm). For Au 4f5/2 photoemission, all fits had reasonable mixing (m > 0.70) and 

asymmetry (A < 0.14) ratios with line width between 0.65-0.68 eV (fwhm). For S Is 

photoemission, all fits had mixing (> 0.60) and asymmetry (< 0 .2 1 ) ratios, as well as 

acceptable line widths (0.60-0.860 eV, fwhm). For Na Is photoemission, the fwhm was 

1.79 eV, with an asymmetry ratio o f 0.012, and mixing ratio o f 1. For O Is
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photoemission, the fwhm was 1.39 eV, with an asymmetry ratio o f 0.14, and mixing ratio 

o f 1.

2.5.5 Contact Angle and Ellipsometry Measurements. Advancing contact angle 

measurements o f hexadecane and water were measured using a Rame-Hart NRL Model 

100 goniometer. A minimum o f six measurements on three independent drops were 

made for each sample. Ellipsometric measurements were made using an automatic null 

ellipsometer (Rudolph Auto-EL HI) equipped with helium-neon laser (X = 632.8 nm) set 

at a 70° incident angle, employing the manufacturer’s program. Measurements were 

collected from four arbitrarily chosen spots on the samples. Calculations o f film 

thickness typically assumed a refractive index o f monolayer is 1.5.

2.5.6 Infrared Spectroscopy. Infrared spectra were collected using a Perkin- 

Elmer FT-IR 1600 spectrometer, at a resolution o f 2 cm*1. In each case, 64 scans were 

averaged to achieve a satisfactory signal-to-noise ratio.

2.5.7 GC-MS and NMR. The masses o f sufficiently volatile products were 

confirmed using a Hewlett Packard 5890 Series Q Gas Chromatography, equipped with 

Hewlett Packard 5972 series Mass Selective detector. lH NMR spectra were acquired 

using a Broker AMX 360 spectrometer, referenced to CHCb at 7.24 ppm and are 

reported in unit o f 5.

2.5.8 Fluorescence Microscopy. The fluorescence microscopy was done using 

Nikon Microflex UFX-LI, Nikon Biological Microscope OPTIPHOT equipped with 

Nikon FX-35A camera. The magnification in this experiment was lOOx. A red filter was
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used when the pictures were taken. Rhodamine-6 G (1.06 mM) in water was used as the 

dye solution.
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Chapter 3

Stepwise Synthesis o f a Well-Defined Silicon (Oxide)/Polyimide Interface

This chapter includes material that has been modified with permission from: Mong-Tung 

Lee and Gregory S. Ferguson Langmuir, 2001, 17, 762-767. Copyright 2001, American 

Chemical Society.

3.1 Abstract

Self-assembly o f l-bromo-16-(trichlorosilyl)hexadecane leads to highly ordered 

bromide-terminated monolayer films on silicon (oxide) substrates. The bromides were 

converted to azides by treatment with sodium azide and then reduced to corresponding 

amines using lithium aluminum hydride. Protonation o f these amine surfaces was 

difficult to reverse and rendered them unreactive toward electrophiles. The unprotonated 

form, however, reacted with molten phthalic anhydride to form the corresponding imide. 

These chemical transformations were characterized by ellipsometry, attenuated total 

reflectance infrared spectroscopy (ATR-IR), contact angle goniometry, and X-ray 

photoelectron spectroscopy (XPS). Spin-coating o f a polyamic acid, the precursor of 

poly-iV ,AT (4,4’ -oxydiphenylene)pyromellitimide, onto the pure amine-terminated 

surface, followed by curing (up to 350 °C), resulted in covalent linkages between 

substrate and the polymeric coating. The success o f this curing was confirmed by 

infrared spectroscopy. Adhesion test results showed that this amine-terminated 

monolayer enhanced the adhesion o f polyimide films to these substrates.
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3.2 Introduction

In studies focused on adhesion and delamination at silicon (oxide)/polymer 

interfaces, we have prepared a structurally well-defined system, modeled after the 

technologically important use o f 3 -aminopropyltrimethoxysilane (APS) as an adhesion 

promoter at these interfaces. Although APS has been used successfully in applications 

such as glass-fiber-reinforced composites, 1'3 polymer-metal adhesion,4,5 and protection of 

microelectronics,6 the mechanism by which it enhances adhesion has been a matter o f 

debate due to the lack o f well-defined structure in the siloxane networks derived from this 

difunctional reagent.7,8 In principle, hydrolysis and condensation o f the silyl group at one 

end o f the molecule could form a quasi-two-dimensional network anchored to the surface 

o f Si0 2  through siloxane linkages, and the amine group at the other end could provide 

covalent linkages to a polymeric coating. In addition to this mode of bonding, which has 

been demonstrated for polyimide and model compounds,9,10 however, the basic amine 

group can also react with surface silanols by proton transfer and hydrogen bonding as 

well as participate in the condensation reactions that form the siloxane network and 

thereby lead to the formation o f complex multilayers.9 Mechanical interlocking, arising 

from diffusion o f polymer chains from a coating into this three-dimensional siloxane 

network, has also been proposed as a mechanism for enhancing adhesion. 10*11

Our approach to a well-defined model system involved first forming ordered self­

assembled monolayers (SAMs) via the reaction o f alkyltrichlorosilanes at the surface o f a 

silicon wafer, followed by chemical derivatization o f the outermost atoms o f the
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monolayers to produce amine groups. These amine groups were then used to form 

covalent attachments to a polyimide coating.9’10 Stepwise chemical synthesis to form 

amine groups at the surface o f such SAMs has been demonstrated by others, 12*15 though 

preliminary experiments in our laboratories indicated that the amines produced by these 

methods were curiously unreactive toward electrophiles. The lack o f reactivity o f these 

SAMs prevented their use as effective coupling agents, so we conducted the present study 

to solve this problem, as well as to provide a more detailed characterization o f the 

surfaces involved than previously reported. Unlike coupling layers formed from APS, 

our system provides a system free o f ambiguity regarding whether adhesion results from 

interfacial contact and bonding or from mechanical interlocking. This system should be 

also useful in understanding the fundamental o f interface failure in polymeric coatings 

and silicon (oxides) substrates, thus perhaps allowing the semiconductor packaging 

industry to develop better adhesion promoters based on our model.

3 3  Results and Discussion

Synthesis o f Bromide-Terminated Silane.

Bromohexadec-15-ene was synthesized following a literature procedure, 16 and the 

product was purified using flash chromatography (hexanes) to give an isolated yield o f 

-65% . Analyses by both nuclear magnetic resonance spectroscopy (NMR) and gas 

chromatography-mass spectrometry (GC-MS) confirmed the purity o f the product. The 

desired bromide-terminated silane, I -bromo-16-(trichlorosilyl)hexadecane, was then 

synthesized by hydrosilation o f 1-bromo-15-hexadecene with trichlorosilane, catalyzed by
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Figure 3.1. The synthesis o f 1 -bromo-16-(trichlorosily l)hexadecane.
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hydrogen hexachloroplatinate (IV) hydrate, according to a literature procedure.17 The 

product was purified by Kugelrohr distillation at 150-165 °C and 0.1 Torr, and its purity 

was confirmed by NMR.

Synthesis and Characterization o f Bromide-Terminated Monolayers.

Bromide-terminated siloxane monolayers were prepared on clean silicon wafers

(Si/SiCh) by immersion o f the substrate in a ( 1%, w/w) solution o f l-bromo-16-

(trichlorosilyl)hexadecane (I) in toluene. The average thickness, determined by

ellipsometry, o f these monolayers was ~26 A, consistent with the anticipated length o f a

18trans-extended conformation o f this absorbate as well as with results reported by others. 

Attenuated total reflectance (ATR) infrared spectra o f a monolayer formed on a silicon 

ATR crystal revealed C-H stretching bands at 2920cm*1 (va, CH2) and 2851cm*1 (vs, 

CH2), indicative o f crystalline-like order in the SAM. 19 The advancing contact angles of 

water on these SAMs, 81-85°, were also consistent with values reported by others.12* 

15,20.21 Hexadecane wet the bromo-terminated monolayer.

Atomic force microscopic (AFM) images (Figure 3.2) o f a Br-terminated 

monolayer on silicon, as well as o f a bare silicon wafer for comparison, were acquired 

with a NanoScope (Digital Instrument) using standard Si3N4 tips. The AFM was operated 

in contact mode, with a scan rate o f I Hz and minimum contact forces. The AFM images 

o f both surfaces were generally featureless. The surface that had been treated with 1- 

bromo-16-(trichlorosily)hexadecane had a root-mean-square roughness o f 1.5 A, in 

agreement with literature values for monolayers formed from n-octadecyltrichlorosilane22
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Figure 3.2. Atomic Force Microscopic images o f a: (a) bare silicon wafer (1pm x 1 pm); 

(b) bare silicon wafer (3.5 pm x 3.5 pm); (c) Br-terminated monolayer (1 pm x 1 pm); (d) 

Br-terminated monolayer (3.5 pm x 3.5 pm).
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and thus consistent with monolayer formation.

X-ray photoelectron spectroscopy (XPS) was used to determine the composition 

o f pure and mixed (brominated and unbrominated) monolayers, as well as to follow 

subsequent functional-group transformations. Figure 3.3, for example, shows a plot of 

terminated monolayers were very susceptible to X-ray-induced damage during these 

measurements.20,24 For example, the intensity o f the Br (3d) photoemission decreased by 

approximately 10%, and the N (ls) peaks o f azide-terminated monolayer almost 

disappeared, after a single high-resolution scan. To maximize the reliability o f XPS data 

from these surfaces, the survey and high-resolution scans were collected at different spots 

on the sample.

Infrared spectroscopy confirmed that the azidation reaction had occurred and that 

the azide-terminated monolayer was ordered. An ATR-IR spectrum o f the product 

contained a band at ? nQ7 cm '1, assigned to the N3 asymmetric stretching mode.25 In the 

mole fraction o f bromoalkylsiloxane in pure and mixed monolayers formed by adsorption 

from solutions containing the bromoalkylsilane (1) and the corresponding unbrominated 

compound, hexadecyltrichlorosilane (2). The linearity of these data confirmed that the 

composition o f mixed monolayers mirrored the composition o f the solutions from which 

they were adsorbed, as found by one other group,20 but not by a second. 14 The wetting 

behavior o f these mixed monolayers was roughly linearly related to the mole fractions of 

the two components on the surface, as predicted by the Cassie equation (equation 3.1.),23 

cos 0 = X[fi cos 0i] (3.1)
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Figure 3.3. A plot o f the mole fraction o f brominated adsorbates in SAMs, preparedusing 

pure and mixed solution o f 1 -bromo-16-(trichlorosily)hexadecane [1] and 

hexadecyltrichlorosilane, versus the mole fraction o f brominated precursor in the 

solutions from which they were adsorbed. The XPS spectra were collected using a take­

off angle o f 5°. The error bars indicate the estimated uncertainty in quantifying the 

Bromide 3d photoemission.
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where 0  is the contact angle on the composite surface, 0 i is that on a pure surface o f the i* 

component, and is the mole fraction o f i* component in the composite surface. Figure

3.4 shows a plot o f cos 6  versus for the pure and mixed monolayers.

Chemical Derivatization o f These Monolayers.

A two-step synthetic approach, reported previously by others, 12 was used to convert these 

surface-bound bromides to the amine groups needed as coupling agents (Figure 3.5). 

Bromide-terminated monolayers were immersed in a stirred 0.12-M solution of sodium 

azide in DMF for different periods o f time and checked by XPS (5° take-off angle) to 

assess the extent o f conversion. Contact angles o f water could not provide information 

about the degree o f completion because the wettability o f an azide-terminated monolayer 

is similar to that o f a bromide-terminated surface, around 84-86°. Although this reaction 

was reported to be complete within 12 h, 12 we found by XPS that a longer time was 

required. A 40-h immersion resulted in quantitative conversion o f the bromide to the 

corresponding azide by XPS (Figure 3.6).ls The appearance o f N (Is) photoemission at

402.1 and 405.0 eV, and the disappearance of the Br (3d) peak at 71.0 eV, confirmed the 

azidation. The fully azide- terminated monolayer had a contact angle o f water o f 75-79°. 

The bromide- and azide-addition, the positions and relative intensities o f the peaks in the 

C-H stretching region were the same as those found for the starting monolayer, indicating 

that the chemical transformation did not disrupt the order o f the SAM.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.4. A plot o f the cosine o f the contact angle o f water on mixed brominated and 

unbrominated monolayers versus the mole fraction o f brominated silanol on surface 

determined by XPS. The error bars indicate the range o f values within one standard 

deviation o f the average.
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Figure 3.5. Scheme representing surface modification by in-situ chemistry on self­

assembled monolayers.
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Figure 3.6. X-ray photoelectron spectra (N Is, left; Br 3d, right) o f a mixed (brominated 

and unbrominated, 1:2) monolayer treated for 24 and 40 h with N aty. A spectrum o f the 

unreacted, bromide-terminated monolayer is added for comparison.
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We used two methods previously reported to reduce azide-terminated monolayers 

to the corresponding amine-terminated monolayers. 12 In our laboratories, treatment with 

SnCh in methanol at room temperature for 4 h gave only partial reduction, as indicated by 

the continued presence o f an azide band in the infrared spectrum o f the product. 

Immersion in SnCh/methanol for 24 h resulted in partial desorption o f the siloxane 

monolayer, evidenced by decreased peak intensities due to methylene stretching modes 

and a shift o f these peaks to higher frequency (2923 cm '1̂  and 2853 cm '1, vs), though a 

weak azide band was still present. An alternative method, 12 using lithium aluminum 

hydride (LiAlRi) as the reductant, successfully produced the amine surface.

The azide-terminated monolayers were immersed in a slurry o f LiAlR* (0.05 M) 

in dry THF overnight at room temperature, followed by an acidic work-up (1.2 M HC1). 

The substrate was then immersed in triethylamine for 5 h at room temperature in an 

attempt to deprotonate any ammonium groups at the surface. 12 The near disappearance 

o f the N3 stretching band in the infrared spectrum indicated that the reduction was 

successful, and X-ray photoelectron spectra o f the product also confirmed the near- 

quantitative reduction.

The amine-terminated surface produced in this way, however, was surprisingly 

unreactive toward electrophiles: acetic anhydride, phthalic anhydride, and even 

trifluoroacetic anhydride.9’26 For example, treatment o f the amine-terminated monolayer 

with neat acetic anhydride at room temperature overnight, followed by rinsing with 

acetone and drying with a stream o f N2,2* did not produce the corresponding acetamide-
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terminated monolayer, as determined by ATR-IR. Likewise, treatment o f the amine 

surface with a 0.1-M solution o f trifluoroacetic anhydride in toluene for 12 h did not 

produce the corresponding trifluoroacetamide surface.28

X-ray photoelectron spectroscopy provided insight into the reason for the lack of 

reactivity o f this surface. A high-resolution spectrum in the N (Is) region o f the amine 

surface revealed an asymmetric envelope containing at least two peaks, at approximately

400.4 eV (assigned as free amine) and 402.2 eV (assigned as protonated amine) in a ratio 

o f about 2:1 (Figure 3.7) .29 The breadth and position of this photoemission suggested 

that several different species, such as free amine, hydrogen-bonded amine, and various 

protonated species could exist on the surface. Protonation to give ammonium groups 

could explain the lack o f reactivity o f these surfaces toward electrophiles. The inability 

o f triethylamine to deprotonate the surface indicates that the amine-terminated SAM 

behaves like a bi- or polydentate Bronsted base, with corresponding ammonium ions 

having pKa values much higher than that o f the triethylammonium ion. To avoid the 

problem o f surface protonation, we quenched our LiAlRj-reductions with 0.5 M aqueous 

NaOH (1 min) instead o f 10% HC1. The resulting N (IS) peak in the XPS spectrum of 

the product was much narrower and at lower binding energy than the acid-treated surface, 

indicating a much higher concentration o f free amine (~90%).

Consistent with the presence o f unprotonated amine on surfaces prepared in this 

way, the infrared spectrum o f a monolayer initially comprising approximately 30% 

terminal amine and 70% terminal methyl groups and treated with trifluoroacetic
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Figure 3.7. X-ray photoelectron spectra o f the N Is region for mixed monolayers (azide 

and methyl, 1:2) that had been reduced with LiAlH4 , followed by an acidic work-up 

(10% HC1) or by a basic work-up (0.5 M NaOH).
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anhydride contained a peak at 1685 cm '1, which we attribute to the conversion o f the 

amines to trifluoroacetamide groups.30 As a model for the type o f imidation reaction to 

be used to attach polyimide chains to the surface, we also examined the reactivity o f the 

surface amines toward phthalic anhydride. The amine-terminated (100% amine) SAM 

reacted with neat molten phthalic anhydride (170 °C) to form the corresponding imide, 

though it failed to react under less rigorous conditions (i.e., 0.1 M in acetone at room 

temperature for 30 min or at 60 °C for 18 h).10 The conversion o f phthalic anhydride to 

surface-bound phthalimide was confirmed by the appearance o f new C =0 stretching 

bands at 1718 cm '1 (v(C=0) antisymmetric) and 1775 cm '1 (v(C=0) symmetric) in the 

ATR-IR spectrum o f the product (Figure 3.8).9,1(U1 The C-H stretching bands due to 

methylene groups (2922 cm 'l,va; and 2853 cm '1, vs) shifted to slightly higher frequency 

relative to those o f the amine precursor, and the intensities o f these bands remained 

unchanged, indicating that though somewhat less ordered, the monolayer remained intact 

after having been subjected to molten phthalic anhydride (170 °C). The XPS data in 

Figure 3.9 also confirmed the success o f this imidation reaction: the N (Is) photoemission 

shifted from 400.0 eV (amine) to 401.1 eV, which is in accordance with the literature 

value for an imide nitrogen,32,33 and an additional C (Is) peak appeared at 289.4 eV, 

consistent with the presence o f the carbonyl groups o f the im ide.32,33 The yield of 

phthalimide was high, 85%, based on the ratio o f carbonyl C (Is) to N (Is) 

photoemission.
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Figure 3.8. Attenuated total reflectance infrared spectra of: (i) a monolayer formed by 

adsorption o f BrCi6H33SiCl3; (ii) the same monolayer after azidation; (iii) the monolayer 

after LiAlRj-reduction o f the azide, followed by a basic work-up; (iv) a phthalimide- 

terminated monolayer fonned by imidation o f an amine-terminated monolayer with 

phthalic anhydride; and (v) a monolayer bearing a polyimide coating.
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Figure 3.9. Survey XPS spectrum o f a phthalimide-terminated monolayer on Si/SiCK 

The inset shows the high-resolution spectrum of this phthalimide-terminated monolayer 

in carbon Is region.
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To extend these studies to adhesion o f polyimide, we used spin-coating to treat a 30% 

amine-terminated (70% methyl-terminated) surface with a  solution o f a polyamic-acid 

(DuPont Pyralin resins PI-2545 in NMP, 11.1% w/w). The low surface energy o f methyl 

groups on this surface, however, prevented the solution from wetting the monolayer. 

This solution did, however, wet the 100% amine-terminated surface when treated with the 

same way. The polyamic acid coating on this surface was cured (up to 350 °C) to 

produce a thin film o f poly-An ̂ ( 4 ,4  ’ -oxydiphenylene)pyromellitimide. 32,33 Upon 

curing, a new absorption band at 1780 cm '1 appeared in the infrared spectrum, consistent 

with the presence o f imide groups (Figure 3.10).34 This spectrum also contained a band 

at 1720 cm '1, consistent with imide groups, though this band is less informative because 

the polyamic-acid also absorbed in this region. Interestingly, this spectrum also contained 

methylene stretching bands at 2920 and 2850 cm '1 (Figures 3.8 and Figure 3.10), 

indicating that the monolayer remained intact and ordered.

As a preliminary test o f the adhesion in this system, a cured polyimide film 

prepared in this way was placed into boiling water and monitored for delamination. A 

second cured polyimide film, supported on a bare silicon wafer, was treated in the same 

way for comparison. The polyimide film on bare Si/SiC>2 started to delaminate at one 

comer within 10 h o f immersion and completely detached after 12 h. The polyimide film 

on the monolayer-coated surface remained unchanged after 3 d, and -70%  o f the film 

still remained on the surface after 7 d. The imide linkages between the coating and the 

monolayer thus appeared to give rise to significantly enhanced adhesion under
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Figure 3.10. Attenuated total reflectance infrared spectra of a monolayer bearing a 

polyimide coating.
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hydrothermal conditions. In a separate experiment, scotch® tape did not remove the 

polyimide from either type o f sample and thus did not differentiate between them.

3.4 Conclusions

We have demonstrated a stepwise synthesis o f a well-defined silicon 

(oxide)/polyimide interface that should prove useful in model studies o f adhesion and de­

adhesion in this technologically relevant system. A bromide-terminated siloxane 

monolayer on Si/Si0 2  was first prepared by treatment o f the cleaned substrate with l- 

bromo-16-(trichlorosilyl)hexadecane, or a mixture containing it, in toluene. Contact- 

angle measurements and X-ray photoelectron spectroscopy indicated that the surface 

composition o f SAMs adsorbed from mixed solutions o f brominated and unbrominated 

starting materials mirrored their solution compositions.

Bromide-terminated monolayers were converted to an azide-terminated SAMs by 

immersion in a solution o f NaN3 in DMF for 48 h. Reduction o f these azides with 

LLAIH4 produced the desired amine-terminated SAMs. The work-up o f the reduction 

reaction was a critical step because protonation o f amine groups was difficult to reverse 

and inhibited subsequent reactivity toward electrophiles. A basic work-up yielded a free- 

amine-terminated monolayer that was reactive toward amidation and imidation, however, 

vigorous conditions were required for imidation with phthalic anhydride. Nonetheless, 

imidation with molten phthalic anhydride formed the corresponding imide-terminated 

surface in high yield without destroying the SAM. The amine-terminated monolayer also 

allowed covalent attachment to polyimide, by reaction with a polyamic acid, followed by
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curing. Preliminary adhesion testing confirmed the improved adhesion between the 

polymeric coating and the silicon substrate under aggressive hydrothermal conditions.

3.5 Experim ental M ethods

3.5.1 Materials. Hexadecane (Fisher Scientific, 99.4%) used in contact-angle 

measurements was purified by percolation twice through activated alumina. Chloroform 

(99.8%), N,iV-dimethylformamide (99.94%), sulfuric acid, hydrogen peroxide (30% in 

water), and toluene (99.5%) were obtained from EM Science and used as received. 

Alumina (Fisher Scientific), hexanes (Pharmco, 98.5%), hydrochloric acid (J. T. Baker, 

36.5%), and undec-10-enyl bromide (Lancaster, 98%) were used as received. 1,5- 

Dibromopentane (97%), dilithium tetrachlorocuprate (0.1 M solution in THF), hydrogen 

hexachloroplatinate (IV) hydrate (99.9%), lithium aluminum hydride, phthalic anhydride 

(99+%), silica gel (70-230 mesh, 60 A), and HSiCb (99%) were obtained from Aldrich 

and used as received. Diethyl ether (99+%) and tetrahydofuran (99.98%) were obtained 

from EM Science and were distilled from sodium-benzophenone ketyl before use. A 

syringe filter with a PTFE membrane, 0.25 pm, was obtained from VWR Scientific. 

Deuterated chloroform was obtained from Cambridge Isotope Laboratories and used as 

received. Pyralin PI-2545, 13.5% polyamic acid, pyromellitic dianhydride 4,4’- 

oxydianiline (PMDA-ODA) in iV-methyl-2-pyrrolidone (NMP), and the thinner T9093 

(NMP) were obtained from DuPont. Silicon wafers were manufactured by Wacker 

Siltronic and provided by WaferNet, Inc. These wafers were (lOO)-oriented, p-doped 

(boron), and 0.50-0.55 mm in thickness. Attenuated total reflectance IR crystals (50 mm
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x 20 mm x 1 mm, 45° silicon prism) were obtained from Spectra-Tech, Inc. All water 

used in this work was purified with a Milli-Pore Milli-Q system to a resistivity of at least 

15 MQ-cm.

3.5.2 Contact Angle and Ellipsometry Measurements. Advancing contact angles 

o f water were measured using a Rame-Hart NRL Model 100 goniometer. A minimum o f 

six measurements on three independent drops were made for each sample. Ellipsometric 

measurements were made using an automatic null ellipsometer (Rudolph Auto-EL HI) 

with a helium-neon laser (A. = 632.8 nm) set at an incident angle o f 70°. Measurements 

were collected from at least four spots on the samples. Data were analyzed using the 

manufacturer’s program, and calculations o f film thickness assumed a refractive index o f 

the monolayer o f 1.5.

3.5.3 Infrared Spectroscopy. Infrared spectra were collected using a Perkin Elmer 

FT-IR 1600 spectrometer, at a resolution o f 2 cm '1. In each case, 1024 scans were 

averaged to achieve a satisfactory signal-to-noise ratio.

3.5.4 X-ray Photoelectron Spectroscopy (XPS). The XPS spectra in this paper 

were obtained using a Scienta ESCA-300 spectrometer, equipped with a rotating anode 

(A1 K a) source producing approximately 6.0 kW of X-ray power, a monochromator, and 

a 300-mm (diameter) hemispherical analyzer. Spectra were collected at various take-off 

angles between the plane o f the surface and the detector (as noted), a slit width o f 0.8 

mm, and were referenced to the main C Is peak set at 285.0 eV. The background 

pressure in the sample chamber was 2x1 O'9 Torr. Survey scans were collected with a pass
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energy o f 75 eV and a  step energy o f 1.0 eV and took 19 min to complete. High- 

resolution spectra were collected with a pass energy o f 150 eV and a step energy o f 0.1 

eV. For quantitative analysis, the sensitivity factors used to correct the number o f counts 

under each peak (or envelope) were: C Is, 1.000; N Is, 1.620; and Br 3d, 2.840. The 

sensitivity factors for carbon and nitrogen were determined by A. C. Miller with the 

Scienta ESCA-300 at Lehigh University; that for Br 3d photoemission is the Scofield 

value.35

3.5.5 GC-MS and NMR. The masses o f sufficiently volatile (and hydrolytically 

stable) products were confirmed using a Hewlett Packard 5890 Series II Gas 

Chromatography, equipped with Hewlett Packard 5972 series Mass Selective detector. 

'H  NMR spectra were acquired using a Broker AMX 360 spectrometer, referenced to 

CHCb at 7.24 ppm, and are reported in units o f 5.

3.5.6 Atomic Force Microscopy (AFM). AFM images o f a Br-terminated 

monolayer on silicon, as well as o f a  bare silicon wafer for comparison, were acquired 

with a NanoScope (Digital Instrument) using standard Si3N4 tips. The AFM was operated 

in contact mode, with a scan rate o f 1 Hz and minimum contact forces.

3.5.7 Bromohexadec-15-ene. This compound was synthesized following a 

literature procedure,16 and was purified using flash chromatography (hexanes). lH NMR: 

BrCH2CH2(C //2)ii, 1.24-1.57, (m, 22H); BrCH2CH2, 1.83, (m, 2H); CH2=CH-(C//2), 

2.00, (q, 2H); BtCH2, 3.40, (t, J = 7 Hz, 2H); CH=CH2, 4.88-5.02, (m, 2H); CH=CH2, 

5.79-5.92, (m, IH). GC-MS: MW = 302.1 and 304.2 g/mol.
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3.5.8 1-Bromo-16-(trichlorosilyl)hexadecane, [1]. This silane was synthesized by 

hydrosilation o f 1 -bromo-15-hexadecene with trichlorosilane, catalyzed by hydrogen 

hexachloroplatinate (IV) hydrate, according to a literature procedure,17 and was purified 

by Kugelrohr distillation at 150-165 °C and 0.1 Torr. lH NMR: Cl3Si(C//2)i4, 1.24-1.57, 

(m, 28H); BrCH2CH2 1.83, (m, 2H); BrCH2 3.40 (t, J = 7 Hz, 2H).

3.5.9 Monolayer Preparation. Samples were cut from silicon wafers to an 

appropriate size (3 cm x 1 cm) and cleaned by heating in a solution of concentrated 

H2SO4 and 30% H2O2 (70:30 v/v) at 90 °C for 0.5 h. (Caution: this “piranha ” solution 

reacts violently with many organic materials and should be handled with extreme care.) 

The substrates were then rinsed with deionized water and dried with a stream o f N2. 

Within 15 min o f cleaning a wafer, monolayers were formed by immersion into a solution 

o f 1-bromo-16-(trichlorosilyl)hexadecane and/or hexadecyltrichlorosilane in toluene (1% 

by weight) for 0.5 h at room temperature.36 After this treatment, the substrates were 

rinsed with chloroform to remove any residual silane and dried with a stream o f N2.

3.5.10 Azide-Terminated Monolayer. A silicon substrate bearing a bromide- 

terminated monolayer was immersed in 10 mL o f a stirred 0.12-M solution o f sodium 

azide in DMF at room temperature for 48 h. The substrate was then rinsed with 

deionized water and chloroform and dried with a stream o f N2.

3.5.11 Amine-Terminated Monolayer. Two methods were used for the reduction 

o f azide-terminated SAMs to give amines:12

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. A sample bearing an azide-terminated monolayer was placed into 15 mL o f a stirred 

solution o f 0.02 M SnCh in methanol at room temperature for 4 h, after which it was 

dipped into 20 mL o f 1.2 M aqueous HC1 and then rinsed with deionized water and 

dried with a stream o f N2.

2. A sample bearing an azide-terminated monolayer was immersed in a stirred slurry o f 

LiAlHt (0.05 M) in dry THF at room temperature for 5 hours, followed by immersion 

in 15 mL o f 0.5 M aqueous NaOH for 1 min, rinsing with deionized water, and drying 

with a stream o f N2.

3.5.12 Amidation o f Amine-Terminated Monolayer. A silicon substrate bearing a 

30-%-amine-terminated monolayer (70 % methyl-terminated) was immersed in 30 mL of 

a 0.1-M solution of trifluoroacetic anhydride in toluene at room temperature for 16 h and 

then rinsed with acetone and dried with a stream o f N2.

3.5.13 Phthalimide-Terminated Monolayer. A sample bearing an amine- 

terminated monolayer was immersed in neat molten phthalic anhydride at 175 °C for 1 h. 

After cooling slightly (to 160 °C), the sample was removed from the still-molten phthalic 

anhydride, cooled to near room temperature, rinsed with acetone to remove any residual 

phthalic anhydride, and dried with a stream o f N2.

3.5.14 Spin-Coating o f Polyamic Acid on Amine-Terminated Surfaces. A solution 

o f polyamic acid (DuPont Pyralin PI-2545) in NMP was formed by diluting the original 

PI-2545 according to guidelines provided by the manufacturer with the thinner TI-9039 

(PI-2545:TI-9039 = 8:1, v/v). The solution was filtered using 0.25-pm syringe filters to
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ensure that the solution was free o f dust and microgel particles. The diluted PI-2S45 was 

then spun onto an amine-terminated (100%) monolayer for 60 s at 5000 rpm. The coating 

was cured in a nitrogen atmosphere for the following sequence o f temperatures and times: 

100 °C/30 min; 150 °C/30 min; 200 °C/1 h; 300 °C/1 h; and 350 °C/15 min.32 The rate 

o f increase in temperature in each step was about 4-5 °C/min.
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C hapter 4

Synthesis o f a  Branched, Sem ifluorinated A lkanethiol fo r Self-Assembly of
M onolayer Films on Gold

We plan to publish this work in a scientific journal and copyright assigned to the 

publisher.

4.1 A bstract

A branched alkanethiol having one hydrocarbon chain and one fluorocarbon chain 

was synthesized as part o f a collaborative study on 2-D phase behavior in self-assembled 

monolayers on gold. Tetradecanal was obtained by sequential conversion o f 

tetradecanoic acid using UAIH4, and then PCC (pyridinium chlorochromate). This 

aldehyde condensed with 1,3-propanediol to give the cyclic trimethylene acetal, 2- 

tridecyl-1,3-dioxane, which in turn underwent ring-opening with allyltrimethylsilane to 

give the allyl-substituted alcohol, 3-[(l-propeneyltridecyl)oxy-propanol. 

Perfluoroalkylation o f this olefin with perfluorodecyl iodide produced 3-hydroxvpropyl, 

[14-(1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heneicosylfluoro-12-iodo- 

heptacosyl)ether. The iodide was then reduced to the corresponding alcohol, and the 

alcohol converted to the bromide. The bromide was converted to the desired thiol by 

reaction with potassium thioacetate followed by an acidic hydrolysis. After completion 

o f the synthesis, a  sample o f the branched thiol was sent to our collaborator for 

characterization o f its monolayer behavior.

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2 Introduction

A branched alkanethiol having a long hydrocarbon and a long fluorocarbon chain 

was synthesized as part o f a  collaborative study o f two-dimensional phase behavior in 

self-assembled monolayers (SAMs). The eventual goal o f this research is to gain control 

over the size and features o f grafted polymers films. Our collaborators in this study are 

Professor A. Balazs (theory, University o f Pittsburgh) and Professor J. Rabolt (monolayer 

characterization, University o f Delaware). Balazs’s computational results, based on 

scaling arguments, suggested that this “Y-shaped” molecule could form well-defined 

structures at both dense and sparse grafting,1 with the mixed state o f hydrocarbon and 

fluorocarbon more stable at sparse grafting than at high grafting densities.

The specific branched molecule being used to test these hypotheses is 3-[ 14- 

(1,1,1 ,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heneicosylfluorotridecyl) 

tetradecoxy]propanethiol (9). Self-assembled monolayers o f this compound and its two- 

dimensional phase behavior are currently being studied using contact angle 

measurements and surface-enhanced Raman spectroscopy and infrared spectroscopy 

(Delaware).

The structure o f branched alkanethiol has one hydrocarbon chain and one 

fluorocarbon chain o f the same length, 13 carbon units (CioF2i(CH2)3 vs. C 13H27) and a 

thiol group to provide covalent bonding to gold in the SAM. An ether linkage was 

introduced into the branched alkanethiol because o f two specific reasons. First, its 

introduction made the synthesis much easier. Many o f our attempts to synthesize the
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similar branched alkanethiols without an ether link were unsuccessful due to facile 

elimination o f R.FCH2CH2I species when used as electrophiles in substitution reactions.2 

Second, the ether group is similar in size and shape to a methylene group. The 

incorporation o f an oxygen atom into the SAMs was known to promote local disordering 

within the film, however, the reflection absorption infrared spectroscopy (RAIRS) data 

revealed that this perturbation in the SAMs was relatively weak.3'5 The vibrational 

bandwidth in IR indicate that the packing in these monolayers still retain crystalline.4 

Placement o f an ether oxygen near the chain ends affect the structure more significantly 

than it does when the substitution is in the interior. Sum-frequency spectroscopy also 

confirmed that as the oxygen atom is further buried by the terminal outer groups, its 

influence becomes less significant, and it does not have an observable effect on the 

spectra o f butyl ether.5 An ellipsometric study on SAMs o f various ai-alkoxy- 

alkanethiols also suggested that the ether oxygen did not dramatically disorder the 

structure o f its SAMs.3 A wettability study also indicated that the presence o f ether was 

increasingly screened as bulkier terminal groups were used.3 4 Because the alkoxy group 

we wanted to introduce into our branched alkanethiol was very bulky, we expected the 

ether group would have a minimum influence in the structural order o f its SAMs. 

Therefore, we decided to incorporate this ether group into this branched alkanethiol for 

synthetic convenience.

4 3  Results and Discussion

Several synthetic routes to branched thiol using derivatives o f 1-
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(perfluoroalkyl)ethyl iodide as the starting material were initially tried without success. 

In many o f these studies, facile elimination prevented the use o f RFCH2CH2I species as 

electrophiles in substitution reactions.2 To avoid this problem, we explored alternative 

approaches that did not rely on this troublesome functionality.

A successful strategy to provide compound (9) is shown in Figure 4.1. We began 

the synthesis o f the branched alkanethiol by sequential conversion o f tetradecanoic acid 

to tetradecanal. As shown in Figure 4.1, tetradecanol (1) was first obtained (95%) by 

reduction o f tetradecanoic acid using LLAIH4. Both thin layer chromatography (TLC) 

and nuclear magnetic resonance results indicated that the acid was completely reduced to 

the corresponding alcohol. The tetradecanol was oxidized to tetradecanal without further 

purification. We first used pyridinium dichromate (PDC) to oxidize the tetradecanol to 

tetradecanal,6 however, the product o f this reaction was difficult to extract from the 

resulting taffy-like mixture. As a result, the yield was unsatisfactorily low, ~ 65%, 

compared with a reported yield around 92%.6 Using PCC (pyridinium chlorochromate)7 

as the oxidizing agent, however, gave the aldehyde (2) in 85% isolated yield after 

purification by column chromatography. Condensation o f tetradecanal (2) with 1,3- 

propanediol, catalyzed by toluenesulfonic acid, gave the cyclic trimethylene acetal, 2- 

tridecyl-1,3-dioxane (3).8 This condensation reaction was driven to completion by 

continuous removal o f water using a Dean-Stark trap. The yield o f the isolated acetal 

was 83%. The Lewis acid-catalyzed reaction o f acetals with allylsilanes has been studied 

for the formation o f new carbon-carbon bonds under mild conditions.9 The acetal
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Figure 4.1. Schematic representation o f the synthesis o f Y-shaped alkanethiol, Neclear 

magnetic resonance for all o f the intermediates are provided in the Experimental Section.
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OR2 Lewis acid OR2

reacted with ailyltrimethylsilane in presence o f titanium chloride (TiCU) to give the 

isolated alcohol (4), 3-[(1 -propeneyItridecyl)oxy-propanol in 75% yield.9

The reaction o f perfluoroalkyl iodides with alkenes to give 1 -(perfluoroalkyl)-2 - 

iodoalkane in the presence o f a catalytic amount of tetrakis(triphenylphosphine)palladium 

(0) in hexanes has been reported. 10 However, the addition o f perfluorodecyl iodide to 

compound (4) using this method was unsuccessful. 10 It seems that the ether group was 

incompatible with the conditions used in this reaction. An alternative approach, reported 

by Greiner and coworkers, 11 radical addition o f perfluoroalkyl iodides to alkenes, 

successfully produced the branched, semifluorinated alcohol. The addition was initiated 

by 2,2’-azobisisobutyronitrile benzene (A1BN) at 95 °C and produced 3-hydroxypropyI- 

[14-( 1,1,1,2,2,3,3,4,4,5,5,6 ,6 ,7,7,8 ,8 ,9,9,10,10-heneicosylfluoro-12-iodo-heptacosy l)ether 

(5) in 28% yield. 11 Use o f a different initiator for the radial addition, sodium dithionite, 

failed to produce the desired product. 12 This iodoalcohol was then reduced using LLAIH4, 

and the resulting alcohol (6 ) was purified to give a yield o f 50%.13 An alternative 

procedure using Zn/NiCl? as the reductant failed to improve the yield o f this product. 14

To make the hydroxyl group o f this alcohol a better leaving group, it was first 

converted to the corresponding mesylate (7) by reaction with methanesulfonyl chloride in 

the presence o f triethylamine. Reaction o f the crude mesylate with potassium thioacetate 

directly, in methanol/THF following a literature procedure, 15 produced a mixture from
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which we were unable to separate the pure desired product (9). The crude mesylate was 

refluxed in an acetone solution o f lithium bromide to give the corresponding bromide (8 ) 

in 90% yield. Upon refluxing in methanol/THF with potassium thioacetate under argon 

for 5 h, followed by acidic hydrolysis, the bromide was converted to the desired thiol 

(9).15 Data from NMR and elemental analysis confirmed the purity o f the product. This 

step completed the synthesis. The branched thiol and its monolayer behavior are 

currently being characterized in Professor J. Rabolt’s laboratories at the University of 

Delaware.

4.4 Conclusion

We have completed a stepwise synthesis o f a branched alkanethiol containing one 

long hydrocarbon chain and one long fluorocarbon chain, using tetradecanoic acid as the 

starting material. The key steps in the synthesis involved installing an alkyl group to 

form the highly fimctionalized hydroxypropylalkenyl ether (4) and then attachment o f the 

fluorocarbon chain by radical addition o f perfluorodecyl iodide to alkenyl function o f (4). 

This reaction produced intermediate (5), which had the basic framework o f the product 

intact A series o f straightforward functional-group transformations gave the desired 

branched alkanethiol.

4.5 Experim ental M ethods

4.5.1 Materials. Allyltrimethylsilane (99%), 2,2’-azobisisobutyronitrile benzene 

(AIBN, 99%), benzophenone (99%), chromium (VI) oxide (99.9%), Florisil (an activated
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magnesium silicate, 200-300 mesh), lithium aluminum hydride (95%), lithium bromide 

(99%), potassium thioacetate (98%), methylsulfonyl chloride (99.5%), 1,3-propanediol 

(98%), pyridine (99%), silica gel (70-230 mesh, 60 A), sodium (lump in kerosene, 99%), 

tetradecanoic acid (99.5%), tetrakis(triphenylphosphine) palladium (0) (99%), titanium 

(IV) chloride (TiCLt) (1.0 M in dichloromethane), p-toluenesulfonic acid monohydrate 

(99+%), and triethylamine (99.5%), were obtained from Aldrich and used as received. 

Acetone (99.5%), chloroform (99.9%), dichloromethane (99.8%), ethyl acetate (99.8%), 

hydrochloric acid (36.5%), sodium bicarbonate (99.7%), sodium chloride (99%), sodium 

hydroxide (97%), sodium sulfate (anhydrous, 99%), were obtained from EM Science and 

used as received. Diethyl ether (99+%) and tetrahydofuran (99.9%) were obtained from 

EM Science and were distilled from sodium-benzophenone ketyl before use. Anhydrous 

dichloromethane (99.8%) was obtained from EM Science and distilled over calcium 

hydride prior to use. Absolute ethanol (McCormick Distilling Co.), hexanes (Fisher, 

99.9+%), methanol (99.9%, Pharmca), perfluorodecyl iodide (97%, Lancaster) were used 

as received. Deuterated chloroform (99.8%), deuterium oxide (99.9%), and 

tetramethylsilane (99.9%) used as a  reference in NMR were obtained from Cambridge 

Isotope Laboratories. All water used in this work was purified with a Milli-Pore Milli-Q 

system to a resistivity o f at least 15 MQ-cm. Thin layer chromatography (TLC) plates, 

pre-coated glass-backed TLC plates with Silica Gel 60 F254, were also obtained from EM 

Science and used as received.
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4.5.2. Nuclear Magnetic Resonance Spectroscopy (NMR). lH NMR spectra were 

acquired using a Bruker AMX 360 spectrometer, referenced to CHCI3 at 7.24 ppm, and 

are reported in units o f 5.

4.5.3. Elemental Analysis. Elemental analysis was done by Quantitative 

Technologies, Inc. (Whitehouse, NJ).

4.5.4 1-Tetradecanol, (1). The tetradecanoic acid (5.00 g, 21.7 mmol) was 

dissolved in 100 mL o f dry THF and was slowly added to a slurry o f LLAIH4 (1.9 g, 50 

mmol) in 20 mL o f THF at 0 °C. The mixture was allowed to reflux for 16 h, then cooled 

to 0 °C and quenched by adding 1.9 mL o f H2O, 1.9 mL o f 3.75 M NaOH in water, and 

then another o f 5.7 mL o f H2O separately. The solution was filtered, dried with Na2SC>4, 

and concentrated to give tetradecanol as a white solid in 95% yield. lH NMR: 

C //3(CH2)ii, 0.86, (t, 3H); CH3(C //2)iiCH2, 1.20-1.35, (m, 22H); C //2CH2OH, 1.54, (m, 

2H); C //2OH, 3.62, (t, 2H), (see Figure 4.2).

4.5.5 1-Tetradecal, (2). The oxidizing agent, pyridinium chlorochromate (PCC), 

was prepared according to a literature procedure:7 To 18.4 mL o f a stirred aqueous 

solution o f 6.0 M HC1 (0.11 mol) was added 10.0 g (0.10 mol) of C r03. After 5 min, the 

homogeneous solution was cooled to 0 °C and 7.9 g (0.10 mol) of pyridine was carefully 

added to give a yellow-orange solid that was collected on a sintered-glass funnel and 

dried for I hr at ~  100 Torr.

In a 250-mL round-bottomed flask fitted with a reflux condenser was suspended 

PCC (6.70 g, 31.2 mmol) in 40 mL o f anhydrous dichloromethane. 1 -Tetradecanol (4.50
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Figure 4.2. The nuclear magnetic resonance spectrum o f w-tetradecanol, (1).
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g, 20.8 mmol) in 30 mL o f dichloromethane was added to this stirred PCC solution. 

After 2 h, 100 mL o f dried ether was added and the supernatant decanted from the black 

gum. The insoluble residue was washed thoroughly 3 times with 50-mL portions of 

ether. The combined organic solution was passed through a Florisil (an activated 

magnesium silicate) on a sintered-glass funnel, and the solvents were removed by rotary 

evaporation. Purification by column chromatography (silica) using hexanes/ethyl acetate 

(20:1) to give tetradecanal as a colorless liquid in 85% yield. 'H  NMR: C //3(CH2)i2, 

0.86, (t, 3H); CH3(C/f2)io, 1.20-1.35, (m, 20H); C //2CH2CHO, 1.60, (m, 2H); C //2CHO, 

2.40, (t, 2H); CH2C/fO, 9.75, (s, 1H), see Figure 4.3.

4.5.6 2-Tridecyl-l,3-dioxane, (3). Tetradecanal (1.15 g, 5.40 mmol), 1,3- 

propanediol (0.41 g, 5.4 mmol), and p-toluenesulfonic acid monohydrate (0.10 g, 0.54 

mmol) were dissolved in 50 mL o f benzene, and this mixture was brought to reflux (90 

°C). Water was continuously removed using a  Dean-Stark trap.8 After 4 h, the solution 

was cooled to room temperature and then extracted with diethyl ether and the ethereal 

phase was washed with saturated NaHC03, saturated NaCl, and dried with Na2SC>4. The 

solvents were then removed by rotary evaporation, and the resulting liquid was purified 

by column chromatography (silica) using hexanes/ethyl acetate (20:1) as an eluent to give 

compound (3) a colorless liquid in 83% yield. lH NMR: C //3(CH2)n, 0.86, (t, 3H); 

CH3(Ctf2)n , 1.20-1.40, (m, 22H); CH3(CH2)iiC //2CHC>2, 1.55, (m, 2H);

CH3(CH2)i ,CHOCH2C i/ax, 1.54, (m, 1H); CH3(CH2)i iC^OCHzC//,*,, 2.05, (m, 1H); 

CH3(CH2)„CHOC7/ax, 3.74, (dt, 2H); CH3(CH2)nCHOC//cq, 4.01, (dd, 2H); 

CH3(CH2)uCH2C //02, 4.48, (t, 1H), see Figure 4.4.
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Figure 4.3. The nuclear magnetic resonance spectrum o f n-tetradecal, (2).
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Figure 4.4. The nuclear magnetic resonance spectrum o f 2-tridecyl-7,3-dioxane, (3).
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4.5.7 3-[(l-propeneyltridecyl)oxy]propanol, (4). A dichloromethane solution (15 mL) of 

the acetal 3 (270 mg, 1.00 mmol) was cooled to -78 °C under a nitrogen atmosphere. 

Allyltrimethylsilane (0.32 mL, 2.0 mmol) was added to the acetal solution at -78 °C, 

followed by the addition o f TiCU in dichloromethane (1.0 M, 1.0 mL, l.Ommol), and the 

mixture was then stirred for 40 min at -78 °C.9 This reaction was quenched by addition 

o f 0.50 N NaOH in methanol (2.0 mL, 1.0 mmol), and the solution was allowed to warm 

to room temperature. The reaction mixture was poured into water and extracted with 

ether. The ethereal phase was washed with saturated aqueous NaHC03, dried with 

Na2S0 4 , and concentrated by rotary evaporation. The product was purified by column 

chromatography (silica) using hexanes/ethyl acetate (20:1) as an eluent to give (4) in 75% 

yield. 'H NMR: Ctf3(CH2)l2, 0.86, (t, 3H); CH3(C //2)12, 1.10-1.67, (m, 24H); 

HOCH2C //2, 1.79, (m, 2H); CH2=CHC//2, 2.24, (t, 2H); CHzOH, 2.54, (s, IH); 

CH3(CH2)i2C //0 , 3.28, (m, 1H); HOCH2CH2C //20 , 3.61, (m, 2H); C //2OH, 3.75, (t, 2H); 

CH=CH2, 4.88-5.05, (m, 2H); C//=CH2, 5.75-5.82, (m, 1H), see Figure 4.5.

4.5.8 (1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-Heneicosylfluoro)-12-iodo-14-(3- 

hydroxylpropoxy)heptacosane, (5). Compound (4) (0.20 g, 0.64 mmol), 1- 

iodoperfluorodecane (0.62 g, 0.96 mmol), and AIBN (3.0 mg, 0.02 mmol) were added 

into a pressure tube under nitrogen, and this mixture was heated to 95 °C for 1 h.u The 

mixture was then separated by column chromatography (silica) using hexanes/ethyl 

acetate (20:1) to give white (5) as a  solid in 28% yield. lH NMR: C7/3(CH2)i2, 0.86, (t, 

3H); CH3(C //2)i2, 1.20-1.57, (m, 24H); HOCH2C //2, 1.82, (m, 2H); OCHC//2CHI, 1.90,
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Figure 4.5. The nuclear magnetic resonance spectrum o f J-[(/-propeneyltridecyl)oxy]

propanol, (4).
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(m, 2H); CH20 H, 2.05, (s, 1H); CfflC//2CioF2i, 2.89, (m, 1H); CH3(CH2)12C //0 , 3.43, 

(m, 1H); H0CH2CH2C //20 , 3.61, (m, 2H)i C //2OH, 3.75, (t, 2H); CHI, 4.27, (m, 1H), see 

Figure 4.6.

4.5.9 3-[l4-(l, 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heneicosylfluorotridecyl) 

tetradecoxy]propanol, (6). The iodide (5) (250 mg, 0.260 mmol) in 20 mL of THF was 

added to a slurry o f LiAlH* (20 mg, 0.52 mmol) in 3 mL o f THF at 0 °C, and the mixture 

was brought to reflux for 3 h .13 After cooling to room temperature, 0.2 mL of water, 0.2 

mL o f 3.75 M NaOH solution, and 0.6 mL of water were added. The gray granular side- 

product was filtered off, and the filtrate was concentrated by rotary evaporation to 

dryness. The resulting alcohol was purified by column chromatography (silica) using 

hexanes/ethyl acetate (10:1) as an eluent. The isolated yield was 50%. lHNMR: 

C //3(CH2)I2, 0.86, (t, 3H); CH3(C //2)i2 and C10F2iCH2C //2C //2, 1.20-1.57, (m, 28H); 

HOCH2CH2, 1.68, (m, 2H); C 10F21C //2, 2.07, (m, 2H); CH20 // , 2.28, (t, 1H); 

CH3(CH2)12CM ), 3.24, (m, 1H); H0CH2CH2C //20 , 3.60, (m, 2H); C //2OH, 3.77, (t, 2H), 

see Figure 4.7.

4.5.10 3-[14-(1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heneicosylfluorotridecyl) 

tetradecoxy]propyl methanesulfonate, (7). To a stirred solution o f the alcohol (6) (330 

mg, 0.400 mmol) in 20 mL THF were added triethylamine (160 mg, 1.60 mmol) and 

methylsulfonyl chloride (136 mg, 1.20 mmol). After a couple o f minutes of stirring, a 

white precipitate formed. The mixture was stirred overnight at room temperature and 

then poured into water and extracted with methylene chloride. The organic phase was 

washed with water three times and then dried with Na2SC>4. The solvents were removed
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Figure 4.6. The nuclear magnetic resonance spectrum o f (/, 1,1,2,2,3,3,4,4,5,5,6,6,7,

7,8,8,9,9,10,10-heneicosylfluoro)-/2-iodo-/^-(3-hydroxylpropoxy)heptacosane, (5).

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



?
(KM

210125

zesoi

00l9t

7la w

I98ir
62*er*
920s r

S2T09*

26919‘

fuza-
s»ir9*
EE2E£*
66ZW

I0£92*
£6262*

rO£t’I

in
’o '

UUlt

09 WO

UOrt 
906r (

29tao

lUtaMI

’«n

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



Figure 4.7. The nuclear magnetic resonance spectrum o f 3-[14-(l,],l,2,2,3,3,4,4,

5,5,6,6,7,7,8,8,9,9,10,10-heneicosyifluorotridecyl)tetradecoxy]propanol, (6).
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by rotary evaporation. The mesylate (7) was used without further purification. lH NMR: 

C //3(C //2)12, 0.86, (t, 3H); CH3(C //2),2 and C 10F21CH2C //2C //2, 1.20-1.57, (m, 28H); 

CH3O2SOCH2C /6 , 1-97, (m, 2H); C l0F2IC //2, 2.07, (m, 2H); CZ/jCFSOCH;., 2.97, (s, 

3H); CH3(CH2)i2C //0 , 3.24, (m, 1H); CH3O2SOCH2CH2C //2 0 , 3.52, (m, 2H); 

CH302S0C /f2, 4.33, (t, 2H), see Figure 4.8.

4.5.11 l-Bromo-3-[14-(l,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10- 

heneicosylfluoro tridecyl)tetradecoxy]propane, (8). The mesylate (7) (200 mg, 0.200 

mmol) was converted to corresponding bromide by refluxing for 12 h with lithium 

bromide (55 mg, 0.6 mmol) in 20 mL o f acetone. Purification by column 

chromatography (silica) using hexanes/ethyl acetate (20:1) produced the corresponding 

bromide (8) in 80% yield. 'H  NMR: C //3(CH2)i2, 0.86, (t, 3H); CH3(C //2)i2 and 

C iaF21CH2C //2C //2, 1.20-1.57, (m, 28H); BrCH2C //2, 2.05, (t, 2H); C10F2iC //2, 2.07, (m, 

2H); CH3(CH2)i2CM ), 3.24, (m, 1H); C //2Br, 3.49, (t, 2H); BrCH2CH2C //20 , 3.56, (m, 

2H), see Figure 4.9.

4.5.12 3-[14-(l,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9 10,10-heneicosylfluorotridecyl) 

tetradecoxyjpropanethiol, (9). The branched bromide (8) (150 mg, 0.167 mmol) and 

potassium thioacetate (35 mg, 0.36 mmol) were dissolved in a degassed mixture o f THF 

and methanol (10 mL/30 mL), and the solution was allowed to reflux for 3 h under argon, 

then cooled to room temperature and 3 mL of 3 N HC1 was added.15 The mixture was 

refluxed for an additional 24 h and then poured into water. The product was extracted 

with ether, and the ethereal layer was washed with water, dried with Na2S04, and 

concentrated to dryness. Purification by column chromatography (silica) using
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Figure 4.8. The nuclear magnetic resonance spectrum o f 3-[14-(l,l,l,2,2,3,3,4,4,5,5,

6,6,7,1,8,8,9,9,10,10-heneicosylfluorotridecyl)tetradecoxy]propylethanesulfonate, (7).
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Figure 4.9. The nuclear magnetic resonance spectrum o f l~bxomo~3-[l4-(l,l, 1,2,2,3,3,4,

4,5,5,6,6,7.7,8,8,9,9,10,/0-heneicosylfluorotridecyl)tetradecoxy]propane, (8).
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hexanes/methylene chloride (15:1) as an eluent gave the product 1 as a white solid in 

50% yield. lH NMR: C //3(CH2)i2, 0.86, (t, 3H); CH3(C //2)i2 andC10F2iCH2C //2C //2, 

1.28-1.57, (m, 28H); HSCH2C //2, 1.82, (m, 2H); C 10F21C //2, 2.07, (m, 2H); CH2SH, 

2.60, (q, 2H); CH3(CH2)i2C //0 , 3.24, (m, 1H); HSCH2CH2C //20 , 3.49, (m, 2H). Anal. 

Calcd for C3oF2lH4iOS: C, 42.45%; H, 4.87%. Found C, 42.46%; H, 4.67%, Figure 4.10.
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Figure 4.10. The nuclear magnetic resonance spectrum o f 3-[14-(l,l,lr2,2,3,3,4,

4,5,5,6,6,7,7,8,8,9,9,10,10-heneicosy lfluorotridecyl) tetradecoxy]propanethiol, (9).
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Chapter 5

Unusual Reconstruction at an EPDM/Air Interface

We will publish this work in a scientific journal and the copyright assigned to the 

publisfer.

5.1 Abstract

The surface o f the crosslinked terpolymer o f ethylene, propylene, and diene 

(EPDM) was oxidized using a water plasma. This hydrophilic surface became 

hydrophobic when heated against air, thus minimizing its interfacial free energy. 

However, the surface showed an unusual reconstruction, becoming more hydrophilic 

when the substrate was equilibrated against air at room temperature, contrary to the 

behavior o f most other modified polymer surfaces. These changes in surface wettability 

depended on the extent o f modification, annealing temperature, cooling temperature, and 

bulk crosslinking density.
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5.2 Introduction

The use o f polymers in technology is growing because o f the combination o f light 

weight, high strength, toughness and durability that polymers can provide. Less 

attention, however, has been paid to the interfaces o f polymer with other materials than to 

their bulk properties.

Our research group has demonstrated that the architecture o f a polymer can 

influence the composition and dynamics at its surface. It is well known that when 

polymers are heated against liquids or gases, their surfaces reorganize (if possible) to 

minimize the interfacial free energy.1 Early work by Dr. Deborah Carey showed that the 

hydrophilicity o f the surface-oxidized 1,2-polybutadiene changed as a function of 

temperature, with the polymer surface becoming more hydrophobic as the temperature o f 

the water was increased. This result was the opposite o f what would be expected if 

enthalpic forces governed the reconstruction, and indicated that entropy was responsible 

for the temperature dependence.23

Sureurg Khongtong demonstrated that the oxidized surface o f chemically 

crosslinked 1,4-polybutadiene also reconstructed entropically against water,4 as well as 

against aluminum.5 We believe that this unusual behavior is due to the entropic forces 

associated with rubber elasticity: the migration o f polar groups to the polymer/water or 

polymer/metal interfaces requires extension o f polymer chains out o f their entropically 

favored random-coil conformations. As the temperature o f the water increases, for 

example, a  change in entropy causes die stretched chains to recoil and rebury the polar
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groups. This temperature-dependent change in surface hydrophilicity depends upon the 

bulk properties, such as crystallinity and levels o f crosslinking, and the degree of 

oxidation o f the surface.

Recently, Steve Grunzinger used a water plasma to modify the surface of 

polyisoprene to produce oxygen-containing functionality (PI-ox).6 When the PI-ox was 

annealed at elevated temperature, the surface became hydrophobic. Upon cooling in air, 

however, the surface became hydrophilic again, contrary to the behavior that polymer 

surfaces will reorganize to minimize the interfacial free energy. Surprisingly, over time 

in air the reconstruction reversed direction and again the surface became hydrophobic. A 

possible explanation o f these results would be that the reconstruction is a three-state, 

rather than the conventional two-state, process.

In this Chapter, we report a similar behavior on a chemically crosslinked EPDM 

surface (terpolymer o f ethylene, propylene, and diene) that had been oxidized with a 

water-vapor plasma. After modification, the EPDM surface initially was hydrophilic due 

to the introduction o f polar groups and became more hydrophobic after annealing 

overnight at 60 °C or higher temperature. The surface became hydrophilic again, 

however, when cooled down to room temperature against air. As with PI-ox, the 

direction o f the reconstruction then reversed and the surface ultimately became 

hydrophobic again.

5.3 Results and Discussion

Films o f the terpolymer o f ethylene, propylene, and diene (EPDM ) were formed by 

chemical crosslinking using dicumyl peroxide (D C P). The DCP crosslinked film s were
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cured for eight half-lives at ISO °C. The amount o f crosslinking, estimated by measuring 

the average molecular weight between crosslinks (Me), was varied systematically and 

measured using the swelling method and the Flory-Rehner equation.7,8 using Flory- 

Huggins interaction parameter, & as O.4.9,10

The data in Figure S.l shows that the molecular weight between crosslinks (Me) 

changed as a function o f the amount o f DCP added in the films. As the amount o f DCP 

increased from 0.2 to 1 phr (parts per hundred rubber), the value o f Me fell from 43,100 

to 3200 g/mol. The value o f Me then decreased from 3200 g/mol to 1200 g/mol, when the 

concentration o f DCP was more than 2 phr (up to 8 phr) o f dicumyl peroxide was used. 

The unbound fraction (about ~4 wt%), which could complicate surface reconstruction, 

was also removed during this swelling.11 A 36-h swelling time was sufficient to remove 

the unbound fraction from the EPDM network. Thus, in this study, all samples were 

swollen in hexanes at least 2  d to ensure the samples were free o f mobile chains.

The EPDM surface was modified using a water-vapor plasma (0.1 Torr) for 

various amounts o f time. Figure 5.2 shows the advancing contact angles o f water on 

DCP-crosslinked (Mc=3200 g/mol) samples that had been plasma treated. Advancing 

contact angles (00 o f water (pH l) were used to monitor the surface modification: the 

contact angle o f water decreased as the period o f plasma treatment increased. We found 

that the contact angles were insensitive to the pH o f the water (i.e., pH 13), indicating that 

the water plasma produced mainly hydroxyl groups or other non-ionizable functional 

groups. We also noticed that EPDM samples initially annealed at 60 °C showed bigger 

changes o f wettability under the same plasma treatment, compared to non-annealed
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Figure 5.1. Average molecular weight between crosslinks (Me) for EPDM films cured 

with DCP.
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Figure 5.2. A plot o f the degree o f reconstruction o f the EPDM surface (Mc = 3200 

g/mol) as a  function o f the plasma treatment time. The squares represent the modified 

EPDM samples that had not been pre-annealed, and the circles represent the modified 

EPDM samples that had been pre-annealed. The measurements were carried out using 

water at pH 1.
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samples. A possible explanation is that more propylene repeat units may migrate to the 

EPDM surface to minimize the surface energy at high temperature. Others have reported 

that these groups are more easily to functionized, while ethylene groups tend to crosslink, 

during plasma treatment.12

We used X-ray photoelectron spectroscopy (XPS) to analyze the surface before 

and after plasma modification (Figure 5.3). The XPS spectra (15° take-off angle) o f 

unmodified EPDM contained only a small amount o f oxygen, likely due to the by­

product o f the dicumyl peroxide used in the crosslinking reaction. The significant 

increase in the O Is photoemission in the survey spectrum o f the modified EPDM is 

consistent with oxidation by the water plasma. A high-resolution spectrum in the C Is 

region o f the modified EPDM showed the appearance of high-binding-energy 

photoemission that could be fit with peak at 286.5 eV (C-O).13 Based on the 

photoemission o f C Is at 285 eV and at 286.5 eV, approximately 15% o f the carbon was 

functionalized.

Thermal Reconstruction o f EPDM-ox against Air.

As expected, a functionalized EPDM surface became more hydrophobic upon 

annealing in air at 60 °C, consistent with the system minimizing its surface energy. To 

our surprise, however, the advancing contact angles o f water (pH l) on the annealed 

EPDM-ox decreased when the samples were then equilibrated in air at room temperature, 

and then gradually increased again over several days. Figure 5.4 shows a typical change 

o f contact angle on this annealed EPDM-ox surface (Me = 6000 g/mol) as a function o f 

time.
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Figure 5.3. Survey XPS spectrum o f a rrosslinked EPDM (Mc = 7000 g/mol) before and 

after surface treatment. The inset shows the high-resolution spectrum of this sample in 

the carbon Is region.
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Figure 5.4. Advancing contact angles o f water (pH 1) on plasma-oxidized EPDM (Mc = 

6000 g/mol) upon cooling in air from 60 °C to room temperature. The inset shows the 

initial changes in contact angles o f water on plasma-oxidized EPDM upon cooling. The 

error bars indicate one standard deviation above and below the average.
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The observed reconstruction is analogous to that found by one o f my coworkers, S. 

Grunzinger, for plasma-oxidized polyisoprene (PI-ox).6 The plot in Figure S.4 seems to 

be a composite curve o f two consecutive reconstruction mechanisms. A reversible three- 

state model (A B ^ C ) proposed by Grunzinger and Ferguson is consistent with this 

unusual reconstruction, where state A is the initial hydrophobic configuration o f the 

polymer surface, state B is a hydrophilic intermediate configuration, and state C 

represents the final room-temperature configuration.6 Their hypothesis is that the 

clustering o f polar groups at lower temperature is the driving force for the surface 

becoming more wettable upon cooling. The polar groups tend to aggregate together at 

room temperature, e.g., via hydrogen bonding, a process that we propose requires chain 

extension. At higher temperature, this association is broken due to chains recoiling 

elastically, and polar groups migrate into bulk to minimize the surface energy as seen in 

Figure 5.5. Once the temperature is lowered, the polar groups re-aggregate at the 

interface, causing the surface become more hydrophilic. Meanwhile, in a second slower 

process, hydrophobic segments migrate to the surface to minimize the surface energy, a 

second process that requires chain extension. This behavior is analogous to the bulk 

behavior o f ionomeric polymers: charged groups do not associate at elevated temperature 

due to entropically driven coiling o f the polymer chains.

Figure 5.6 shows the magnitude o f reconstruction, |A0aj, the difference o f initial 

and minimum advancing contact angles o f water, of EPDM-ox (Mc=3200 g/mol) as a 

function o f plasma-treatment time. A 20-s treatment gave the maximum change in the 

wettability. A possible explanation is that longer oxidation times resulted in more chain
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Figure 5.5. Schematic illustration o f a possible mechanism for reconstruction o f EPDM- 

ox upon annealing/cooling to initially become more hydrophilic.
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Figure 5.6. A plot o f the degree o f reconstruction o f the EPDM surface as a function of 

the plasma time.
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scission, so that migration o f polar groups became irreversible.

Figure 5.7 shows the magnitude o f reconstruction, |A0a|, as a function of 

crosslinking density in the bulk. The magnitude o f reconstruction was insignificant, 

|A0a|< 6°, when the Mc is below 1700 g/mol and increased dramatically when Mc reached 

2000 g/mol and then reached a plateau. The limited chain mobility at high levels of 

crosslinking would be expected to inhibit migration o f polar groups near the surface, and 

thus lower AcosO. As with entropic reconstructions in the polybutadiene and 

polyisoprene systems,4,6 the magnitude o f reconstruction reached a plateau at 1900 g/mol, 

near the chain-entanglement length14 We followed a published procedure to determine 

the chain-entanglement length (Me) in the uncrosslinked films. Uncrosslinked samples 

(25 mm x 10 mm x 1 mm) were prepared by casting a film from solution. The average 

storage modulus G’ is the averaged value o f G’ from -26  to 26 °C in Figure 5.8. Using 

the rubber elasticity theory (equation 5.1)IS

G’ = pRT/Me (5.1)

where p is the density, R is the gas constant, T is the absolute temperature, and Me is the 

molecular weight between entanglements. Based on this calculation, Me is around 1400 

g/mol, consistent with reports by others.14

To optimize the entropic effects in this surface, we systemically changed the 

heating temperature o f the EPDM-ox. Our expectation was that at higher temperatures, 

annealing would produce a more hydrophobic surface than at lower-temperature because 

the polymer chains would be more mobile. Figure 5.9 shows the reconstruction of 

EPDM-ox (Me = 7700 g/mol) as a function o f time after having been annealed at various
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Figure 5.7. Magnitude o f the limiting change in 0a and cos 0a (H20 , pH 1) on surface- 

modified EPDM upon cooling to room temperature from 60 °C as a function of 

molecular weight between crosslinks (Me). The error bars indicate one standard 

deviation above and below the average. The dotted vertical line shows the approximate 

chain entanglement molecular-weight for this polymer.
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Figure S.8. Dynamic modulus for uncrosslinked EPDM as a function o f temperature.
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Figure 5.9. Advancing contact angles o f water (pH 1) on plasma-oxidized EPDM upon 

cooling to room temperature after having been annealed to 100 °C (■ ), 80 °C (O ), and 

60 °C ( ♦ ) . Open squares represent reconstruction o f the EPDM-ox at room temperature. 

The error bars indicate one standard deviation above and below the average.
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temperatures. As expected, a larger change in wettability was observed for samples 

annealed at higher temperature, consistent with our hypothesis. The sample annealed at 

100 °C had the highest initial contact angle o f water (~ 94°). No differences in the 

minimum contact angle o f water were observed for the EPDM-ox samples after the 

subsequent reconstructions when the sample were cooled to room temperature.

We also systematically studied the influence o f temperature in the cooling phase of 

the reconstruction. Figure 5.10 shows the reconstruction o f EMPD-ox (Mc = 7700 g/mol) 

at various temperatures, for samples that had been annealed at 100 °C under N2 

overnight. As expected, no significant change in wettability, |A0a| = 3°, was observed 

when EMDP-ox was equilibrated at 60 °C. At 40 °C and 30 °C, the extent of 

reconstruction became finite, with |A6aj increasing to 5° and 6°, respectively. The 

reconstruction became significant when EPDM-ox samples were cooled against air at 

room temperature. A value o f |A0a| o f 12° resulted after 1 h in the air. An even more 

significant reconstruction was observed when the EPDM-ox was cooled against N2 at 15 

°C. In this experiment, the EPDM-ox was placed under N2 in a sealed pressure tube in a 

15 °C water bath to cool from 100 °C. As shown in Figure 5.10, the advancing contact 

angle o f water on this surface dropped from 94° to 77° in 10 min and reached a limiting 

value o f 73 °C after 20 min. When samples were cooled in N2 to 0 °C, the contact angle 

o f water reached an even lower value o f 72°. Similar results were obtained for a sample 

with an Mc o f7000 g/mol (Figure 5.11).

To test the influence o f water condensation during the reconstruction, we 

conducted repeated runs o f reconstruction o f EPDM-ox (Me = 7000 g/mol) with the
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Figure 5.10. Advancing contact angles o f water (pH I) on plasma-oxidized EPDM (Me 

= 7700 g/mol) upon cooling to 60 °C ( • ) ,  40 °C (O ), 30 °C ( • ) ,  room temperature (□ ), 

15 °C (♦ ) , 10 °C (O ) and 0 °C (■ ) having been annealed to 100 °C. The error bars 

indicate one standard deviation above and below the average.
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Figure 5.11. Advancing contact angles o f water on plasma-oxidized EPDM (Mc = 7000 

g/mol) upon cooling to 60 °C (■ ), room temperature (O ), and 0 °C (□ ) after havng been 

annealed to 100 °C. Diamonds (filled) presents contact angles taken from individual 

samples at 0 °C as a function o f time. The error bars indicate one standard deviation 

above and below the average.
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samples equilibrated in pressure tubes at 0 °C, this measurement o f wettability was done 

using a separate sample for times at 5, 10, 30, 40, 60, and 180 min. As shown in Figure 

5.11, the EPDM-ox did not reach the limiting values until 10 minutes at 0 °C. No 

significant difference was

observed between contact angles of water on a single sample compared with individual 

samples at various period o f time. The advancing contact angle o f water (pH l) indicated 

that the reconstruction should not be affected by cooling the pressure tube in a 0 °C water 

bath.

5.4 Conclusions

The water-plasma treatment on EPDM produced a surface with oxygen-containing 

functionality. These polar groups were buried when the substrate was heated at elevated 

temperature, resulting in a hydrophobic surface. Upon cooling, the surface became more 

hydrophobic due to these polar groups initially migrating to the surface, before again 

becoming slightly more hydrophobic. The magnitude o f changes in wettability depended 

on the crosslinking density and on temperature. These results complement those o f Steve 

Grunzinger with polyisoprene.6

5.5 Experimental Methods

5.5.1 Materials. EPDM (Vistalon 6505, Mn = 90,000 and Mw = 234,000) was 

obtained from Exxon. Absolute ethanol (McCormick Distilling Co.), dicumyl peroxide 

(98%, Aldrich) and hexanes (Fisher, 99.9+%) were used as received.

5.5.2 Sample Preparation. 10.0 grams o f EPDM (Vistalon 6505 from Exxon, M„ =
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90,000 and Mw = 234,000) were dissolved in 200 mL o f hexanes and stirred overnight. 

For crosslinking, the required amount o f dicumyl peroxide was added to the polymer 

solution, and the solution was stirred for another 6 h. The solvent was then removed 

under vacuum until a constant weight was observed, and the mixture was pressed within 

an hour. Two polished aluminum plates (10 cm x 10 cm) were cleaned by soaking in 

hexanes overnight. A cardboard frame with a  thickness o f ~1 mm was cut to the 

dimensions o f the plates, and a hole (8 cm x 8 cm) was cut in the frame to serve as a 

mold. The EPDM with dicumyl peroxide was then cured at ISO °C using a Tetrahedron 

press set at 1.0 klb o f force. The curing time was set to 84 min (8 half-lives).16 The 

cured film was peeled away from the aluminum plates and then cut into pieces (~1.0 cm 

x 2.5 cm). The samples were then soaked in 20 mL o f hexanes for at least 2 d to extract 

the unbound fraction (~ 4 wt%). The solvent was the removed under vacuum at room 

temperature until the sample reached a constant weight.

5.5.3 Surface Modification. The EPDM surface was first annealed at 60 °C for 

overnight and then modified by water-plasma oxidation. Samples were treated for 20 s 

with a water-vapor (0.1 Torr) plasma, produced in a 250-mL round bottom flask with a 

Tesla coil. Advancing contact angles o f water (pH 1) were used to monitor the surface 

modification.

5.5.4 Surface Reconstruction. After water-vapor-plasma treatment, the samples 

were then heated in a  sealed tube under at 60 °C for overnight to allow the 

reconstruction to a steady state. Contact angle o f  water (pH 1) was again used to monitor 

the reconstruction when the samples were cooled to room temperature in air (or nitrogen,
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as noted).

5.5.5 X-ray Photoelectron Spectroscopy. The XPS spectra in this paper were 

obtained using a Scienta ESCA-300 spectrometer, equipped with a rotating anode (A1 

Ka) source producing 6.0 kW o f x-ray power, a monochromator, and 300-mm (diameter) 

hemispherical analyzer. All spectra were collected at a take-off angle o f 15° and 90° 

between the plane o f the surface and the detector, a slit width of 0.8 mm, and were 

referenced to the C Is peak set at 285.0 eV. The background pressure in the sample 

chamber was 2x1 O’9 Torr. Survey scans were collected with a pass energy o f 300 eV and 

a step energy o f 1.0 eV, and took 5.5 min to complete. High-resolution spectra were the 

sum o f two scans collected with a pass energy o f 150 eV and a step energy o f 0.05 eV. 

Under these conditions, a single scan took 4.6 min to complete. For quantitative analysis, 

the sensitivity factors used to correct the number o f counts under each peak (or envelope) 

were: O Is, 2.8370 and C Is, 1.000. The sensitivity factors for oxygen and carbon are 

based on data in reference 13 and were verified by A. C. Miller with the Scienta ESCA- 

300 at Lehigh University.

5.5.6 Contact-Angle Measurements. Contact-angle measurements were made with 

water (pH 1 or pH 13) using a Rame-Hart NRL Model 100 goniometer at room 

temperature. A m inim um  o f eight measurements on four independent drops were made 

for each sample. For annealed samples, the measurement was done within 2 min after 

moving from the oven. For comparison contact angle measurements were also taken on 

annealed samples without cooling. The difference between a 2-min cooled sample and an 

uncooled sample was within 2°.
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5.5.7 Dynamic Mechanical Measurements. Dynamic mechanical testing was 

carried out using a Rheometric Dynamic Analyzer (RDA-II). Samples were cut to 

rectangular geometry (30 mm x 10 mm x 1 mm) for tensional measurements. The 

entanglement modulus was measured at a frequency o f 1.0 Hz while sweeping the 

temperature from -100 to 200 °C with a ramp rate o f 5 °C/min at a constant strain o f

0 .1 .. The manufacturer’s software was used to control the test and to analyze the data.
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