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Exposure of evaporated gold films supported on silicon wafers to solutions of dialkyl sulfides (R-
) (CH,).S(CH,),R; R and R’ represent CH; or CO,H) or alkanethiols (R(CH,),SH; R represents CO;H or
CH,) in methanol or ethanol results in rapid formation of a monolayer of the organosulfur compound
adsorbed onto the gold. The resulting films have been characterized by using a number of techniques,
including X-ray photoelectron spectroscopy (XPS), infrared spectroscopy (IRS), ellipsometry, and wetting.
These self-assembled, supported organic monolayer films are systems that can be used to study problems
in the physical-organic chemistry and materials science of organic surfaces, especially the relation between
the molecular-level structure of the film constituents and the macroscopic properties of the assembled
monolayers. The films are relatively robust: examples formed from both dialkyl sulfides and alkanethiols
‘ withstand washing and prolonged soaking in neutral water, but films containing dialkyl sulfides are destroyed
by contact with aqueous base at pH 8-13. Studies of the thickness of the dialkyl sulfide films by ellipsometry,
of the orientation of the hydrocarbon chains in these films by IRS, and of the polarity of the interface
between the films and water by contact angle suggest a physical model for the film of a relatively disordered
organic liquid, liquid crystal, or glass pinned to the gold surface by gold-sulfur coordinative bonds.
Corresponding studies of thiol films suggest that they are more ordered than the dialkyl sulfide films. If
polar organic functional groups are incorporated into the terminal positions of the alkyl moieties of the
dialky! sulfide group, these moieties are presented at the gold-air (water) interface. Certain spectroscopic
characteristics of monolayer films containing carboxylic acid groups are anomalous: in particular, on certain
films, it was not possible to detect the carbonyl stretch of the carboxylic acid group by IRS, even though
these films appeared disordered and were confirmed by XPS to contain carboxylic acid groups. Examination
of variations in the surface polarity of monolayer films with the structure of unsymmetrical dialkyl sulfides
having one methyl-terminated and one carboxylic acid terminated alkyl chain suggests that an excess of
only approximately five methylene units in the methyl-terminated chain is sufficient to provide a film
b in which the carboxylic acid groups on the shorter chain are completely hidden from contacting water,
insofar as they have essentially no influence on contact anz!= (deionized H,0, pH 5.6). The inference from
these studies that wetting is dominated by very short-range interactions (<5 A) confirms similar conclusions
from other types of studies.
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lubrication.” 'The specific objectives of the work reported
in this paper are to infer the stability and structural ord-r
of monolayer films based on dialkyl sulfides adsorbed on
gold by using both spectroscopic techniques and wettability
as probes and to test strategies for assembling monolayer
films having.macroscopic surface properties (especially
wettability) defined by the molecular structures of their
components.

Organic compounds containing sulfur adsorb stronzly

i

Introduction

This paper describes the preparation of organic mono-
layer films by adsorption of dialky! sulfides from alcohol
solution onto supported evaporated gold films and exam-
ines relations between the molecular structure of the ad-
sorbed dialkyl sulfides and macroscopic properties of the
films. The broad objective of the program of which this
work is a part is to develop methods for preparing organic
thin films and interfaces with atomic-level control over
interfacial structure, in order to explore phenomena such onto gold and other metals and form monolayers
as wetting,® adhesion,* biocompatibility,® corrosion,® and These “self-assembled” monolayers have a number of ad-
o vantages as substrates for the study of organic surface
chemistry. They are more easily prepé{ed than Lang-
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Figure 1. Schematic illustration of the physical-organic approach
to the design of interfaces with “buried” functionality. The alky!
chains are indicated here a3 extended ozly for illustration; they
are almost certainly less ordered than these diagrams suggest.

muir-Blodgett films and are certainly no more difficult to
characterize.'® They are intrinsically simpler structurally
than the interfacial region of surface-functionalized poly-
mers, '3 1% gince their thickness is fixed at one molecular
layer. They are usually more stable than organic crystals
and more easily obtained with large areas of surface. In-
frared spectroscopic and electrochemical studies have in-
dicated that both alkanethiols and dialky! disulfides form
monolayers that are highly ordered.’® Similar claims have
been made for monolayer films based on long-chain al-
kylsilanes covalently attached to glass!” and silica!® and
fatty acids adsorbed on oxidized aluminum® and silver,2!
but the interpretation of the spectroscopic evidence in
terms of interfacial structure remains controversial. De-
tailed studies of interfacial properties as a function of
systematic variations in the structure of a single adsorbate
system have remained an obvious need to increase the
understanding of organic interfaces.

Systems based on dialkyl sulfides are, in principle,
particularly attractive as the basis for studies of struc-
ture-property relationships since the structures of the two
alkyl groups connected to sulfur can be varied independ-
ently by straightforward synthetic methods: this variation
permits a degree of control of the local structure of the
adsorbed monolayer that is not easily possible with other
organosulfur compounds, or, broadly, with monolayer films
prepared by assembly of components based on simple fatty
acid derivatives. The particular hypothesis used as the
basis for this work is summarized in Figure 1. Adsorption
of an unsymmetrical dialkyl sulfide, CH,(CH,),S-
(CH,),CO,H, through sulfur onto a gold surface results
in a monolayer film whose structure depends both on the
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molecular composition of the dialkyl sulfide and on
details of its packing and ordering. The two chains o t:
types of dialky! sulfides terminate in groups having
ferent hydrophilicity and polarity—methyl and carbo-
acid. If the films are structurally ordered in a way :
places the polymethylene chains roughly perpendiculz
the surface of the metal, and if the length of the carbo-
acid terminated chain is equal to that of the methyl-
minated chain, we expect the polar carboxylic acid t
exposed at the film-water interface and to influ-
wetting. If the methyl-terminated chain is longer thar
carboxylic acid terminated chain, we expect the inter
between the organic film and a wetting liquid t.
CH,;/CH,-like (that is, nonpolar in character).

If the adsorbed film is structurally disordered an
quidlike, we cannot predict its wettability a priori,
expect to be able to infer at least certain of its struc:
characteristics from comparisons of wettability and s:
troscopic character with those of better-character
model systems. Thus, by systematic variation in
structures of dialxvl sulfides adsorbed on gold, we ex:
to be able to determine many features of the struct
of these monolayzr films. In the event that the fil:
highly ordered, we would have available an extrer
flexible system with which to study the properties ¢
terfaces between liquids and organic solids; in the e-
that the film is lzss well ordered, this system mizh:
prove valuable ir studying organic surface chemistr

This work relies on a number of conventional optica!
spectroscopic techniques to characterize the adsorhed -
but places particular emphasis on measurement.-
wettability. The rzaszon for this emphasis is the infer.
from our work!>** and from that of others® that we:-
is one of the most “surface sensitive™ techniques prese:
available. Wettinz has the further useful charaster.
that it is applicable to the study of interfaces batw
condensed phases—a regime that cannot be explore-
using many spectroscopic techniques requiring
vacuum—and tha: it is a technique that is particu’
simple experimenr:ally.

Early evidence that the free energy of a solid-li
interface is influenced only by atoms at or close to -
interface came from Langmuir's “Principle of [ndepen
Surface Action™+* and from investigations of the we
bility of polymers and monolayer films carried ou-
Zisman and others*® Zisman's studies includad a «
variety of substrates and suggested that solids conta’:
molecules with larz2 uncompensated dipoles could a:
wetting properties even if these dipoles were “bur
under the outermast layers of a solid surface.” I:
important study,” Shafrin and Zisman demons:razsd -
the wettability of monomolecular films of a saries o:
sorbed acids havirz the structure CF4(CF,)(CH.1, .
(n=20,1,2 4, and 8) decreased with increasing lenz:
the perfluoroalkyl sroup up to n = 7; at this point, the
had wetting propzrties that resembled those of mono!
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D.C., 1964.

(23) Langmuir, 1. J. Am. Chem. Soc. 1915, 33, 2235. The "Prir
of Independent Surface Action™ is based on the hypothesis that each
of a molecule possesses a local surface energy and that the macros
interfacial free energy is made up of the sum of the molecular ¢
contributions from those atoms exposed a* the surface.

(24) Langmuir, 1. Tr:-d Colloid Symposium Morogrepk; Chen
talog: New York, 1923. .

(23) Shafrin, E. G.; Zisman, W. A. J. Phys. Chem. 1960, 64, 515
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Monolayer Films Prepared from Dialkyl Sulfides

films prepared from perfluorooctanoic acid. More recent
studies have compared surface compositions in recon-
structing polymers using XPS and wetting'*¢ and have
measured directly the interaction between solids, including
organic films, using film balance techniques.?®

In none of these studies is interpretation unambiguous,
since in none is the structure of the interface unambigu-
ously determined. Nonetheless, two general conclusions
emerge: where van der Waals interactions determine the
energy of a solid-liquid interface, the interactions that
determine wetting fall off roughly as r® and are thus very
short range in character—probably extending over no more
than one to two atomic layers (3-6 ). Dipole interactions
fall off more slowly (r°) and may in particular systems?’
extend into deeper layers of the solid (10 A). By contrast,
photoelectron spectroscopy—a “surface sensitive”
spectroscopy—typically samples 35-100 A of the surface
of nonmetallic materials.®®

In this work, we have used carboxylic acid groups as our
polar group of choice in probing the surface for several
reasons.'!%313% First, carboxylic acid groups are hydro-
philic and strongly influence wettability. Second, they can
be converted into more hydrophilic carboxylate anions by
deprotonation, and this deprotonation reaction can be
conveniently followed by measuring the contact angle of
buffered aqueous solutions (contact angle titration).’ The
acidity inferred for carboxylic acids at interfaces can be
compared with the body of information concerning the
acidity of carboxylic acid groups in solution. Third, we
have used carboxylic acid groups and contact angle titra-
tion extensively in examining the properties of surface-
modified polyethylene and have available a large amount
of information for comparison.’"'5 Fourth, the behavior
of carboxylic acid groups at interfaces is relevant to a wide
range of other phenomena in materials science®™ and
biology.35-%7

We note explicitly that the concepts of “surface™ and
“interface™ are not uniquely defined for systems of the
types examined here and are probably best described in
terms of specific experimental measurements.!> We will
use the word “surface” to indicate that part of a condensed
phase in direct van der Waals contact with another phase.
This word is reasonably sharply defined in discussing the
outermost atomic layer of gold atoms of the substrate and
its interactions with coordinated sulfur atoms but is more
difficult to apply tothe organic monolayers, particularly
if these are disordered, mobile, or swollen by a contacting
liquid.

Results

General Considerations. Organic monolayer films of
dialkyl sulfides were prepared by dipping a thin, evapo-

(29) Israelachvili, J. Intermolecular end Surfoce Forces: With Ap-
plication to Colloidc! and Biologica! Systems; Academic: London, 1985.
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chemical Characterization of Biomaterials, NTH Publication No. 80-218¢;
National Heart Lung, and Blood Institute, NTH: Bethesda, MD, 1980:
Chapter 4, p 41.
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rated gold film supported on a single-crystal silicon wafer
into an alcoholic solution of the dialkyl sulfide af room
temperature for intervals of time ranging from minutes to
hours. The adsorption process, and the characteristics of
the resulting films, were followed by number of techniques,
of which ellipsometry, X-ray photoelectron spectroscopy
(XPS), infrared spectroscopy, and measurement of contact
angle using aqueous solutions were the most useful. Ob.-
taining reproducible results in these experiments required
careful attention to detail at a number of points, most
particularly in the preparation and purification of the
dialkyl sulfides. We discuss each of these techniques in
turn.

Preparation and Handling of Gold Substrates. The
gold substrates were prepared by thermal evaporation of
a ~2000-A-thick layer of high-purity gold onto chromi-
um-primed, electronic-grade single-crystal silicon wafers.
During the course of the experimental work, gold films
were prepared by using five different evaporators, in-
cluding both thermal and electron-beam sources. Four of
these evaporators yielded films that gave rise to monolayer
films having similar properties; the one exception is dis-
cussed further in the Experimental Section. The gold films
were not annealed before use: upon annzaling in oxygen
at 300 °C, the gold surface became cloudy and adopted a
silvery hue, probably due to migration of chromium and/or
silicon to the gold-air interface. After preparation, samples
were ordinarily stored in wafer trays wrapped with Pa-
rafilm and were not intentionally exposed to contaminants:
otherwise, they were not protected. They could be stored
before use for at least | week withou influencing the
properties of the film. With minimal handling of the
samples, XPS (see below) showed little carbon or sulfur
contamination on the gold. It is clear, however, that the
surface of the gold was contaminated by adsorbed im-
purities; the contact angls of water on these samples was
typically , ~ 60° compared to §, ~ 0-8° reported for
clean gold.»*>  Nevertheless, the monolayers prepared
by adsorption on this gold had reproducible properties; we
believe that the strongly adsorbing organosulfur com-
pounds displaced residuz! elements of the adventitious
contaminating surface fi!m. Ellipsometry was not useful
for the determination of the ebsolute values of the thick-
ness of the contaminan:: preadsorbed on gold after re-
moval from the evaporator both because of poor repro-
ducibility (at this level o7 analysis: 530 A) of the optical
properties of samples prepared in different evaporations
and due to the absence o7 a suitable reference value for
gold. Gold samples stored in wafer trays or exposed to the
laboratory atmosphere for even & few hours rapidly ad-
sorbed contaminants, as indicated by the increase in the
water contact angle from £€3° to 90° and the accumulation
of a thick film (4-10 A) b: ellipsometry. Before use in the
preparation of monolaye:s. the substrates were cleaned by
brief washing with ethansl. This washing appeared to
remove many of the adsorbed contaminants; ellipsometry
showed a decrease in th: thickness of the adsorbed film
and the contact angle dz:reased from 99° to 55-70°.

The gold surface obtairzd by evaporation under vacuum,
exposure to the laboratory atmosphere, and washing with
ethanol was, thus, a suitable substrate in the sense that
any impurities adsorbed cn it had minimal effects on the
properties of the organic monolayers ard on the charac-
terization of these monola:ers but certainly was hot “clean”
in the sense used in high-vacuum physics. In these and

(33) Smith, T. J. Colloid [niz-face Sci. 1980, 75, 51-55. ‘
(39) Schrader, M. E. J. Ccll:id Interface Sci. 1984,1100,7372-380.
(40) Gaines, G. L. J. Colluic [terface Sei. 1981, 79, 295.
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Figure 2. Scanning electron micrograph of a gold sample rep-
resentative of those used in these studies. A 1™-nm bar is shown.

other studies of organic surface chemistry'? we have been
surprised by the relative insensitivity of the results to
details of the history of the sample. [n the case of orga-
nosultur compounds adsorbed on gold, w= balieve that this
insensitivity reflects two clreumstances: first, organosulfur
compounds coordinate strongly to gold and displace most
organic contaminants presernt on the gold surface. Inde-
pendent studies to be reported later' indicate that orga-
nosultur compounds exchanygs between the gold surface
and a contacting solution: thus, orzanosuitur compounds
may even displace other orzanosultur contaminants.
Second, the organic monolavers themselves constitute in-
terfaces having low interfacial free envryzies and do not
adsorb contaminants strongly. It is probable that some
of the scatter in our ellipsometric data is due to variable
quantities of impurities ardsorbad on the ¢old surface before
formation of the monolaver and perhape 1o residual con-
taminants not displiced be dilkyl sotides.  Certain
problems in reproducibiliny with the o ver systems
evcountersd perindically diring this w -k seem to be
correbdated with th accidontal prosence o volatile organic
thiols in the laborators S (e Lo activities of
other workers,

[t is ditticult to charactenize the <urte of these gold
substrates. Examination of typieal subsirazes by scanning
elactron microscopy (SEND shows no dizsinctive features
atascale of ~ 1000 A (Fizure 200 Diftraction and cross
sectional TEM studies indicate that these gold films are
polverystalline with an averaze grain siz2 of the order of
500-1000 & and exhibit a very stronz (11D texture, per-
haps exceeding 9050 of tha tota! RO

N

alsurface ' The films are
homogeneous and uniform!v and sharpiv retlective to the
eye. Present crude theories of wetting'="+ do not, however,
take into account atomic-level sur

t
face microheterogeneity,
especially in circumstances of the sort encountered with
adsorbed thin films (Figure 31, Thus. fur example, a step
on the gold surface of only a few angstroms may expose

‘.
.
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Figure 3. Schezatic illustration of the influznce of a
plateau on the in:ecface presented by S[(CH,),CO,H],.

in a perfectly oriznted monolayer of carboxylic aci
minated dialky. sulfides methylene groups that «
otherwise be hicdsn in a completely planar surface.
surface free ene:zy is considered as an area-weizh:.
perposition of ccniributions from directly exposed o-
groups, - rouzhness at this scale might have a pro-
influence on th= characteristics of the interface.

In practice, w= cannot comment on the influer
roughness on thz properties of these monolaver film:
than to say we have seen no evidence that roughr
important. Samples of supported evaporated go!-
pared in differen: evaporators—systems that a'mo:
tainly produce cifterent degrees of microscopic s
roughness—yield organic monolayers showing very s
macroscopic suriice properties.

Preparation of Dialkyl Sulfides. These comp
were prepared oy displacement of bromide from
bromides by a thriolate anion (eq 1). It was cri:

RBr + "S(CH),CO7 — . RS(CH,)..CO
method A

RS" + Br(CH),CO — —— RS(CH),.CO
method B

important to purify the dialkyl sulfides to homogenei
particularly to ensure the absence of thiols as impu
For many of our experiments, the dialkyl sulfidss o
adsorbates wer= prepared by two indepernden: m=
(methods A ari B, eq 1), as a check for contam!:
introduced durinz synthesis. Thiol impurities coor?
to gold more strengly than dialkyl sulfides and concer
at the interface preferentially. Impure CH;/CH
(CH,),,CO,H, fp:epared by method A, initialiv v!
monolayer films raving , < 10°, while the sam= com;
prepared using method B gave §, = 111°. Carsfu!
rified samples prepared by using either method ga-
same result: 6, ~ 100°. Intentional doping of this ¢
sulfide with 19 +w/w) of a thiol demonstrated tha-
at these levels, triol impurities strongly affect the v
bility of the film:. For example, doping of impur=

- (CH;)-S(CH;),-CO,H prepared by method A wiz!

CH;(CH,);SH increased the contact angle from 4, -
to 8, ~ 112°. Doping of the same sulfide prepar-
method B with 1% HS(CH,),,CO,H decreased 6,
111° to < 20°: these contact angles are indicative of a
exclusive incorp<ration of the thiol into the monolaye:

“considered dialxxl sulfides to be pure when they yi-

monolayer films whose wettability was independent ¢

method used for their synthesis. ,
Preparation of Self-Assembled Monolayer Filr

Adsorption of Dialkyl Sulfides from Solution

_Gold. General Features. The gold substrate was r.

with methanol ¢: ethanol before use. The dialkyls:
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_ /-0;8" ;G:c'):ctg:':a:: 0:H=-0== o Au!HS(CH,),,CH,
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! 0 5 10 15 20
L
n
, Figure 4. Values of contact angle (deionized water, PH 5.6) for representative films as a function of chain length.
j .
! ¢ was dissolved in the same solvent; other solvents such as fered, deionized water a- pH 5.6. The insensitivity of most
' THF were less generally useful (either because they left of these samples to pH is discussed in greater detail below.
i visible precipitates on the surface or because the solubility For pH titrations, the buffers described previously were
T of the dialkyl sulfides in them was inconveniently low) but employed.!® The monolayer films were unstable at values
| f were occasionally used. Dialkyl sulfides of high molecular of pH greater than 7. For the sake of consistency, all
. weight (n 2 12) were not soluble at concentrations of 0.05 measurements of contact angle with drops of pH >7 were
Ly M in methanol, ethanol, hexane, or hexadecane. Mono- made within 1 min after application of the drop to the
' layers prepared from saturated solutions in these solvents surface. The values reported may not represent true
R had, however, wetting properties that were similar to those stationary angles. In this work, as in most of our studies
¢ films prepared from tetrahydrofuran solutions (~0.005 M) of organic surface chemistry, samples exhibited significant
% in which the solubility is higher. The gold film was im- hysteresis in the measured contact angles, and we normally
‘i mersed in a solution of the dialkyl sulfide (typically for report an advancing angle, f,, obtained after the sponta-
; 12-36 h), removed, washed with a small amount of the neous advance of the drop edge had stopped. The hys-
same solvent, and dried briefly in a steam of argon. Some teresis (4, - 4,, measured in degrees) seemed to correlate
of these systems were not autophobic; they emerged wet more with the polarity of the sample than with surface
: from the solution used and required washing to avoid the roughness: more polar surfaces (lower values of §,) showed
o formation of multilayer films. Unless extended, washing larger hysteresis. The samples used here were flat by the
v had no important effect on the observed film thickness or standards of most sampiss used in measuring contact an-
£ wettability. For example, films prepared by adsorption gles; it seems unlikely that the observed hysteresis (A8 =
£ of didocosyl sulfide from tetrahydrofuran solution for 3 0,-0,=10°at 0, = 110>, A cos 6 = cos §, - cos §, = -0.17;
g._ h were not affécted (ellipsometry, contact angle with water A =25°at g, =75° Acos § = =0.30; 49 = 40-50° at 4,
. or hexadecane) by 10 consecutive cycles of washing with =50°, A cos 6 = -0.36) is due either to surface roughness
?.: ethanol and drying or by sonication for 10 min in ethanol or to heterogeneity at the micron scale. There are no
f’ (see the Experimental Section). theories that currently discuss hysteresis in terms of a*-
;N The stabilities of the monolayer films were, in general, omic-scale heterogenei:y, and we note that A cos 6, a
z good. They could be stored for extended periods of time measure of the difference in measured interfacial free
ﬁ;‘ in wafer trays or glass vials. Films showing evidence of energies for advancing and receding drops, varies relatively
t some contamination (for example, an unexpectedly high little. Tt is thus unclear whether the apparent change in
i." value of contact angle with water suggesting adsorption hysteresis with polarity is a real phenomenon or an artifact
wt of hydrophobic contaminants) could generally be cleaned of considering 6, - 6, rather than cos 0, = cos 6,. Recedinz
4 by brief washing with 0.1 N HCI, water, and ethanol. contact angles, 6,, show the same general trends as ad-
B Exposure to strong base led to irreversible changes in vancing contact angles. Values of 8, < 15° are unreliabls.
£ wettability. The monolayers were, however, stable for at and such values are shown on plots as ~0°,
‘fe least 24 h in water over the pH range 1~7. The monolayers For reference, Figure 4 plots 6, as a function of chain
) prepared from dialkyl sulfides were not stable at high length for monolayer filzs formed from four sets of com.
& temperatures (~80 °C) or to certain reagents including pounds: dialkyl sulfides terminating in methyl groups and
-31 30% hydrogen peroxide and ethereal solutions of diborane carboxylic acid groups and alkanethiols also terminating
and phosphorous pentachloride. ‘ o in these groups. Evidence discussed elsewherel046.47 gy

Contact Angle. Techniques used to' measure the con-
tact angle, 6, have been described in detaj] elsewhere.¥ Al}

g

measurements were made at 100% relative humidity. (46) Wetting, eUipsoTetryEsid X-l;ay photoelect-rozki apectroscopy
. 3 ‘inei ¢ ion usad i strongly support a modal in whic thio form a well-pac ed monolayer,
I Althoqgh, m'px.'mcxple, th.e pH pf t-he solution u:}eg ln bound to gold through the suliur, with the tail gToup ‘exposded at the
\ measuring 6 is important in these types of studies,!? in surface. Bain, C. D; Troughtor, E B Evall, J; Tao, ¥ Tt Whitesidos,
3 practice, most measurements were made by using unbuf- G. M Nuzzo, R. G., manuscriz: in preparation. . . .«
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gests that alkanethiols form highly ordered, close-packed 20
monolayers. The contact angle of water on the methyl b
surface of n-alkanethiols is among the highest known for
smooth surfaces (6, = 114°, deionized H,0, pH 5.6; for
comparison, 6, = 103° for polyethylene). Similarly, the - w
w-carboxylic acid alkanethiols present very polar surfaces:
at all values of pH for these surfaces, we measure §, =~ 0°,
This value is much lower than corresponding values for
carboxylic acid terminated dialkyl sulfides. We infer from
these comparisons that, for example, the carboxylic acid
groups of symmetrical, carboxylic acid terminated dialkyl
sulfides are less tightly packed at the interface than are - )
the carboxylic acid groups of the analogous alkanethiols. @
Again, by way of comparison, the value of 8, observed for o
an equilibrium monolayer of S((CH,);C0O,H), is similar

Thickness (A)
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to that observed for a monolayer containing a 1:1 mixture
of HS(CH,),,CH; and HS(CH,),,CO,H.*

Certain other organic monolayer systems, such as those
derived from carboxylic acid terminated alkylsilanes, 44
are similar in their wetting properties to the carboxylic acid
terminated dialky!l sulfides but less hydrophilic than
carboxylic acid terminated alkanethiols. We suggest that
these silane systems are probably also relatively disordered.

Ellipsometry. Ellipsometry provides a convenient,
qualitative, but not necessarily highly accurate, method
of estimating coverage and film density by measurement
of the thickness of the monolayer deposited on the gold
substrate. The sorts of systems used here are probably
close to ideal for ellipsometry: compounds typically differ
primarily in the length of the (CH,), chain.

The ellipsometric procedure used in these systems in-
volves the determination of two sets of polarizer and an-
alyzer readings for each gold substrate and before and after
adsorption of a monolayer film. Each set of readings
comprises the polarizer and analyzer settings averaged over
three or more locations on the sample separated by at least
1 cm and has a maximum error of £0.15°, corresponding
to £3 A in the thickness. The effect of substrate roughness
on ellipsometric measurements has been discussed else-
where!'”3 and is not expected to affect significantly mea-
surements on these evaporated gold substrates. Since film
thicknesses are calculated from the differences in the op-
tical properties of the “bare” substrates and the substrates
coated with monolavers, it was necessary to make some
assessment of the possible effects on ellipsometric mea-
surements of contamination of both the substrates and
monolayer films, of the use of bulk values for the index
of refraction of the molecular components of these films,
and of the relative binding affinities of dialky! sulfides and
contaminants to gold. The uncertainty in the measured
film thickness due to contaminants is probably less than
4 A on the basis of previous studies of gold using ellipso-
metry by McCrackin® and the agreement between film
thicknesses determined experimentally and values derived
from molecular models. Further, XPS and infrared
spectroscopy are consistent with the proposed structures
of these films and provide no evidence of gross contami-
nation of either the substrate or the monolayer.” The
difference in intercepts for the thicknesses (see below)
plotted against chain length of thiols terminated by car-
boxylic acid and methy! groups may arise from adsorption

(47) This conclusion is based on an electron diffraction study of al-
kanethiol monolayers adsorbed onto gold (Strong, L.; Whitesides, G. M.
Langmuir, in press). N
2 (4S)BGun, J.; Lscovici, R.; Sagiv, J. J. Colloid Interface Sci. 1984, 101,
' 201-213. . ol
l_(4,9) Wasserman, S. R.; Tao, Y.-T, unpublished results. .7 577
.. +.(80) McCrackin, F. L. Passaglia, E.; Stromberg, R. R.; Steinberg, H.
"L Res! Natl. Bur. Stand., Sect. A 1953, 67, 363-377. . DA
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Figure 5. Measurement of film thickness (by ellipiomsa-
contact angle (dzionized water, pH 5.6) for repr
Values of thickness and contact angle were obta
another but not recessarily at exactly the same luc
having the samz symbol were obtained by using ore 5
data for CH;ICH),,S(CH,),CO,H are representa
showing an unacczpiable level of reproducibility (5
to contamination of the surface at some point d . g L
aration of the film): data for other compounds shaw sca
we considered rormal and acceptable.

of water by the hydrophilic, carboxylic acict surfac.
extent of adsorption of water on films of CH,(C
(CH,),CO,H is unclear. The calculated thickn=ss fi;
films is insensitive to the index of refraction usad. V%
assumed a bulk value of n = 1.45 of the index of ref
for these films; however, values of thickness are o
only by about 3 A on varying n from 1.35 t. 1.55

Figure 5 compares the reproducibility of diza oF
by ellipsometry and measurement of contact angle.
set of points represents a series of data ob:ained
sample. That is, each set of points represents indep-
measurements of contact angle and ellipsom-:ri th!
at approximately the same point on a sampl+. [
practical to measure the contact angls and &!.ipsc
thickness at exactly the same point, but th= poin:
for each of these measurements were made t corr:
as closely as possible. These data lead to tw. imp
conclusions. First, the scatter in the data for 4, is .
ciably less than in the ellipsometric thicknzszes;
changes in §, are more significant than compazab!:
ations in the ellipsometric thickness. Second, the:
correlation between deviations from the mear in thi
and contact angle. Thus, the scatter both in thickns:
in contact angle appears to be random, rathe: tha
resenting, say, real variations in film thickn=ss and
ability from point to point on the sample. Thr=sca’
Figure 5 observed for films of CHy(CH,),,S:CH,),-
is due to the use of an unsuitable gold substrate £
preparation of this sample and is not repressntar
films prepared from this compound.

Figure 6 compares the estimated thickness of t!
sorbed monolayer as measured by ellipsome:ry fc
homologous sets of compounds: , methyl-terminat
alkanethiols and symmetrical dialkyl sulfides; carb
acid terminated n-alkanethiols and dialky! sulfide:
“mixed” unsymmetrical dialkyl siilfides having the
CH,(CH,),S(CH,),,CO,H." The estimated thicknes
methyl-terminated films are very similar for a!kane
and dialkyl sulfides. We believe that the alkanethiols

. 1"}‘4;.3_,',
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Figure 6. Film thickness (by ellipsometry) of representative films as a function of chain lenzth.

highly ordered monolayers; 124547 the inference from this
work is that the dialkyl sulfides probably also show a
significant degree of order, since the films are of compa-
rable thickness and, hence, of a similar packing density.
The data for carboxylic acid terminated systems suggest
that the carboxylic acid terminated and methyl-terminated
alkanethiols form monolayers of similar thickness (and,
hence, probably similar order), while the films formed from
symmetrical carboxylic acid terminated dialkyl sulfides are
significantly less thick than those formed from the ho-
mologous methyl-terminated dialkyl sulfides. The origin
of the difference between carboxylic acid containing sys-
tems and methyl-terminated systems is unclear but is
probably not due solely to hydrogen bonding because
preliminary studies indicate that the methyl ester termi-
nated system resembles the carboxylic acid terminated
system. At this time, our best hypothesis is that the energy
required to align the dipoles in the carboxylic acid ter-
minated system is not compensated by the cohesive van
der Waals interactions between chains. As a result, this
system is loosely packed.

Perhaps most puzzling are the data for the unsymme-
trical dialkyl sulfides. The ellipsometric data suggest es-
sentially no change in film thickness as the length of the
methyl-terminated alkyl group changes from CH; to
(CHy), CH;. It may be possible to rationalize this obser-
vation on the basis of disorder in the film and relatively
low sensitivity of ellipsometry to small changes in film
thickness, but it nonetheless remairs surprising. The in-
ference from comparisons of carboxylic acid terminated
symmetrical dialkyl sulfides and carboxylic acid termi-
nated thiols is that the dialkyl sulfides are more loosely
packed, less dense systems. If this difference in density
is conserved for the components of the unsymmetrical
dialkyl sulfides, we expect only a relatively modest increase
in measured thickness in changing the length of the alkyl
chain. For example, a monolayer of CH,S(CH,),,CO,H
might be expected to be ~5 A thinner than a monolayer

_of CHg(CHg)mS(C_Hz)l()COzH. This estimate is based on

the observation that an increase in both chains of S-
((CH,),CO,H), by 20 carbons increases the thickneéss of
the film by ~10 .I, thus, at the same packing density, the
increase in one chain by this number of carbons would

-
. e £
N o vt vy -

produce only approximately a 5-A increase in thickness
Although an increase in thickness of this magnitude is not
easily detected, given the uncertainty in our measurements.
there is still no evidence of a systematic increase in
thickness with n in Fizure 6. Values of thickness for film-
of unsymmetrical dialkyl sulfides of the structure CH -
(CH,),S(CH,),CH, responded similarly with no obvious
increase observed in thickness with variations of chain
length by 6 carbons (r = 11-17). We infer either that ths
data are anomalous in some way (e.g., a compensatic:
effect due to the adsorption of water on these films as a
function of their hydrophobicity and chain length) or tha:
the two-dimensional packing density of the unsymmetrica!
dialkyl sulfides is even lower than that of the symmetrica’
dialkyl sulfides. The latter inference is supported by the
relatively good comparison of values of thickness (unsvm-
metrical but with chains of equal length) for films of ths
Sulfide CHJ(CHz)wS(CH‘])HCOzH (134, 147, 13.9 A tor
three samples) with the corresponding values of thickness
for films of S{(CH,),;CO,H], (13 &) and by previous re-
ports of the effects of chain-length compatibility on the
packing of surfactants at the ajr-water interface.5!

In general, we use ellipsometric thickness primarily as
a8 measure of reproducibility and as an initial estimate of
film quality. For these qualitative uses, it is a valuable
technique; internal comparisons made with it are (with the
possible exception of the unsymmetrical dialkyl sulfides)
apparently valid and useful; to derive quantitative infor-
mation from it will require changes in our experimental
procedure and interpretation.

Kinetics of Monolayer Formation. We have not
studied the kinetics of formation of monolayers carefully
but have determined conditions in which reproducible,
equilibrium properties can be obtained (Figure 7). Both
wettability and thickness reach constant values after ~60
min; the major part of the formation seems to be accom-
plished in the first 30 min. Monolayers used for other
studies were prepared by allowing the adsorption to pro-
ceed from methanol or ethanol at room temperature for

(51) Shah, D. 0 Shiao, S. Y. In Monolayers; Goddard, E. D, Ed.;
Advances in Chemistry 144; American Chemical Society: Washington,
D.C., 1975; pp 153-164. L
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time of adsorption. Values of contact angle at pH 11 were measured with 0.05 M Na,HPO, phosphate buffer. The asterisks rag
values for all samples before exposure to the solution containing the organosulfur compound.

12-36 h. This time is probably much longer than that
required to reach equilibrium; in other experiments, ex-
tensive equilibration between preformed monolayers and
organ‘olsulfur compounds in solution has occurred over this
time.

X-Ray Photoelectron Spectroscopy. Obtaining re-
liable XPS data for the monolayer films proved consist-
ently troublesome until it became clear that it was nec-
essary to Use low X-ray intensities and low temperatures
to minimize beam-stimulated desorption and damage to
the monolayer films. Previous investigators have also
observed serious decomposition of an adsorbed layer of
xanthates on copper at high X-ray fluxes.? Figure 8 shows
spectra for a series of samples: three points are particularly
relevant. First, the gold substrate transferred directly from
the evaporator to the spectrometer showed little evidence
of carbon, oxygen, or sulfur on the surface. This result was
not typical, however; most “clean” gold surfaces showed
a peak at ~285 eV (referenced to Au 4f 7/2 at 84.0 eV)
due to adventitious carbon adsorbed on the surface.
Second, the samples of monolayers containing carboxylic
acid groups showed clear indications of the CO,H carbon
of the sample in the form of a broad (fwhm ~ 1.6 eV)
Gaussian’ peak at a binding energy of about 289 eV su-

o -penmposed on a linear background. The identification of
* .. this'peak is important because certain of these samples

showed neither a titratable carboxylic acid nor the presence

: . of a carbonyl stretch in thelr IR spectra Independent

)Johanuon L.-S.; Juhano;a J.; Laajalehto, K ; Suoninen, E;

kMxelcun]n J. J Sur/ace and lnter[ace Analyau 1986 9, 501-505.

confirmation is provided by examination of the O 135 ¢
intensity is only seen here in the presence of cart
acid groups in the monolayer. Third, the monolavs:
ples show littl: intensity attributable to sulru:. T'r
sence of a sulfur peak is due both to its low concen::
and cross secticn as well as to the low intensity of the
beam and corresponding low signal-to-noisz in
spectra. Specirarun on this instrument and or adi::
instrument a* higher X-ray intensity clearly show t:
pected presence of sulfur. The important conclusior
these studies is only that, so far as XPS can indica:
monolayers have the composition expected on the
of the dialky! sulfides used in their prepara:ion.
conclusion is important in indicating that the mon
on the surface is not formed by reaction or decomp:
of these dialxvl sulfides or by formation of a2 mor
by selective adsorption of a low-concentration imy
present in the dialkyl sulfides. Preliminary data ob’
by using the second photoelectron spectrome:er
cluded in the Experimental Section for compa:iso:
the data in Figure 8.

Infrared Reflectance Spectroscop) (IRS). F
9 shows IRS data for four dialkyl sulfides adsorbed or.
There are two unportant points to be made abou
spectra. First, the major absorptlon peak: roughly r
ones observed for the pure sulfides. We interpre’

observation to mean that the adsorptxon process negl
perturbs the chemical bonds of the sulfide molecu!
agreement with the XPS data’ above Second, rep
samples showed spectra with small vanatxona in pec
tensities, shapes, and positions, pamcular y for ther
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Figure 8. X-ray photoelectron spectra for representative films adsorbed onto gold. Left, survey XPS spectra. Right, spectra of the
C ls region. The signals at 288.8 eV are attributed to carboxylic acid groups and at 254.7 eV’ to the carbon atoms of the alkyl chains.

associated with the carboxyl group. This result supports
our contention that exposed polar surface groups are
susceptible to adsorption of contaminant species from the
ambient environment (e.g., water and volatile organics).
Interpretations necessary to establish relevant structural
features follow below. More detailed interpretations and
discussions will be presented elsewhere.

The CH, groups of all the sulfides studied exhibited
C-H stretching frequencies with values that were several
reciprocal centimeters higher than those of the pure
crystalline compounds. This shift in frequency suggests
that the chains are more loosely packed and liquidlike in
the monolayers than in the pure solid phase.'® This con-
clusion is in good agreement with the wetting and ellip-
sometry results.

It is interesting that the symmetrical carboxylic acid
terminated disulfide showed two distinct carbony! peaks
at 1718 and 1736 cm™. The probable origin of the splitting
in the symmetrical structure is hydrogen bonding between
the carboxylic acid groups.

Initial efforts to obtain a spectrum for CHy(CH,),,S-
(CHp,4,CO,H showed no carbonyl stretch. We synthesized
the deuteriated compound shown in Figure 9 and prepared
a monolayer from it, in order to establish that a monolayer
of the expected material was being produced. Method A
(eq 1) was used to prepare this unsymmetrical dialkyl
sulfide: that is, it was prepared by reaction of CD,-
(CDz)u,Br.with the corresponding protonated thiol. " This
method was used to ensure that the deuterium label would

.ot be associated with sulfur unless the displacemerit re-
urred. The infrared spectrum (Figire 9) ~ |

A

e e

clearly shows peaks at 2095 and 2196 cm™, as expected for
C-D vibrations (the CD; stretches are too weak to be re-
solved). No peak in the 1720-cm-! region was visible. \We
infer that the expected monolayer was present on the gold!
surface but that the broad carbonyl stretch was wealk or
absent in this adsorbed layer.

The considerable effort to prove the presence of thix
monolayer on gold was stimulated by the observation tha-
its carboxylic acid group showed virtually no influence o
the wettability of the monolayer. This result was crucia!
to our effort to make monolayers in which the carboxylic
acid group was hidden by longer, methyl-terminated, alkvl
chains in unsymmetrical sulfides, and we wished to es-
tablish unequivocally that the monolayer comprised the
unsymmetrical dialkyl sulfide we desired, rather than an
adventitious, strongly adsorbing impurity present in the
system. Having established that the intended componant
did make up the monolaver, the question was then: VWhy
is a carbonyl stretch not observed? The concentration of
carboxylic acid groups in this system is half that in the
diacid system (with the assumption that the unsymme-
trical and diacid systems have similar packing densities),
and the signal-to-noise in the spectra (Figure 9) is such tha:
this concentration should be observable.:There then seem
to be two plausible answers. First, the adsorption band
may be quite broad for some reason (strong hydrogen
bonding or the existence of several different environments
for the carboxylic acid groups), and the band is'simply not
detectable at the signal-to-noise levels achieved in these

-samples. Alternatively, these results might betationalized

on the basis of a parallel orientation of the carboxylic acid
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Figure 9. Polarized infrared external reflection spectra of representative films prepared by spontaneous assembly of diund=eyl s
bis(11-carboxyundecyl) sulfide, 11-(methylthio)undecanoic acid, and 11-(hexadecyl-dj;-thio)undecanoic acid adsorbates from
ethanol solutions onto gold. Signals at 2925 and 2923 cm™ are attributed to the CH, asymmetric stretch, those at 2333 and 234
to the CH, symmetric stretch, those at 1740 and 1717 cm™! to the C=0 stretch, and those at 2195 and 2095 cm™ to the CD; asym:
stretch and CD, symmetric stretch, respectively. Other peaks are not interpreted in detail but correspond roughly to those ob:
in pure compounds. Note the absence of an observable C=0 stretch in the spectrum of the film prepared from 1l-(hexa
dy-thio)undecanoic acid, even though signals attributable to the methylene and deuterium-labeled methylene chains arz obs
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carbonyl group with respect to the plane of the gold sub-
strate. For reflection IR spectroscopy, the strongest ad-
sorption occurs for vibrational modes with transition di-
poles oriented perpendicular to the gold surface, and
virtually no absorption occurs for dipoles parallel to the
surface. It is conceivable in some of these samples that,
for 36 reason, the carboxylic acid groups tend to orient
parallel to the substrate. If, for example, this orientation
maximized hydrogen bonding, then the bands would be
diminished in amplitude, due to both broadening and
orientation, and might thus be lost in the noise. There
appears to be no a priori reason to expect this particular
orientation, and independent evidence is needed for con-
firmation. ¥hatever the origin of the low intensity of this
absorption, there must be some significant difference be-
tween the structures of the unsymmetrical dialkyl sulfides
having one carboxylic acid terminated chain and the sym-
metrical bis(carboxylic acid)-terminated sulfides, since the
le}tter_ do show distinct IR absorbance in the carbonyl re-
gion. . ,
- 'Contact Angle of Water on Dialkyl Sulfide Mono-
layers. - Figure 10 summarizes the measured wetting
.properties of a number of unsymmetrical monolayers
" “having the structure CHy(CHy) 0. »S(CH,) ,cCO,H prepared
V. by adsorption from ethanol. Similar data were observed
- for films prepared by adsorption from THF. The index
m” indicates the difference in the number of methylene
grgups}):é.tween the methyl-terminated and the carboxylic
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Scale bars in absorbance units are provided for the high- and low-frequency spectra of the deuteriated sulfide.

minated chain is longer. For comparison, this figur
includes data for two homologous series of reference
pounds (Figure 4): methyl-terminated and carboxyl.
terminated symmetrical dialkyl sulfides. Recedirz c
angles, 6,, showad the same trends as advancing ¢
angles, 8,, but are uniformly smaller (see the Expari-
Section).

Methyl-terminated systems (both symmetrical s
and methyl-terminated thiols; Figure 4) maintain &
hydrophobicity until the number of methylens g
between the sulfur atom and the methyl groups talls
approximately five. The shorter films becom= po
sively more hydrophilic, reaching a value of 8, ~ 7
(CH,),S. We have not established the orizir of t©
crease in hydrophobicity with decreasing chain ler.
any detail. It is plausible to ascribe it to the influ=:
local gold-sulfur or sulfur-carbon bond dipol=s oz
tacting water, to the interaction of the highly pol
metal with the water, or, perhaps, to direct contact
water with sulfur and gold atom by penetration be:
adsorbed organosulfur molecules. - Independent e!
chemical studies of thiols on gold electrodes indica:
the density of pinhole defects increases as the chain !

_of alkanethiols decreases.'®.; . o

The carboxylic acid terminated systems are more
than the methyl-terminated systems over the full
of chain lengths examined.  The carboxylic acid term:

- thiols a_re_pniforp;lyjyeﬁtab\l_»effﬁb.}‘éé 0° for all sy
" “(Figure 4). Carboxylic acid terminated symmetrical ¢
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Figure 10, Advancing contact angles (deionized water, pH 5.6) for monolayer surfaces prepared from 11-(n-alk1)1hio)undecanoic acids
adsorbed onto gold. Solid squares represent adsorbates prepared by method A and solid circles those prepared by method B (eq 1).
Open symbols represent values for the interfaces presented by symmetrical dialkyl sulfides adsorbed onto gold and are included for

4 reference.
N
?.' sulfides show laree variation in their wettability with chain group as the met yl-terminated chain becomes comparahla
ER length. For short chain lengths (four and fewer methylene to the carboxylic acid terminated chain in leneth
%7 groups) 6, is also ~(°, For chains having 10 or more A second feature of the data for the unsymmetrical
g:é methylene units between the sulfur and the carboxylic acid dialkyl sulfides suggesting structure i3 the value of 6, for
& + group, the values of contact angle increase from ~40° long methyl-terminated species. These values (8, =~ 100°)
* ((CHy5) to ~80° ((CH,),,). For comparison, the contact are comparable to those for polyethylene and establish that
7& angle of water on polyethylene, (CH,),, is §, =~ 103°. The the carboxylic acid gToups in these systems are completely
5 simplest interpretation of the data for the carboxylic acid hidden from water., Thus, a CHs(CHz)lo group is appar-
&4 terminated symmetrical dialkyl sulfides, and one consistent ently sufficiently large to mask completely an underlying
r}" with other data, is that these systems should be considered carboxylic acid moiety. A similar effect has been obseryved
Lf' as viscous liquid or liquid crystalline films and that the for long-chain osters of the alcohol derived by reduction
L{; increasing hydrophobicity correlates with the increasing of polyethylene—carboxylic acid (PE-CO,H)'$ and for ad-
o dilution of the polar carboxylic acid moieties with nonpolar sorbed monolayers having the structure CF,(CF,). -
X methylene groups. (CH,),,CO,H.” The limiting value of 6, observed for the
8 The data for unsymmetrical dialkyl sulfides containing unsymmetrical sulfides having long methyl-terminated
both methyl and carboxylic acid terminated chains are, as chains (6, ~ 100°) is Jess than that observed for an in-
expected, qualitatively intermediate between those of the terface presenting almost exclusively methyl groups (HS3-
corresponding symmetrical methyl-terminated and car- (CH,)sCH;, 6, = 115°) and comparable to one comprising
boxylic acid terminated dialkyl sulfides. The question of predominantly CH, groups (polyethylene, 6, ~ 103°). This
central concern is whether there is any evidence in the data difference between the contact angle of water on methy]|-
for the unsymmetrical dialkyl sulfides that suggest and methylene-containing interfaces may arise from the
structure in the dimension perpendicular to the meap greater disorder in the latter case, reducing the latera!
plane of the gold substrate and implying systematic cov- interactions and increasing the exposed surface arey.

€ring and revealing of the polar carboxylic acid group with Interpretation of the data for unsymmetrical dialkv

most interesting feature of the data from the vantage of straightforward. Experimentally, the scatter in these da‘a

this question is the sharp drop in 0, observed between m was greater than that for other systems examined, i,
= 4. This sharp increase in hydrophilicity with note here some of the features that might contribute to
length in the methyl-terminated chain is very the interfacial free energy in these monolayer films. First,

e smooth curves observed for the symmetrical the adsorbed films in these systems are sufficiently thin
Lsulfides. The scatter in the data is appreciable, and .that they are more hydrophilic than thicker systems, in-
all compounds were examined for possible artifacts due dependent of any structure in the organic layer (presum-

to contaminating thiols, Nonetheless, data obtained using ably due to interactions between water and the gold and/or
dialky] sulfides prepared by both méthods A and B are gold-sulfur interphase), Second, the stability of the hy-
e conclude that the trends in these data are drocarbon-air interface is greater than that of g carboxytic

. . .

al and establish a significant change in hydrophobicity acid-air interface; this order of relative stabilities i3

Fﬁh a smal] change‘ in the structure of the adsorbed un- - probably reversed for interfaces with water. There is thus

veiling of the polar carboxylic acid mobile interface in these unsymmetrical sulfides to one in

Sy iy . . o -
‘7,";\‘@’ a7 : s [P
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Figure 11. Advancing contact angles of selected aqueous buffers
for monolayer surfaces prepared from didocosyl sulfide, 11-(n-
docosylthio)undecanoic acid, 11-(n-eicosylthio)undecanoic acid,
11-(n-octadecylthio)undecanoic acid, 11-(n-decylthio)undecanoic
acid, and bis(l1l-carboxyundecyl) sulfide adsorbed onto gold.
Contact angles were measured within 1 min and are not necessarily
equilibrium values.

which the interfacial free energy has been minimized by
changing the composition of the interface to maximize the
number of CH,/CHj groups (for a nonpolar interface) or
CO,H groups (for a polar interface).

. Contact Angle Titration. Previous, extensive studies
of interface-functionalized polyethylene have established
the utility of measurements of 6, as a function of pH as
a method of examining the characteristics of interfacial
acids and bases.'*'3 Figure 11 shows relevant data for the
dialkyl sulfide based monolayers studied here.

The long-chain, symmetrical methyl-terminated dialky!
sulfide (CH;(CH,),,),S shows no change in contact angle
with pH, as expected for an interface having no ionizable
grops. The contact angle with water of the symmetrical,
carboxylic acid terminated dialkyl sulfide (HO,C(CHy),0)-S
at high values of pH is 6, =~ 20° and is significantly larger
than the value of 6, = 0° observed for carboxylic acid
terminated thiols. This difference indicates that the in-
terface of the dialkyl sulfide based system is less ordered
than that for the thiols. The dialkyl sulfide monolayer
apparently presents carboxyhc acid groups to water in a
matrix of methyl and methylene groups. Data that are
numerically very similar are observed for polyethylene
carboxylic acid"® and for certain carboxylic acid terminated
silanes on glass.*

*The data for the unsymmetrical dialky! sulfides are in-
teresting primarily because the carboxylic acid groups in
these systems do not seem to titrate:' the values of §, do
not seem to demonstrate a reversible change in the wett-

“ability of the film surface with changes in the pH of the

x
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A o ae ey e )

boysris

£ Siner
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‘methyl-terminated chains (CH3(CH,),,, CH3(CHy)js, and
- CH3(CH,) 3) the values of 6, at low values of pH are com-
:.parable to those for poly ethylene and suggest no mfluence
‘nof the carbo*cyhc acid group on the monolayer~water in-

‘contacting water. “In these monolayers incorporating long

terfacxal free energy We belxeve that the small buf sng- ,

Trought

nificant decrease in 8, with pH in these systems :
instability of the films at high values of pH, rath
any effect of ionization of the carboxylic acid grco
example, the data for CH;(CH;S(CH,) ,CO,H re
two sets of titrations carried out at the same loca
the film. The points represented by numbers 1t
3 were carried out, the film was washed, and ther
4 through 9 were obtained in the same location. T
in contact angle with increasing pH in this system
partially irreversible.

The data for the unsymmetrical dialkyl sulfi
taining methyl-terminated ard carboxylic acid terr
chains of equa! length—CH,(CH,);S(CH,),-CO,H
an interesting combination of effects. The value
pH 1 (30°) is significantly lower than that for polye
and indicates a significant influence of the polar ca:
acid group on the wettability of the surface. Nons
the contact anzle of water on this film shows only
or nonexistent dependence on pH: the drop in g, i
same magnitude as that observed for films havir
pletely buried carboxylic acid groups and probably
prm":—u‘ll\- etching of the organic mono!l ayer at high
of pH rather trhan significant ionization of the car
acid group. We believe that the absence of a sig:
change in 6, with pH is due to the low dielzctric ¢
of the environment in which the carboxylic acid gr
located and perhaps to steric hindrance to solv.
carboxylate anions at this interface, with a resul
crease in efrective pR, of the carboxvlic acid gre
magnitude that is unreachable using aqueous solu
the usual range of values of pH. The acidity of ca:
acid groups buried a few angstroms within a low-d
constant medium is expected to decrease stronzls
the much lowsr dielectric constant relative to war
example,® tha value for the pK, of acetic acid i5 24
gas pha:e, 11.9 in dimethyl sulfoxids (¢ 45.7), a
water (¢ 78.3). The effect of the local environmenr
acidity of carboxylic acid groups is also well-doc

ed 3% The eavironment of a carboxylic acid grou;
5-10 A benea:h the surface of a monolayer mizht p
resemble tha: of 2,4,6-tri-tert-butylbenziic a
2 4 H-tri-tert-butylphenol,® these compounds aze
to ionize in agueous solution.

The absence of a significant contact angl- titr
this monolayver might also reflect reconstruct: . of
surface or elactrostatic repulsion of carboxyin
through a low-dielectric constant medium.

Interfacial Reconstruction. We infer fromt
in this paper that monolayer films based on dialky!
are relatively disordzred. If the organic compor
these films ar= considered as fluids they couid. in p
rearrange to minimize the interfacial free eners
placed in contact with different environmznts g

(53) Moore, J W.: Pearson, R. G Kinetics cnd Mochon
Wiley & Sons: New \ors 1331; pp 251 "3“

(54) Pine, S. H.; Herdrickson, J. B; Crazxm, D. J.; Hamm
Organic Chemistsy, 4th ed; McGran-Hill: New York, 123X

(53) Gordor, J. E. The Organic Chemistry of Elecis it
Wiley: New York, 1973; pp 275-273.
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333-340.
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(38) Caspers. J.; Goormaghtigh, E.; Ferreiza, J.; Brasseur,
denbr&"lden M Puysscbaert J.-M. J. Colloid Int erfzce Sci.
546-551.

(59) Lovelock, B; Gneser F Healy, T W.J. Phys. Chem.
501-507. -
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Figure 12. Effect of exposure to air on the advancing contact
angles of selected aqueous buffers for monolayer surfaces prepared
from bis(11-carboxyundecyl!) sulfide pdsorbed onto gold.

might then be faced with different structures, depending
on the environment. This phenomenon of surface recon-
struction is well established for polyethylene carboxylic
acid and its derivatives, although the reconstruction is
kinetically slow at room temperature.'®

We have tried to establish the importance of surface
reconstruction in determining the characteristics of the
interface between monolayers of dialkyl sulfides on gold
and low- or high-dielectric constant media. The results
of these efforts do not indicate any large influences of
reconstruction but are open to at least two interpretations:
first, that there is no reconstruction, that is, the charac-
teristics of the interface are essentially independent of the
environment; second, that reconstruction occurs too rapidly
to be detected.

With the exception of CH,S(CH,),COH and
S((CH,);,CO,H),, exposure of monolayer films to argon
or air (low-dielectric constant media) or water (a high-
dielectric constant medium) for prolonged periods at room
temperature resulted in no change in the interfacial
characteristics of the monolayers (as measured by their
contact angle with water). These two carboxylic acid
terminated dialkyl sulfides show small changes in inter-
facial characteristics reflecting the previous history of the
sample. Figure 12 shows the data. In brief, samples
conditioned by exposure to argon for periods of 2-24 h at
room temperature are consistently slightly more hydro-
phobic than those conditioned by exposure to water for

(61) Strictly speaking, it is a decrease in the total free energy of the
system that drives reconstruction. We use the term “interfacial free
energy” to emphasize that it is the interactions at the organic-fluld in-
t&rface that dominate changes in the total free energy upon reconstruc-

on. DRI

ey
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Figure 13. Schematic illustration of the influence of the ordering
of films on the interfaces presented by perfectly ordered films
(A) and the loosely ordered sulfide films in this study (B).

similar periods of time. These data are consistent with a
small degree of interfacial reconstruction reflecting pref-
erential segregation of the polar carboxylic acid groups a:
the polar organic-water interface and expulsion of thesz
groups from the nonpolar organic-argon interface. These
effects, however, are relatively small (A9, ~ 5-10°).
Moreover, it is difficult to exclude some influence from &
small amount of adsorption of a volatile, nonpolar con-
taminant in the experiments involving conditioning ir
argon. Experimental attempts to facilitate reconstructior.
of these monolayer films by heating them in argon for
h at 80 °C (the melting point of the partial dialky! sulfid:
is 110.0-111.5 °C) resulted in desorption of the film fror
the surface (as reflected in the ellipsometric thickness!

Discussion

The data summarized in this paper lzad to two broa:
conclusions concerning monolayers formed by adsorptio:
of dialkyl sulfides on gold.

First, exposure of clean gold under normal laborator
conditions to solutions of & number of dialky! sulfids
results in rapid formation of equilibrium monolayers. Tk
organic monolayer is reasonably stable to exposure ¢
aqueous solutions, except at high values of pH. The syste:
is amenable to wide manipulation by means of changes :
the composition of the dialkyl sulfide: the major expe:
mental point in the reproducible formation of the
monolayers is to purify the dialkyl su!fide in such a w
as to avoid contamination by the more strongly (a:
perhaps rapidly) adsorbed thiols.

Second, self-assembled monolayer films formed frc
dialkyl sulfides are significantly less densely packed a:
less ordered than those prepared by adsorption of al¥
nethiols. Although the evidence for structural order
monolayers formed from alkanethiols is only sketched
this paper, this conclusion is based on two types of ¢
servations: First, the thicknesses of the films formed fr
dialkyl sulfides are generally lower than those formed fr
analogous alkanethiols as measured by ellipsometry, &
smaller incremental increases in thickness are observed
increasing the length of the polymethylene chains. Secc
the carboxylic acid terminated dialky! sulfides show m-
higher contact angles with water than do carboxylic e
terminated thiols; the methyl-terminated dialkyl sulf
exhibit slightly lower contact angles with water than
methyl-terminated thiols. .o

We conclude that the most useful physical model for
dialkyl sulfide films is that of a thin liquid, liquid crys
or glass anchored to the gold support via the gold-su
coordinate bond (Figure 13). Even if liquid or glassy, ti
systems cannot be fully isotropic: order imposed by
geometry of attachment of the dialkyl sulfide moiet
the gold surface must extend to some extent throug!
these very thin films. '
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We have no direct meagyre of properties such ag mi-
croscopic viscosity in these monolayers, Direct measure
of viscosity by the usual techniques based on spin labels

Indirect efforts to detect slow brocesses reflected in en-
vironmentaily dependent reconstruction produced am.
biguous results. The organic dialky] sulfides from which
the monolayers are formed are solids with melting points
0f 50-130 °C, ang “e anticipate that the films have high
internal viscosity and should be considered as thick liquids
or glassy soljds based on Previous studjes of related sys-
tems, 62-64

Even given the significant disorder that apparently
characterizes dialky] sulfides adsorbed op gold, it is pos-
sible to demonstrate 4 significant degree of control over

is effectively completely screened from contaet with an
aqueous liquid phase (to the extent that the acid group
does not influence the contact angle) whenp the two chains
differ by only approximately fiye methylene ynits in
length. The carboxylic acid groups are effectively fully
exposed when the two chains have the same length. These
monolayers thyg fepresent a successfy| example of de-
signed modification of 4 macroscopic physical property
(wettability by water) by molecular-sca]a variation of the
structure of molecular constituents. Although this par-
ticular type of monolayer doeg not show the degree of
structural contro] aftorded by 4 rigid organic monolayer
or a single crystal, the degree of control of composition over
the monolayer in the direction berpendicular to the mean
plane of the SuUpporting meta j5 highly encouraging for
efforts to Prepare organjc surfaces/interfaces having
structures Sufficient]y well-defined to form the basis for

A valuable consequence of thege studies is further ver-
ification of the short«range character of the forces involved
in determining wetting, This work yields several inde-
pendent examples of thip films shielding an underlying
solid from interaction with a tontacting liquid. Thus, it
appears to take an alkyl chain of about five methylene
units in these films to shield water from the influence of
the gold-sulrur interphase. Approxxmateiy five methylene
units are also required to shield the carboxylic acid moiety
in an unsymmetrica] dialky] sulfide. Previous studies of
Polymer interfacig] esters'> and terminally fluorinated fatty
acids® suggest similar numbers. Thus, in no case does the
influence of the underlyving substrate seem to penetrate
more than approximately 10 & of intervening condensed
phase in inﬂuencmg the contact angle of a wetting liquid

This conclusion s important in confirming the short-
range character of wetting and ip emphasizing the value
of studies of wettability in investigations requiring high
surface seiecti&ity/speciﬁcity. The relatively large Quantity
of hydrocarbon apparently required to cover the gold-
sulfur interphage in these systems may reflect either the
large head-group area that muyst pe covered or significant
Permanent electyic dipole effects having a longer range
than the short-rangé van der Waals interactions that ap-

(62) Cohen, §. R.,; l\a:’iman, R.; Sagiv, J. J. Phys. Chem. >l986, S0,
3054-3056 - L

2"

Pear to dominate mogt wetting 65

The conclusion that the interactiong dominating v
are short-range (<3 A) in these systems is compatik’
results using direct Measurements based on surfac.
balance techniques.® Thjq latter technique yield:
quantitative daty than wetting but g Present]
pretable in deraj] only with relatively simple Sy:
Further, it is experimentally difficylt. Wetting k-
advantage of experimenta] simpiicity, applicabi:
complex systers anq indirect interpretabiiity inter
local chemical Phenomena in the interphase (frrexs-
lonization of carboxylic acid groups),

Experimentai Section

General., Dy on chemicals, jn Parentheses, 4., gi
chemical Purity, source (A, Aldrich), and solvent of rece:, .
2ation (UAR; uzed asreceived): ll-bromoundecanoic acid |
A, hexanes): thiolacstic acid (99% A, UAR): L-hexanathis)
A, UAR), L-dodecanethio] (939, A, UAR): I‘h:’?\'\i’i:«.'Lli:
(technical grade 92 +, A, ethanol; l-octadecanethiui R
ethansl): L-bromadecane (A, UAR); l-bromoundecane A, U
l-bromo:ridecane (A UAR): l-bromotetradecane (A UAs
bmmopen:adecane (A, UAR): l-bromooctadecane (937 &
anol); 1<bromoeiccsme (Aln, hexanes) and l'bT\)IYI'.»(i";C
(97%, Al hexanas). l-hepmdecanoi (985, A UAR,
30 acid (A, UAR:, l~bromohexiiii:’c4:
52 sotope Labo:a:ories, UARY s
T di-r:«octadecyl sulfide (Pra)-, and B
xymethyl) sulride (93%, A, Water,: |
carboxyvethyl SUZe (999 A water): ll'bfun‘u)'[*ill.jr‘
(93%, A, hexanes: chium sulfide (. lfa, UAR, Neir,
materials usad 1, Prepare gold Substrates were gold (o
glehard; 65 go, Aesar; 99,9990, Materis!s Research Corpory
chromium 133.999 obtained from either Materialy Ra.,
Corporation or R D. Mathis), ang silicon wafory (Mons,
Argon, absolute ethane! (US. Industria} Chemicals Co, ahe
methanol (analytica’ grade, Maiiinckrodc), methylens oy
(Fisher), and tetrahydrofuran (Fisher, reagent grads) wer,
as received. Cyclohexana (Aidrich, Gold Label), hexanes (A1
Gold Label), and hexadscane (39%, Aldrich) wore Do
percolation twice through neutral, grade 1, activated ! ;i
degassed wirh argor. Solvents purified in thjs Mmanner
the Bigelow tesq &

Water was passed through an jon exchanger (Coln Puroer
distilied in g Corning M1do) AG-1b glass distillasiyn appa-
The buffers used (0.05 A xcept where state() Were g, f
pH 1,01 N HCl; pH 2, sodium hospha:e: PH 3. mal
PH 4, sodium phospha-e: pPH 3, acetic acid; pH 6, soddiim
phate; pH 7, sodium Phisphate: pPH 8, sodium phosphae: :
boric acid; pH 19, boric acid; pH 11 sodium phosph,-... p!
sodium phosphate; pH 13 01 N NaOH,

Silica gel (70230 mesx ASTM) for chromatogm;,\h: Tl
tion/purification and TLC plates (silica g2l 69 F25.4 peasy
laver thickness 025 mm ware obtained from E. M Reazop-s
purity of reagents and asorbates wag chacked bu g
tography (Perkin-Elme- 33208, melting poin: (Lncers.

homas Hoover melting point apparatus), and 1} NN
troscopy (using a 250-M 5 Bruker or 3C0-MH: B-,
trometer). Elemanta) aralysis was performad bu G
Laboratories.

Wafer trays wers obtaiznzd from Fluorowase and wer. .
received as containers in which to Store gold substry:.,

Preparation of Gold Substrates, During the Course of -
studies, gold substrates wers Prepared in a rumbe, ofdir
Evaporators using botp thermal and electron-beam SOUrehe
thermal evaporators gl| ezployed resistivels hoged tun

sultide (Baker Ua
hexanesi, bisil-cars

(83) For well-separated, frealy tumbling molecules, disparsiy:
dimiHipole (Keesom) interactsns both show the same r7 dapen
At the highly structyred Doncayer-water interface, hiyu 2ver, t:
pole—dipole Interactiong probakly approximate more closelv 1yt
Power law characteris:;, of star: dipolyr interactions,

(66) Bigelow, W', C; Picket:, D L; Zisman, W, A, J. Colloid Sei
1, 513-538
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Monolayer Films Prepared from Diclkyl Sulfides

baskets and comprised a home-made diffusion-pumped evaporator
(Harvard University MRL) equipped with a liquid nitrogen trap
operating with a base pressure of 1 x 10-¢ Torr, an NRC Model
3116 diffusion-pumped evaporator (Professors Lobb and Tinkam)
equipped with a liquid nitrogen trap and operating with a base
pressure of 1 X 107 Torr, a home-built evaporator (Prof, Klem-
perer) equipped with a liquid nitrogen trap and operating with
a base pressure of 1 X 10~7 Torr, and a modified Varian evaporator
(AT&T Bell Laboratories) equipped with a cyro-pump and op-
erating with a base pressure of 10-8 Torr. The electron-heam
evaporator (MIT Microelectronics Laboratory) was a home-built
vacuum system utilizing a Sloan Technology electron-beam gun;
the evaporator was equipped with a liquid nitrogen trap and
operated with a base pressure of 107 Torr. With the exception
of the home-made evaporator (Harvard University MRL), all gave
similar results. The unsatisfactory results obtained using gold
substrates prepared in this evaporator may have been caused by
coevaporation of copper from the electrodes and consequent
contamination of the gold substrates, At Harvard and Bell
Laboratories, electronic grade, single-crystal (111) silicon wafers
(2- or 3-in. diameter) were cleaned in hot 1:4 H,0, (30%)/H,S0,
and rinsed with distilled, deionized water and absolute ethanol;
at MLLT,, the standard RCA cleaning procedure®™ was ysed. The
wafers were coated with 50-150 A of Cr to promote adhesion and
~2000 A of Au, as measured by a quartz crystal thickness monitor.

Gold-coated wafers were removed from the evaporator with
Teflon-coated tweezers and were stored in wafer trays wrapped
in Parafilm. Gold-coated wafers should be used within 1 week
since they contaminate irreversibly upon prolonged storage.
Before use, gold-coated wafers were cut into appropriate sizes
(usually 1-1.5 cm in width and 3-4 cm in length) by scoring the
wafer on the gold-coated side with a diamond-tip cutter
(Brookstone) and breaking the wafer with Teflon-coated tweezers.
Silicon dust was blown from the substrates by a stream of argon
gas. The gold substrates were then washed 3 times with ethanol
by usinz a I-mL disposable glass pipette equipped with a rubber
bulb and dried in a stream of argon for 5-15s. They were used
immediately. Gold substrates were examined visually and by
ellipsometry and contact angle in order to determine their suit-
ability for use in the preparation of monolayer films. Sujtable
substrates for the preparation of monolayer films had the following
characteristics: (1) They were visually free of defects. (2) After
being washed with ethanol they had reproducible ellipsometric
properties independent of the location of the spot examined on
the substrate. In practice, ellipsometric measurements were taken
at three locations on the gold substrate that were separated by
at least 1 cm. If the polarizer readings fell within a range of £0.15°
(this range corresponds to about £3 A of a film with an index of
refraction of 1.43), the gold was judged to be satisfactory for
ellipsometry experiments, (3) Gold substrates that had been
washed with ethanol showed 0, = 55-70° (deionized water, pH
5.6). The contact angle on freshly evaporated gold-coated wafers
after removal from the evaporator was typically 6, = 60° and
increased on storage to about 90°. Gold substrates prepared,
treated, and characterized in this manner gave reproducible re-
sults.

There are several issues concerning the preparation of suitable
gold substrates for these studies. First, precleaning of silicon
wafers before the evaporation was critica) for preparing gold
substrates that were free of visible defects; silicon substrates that
were improperly cleaned resulted in gold substrates with visible
defects and cloudy regions. Such defects were also observed for
films evaporated on glass, so silicon is a preferred substrate.

Second, evaporations of gold onto silicon wafers were carried
out in such a fashion as to minimize heating of the wafers during
the evaporation process: heating of the wafers could result in
diffusion of silicon or chromium through the gold layer. It was
not necessary, however, to cool the silicon wafers during the
€vaporation process in order to prepare suitable gold substrates.

A practice evaporations were performed with the silicon wafers
located at least 12 in. from the evaporation source, at low pressures
(<1078 Torr) and at low evaporation rates (10~20 A/s).

(67) Van Zant, p. Microchip Fabrication: Semiconductor Services:
San Jose, CA 1984, p 8y - Y
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Third, attempts to clean gold substrate for reuse by treatment
with chemical reagents (e.g., hot 1:4 H20,(30%)/HZSO.) or by
plasma cleaning (in oxygen and/or hydrogen plasmas) have not
been consistently successful so far. In practice, cleaning the gold
substrates for repeated use in monolayer experiments involved
additional handling of the substrates that introduces defects; thus,
it was usually more desirable to prepare fresh substrates by
evaporation than to clean and reuse them.

Synthesis of Dialky! Sulfides. The dialkyl sulfides were
prepared by two methods, A and B (eq 1). Method A involved
preparing (n-alkylthio)undecanoic acids from 11-mercapto-
undecanoic acid and n-alkyl bromides, method B from n-alka-
nethiols and 11-bromoundecanoic acid. The purity of compounds
was established by melting points (<2 °C in range), satisfactory
elemental analysis, and proton NMR spectroscopy. The purity
of the carbon numbers, r, for alkyl bromides (n = 9,10, 12, 13,
14,16, 17, and 21) used in method A were determined to be 997,
or better by gas chromatography (GC). Samples for analysis by
GC were prepared by dissolving the bromoalkanes (20 mg) in
hexane (10 g) and injecting 2.1, samples by a syringe into a 3%
SP2100 column. Intentional doping of 1 L-(n-alkylthio)undecaroic
acid solution with 1% w/w of an 11-mercaptoundecanoic acid or
an alkanethiol indicated that these potential impurities (or their
disulfides) severely influenced the observed values of the contact
angles. Usually these impurities were easily removed by column
chromatography and recrystallization from hexane. The purity
of 11-(n-alkylthiojundecanoic acids was determined to be sufficient
when similar results were obtained from methods A and B. The
physical properties of the dialkyl sulfides are listed in Table I

Method A. This general procedure for preparing unsymme-
trical dialkyl sulfides i3 illustrated for I1-(methylthio)undecanoic
acid. To a 100-mL flask containing 50 mL of methanol (degassed
by bubbling argon through the stirred methanol for at least 1 h)
was added 11-mercaptoundecanoic acid (300 mg, 2.29 mmol)
followed by methyl iodide (325 mg, 2.52 mmol). For longer alkyl
chains the bromide was used instead of the iodide. The mixtuse
was stirred under argon, and sodium metal (116 mg, 5.04 mg-atom)
was added. The resulting solution was clear and homogeneous.
The reaction mixture was stirred overnight at room temperature
under argon. The product was isolated by pouring the reaction
mixture into a beaker containing water (100 mL), concentrated
HCI (5 mL), and diethyl ether (300 mL). The ethereal layer was
separated, extracted with deionized water (3 X 100 mL) and
saturated aqueous NaCl (100 mL), dried with anhydrous sodium
sulate, and filtered. On removal of the ether by rotoevaporatior,
a white solid was obtained. Recrystallization from hexanes yieldad
11-(methylthio)undecanoic acid.

Method B. This genera) procedure for preparing unsymme-
trical dialky 1 sulfides is illustrated for 11-(dodecylthio)undecanoic
acid. To a 100-mL flask containing 50 mL of methanol (degassed
with argon) was added sodium metal (269 mg, 11.7 mg-atom)
followed by dodecanethiol (1.0 mL, 1.18 g. 5.85 mmol). Afier
the thiol had dissolved, I1-bromoundecanoic acid (1.55 g, 5.85
mmol) was added and a clear homogeneous solution formed. After
approximately 5 min the sulfide product precipitated from the
solution. The reaction mixture was stirred overnight at room
temperature under argon to ensure completion. The product was
isolated by pouring the reaction mixture into a beaker containinz
water (100 mL), concentrated HC| (5 mL), and diethyl ether (300
mL). The ethereal layer was separated and extracted wiin
delonized water (3 X 100 mL) and saturated aqueous NaCl (1c0
mL), dried with anhydrous sodium sulfate, and filtered. After
removal of the ether by rotoevaporation, a white solid was obtained
that yielded pure L1-(dodecylthio)undecanoic acid on recrys-
tallization from hexanes. '

LI-Mercaptoundecanoic Acid. Methanol (230 mL) was
added to a 500-mL round-bottomed flask and degassed with argor.
Sodium metal (1.73 g, 75.4 mgz-atom) was added and allowed to
react under an argon atmosphere. The sodium methoxide solution
was cooled with an ice bath, and thiolacetic acid (5.4 mL, 75.4
mmol) was added followed by 11-bromoundecanoic acid (10.0 ¢,
37.7 mmol). The mixture was heated at reflux for 5 h and cooled
to room temperature with an ice bath, Degassed 1 N aqueous
NaOH (150 mL) was added to the reaction flask through a can-
nula, and the mixture was allowed to reflux for 3h. The reaction
was cooled in an ice bath and poured with stirring into a 1000-mL
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CH,(CH,),S(CH, ,COH

CH;(CH,)sS(CH ) ,CO.H

CHg(C Hz) Les(CHZ) 10CO2H

CH,(CH,),;S(CH,),CO;H

CH,(CH,)sS(CH,),cCO,H

-— I

CH,(CHy),sS(CH,),,CO;H

CH,(CH, 1, S(CH,),,COH

CH;(CH,),sS(CH,);sCO,H

CD;(CD3),sS(CH;),,CO:H
[CH,(CHY,}:S

(CH(CHY]:S

(CH,(CH) 1S

300 MHz (CDCLy): 2.48 (¢, 4 H), 2.34 (-, 2 H), 1.60
(m), 1.27 (s), 0.88 (t, 3 H)

B 78.5-79.4 300 MHz (CDCly); 2.48 (r, 4 H), 2.33 (1, 2 H), 1.56

(@), 1.24 (m), 0.87 (t, 3 H)

A 77.5-79.3 230 MHz (CDCly); 2.49 (¢, 4 H), 2.34 (¢, 2 H), 1.57

(m), 1.25 (m), 0.86 (t, 3 H)

A 79.5-82.0 250 MHz (CDCly); 2.47 (t, 4 H), 2.33 (¢, 2 H), 1.57

(m), 1.23 (s), 0.86 (t, 3 H)

B 79.5-81.0 300 MHz (CDCly); 2.49 (¢, 4 H), 2.34 (, 2 H), 1.57

(m), 1.29 (m), 0.87 (t, 3 H)

250 MHz (CDCly); 2.48 (t, 4 H), 2.34 (¢, 2 H), 1.57
(m), 1.28 (s), 0.88 (¢, 3 H)

A 84.0-85.3

B 83.0-89.5 250 MHz (CDCIy); 2.49 (¢, 4 H), 2.34 (¢, 2 H), 1.58

(m), 1.24 (s), 0.57 (¢, 3 H)

B §5-87 250 MHZ (CDCly); 2.49 (m, br), 2.33 (, 2 H), 1.57
(m), 1.23 (s), 0.86 (t, 3 H)
A 76-73 250 MHz (CDCly); 2.49 (¢, 2 H), 2.36 (1, 2 H), 1.63
(m) 130( ) :
250 MHz (CDCL); 2.50 (t, 4 H), 156 (), 1.26 (m), 0.83
(t, 3 H) o
40.0-41.5 300 MHz (CDCL,); 2.50 (t, 4 H), 1.57 (m), 1.26 (m),
0.88 (t, 6 H) ' i
66.5-67.0 300 MHz (CDCly); 2.49 (t, 4 H), 1.55 (m), 1.27 (m), ~
0.87 (t, 6 H) e i
: 77‘3—75.0 300 MHz (CDCL); 2.80 (t, 4 H), 1.66 ‘(m).i27 (o),

0.89 (t, 3 H) , R

" C,Bl.15; H, 13.93

. C, 80.45; H, 1383,

caled for C«,,H) bO

found

C,73.29, H, 1225, 5.7

C,72.84; H, 12.22
caled for CorH SO

C,73.24; H, 12.23. 3,

found

C,73.55; H, 12,43, 8. 7

caled for CogH SO,

C, 73.62; H, 12.35. 5,

found
C,73.96; H, 12,45, 5.
caled for CoH-.SO

C,73.98 H, 1242 =

found

C,74.02, H, 1227 %,

caled for CH LSO,

C,73.93 H, 12425,

found

C,74.19; H, 1245, 5. ¢

caled for Cy, H:-30,

C, 7463 H. 1235 3,

found

C, 74.50; H, 1250 3.

caled for C3;H.S0
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- Table I. Physical Propertles of Adsorbates
method )
. © of : 'H NMR
compd synthesis mp, °C data analyses
CH,S(CH,),,CO.H A 405450 300 MHz (CDCL); 247 (¢, 2 H), 2.33 (1, 2H), 207 (s, caled for C1,H,SO,
. 3 H), 1.60 (m), 1.29 (s) C, 62.02; H, 10.41; S, 12
found
C,62.31; H, 10.43; S, 12
CH,(CH,)sS(CH;),,CO.H B 50.5-51.5 250 MHz (CDCly); 2.49 (t, 4 H), 2.34 (¢, 2 H), 1.58 caled for Ci-H SO,
(m), 1.27 (s), 0.88 (t, 3 H) C,67.50; H, 11.33; S 1~
found
C,67.58;, H, 11.533; S, 10
CH;(CH),S(CH,),CO;H A 63.9-64.5 300 MHz (CDCly); 2.48 (t, 4 H), 2.33 (t, 2 H), 1.55 caled for Cy H,.SO,
(m), 1.31 (3), 0.88 (¢, 3 H) C,70.33; H, 11.83; §, &~
found
C,70.58 H, 12.04; S, 9"
CH,;(CH,);(S(CH1,COH A 65.0-65.5 300 MHz (CDCLy); 2.49 (t, 4 H), 2.34 (1, 2 H), 1.58 caled for Co,H, SO,
(m), 1.30 (s), 0.87 (t, 3 H) C,7091L; H, 119§ &
found
C,71.05, H, 11.83:5 8-
CH,(CHp,S(CH),COH B 70.0-TLO 300 MHz (CDCLy); 248 (¢, 4 H), 233 (¢, 2 H), 155 caled for CagH SO,
(m), 1.24 (m), 0.87 (t, 3 H) C,7TL44; H, 1185 S 8-
- found
C,71.68 H, 1163 5 8
CH,(CH,),S(CH,),,CO,H A 70.5-71.0 300 MHz (CDCLy); 2.49 (¢, 4 H), 2.34 (¢, 2 H), 1.57 caled for Co H,:S0,
(m), 1.27 (3), 0.87 (¢, 3 H) C,71.94; H, 1207;: 3,8
found
C, 72.08, H, 12.25; 5, 8.
CH,(CH,)3S(CH,),COH A 73.7-74.7 300 MHz (CDCly); 2.49 (t, 4 H), 2.34 (¢, 2 H), 1.53 caled for CogH.-SO,
(m), 1.23 (3), 0.87 (¢, 3 H) C,72.40; H, 12.15: 3. 7
found
C,72.65; H, 12.CC. S, 8

C,7522, H. 1227 >

found

C, 74.95; H. 1243 3.

caled for Cy.b
C, 74.93; H,
found

{50

12335,

C,75.10; H, 1234, =

(@]
-3
-3
a,
T,
—
90
SN
)
i

C, 78.04; H, 13.7%: 5, -

caled for CyuH:\S
C, 80.21; H, 13 54.
found

C, 80.03; H, 13.93;
caled for CuH,S

found

£ IR S

U

w o o»
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Table I (Continued)

method

of 'H NMR
compd . synthesis mp, °C data analyses
: (HO,CCH,).S 1128.5-130.5 caled for CHySO,
3 C, 32.00; H, 4.03; S, 21.35
f.".‘ found
‘- C, 32.21; H, 3.74; S, 21.71
‘A [HO,C(CH),1;S 130.0-132.5 . . : caled for CgH (SO,
C. 40.44; H, 5.65; S, 17.9
3 found
3 C. 40.60; H, 5.39; S, 13.22
] [HOQC(CH:):,]QS 111-112 300 MHz (CDCly); 2.49 (¢, 4 H), 2.35 (t, 4 H), 161 caled for CpH XSO,
e (m), 1.4 3 (m) C, 54.94; H, 8.45; S, 12.22
A found
> C, 44.18; H, 8.73; S, 12,57
9 [H02C(CH2)10]25 110.0-111.5 300 MHz (CDCly); 268 (t, 4 H), 2.34 (t, 4 H), 1.64 caled for CpH SO,
Y (m), 1.28 (m) C, 65.63; H, 10.31; S, 7.96
& found
% C, 65.90; H, 10.57; S, 8.13
4 (HO,C(CH.)5):S L17.5-119 300 MHz (THF-dy); 2.45 (5, 4 H), 2.20 (1, 4 H0. 1.55 caled for CyeHsaSO,
t (m), 1.29 (m) C,7079; H, 1151, S, 5.91
"1 found
y C,70.82; H, 11.39; §, 5.92
5 [HO,C(CH .S 117-119 insoluble caled for CHyuSO,
( C, 7431 H,12.19; S, 451
: found
%. C,7439; H, 12.17; S, 4.54
3 (HO(CH,),\).S 845-85.0 230 MHz (CDCL); 36+ (¢, 4 H), 250 (¢, 4 FO, 157 {m. caled for CoH g0y
8 H), 1.23 (m) C,70.53; H, 12.38; §, 8.5
found
i‘ C,70.80; H, 12.58; §, 8.8>
'ﬁ (CH,0,CICH,s1:S 785-70.5 300 MHz (CDCLy); 3.65 (s, 3 H), 2.43 (1, 4 HJ. 223 (1
Table II. Values of Contact Angle (Deionized Water, pH 3.4 g (80%) of didocosyl sulfide. The product was recrystalliz
5.6) on Representative Films Prepared by Adsorption for 24 twice from hot ethanol to give shiny white leafleta.
h and 10 Days from Tetrahydrofuran Formation of Self-Assembled Monolayers. Generai.
8,(24 h), 9,(10 days), monolayer films were prepared by ghe immersion of gold st
compd deg deg strates using Teflon-coated tweezers into precleaned 20—:}11, gl
S{(CHCO-HI; m 5 bottles that contained apprgximatelyﬁl:') fnL of an unstxrred_ ;
H (C.Hl‘?) S(ZCH') CO.H - lution (e.g., 0.01-0.1 wt % dialkyl sulfide in ethanol) at ambis
HJ___ e P2 al 35 temperature (usually 20-25 °C) for 12-36 h. Afterwards, the fi!
n=9 83 80 were washed by rinsing both sides of the coated substrate 3 tir
n =16 89 83 with an appropriate solvent (e.g., 1 mL of ethanol) by usin
91 disposable glass pipette equipped with a rubber bulb and t:
n =21 99 100 dried in a stream of argon for 5-15s. The properties of the fi
99 were measured immediately by ellipsometry and contact ar.
S{(CH ), CH;l: 110 113 goniometry. Gold substrates were prepared and treated
standard procedures that are described further in the parag=:
beaker containingdce water (200 mL), concentrated HCL (35 mL), concerned with the preparation of gold substrates and were U
and diethyl ether (300 mL). The ethereal layer was separated immediately after they were washed with ethanol. Glass weigh
and extracted with deionized water (3 X 100 mL) and with sat- bottles that were used for adsorption were cleaned either by fil.
urated aqueous NaCl (150 mL). The ethereal layer was dried over and emptying the bottles 3 times each with methylene chlor
anhydrous sodium sulfate and filtered, and the ether was removed deionized water, ethanol, and pure adsorption solvent or by
by rotoevaporation to yield a white solid. After recrystallization mersion of the weighing bottles in a glass container contai:
“from hexanes, 4.5 g (4% yield) of product was recovered. a solution of 1:4 H;O, (30%),/H,S0, (concn) at 80 °C for
A number of symmetrical dialkyl sulfides were prepared by followed by filling and emptying the bottles 3 times each *
rsaction of the corresponding alkyl bromides with lithium sulfide. water, ethanol, and pure adsorption solvent. The latter proces
This procedure is represented by the following: was always employed if the glassware had previously been exp
Di-n-decyl Sulfide. Toa 100-mL flask containing 50 mL of to thiols. Glass bottles were hand!sd using Teflon-coated twes
degassed methanol was added 1-bromodecane (2.00 g, 9.04 mmol) during the cleaning procedure and allowed to drain and dr
followed by anhydrous lithium sulfide (0.416 g, 9.04 mmol). The a wooden rack. Adsorption solutions were prepared by weig
reaction mixture was stirred at reflux under argon overnight. The a few milligrams of sulfide and approximately 15 g of pure 50!
reaction mixture was allowed to cool to room temperature and into a precleaned 20-mL glass weighing bottle. - Most o
poured into diethyl ether (200 mL). The ethereal layer was monolayer films in this study were generated by gelf-asse:
extracted with deionized water (3 X 100 mL), dried over anhydrous from solutions within 1-4 h of preparation. Monolayer fil:
sodium sulfate, filtered, and rotoevaporated, leaving a clear liquid. similar quality could be prepared by using adsorption solu
The liquid product was purified by cold recrystallization from up to several weeks old. After several hours of adsorptior
absolute ethanol.~ = = .~ co : R monolayer films had attained their limiting properties (F
Di-n -docosyl Sulfide. 29.Bromodocosane (5 g, 2.8 mmol) was 7). In addition, the properties of representative films pre:
dissolved in 20 mL of chloroform. ‘A solution of anhydrous lithium by adsorption from THF for 24 h and 10 days were similar (
sulfide (0.91 g, 19.8 mmol) and trimethylhexadecylammonium ID). " The susceptibility of ethanolic solutions of mercaptoalk
bromide (20 mg) in 3 mL of water was added to the bromide, and acids to oxidation was checked after 2 weeks by 'H NMR
the resulting two-phase mixture stirred at reflux for 8 h. A white troscopy and indicated that less than 3% of the mercaptoal
- “solid precipitated as the'solution was cooled to room temperature. ‘acid had oxidized to the disulfide. Occasionally, adsorpti

2 The solid was collected by filtration and dried in vacuo to give lutions were prepared by using degassed ethanol, ‘met!
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S[(CH,),,CO,H],

8 ’
12 36°, 54¢
45°
CH,(CHZ),,S(CHz)mCOgH A
n=90 , 8 45°
10 526
n=9 7 78¢
n =16 8° 92°
6° 90¢
n =21 8e 9.4°
S[(CHZ)HCHJ]2 259 111¢, 464

41%

83t
89%
91%
995

24 110%, 467 233 112¢, 454

*Adsorption from saturated solutjons, ® Values of contact angle (deionized water, pH 5.6) measured befsra elh’pscmetry experim--
“Values of contact angle (deionized water, pH 5.6) measyred after e]lipsometry experiments. 4V ]yeq of conzase angle (hexadec- .-

Table 1V, Effect of Washing with Ethanol Films Prepared

by Adsorption from 0.1, Didocosyl Sulfide in
Tetrahydrofuran for3 h
times thickness, 6,(H,0),* 0. (HD),c
washed A de deg

g
0° 25 111 46
1 24 110 46
2 25 110 46
3 25 110 45
4 24 109 43
6 24 109 45
10 23 110 45
(sonication for 10 min 23 110 43

in 15 mL of EtOH)

*Measurements were made immediately after the slide had been

removed from adsorbate solution, Contact angle (deionized H,0,

pH 5.6). ‘Contact angle (hexadecane).

Contact Angle Measurements. Contact angles were deter.
mined on sessile drops with 3 Ramé-Hart Model 100 contact angle
goniometer, equipped with 4 contro“ed-environment chamber,
by estimating the tangent to the drop at its intersection with the
surface. Thesge were determined 5-20s after application of the
drop to the surface, The relative humidity in the chamber was
maintained at 100% by filling the wellg in the sample chamber
with distilled water. The temperatures wag not controlled and
varied between 20 and 25 °C. The volume of the drop used was
5 uL; values of contact angle were, however, independent of the
volume of the sessile drops in the range 1-20 uL. The samples
wvere prepared and handled with Teflon-coated tweezers gs de-
scribed for the formation of monolayer filmg, Aj] reported valueg
are the average of at Jeagst six Mmeasurements takep at different
locations (separated by at least 1 cm) on the film surface and have
! maximum range of £3°, Sessile drops for both advancing and
‘eceding contact angles were applied with 4 8yringe by the
‘echnique described by Dettre and Johnson, 88 Sessile drops for
1dvancing angles were formed with 4 syringe by allowing the drops
‘0 contact the surface and increasing the volume of the drop to

\
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Figure 14, Receding contact angles (deionized water, pH 5.5,
for monolayer surfaceg prepared from 11-(maJkylth."o)undecanofc
acids adsorbed onto gold. Solid Squares represent adsorbates
Prepared by method A and solid cizcles these Prepared by method
B. The dashed line is a best f¢ to the advancing argles presen‘ed
in Figure 10.

Table Vv, Contact Angles of Water (pH 5.6) on Monolayer
Films before and after Soaking under Water for 2 Days

f.(initial), 0,(%inal),
compd deg deg

S[(CH;)mCO;H]g 52 51
CHJ(CHZJAS(CH,)IOCO:H

n=5 73 76

n=9 82 77

n =16 93 91

n=17 ‘ 93 93
S[(CH;);ICHajg 112 111 (3 days)

S uL while withdrawing the Syringe. Sessils drops for receding
angles were formed by applying a 10-2L drop to the surface an 3
then reducing the volume of the drop by rexmoving liquid wi:h
a syTinge (removed approximately 5 ,1,) un:il the periphery of
the drop retreated. Measurements of receding angle were takerz
within 5-20 g after formation of the sessile drop. Valyes of
receding contact angle are shown in Figure 14. Values of ad-

for films before and after immersion in deionized vga_ter‘(q‘r several
days (Table V). In both instances, no signiﬁgant‘ch.ange was
observed. SO A
Ellipsometry Measurements. EUJpsometry measurements
were made with g Ruldolph Research Type 43603-200E thin-film
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Figure 15. Stability of advancing contact angles (deionized water, pH 5.6) for representative films prepared by adsorption from
tetrahydrofuran as a function of time after application of the drops in a goniometer chamber (100% humidity).

Table VI. Atomic Concentrations of Representative Films

Table VII. Effect of Variation of pH on Contact Angles

Estimated by XPS (deg)
compd %Ay %C %S %O 8, 8. Ad,
CH,S(CH;),,CO.H 32.3 549 3.0 9.8 compd (pH 5.6) (pH 13)° (pH 5.6-13»°
obsd for Ay, C, S, 0 8l.1 44 145 S[{CH,);,CH,la 113 112® 1
obsd for C, S, O 80.0 6.7 13.3 CH;(CH,),S(CH ) ;CO.H
caled for C,,S0; n =21 97 80 17
CH;(CH;)sS(CH,),,COH n=19 95 73 18
obsd for Ay, C, S, 0 37.7 52.2 1.5 8.6 n=17 94° 85° 9°
obsd for C, S,0 83.8 2.4 13.8 n=16 91 83 8
caled for 1780, 850 50 100 n= 14 76 65 11
CH,4(CH,),;S(CH;),CO.H n =10 78 70 8
obsd for Ay, C, S, 0 29.0 53.9 2.5 12.7 r=9 80 65 15
obsd for C, S, O 786 3.5 17.9 n=>5 76 62 14
caled for CSO; 889 37 14 n=0 43 23 25
CH;(CH,)4S(CH,),CO.H S[(CH;),,CO;H). 44 8 36
gg:g gg: étl'scbs' 0 331 2—8;; ig 13(; sMonolayer films of dialkyl sulfides are not stable to 0.1
caled for C5,S0; 912 2.9 5.9 NaOH solution. Initial contact angles are reported within 1 min ¢
HS(CH.),,CH, application of test drops. ®Contact angle values for both acic:
obsd Tor Au,C, S, 0 35.9 61.7 23 0.1 and basic drops were reproducible if the monolayer was in contar
obsd forC.-S, © 963 36 0.2 with 0.1 N NaOH solution for less than 1 min. ¢After exposure t
caled fo;CpS 923 1.1 0.0 drops of 0.1 N NaOH, 8, for 0.L N HCI decreased from 94° to &7
HS(CHZ)WCO;H and 8, for 0.1 N NaOH decreased from 85° to 66°.
obsd for Ay, C, S, O 21.5 58.9 2.2 17.5
obsad for C, S, O 749 28 223 (P, A1, P'3,and A 3) was determined for the monolayer film-
caled for C,,SO, 786 7.1 143 A chart of values of thickness and p (where p = (PT + P3-90%)
' and the phase shift A upon reflection is given by 2p + 90°) w2

ellipsometer equipped with a He-Ne laser light source (6328 A).
The angle of incidence was 70.0°, and the compensator was set
at -45.0°. Further details concerning ellipsometry experiments
have been described previously by Allara and Nuzzo.'? Mea-
surements necessary for the calculation of the film thickness
consisted of the determination of two sets of polarizer and analyzer
readings (averaged values of P1, A1, P3, and A3) for the “bare”
gold substrate and the corresponding set of values for the substrate
coated with a monolayer film. .

Values for each set of polarizer and analyzer settings, measured
in zone 1 (P1 and A1) and zoné 3 (P3 and A3), are the average
of at least three measurements taken at different locations
(separated by at least 1 cm) on the sample and had a maximum

“ gcatter of £0.15°. These measurements were determined with

generated with a computer program based on the algorithm ¢
McCracken® using the averaged sets of values for P1, AL P3, an
A3 for the bare substrates and optical constants for the films «
n, = 1.45 and k¢ = 0. Values of thickness for the films we:
determined by comparisons of the observed average values of
to the corresponding calculated values of p and thickness.
X-ray Photoelectron Spectroscopy. The XPS data in Takb
VI were determined by using a Physical Electronics Model 5-
spectrometer (Mg Ka X-ray source, cylindrical mirror analyze
50-e\/ pass energy; 10 to 10~ Torr) calibrated according to AST'
STP 699. Samples for XPS analysis were from ‘electron-bea

evaporated gold substrates and were ana]y—zedacc&'dlpg to pr
cedures already described. Samples were cut into J-cm X 1-

squares with a diamond-tipped cutter, washed %'t;h ethanol, a:

' _the sample exposed to air and within 10 min after the samples introduced into the spectrometer. For each gaé?;fe a surv:
¢ ‘'had been washed with ethanol. - After the determination of the spectrum and high-resolution spectra of C 18,0 18 8§ 2p,and
* 2. setofvalues (P1, A1,P3, and A3) for a “bare” gold substrate, the 4f were collected.” The peak areas ot.)tain.ec‘l_frg\x.q‘thg:;‘qultipl
£, L. :substrate was washed with ethanol and immersed immediately routine were converted to atomic concentrations by using t
$#¢ 1. . inthe solution of the adsorbate.’The freshly prepared monolayers following sensitivity factors: C 1s, 0.250; 913?9;5.9,8 2p, 0.1
&5 . vewere washed with ethanol, ‘and the corrésponding set of values Au4f7/2,28. These atomic percentages are rego’gted in the fi.
Sz o T e e T e A AR o
. A . o o IR IR AR A n P
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~ B
quently Exposed to Various Media for 2 Days
compd 8, (initial) 02(air/Ar) 8;(H,0/EtOH) 8,(air/Az) 65(H,0) - -
S[(CH¢)10C02H11 44 55 41 54 41 ,
48 61 46 L
48 " 66° 537 70 65
45 . 56 532 65 52
CHJS(CHQWCOZH 46 65¢
48¢ 58
48 57

initially but increased on exposure to air before contact angle measurements could be maze (ie., within 15 3). *Basic

drops were not stable. 9, decreased and the diop periphery spread with time. 6, (pH 13) = 41°, (32°, 5 min), f23°, 10 min). ©Basjc drops

were not stable. 4, decreased and the drop periphery spread with

overnight). 49, (pH 13) = 38°, (28°, 2 min), (23°, 5 min).

line of each entry in Table VI. The composition was then re-

lines we see that the values for sulfur are consistently low and
the values for 0xygen are consistently high—the predicted behavior
for sulfur atoms at the gold-monolayer interface and oxygen atoms
near the exterior of the monolayer.

The XPS spectra in Figure 8 were obtained on a modified
Kratos XSAM-800 photoelectron spectrometer operated in a fixed
analyzer transmission mode and with an instrumental resolution
of about 1.1 eV, The base pressure of the spectrometer was lesg
than 5 X 107! Torr. All spectra were collected by using a Mz Ko
excitation (1253.6 eV). Due to the observed sensitivity of these
samples to desorption and/or decomposition processes originating
from the secondary electron emission, the X-ray flux was reduced
to a very low level (12 KeV, 2 mA), and the samples were cooled
to about -100 °C in the UHV chamber. The binding energies
were referenced to Ay 4f 7/2at84.0eV. Samples were prepared

the exception that the freshly evaporated gold substrateg (prepared
with the AT&T €vaporator) were directly immersed into adsorbate
solutions without washing with ethanol beforehand.

reflection of a p-polarized beam from the gold surface at the
rear-glancing angle of incidence of 86°, More complete details
of the equipment and procedure are given elsewhere," but a brief
description is given here, The instrumentation consisted of a
modified Digilab 158 Fourier transform spectrometer system
equipped with a liquid nitrogen cooled MCT narrow band detector
and operating at a resolution of 2 el Each absorption spectrum
was referenced to an unreacted gold substrate that had been
cleaned immediately prior to measurement in order to remove
adsorbed organic impurities=The samples were mounted in a box,
purged with purified nitrogen gas, and isolated from the spec-
trometer by a KBr window. This procedure was necessary to
minimize adsorption of water and other polar materials onto films
that had exposed polar groups. Samples were prepared by the
immersion of gold substrates (prepared by using a modified Varian
evaporator at AT&T Laboratories) into adsorption solutions (0.1,
adsorbate in ethanol) for 24 h a5 described previously,
Scanning Electron Microscopy. SEM micrographs were
obtained on a JEOL JSM35 scanning electron microscope using
a33-kV accelerating potential and a sample tilt of 30°, at mag-
nifications up to 60000%. The microscope was focused on a speck
2fdust or a gold colloid deposited for this purpose and moved
‘0 a blank area of the sample, and the micrograph was taken
"olind™. If the SEM wag very well aligned and focused, low rolling
uills a few hundred angstroms across were resolved at a magni-

Kinetics of Formation of Monolayers. Formation of mon-
layer films wag monitored conveniently by ellipsometry and
ntact angle measurements (Figure 7). Gold substrates (prepared

* contact angle (deionized water, pH 5.6) and thickness (by
“iPsometry) on individual gold substrates that were immersed
fpeﬂggdly for different times of adsorption, Samples were re.

el
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time. 4, (pH 13) = 46°, (41°, 1 min), (36, 5 min), (312, 10 min), (28°,

moved from adsorption solutions and washed with ethanol. After
measurement of contact angle, the samples were washed with
deionized water and ethanol, and the thickness was measured by
ellipsometry. The samples were then washed with ethanol and
reimmersed in the adsorption soluticns

Interfacial Reconstructijon, Experiments in Figure 12 were
carried out as described below. Gold sutstrates (prepared by using
the Varian evaporator at AT&T Bell La%oratories) and films were
Prepared in accordance with the gers:3! procedures described
previously. Three samples were prep:red by the immersion of
three gold substrates into a 0.1% ethznolic solution of bis(11-
carboxyundecyl) sulfide for 24 h. Valies of contact angle for
buffers ranging from pH 1 to PH 9 wers siable for at least 2 min
after application of the drop to the surlace. Values of contact
angle measured with buffers at pH 13 and pH 11 on the film
exposed to argon decreased with time ard reached limiting values
0f 10~20° in 3 few minutes. (The reperiad values at 4, at pH of
10and 11 were measured within 5-20 5 3frar application of the
buffers)) Similar contact angle behavi-» wag observed for other
monolayer films (Tables VILand VI

Thermal Reconstruction. A samp’z for the thermal recon-
struction experiment was prepared by immersing a gold substrate
(prepared by using Prof. Klemperer's g¢vaporator) into a 0.1,
ethanolic solution of bis(ll-carboxyu:‘.decyl) sulfide for 24 h.
Afterwards, the film was removed from the adsorption solution
and washed with ethanol. The measured thickness was 12 4, and
the water (pH 35.6) contact angles were 33° and 480 before and
after the ellipsometric measurements wer2 made, respectively.
The sample was then washed with water 2nd ethanol and stored
in a glass contajger filled with argon a: ) °C for 1 h. Directly
after this treatment, the measured contactangle had risen to 54°
and the thickness had decreazed to § A
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