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Physical-organic methods are useful in studying the surface chemistry of organic solids. These meth-
ods complement the usual spectroscopic approaches in characterizing the solid-liquid interface. This
paper focuses on two topics drawn from physical-organic surface chemistry: preparations of ordered
organic surfaces by self-assembly of organic molecules on inorganic supports and uses of wetting in
characterizing these and other surfaces. Monolaver films prepared by chemisorption of alkanethiols
and dialkyl disulfides cn gold are the best characterized and most widely studied of the self-assembled
svstems. Wetting is uniquely valuable in characterizing surfaces for its combination of high surface
sensitivity and applicability to disordered surfaces.

Introduction

The interfacial chemistry of organic materials is an
important but underdeveloped subfield of surface
science." The relevance of this subject ranges from tech-
nology (adhesion to polymers,® biocompatible ma-
terials,® fiber-matrix interactions in composites®) to basic
science (wetting of solids by liquids,®™® cell-surface bio-
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chemistry?®). Organic surface science is less developed
than corresponding subfields focused on inorganic sur-
faces (metals and metal oxides) for several reasons. First,
organic surfaces are usually less ordered, less stable ther-
mally, and less amenable to characterization by scatter-
ing and diffraction techniques than are crystalline inor-
ganic surfaces. Second, many of the advances in surface
science have relied on instrumental techniques derived
from surface physics.’' Because organic materials may
be sensitive to radiation damage, and because they and
their damage products are often volatile, techniques requir-
ing high vacuum are often not applicable to them. Finally,
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Scheme I. Methods for Preparing Functionalized
Organic Surfaces: Self-Assembled Monolayers,
Langmuir-Blodgett Films, and Surface-Functionalized
Polvmers
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the questions of interest in organic surface chemistry—
the type, distribution, and reactivity of functional groups
in the interface and the character of solvent-swollen sur-
face gel lavers—are usually more qualitative than those
that have been the focus of traditioinal surface physical
chemistry. Accordingly, the community of scientists con-
cerned with the surfaces of stable, well-ordered, inor-
ganic solids has been less attracted to the area of unsta-
ble. disordered organic surfaces.

We have been developing physical-organic approaches
to the study of organic surfaces.’?!® Physical-organic
chemistry is an area based on analogy rather than on
absolute numerical measures. Thus, for example, com-
parisons of values of pK, for acidic functional groups in
solution and on surfaces can reveal the character of the
surface. An absolute measure of a surface property can,
of course, also be useful, but it is more often a compari-
son of that property with a related property of some other,
better defined system, usually in solution, that is most
efficient in yielding results.

A strategy for exploring organic surface chemistry based
on the physical-organic approach inevitably involves two
areas of research that have been relatively uncommon as
primary foci in modern surface science. First, since much
of physical-organic chemistry is based on studies in solu-
tion, the solid-liquid interface rather than the solid-
vacuum interface is of primary importance. Second, reac-
tivities (or, more precisely, relative reactivities) are invalu-
able in physical-organic chemistry as probes for
characterizing structure and environment in solution; we
believe that reactivity-based approaches also provide valu-
able information concerning interfaces.

Three types of systems have been the principal sub-
jects of research in organic surface chemistry (Scheme
I): self-assembled monolavers (SAMs) derived from alkyl-
trichlorosilanes on silicon/silicon dioxide'*™'¢ and from
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organosulfur compounds chemiscrbed on goid’ % and
other metals;*® Langmuir-Blodgett morne- anc malt-
lavers;®” and functionalized polymer suriaces.* ™

Qur work has been concerned primarily with se.i-as-
sembled monolavers on gold?~3° and with the functicn-
alization of the surfaces of low-density po.vethi.ene
films.40*8 “Wet chemical” methods are indispensable in
preparing and characterizing these systems. A wet cher-
ical method of analysis—wetting—has also proved remark-
ably useful and sensitive in characterizing surface
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Scheme I1. Gold(I) Alkyl Thiolates Are the Products of
Reactions of both Alkanethiols and Dialkyl Disulfides
with a Gold Surface
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functionality and structure in these
classes of materials. Traditional spectroscopic methods—
especially XPS,1523-34.3645 nolarized infrared external
reflectance spectroscopy (PIERS),!719:20:23.25-27.31.36 514
optical ellipsometry! 17192331 —are of course, also highly
useful.

An important motivation underlying these studies in
organic surface science is to answer, for these materials.
one of the fundamental questions of molecular-level struc-
ture of matter and its macroscopic physical properties.
We have used organic materials in these studies for two
reasons: organic materials are amenable to a wide range
of variation in molecular-level structure; surfaces are acces-
sible for characterization and studv. We have used wet-
tability as the physical property to be measured. because
it is easily measured experimentallv*® and broadly rele-
vant technologically.' % One primary focus of our
research can thus be reduced to a specific question: "How
does the molecular-level structure of organic surfaces influ-
ence their wettability by water?”

We start this account with a brief description of meth-
ods used in preparation of self-assembled monolavers and
surface-functionalized polymers. We continue with a qual-
itative discussion of the physical-organic chemistry of
wetting and particularly of its use in measuring the depths
of functional groups below the “surface™ of an organic
solid in contact with water. We close with an outline of
experiments that extend these techniques for preparing
homogeneous, self-assembled monolavers to systems com-
bining self-assembly with microlithography to generate
patterns in the plane of the monolaver.

Preparations and Substrates

Self-assembled monolayvers prepared by chemi-
sorption of alkanethiols or dialkyl disulfides on
gold are easily obtained by exposing a clean gold surface
for a few minutes at room temperature to a 0.1 mM solu-
tion of the organcsulfur compound.!”!%24 These svs-
tems are the best understood of the organic surfaces now
being studied.!"1%-2224.3435 Qurprisingly, understanding
of the reactions involved in interaction of the sulfur with
the gold is still incomplete (Scheme II). The organosul-
fur species formed from both alkanethiols and dialkyl
disulfides at the gold(0) surface is a gold(I) thiolate (RS~
Au™) adsorbed epitaxially on the gold(0) sub-
strate.?2323% In the case of dialkvl disulfides, this sur-
face gold thiolate is undoubtedly formed by oxidative addi-
tion of the sulfur-sulfur bond to gold(0). Formation of
a gold thiolate from a thiol requires loss of hydrogen,
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1986, National Academy: Washington, DC, 1986; Proc. Natl. Acad. Sci.
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but whether this hydrogen is lost as H, or lost as water
by reaction with traces of oxidants in the system is not
known. In both cases, adsorption is fast but not diffu-
sion-limited. The half-time for adsorption of both octa-
decanethiol and dioctadecyl disulfide is 7;,, =~ 1 h from
a 1 M solution in ethanol and faster for more concen-
trated solutions.?* The energy of the bond between the
organic thiolate and the gold surface is high (approxi-
mately 40-45 kcal/mol): desorption of these organosul-
fur species from the surface is slow. Exchange of alkyl
thiolates on the gold surface with thiols or disulfides
present in solution is relatively slow (requiring hours to
days to proceed to significant conversion). Under vac-
uum, the species that desorbs on heating is a dialkyl
disulfide.?

It is unclear how close these systems are to thermody-
namic equilibrium. Certain observations—for example,
the absence of large-scale “islanding” of the components
in a monolaver comprising a mixture of different orga-
nosulfur compounds?®~3!—strongly argues against wide-
spread lateral mobility of the alkyl thiolate moieties and
thus against a svstem at equilibrium. The preference
observed for long-chain alkanethiols over short-chain ones
in competitive adsorptions at gold surfaces?® % is what
one would expect on the basis of thermodynamic consid-
erations. Thus. the svstem shows clear evidence of kinetic
control. but mav. nonetheless, produce results that cor-
relate with those expected for a svstem at equilibrium.

The structure of the monolavers is better understood
than the mechanisms by which they form. In brief, a
number of studies now indicate that long-chain alkane-
thiolates adsorbed on gold constitute monolavers that are
at Jeast quasi-crystalline.’*?2% The alkv] chains are largely
or exclusively trans extended, with the axis of the chain
tilted ~30° from the normal to the surface (Figure 1).}%2!
The sulfur atoms rest in threefold hollows of the gold(111)
surface.®® Computer simulations® suggest that the out-
ermost ends of the chains show greater mobility than the
inner parts and may have occasional gauche conforma-
tions; the inner parts appear to be effectively crystal-
line.

Surface Chemistry of Surface-Oxidized Polyeth-
vlene. “Polyethylene carboxylic acid™ (PE-CO,H) has
been reviewed thoroughly.’®** This material is formed
by brief treatment of commercial, low-density polyeth-
vlene film with chromic acid solution.?®*° The predom-
inant reactive functional groups at the surface of PE-
CO,H are carboxylic acids, although other carbonyl-
containing moieties are also present.*® Alcohols are not
present in the oxidized interface in significant concen-
trations. Oxidation is accompanied by extensive etch-
ing of the surfaces if it is prolonged, and the surfaces are
probably microscopically rough, even when the exposure
to the chromic acid solution is short. The polar func-
tionalities are distributed over an interfacial region 2-3
nm thick.*> There are undoubtedly differences in the
density and distribution of functional groups in crystal-
line and amorphous regions of the polymer.

Despite (or perhaps because of) the disorder in the struc-
ture of the functionalized interface of PE-CO,H, this mate-
rial and its derivatives®!*57*® (obtained by the familiar
reactions of organic synthetic chemistry) are particu-
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Figure 1. Schematic illustration of an alkyl thiolate mono-
laver on Au(111). The top figure, a top view, shows the infer-
ence from electron diffraction experiments (ref 35): the adsorbed
thiolates are epitaxially located on the gold surface. The sul-
fur atoms are located in the threefold hollow sites. The circles
surrounding the sulfur atoms are used to suggest the area par-
allel to the gold surface occupied by the alkyl chain. The bot-
tom figure, a side view, shows the orientation of the alkyl chains
inferred from polarized infrared external reflectance spectros-
copy (PIERS) (ref 20). These alkyl chains exist largely in an
ordered. trans, zigzag conformation canted at an angle of approx-
imately 30° from the normal to the surface. The presence of
gauche conformations in the alkyl chains cannot be ruled out.

larly useful substrates with which to explore property-
structurerelationships in organic surface chemistry. PE-
CO,H is readily available and easily manipulated. It shows
complex phenomena such as surface reconstruction on
heating*®®? or mechanical deformation®® that are not
observed with SAMs on rigid substrates. Despite the obvi-
ous differences between PE-CO,H (and its derivatives)
and self-assembled monolayers of organic thiels on gold.
results obtained with it correlate surprisingly closely with
those obtained from the better defined but more diffi-
culty obtainable SAMs.26:48

Physical-Organic Chemistry of Wetting

Wetting has been considered an archaic technique, capa-
ble of yielding little detailed information about surfaces.
Measurement of a contact angle of a liquid on a solid
surface typically yields a single number. The area of solid
in contact with liquid (~1 mm?) is large, and the con-
tact angle averages contributions to solid-liquid and solid-
vapor free energies from the smaller regions (10-100 A?)
relevant to molecular-scale characterization of surfaces.
The form of Young's equation® (Figure 2) is such that
contact angles can be interpreted only in terms of dif-
ferences and ratios of surface-free energies, rather than
as a direct measure of yg; or ygy. Many features of the
theoretical underpinnings of wetting remain unsatisfy-
ing, and the technique retains a strongly empirical char-
acter. For these reasons, the technique of contact angle
measurement has been (correctly) considered to be an
information-poor technique, at least relative to some of
the surface spectroscopies (when they are applicable). In
our hands, however, wetting has proved invaluable for

(53) Sung, N. H; Lee, H. Y.; Yuan, P.; Sung, C. S. P. Polym. Eng.
Sei. 1989, 29, 791-800.
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probing the character of solid-liquid and solid—solid inter-
faces involving organic solids—an area of investigation
in which surface spectroscopy has limited usefulness. The
range of information obtained by contact angle measure-
ments can be increased by measuring contact angles as
a function of the pH of aqueous drops!®?>3342746 (“con-
tact angle titration™?), by using probe liquids other than
water, 25263931 gand by examining both advancing and
retreating contact angles.3*3! Like most techniques in
physical-organic chemistry, measurement of contact angles
relies heavily on comparisons of measurements in simi-
lar systems rather than on interpretation of absolute val-
ues obtained from only one system.

Figure 2 summarizes the essential features of a first-
order analvsis of contact angles. The thermodynamic anal-
vsis in this svstem is familiar: following application of a
drop, the drop edge expands. This expansion increases
the area of the liquid-vapor interface (always an ener-
getically unfavorable process) and decreases the area of
the solid-vapor interface (always a favorable process).
The area of the solid-liquid interface also increases. In
principle, the drop edge comes to rest when the changes
in energies that accompany these changes in areas bal-
ance. The relationship describing this equilibrium situ-
ation is given by Young's equation.” This equation relates
the cosine of the contact angle and a ratio of interfacial
freeenergies. Itassumesasystematthermodynamicequi-
librium and a smooth, homogeneous, unreactive surface.
We emphasize that, in using this approach, one should
be aware of its limitations and approximations and note
that for many systems in organic surface chemistry the
hysteresis in contact angle—that is, the difference between
the advancing and retreating contact angle—is far from
zero. A large value in hysteresis is commonly taken to
indicate a system not at equilibrium. Thus, we use con-
tact angles because they are convenient, because they are
very sensitive to details of interfacial structure at the ang-
strom scale (see below), and because they are applicable
to the characterization of solid-liquid interfaces. We
believe these measurements at least correlate with ther-
modynamically significant measures of surface and inter-
facial free energies.

In general, we follow Zisman and others in using cos
6,, rather than 6,, in our work, because cos § is propor-
tional to interfacial free energy; we use advancing rather
than receding contact angles because the hysteresis in
these systems is often very large, and 6, may be zero even
when 6, is large.

Figure 3 summarizes data from measurements of con-
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Figure 3. Change in the advancing contact angle of water on
PE-CO,H and derivatives as a function of the pH of the water.
Data for unfunctionalized PE-H are included for reference.

tact angle on a number of derivatives of PE-CO,H. These
data*® provide a useful introduction to the use of wet-
ting in characterizing the interface between organic sol-
ids and water: they demonstrate several interesting phe-
nomena and hint at the useful sensitivity of wetting t¢
the depth of functional groups below the organic water
interface. This figure plots the advancing contact angle
of buffered water on a number of derivatives of PE-
CO,H as a function of the pH of this water. Unfuncticr-
alized polyethylene is, as one would expect, hvdrophobic
(that is, the value of 6, on it is large) and insensitive o
the pH of the drop. In comparison, PE-CO,H is less
hydrophobic and shows a transition from a more hvdre-
phobic state at low pH to a more hydrophilic state at
high pH. It is clear that this transition reflects the con-
version of PE-CO,H groups to PE-CO,” groups as the
drop becomes more basic. This svstem still defies detailed
analysis because it exhibits large hysteresis and because
it is unclear how to account for the reaction of carboxy-
lic acid groups with hydroxide ion in analyzing the angle
at which the spreading of the drop stops. The contact
angle titration curves of tertiary amines also typically
show inflections; those of many primary amines do not,
for reasons that are complicated.*® We note that the val-
ues of solution pH corresponding to the half-way points
of these inflections are several pH units removed from
the values of pK, of the corresponding functional groups
in homogeneous aqueous solution. A large part of this
difference is probably attributable to the thermody-
namic difficulty of creating a charged species in the rel-
atively low dielectric constant region represented by a
polyethylene-water interface,*3“¢ but other factors may
also contribute.

Perhaps the most interesting and unexpected observa-
tion in the data of Figure 3 is the high value of contact
angle of PE-CONHC¢H;.*" This surface is very
hydrophobic—even more hydrophobic than polvethyl-
ene itself. The amide group is itself very polar, and the
presence of high densities of amide groups at the surface
of PE-CONHC¢H; might have been expected to make
the surface of this material hydrophilic. The fact that
this surface is more hyvdrophobic than unfunctionalized
polyethylene is probably a combination of two factors.
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Figure 4. Schematic illustration of self-assembled monolayers
on gold: tA) pure HS(CH,),,0H vyields a high-energy surface
consisting of CH,OH groups, (B) pure HS(CH,),,CH, yields a
low-energy surface presenting CH; groups, ané (C) mixture of
the two thiols yields a complex, disordered interface.

First, the aromatic ring must effectively completely hide
the underlving polar amide groups from contact with water.
Second, the roughness of the surface*? undoubtedly con-
tributes to its apparent hydrophobicity. The first
observation—that a phenyl ring is sufficient to hide a
polar amide group—suggests that a relatively small, non-
polar group can bury a polar one and that wettability
must be sensitive to molecular-scale details of interfa-
cial structure.

Although the thermodynamics and kinetics of spread-
ing of water on chemically and morphologically hetero-
geneous organic surfaces are certainly still not
understood.”® it is clear that measurements of contact
angle have a number of useful characteristics. First, con-
tact angles are sensitive to the polarity of functional groups
in the surface.**™*® Second, they respond to the state of
1onization of these groups and can thus be used to detect
ionizable functionalitv.*¥™%" Third, they are sensitive to
locel details of structure at the solid-liquid inter-
face.* ** Characteristics of wetting that are now largely
igncrec—especially hysteresis and kinetics of spreading—
have the potential to provide additional information, once
their measurement is well controlled and their interpre-
tation understood.

Self-Assembled Monolayers of Organic Thiols on
Gold: Structure and Use in Studying the Depth
Sensitivity of Wetting

Our most useful experiments®’~®! based on self-
assembled monolayers have utilized so-called mixed mono-
layers: that is, monolayers prepared by exposing a gold
substrate to a solution containing a mixture of two
alkanethiols in concentrations chosen to give control over
the relative concentrations of these species on the sur-
face. Figures 4 and 5 illustrate the degree of control that
can be exercised in building monolayers by using self-
assembly. In this representative experiment,?® we begin
with two components: a long-chain alkanethiol terminat-
ing in a methyl group and a short-chain alkanethiol ter-
minating in a hydroxyl group. We have prepared mono-
layers from solutions containing these two components
over a range of values of the ratio R = [HS(CH,),,-
CHZOH]solution/[HS(CH2)21CH3]so]ution' Physwal mea-
surements of relevant properties of the resulting mono-
layers are summarized in Figure 5. Pure monolayers of
the long-chain alkanethiol (Figure 4) form a thick, hydro-
phobic monolayer containing no oxygen by XPS spec-
troscopy; pure monolavers of the short, hydroxyl-termi-
nated thiol form thinner monolayers, containing oxygen
by XPS. The macroscopic property of the system—
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Figure 5. Properties of monolayers formed by the adsorption
of mixtures of HS(CH,),;OH and HS(CH,),,CH, onto gold from
ethanolic solutions. R is the ratio of the concentrations of the
two components in solution. Squares and circles represent data
from two separate experiments. The lines are provided as guides
to the eve. Upper figure: ellipsometric thickness. Middle fig-
ure: advancing contact angles of water (open svmbols) and hexa-
decane (solid svmbols) obtained by the sessile drop technique.
Lower figure: areas of the Au(4f.,;) (open symbolsi and Otls)
peaks (solid symbols) obtained by XPS. The vertical scale is
arbitrarv. Data were collected on 2 SSX-100 X-ray photoelec-
tron spectrometer (Surface Science Instruments) with a mono-
chromatized Al Ko source, 100-eV pass energy. 1-mm X-ray
spot, and 35° takeoff angle. The peaks were fitted with a sym-
metrical 90% Gaussian/10% Lorentzian profile.

wettability by water (and also by hexadecane, HD)—
correlates well with the thickness and oxygen content of
the film. Thus, by simply varving the value of R from
~1 to 100 it is possible to control the thickness of the
monolayer (21 A) from ~25to ~10 A and to control its
wettability by water from 6, > 110° to 6, < 10°. This
ability to control simultaneously the composition, struc-
ture, and macroscopic property of these mixed mono-
laver films makes them ideal for studying structure-
property relations in this class of materials. The ability
to control the film thickness to a few angstroms by sim-
ple organic synthetic techniques is particularly notewor-
thy. To achieve this level of control by using the tech-
niques of classical surface science—vapor-phase epitaxy,
sputtering, chemical vapor deposition, and others—
requires sophisticated and often expensive experimental
techniques.

The ability to prepare self-assembled monolayers incor-
porating a range of types of organic structures makes it
possible to study the depth sensitivity of wetting in some
detail. Figure 6 shows a representative experimental
approach for the measurement of depth sensitivity. In
this experiment,?® we have positioned a polar function-
ality, an etheral oxygen atom, at various distances from
the monolayer-water interface by varving the length of
the n-alkyl chain, C,H,,.,, in a series of alkanethiols of
structure HS(CH,),,OC, H,,.,. Wettability by water var-
ies significantly as C,,H,,,; ranges from methyl to buty}
but is constant for alkyl groups larger than pentyl (at a
value approximately that expected for molecules contain-
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Figure 6. Monolavers formed by adsorption of alkanethicls
terminated by alky] ethers onto gold. Upper figure: Schema: L&
illustration of a monolayer formed by adsorbing HSiCH_ 1.
O(CH,),.CH; onto gold. Lower figure: Advancing contact a"gm
of water (@1, glvcerol (O), and hexadecane (B) on monoiavers
formed by adsorbing HS(CH,),¢0(CH,),CH; onto gold as a func-
tion of the length of the Lermmal alk\l chain. PEG ( (polyteth-
viene glvcol)) is included for comparison as a surface in which
the ether linkage is exposed to the contacting liquid. The value
of the contact angle of water on PEG is approximate, since PEG
rapidly dissolves in the drop of water.

ing no ethereal oxvgen). We infer from this experiment
that the thickness of a hyvdrocarbon laver provided by a
C, alky] chain is sufficient to hide the polar oxygen func-
tionality from contact with liquid water. '

An obvious question in this type of experiment con-
cerns the order in these functionalized monolayers, rel-
ative to the order in monolavers derived from unfunc-
tionalized alkanethiols. A point of particular interest con-
cerns the order in that part of the monolayer occupied
by the group R (Figure 6). Is it necessary to have a high
degree of order in this R group to achieve effective screen-
ing of the ethereal oxvgens from water? We have begun
to explore this question by examining a number of inter-
faces having polar functional groups separated from the
solid—-water interface by various means?“® (Figure 7). This
figure summarizes results from several systems: mono-
layers on gold incorporating an ether or amide group as
the “hidden” polar functionality,?é and amide deriva-
tives of PE~CO,H.*® The interest and surprise in these
data are that all of these systems show similar behavior.
Thus, a range of organic surfaces, varying in order from
the quasi-crystalline alkanethiolates (RS"Au) on gold to
the disordered functionalized polymers PE-CONHR, all
show similar response in their wettability -by water to
the length of the n-alkyl group R. We infer from these
data that a high degree of order is not a prerequisite for
burying the polar functional groups.

The high sensitivity of wetting to local details in struc-
ture can be used as the basis for synthesis of new types
of materials showing unusual and potentially useful behav-
ior. Figure 8 shows the wettability of a material, PE-
CO\JHC H,-0-CO,H, obtained by converting the carbox-

vlic acid groups of PE CO.,H to amides by coupling with
anthranilic acid (o- ammobenzmc acid).*” At low pH, this
material is extremely hvdrophobic—more hydrophobic
than unfunctionalized polyethylene itself. At high pH,
it is as hvdrophilic as any derivative of PE-CO,H that
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(refs 23 and 24). We %e]ie\'e the data represented by O were
for monolavers that were less ordered than the other systems.

T epeen 4 s = {
- 120
|
|
— &0
i
;._eo
I
L
|
|
L o30
3

1.0 - — = ¢
2 4 6 8 10 12 14
pH

Figure 8. Right figure: advancing contact angle of water on
PE-CO.H and anilide derivatives as a function of the pH of
the liguid. Data for PE-H and PE-CONH, are included for
reference. Left figure: proposed change in conformation for PE-
anthranilate used in rationalizing the extraordinary change in
wettability observed between low and high pH (upper and lower
conformations, respectively).

we have observed. This extreme change in wettability
with pH is remarkable, and will, we believe, form the
basis for the design of pH-sensitive devices. Its detailed
origin has not been established, although we believe it to
be due to a change inl conformation with pH. We hypoth-
esize that at low pH the carboxylic acid group is proto-
nated, and the interface adopts a local structure that
exposes to water primarily the C-H bonds of the aro-
matic ring. In this low-pH conformation, the surface would
thus resemble the surface of liquid benzene and would
be hydrophobic. It is possible that intramolecular hydro-
gen bonding is responsible for the low-pH conformation,
but we have no direct structural support for this hvpoth-
esis. At high pH, we hypothesize that the carboxylic acid
groups ionize, the surface reconstructs by a rotation of
the anthranilamide moieties that exposes the resulting
carboxylate ions to water, and the interface becomes hydro-

Langmuir, Vol 6, No. 1, 1990 93

F OH

|
1

, l e
- SH \ SH

Vit

R

Figure 9. Schematic illustration of monolavers formed by adsorp-
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Figure 10. Properties of monolayvers formed by the adsorp-
tion of mixtures of HS(CH,),,0H and HS(CH,},;OH onto gold
from ethanolic solutions as a function of solution composition
R: ellipsometric thickness (O), cosine of the advancing contact
angle of water (®). Inset: expanded plot of cos 6, in the region
of the maximum hydrophobicity.

philic. In going from the low-pH to the high-pH forms,
the elemental composition of the interface has not changed.
Thus, the wettability of this surface-functionalized poly-
mer must be due to relatively small changes in local con-
formation of the anthranilamide moieties—perhaps no
more than a shift in the position of the aromatic ring by
a few angstroms.

Figures 9 and 10 show another kind of behavior reflect-
ing the high sensitivity of wetting to local structure at
the solid-water interface. The system examined in these
experiments?®%° comprised mixed monolayers obtained
by chemisorption of short-chain and long-chain hydroxyl-
terminated alkanethiols on gold (Figure 9). Our hypoth-
esis was that pure monolayers of either short- or long-
chain components would have highly ordered structures
presenting two-dimensional arrays of hydroxyl groups at
the solid-liquid interface. Monolayers derived from either
precursor would be polar and essentially indistinguish-
able by wettability. In monolayers containing a mixture
of these components, wettability of the system should
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be quite different provided that the mixture was an inti-
mate one—that is, that there was no segregation of the
two components into “islands.” We expected, in these
mixed monolavers, that the portions of the monolayer
close to the gold would remain tightly packed and qua-
si-cryvstalline but that the outer portions of the mono-
laver would be disordered with methylene units exposed
to the contacting water. In these intermediate regions
of composition, when the monolaver contained a mix-
ture of the long- and short-chain thiolates, it would thus
be expected to be significantly hydrophobic. Figure 10
shows both contact angles and thicknesses of pure and
mixed monolayers. The plot of R versus thickness estab-
lishes the range of concentrations of thiols in solution
for which the composition of the monolaver is in transi-
tion (R =~ 6-7). In this transition region—when the mono-
layer would be expected to be maximally disordered in
its outer structure—the contact angle undergoes a signif-
icant excursion from hvdrophilic toward hvdrophobic.

This peak in hvdrophobicity reconfirms the sensitiv-
ity of wettability to local structure of the solid-liquid
interface. It also provides an important piece of evi-
dence that mixed monolavers prepared by coadsorption
of two alkanethiols from solution do not, in fact, form
phase-segregated, “islanded™ mixtures but rather mono-
lavers in which the two alkanethiolates are mixed later-
ally on the gold surface. We do not know the minimum
size of islands that would show the same behavior as pure
monolavers of the components of which they were made.
but it seems likely that mixtures of islands having radii
greater than approximately 100 nm (for monolayers 2 nm
thick) would be difficult to distinguish from extended
sheets of pure components.

Extensions of Self-Assembly to Organic Surfaces
Having Patterns in the Plane of the Surface

Our experiments with self-assembled monolavers on
gold, and with organic polymers. have vielded svstems
in which composition and structure can be manipulated
conveniently along the perpendicular to the plane of the
interface. Clearly, the degree of control over composi-
tion and structure is greater for self-assembled monolay-
ers than for functionalized organic polymers, but in both
cases there are strong similarities between the systems.
Neither, however, provides immediate opportunity to pre-
pare systems in which structure can be controlled in the
plane of the interface. We have recently developed (in
collaboration with James Hickman and Mark Wrighton
at MIT) a model system that combines microlithogra-
phy with self-assemblv.>® We believe that this svstem
demonstrates a widely applicable method for the prepa-
ration of organic surfaces having a useful degree of con-
trol over composition and structure in the plane of the
surface.

The basis for this experimental technique is summa-
rized in Figure 11. We pattern a substrate of interest
(in these experiments, silicon nitride) by depositing thin
gold and aluminum strips using conventional microlitho-
graphic techniques.®® The aluminum oxidizes spontane-
ously in air and presents aluminum oxide at the solid-
vapor interface; the gold remains clean (except for weakly
adsorbed contaminants from the laboratory atmo-
sphere). We select two adsorbates, L, and L,, such that
these two adsorbates adsorb strongly and selectively on

(54) Laibinis, P. E.; Hickman, J. J.; Wrighton, M. S; Whitesides, G.
M. Science (Washington, DC) 1989, 245, 845-847.

(55) Kittlesen, G. P.; White, H. S.; Wrighton, M. S. J. Am. Chem.
Soc. 1984, 106, 7389-7396.
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Figure 11. Schematic illustration of the simultaneous forma-
tion of two independent (orthogonal: self-assembled monolay-
ers on gold and alumina surfaces by exposure to a solution con-
taining both a thiol and a carboxylic acic.

gold and alumina. Inthe example given. L, is an alkane-
thiol and L, a fluorine-labeled alkanecarboxylic acid. Expo-
sure of the substrate patterned with gold and aluminum/
alumina to a solution containing L, and L, results in rep-
licating the gold pattern with a self-assembled monolayer
derived from the alkanethiol and the aluminum/
alumina pattern with a self-assembled monolayer derived
from the alkanecarboxylic acid.®® Figure 12 suggests the
selectivity that can be observed in this system by show-
ing scanning Auger element maps for gold, aluminum.
sulfur. and fluorine.

These svstems are being extensively developed in our
laboratoryv. and several combinations of substrates and
adsorbates is now available giving “orthogonal™ self-as-
sembled monolayers.®” It is experimentally straightfor-
ward. using existing technology, to obtain features by
microlithography having dimensions in the range 0.5-
1.0 um. Techniques®®®® presently being developed (espe-
cially shadow lithography®’) promise to extend these tech-
niques to features with dimensions of <100 A. Thus, by
combining microlithography and self-assembly, we hope
eventually to be able to prepare interfaces in which we
have control over both the in-plane and perpendicular-
to-plane composition and structure on scales of dimen-
sions ranging from 2 to 100 A. We believe that these
svstems will be useful in studying a wide range of phe-
nomena in surface science and technology.

The Future

Modern organic surface chemistry is at an early stage
of development. Several systems are, however, now avail-
able for study.

Self-assembled monolayers on metals and metal
oxides are the best characterized and most control-
lable.12-36%661 They offer a range of materials that are
flat and stable, and can be varied from highly ordered
to disordered. Although preparation of most of these sys-
tems is straightforward, it is unlikely that they will be
used in applications requiring large areas of functional-
ized interface.

(56) Allara, D. L.; Nuzzo, R. G. Langmuir 1985, I, 45-52 and refer-
ences cited therein.

(57) Laibinis, P. E.; Folkers, J. P.; Whitesides, G. M. Unpublished
results.

(58) E-Beam and X-ray nanolithography: Wilkinson, C. D. W.; Beau-
mont, S. P. Springer Proc. Phys. 1986, 13, 36-50. Anderson, E. H,;
Kern, D. P.; Smith, H. . Microelectron. Eng. 1987, 6, 541-546. New-
man, T. H.; Williams, K. E.; Pease, R. F. W. J. Vac. Sci. Technol. B
1987, 5, 88-91. Kuan, W,; Frank, C. W,; Fu, C. C.; Allee, D. R.; Mac-
cagno, P.; Pease, R. F. W. J. Vac Sci. Technol. B 1988, 6, 2274-2279.

(59) Lithography by STM: Silver, R. M; Ehrichs, E. E.; DeLozanne,
A. L. Appl. Phys. Lett. 1987, 51, 247-249. Lin, C. W,; Fan, F. R. F;
Bard, A. J. J. Electrochem. Soc. 1987, 134, 1038-1039. Cranston, D. H,;
Lin, C. W.; Bard, A. J. J. Electrochem. Soc. 1988, 135, 785-786. McCord,
M. A.; Kern, D. P.; Chang, T. H. P. J. Vac. Sci. Technol. B 1988, 6,
1877-1880.

(60) Jones, E. T. T.; Chvan, 0. M.; Wrighton, M. S. J. Am. Chem.
Soc. 1987, 109, 5226-5228.

(61) Hickman, J. J.; Zou, C.; Ofer, D.; Harvey, P. D.; Wrighton, M.
S.: Laibinis, P. E.; Bain, C. D.; Whitesides, G. M. J. Am. Chem. Soc.
1989, 1711, 7271-7272.
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Figure 12. Scanning electron micrograph (SEM) and scan-
ning Auger element maps for an array of four strips of gold
(numbers 1, 3. 6. and 8) and four of aluminum/alumina (num-
bers 2, 4.5, and 7) on a silicon nitride substrate that was exposed
to a mixture of HS(CH,),,Cl and CF4(CF,)¢CO,H in isooctane.
The SEM and element maps are for the array viewed from above;
the schematic of the device (the height of the strips is not drawn
to scale) is a side view.

Langmuir-Blodgett films complement self-assem-
bled monolayers. Although they are experimentally more
difficult to work with than self-assembled monolayers
(especially for highly ordered systems, in which transfer
from the liquid-air interface to a solid support runs the
risk of introducing cracks and other tvpes of defects into
the film), they are more easily applied to multilayer sys-
tems.

Functionalized polymer surfaces are, in general, dis-
ordered and complex. Large areas of these surfaces, are,
however, readily available. Moreover, because the under-
lving polvmer is permeable and deformable, these inter-
faces display a range of properties and phenomena on
heating or mechanical deformation that cannot be observed
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with rigid silicon, glass, or metal substrates. The recon-
struction of functionalized organic polymers is a fasci-
nating and highly technologically relevant subject in its
own right.%? It may also lead to new classes of materi-
als, by introducing functional groups at the solid-liquid
interface and subsequently diffusing these functional
groups a few angstroms below the surface by heating or
by mechanical deformation.

Work to date has also established a range of tech-
niques that seem immediately useful in studying organic
interfacial chemistry. Of the classical surface spectro-
scopies, XPS is uniquely valuable in providing informa-
tion about composition and about the location and char-
acter of functional groups. Polarized infrared external
reflectance spectroscopy (PIERS) is exceptionally use-
ful in the specialized task of characterizing the degree of
order in self-assembled monolayers containing methyl-
ene chains. Optical ellipsometry and XPS provide com-
plementary information about thickness in monolayers.
The ultimate usefulness of instrumental techniques in
studying organic surfaces remains circumscribed by the
intrinsic characteristics of these materials. Organic inter-
faces are usually not sufficiently well-ordered to provide
high-quality information by scattering techniques; organic
materials damage readily on exposure to high-energy radi-
ation or particles and may contaminate vacuum sys-
tems. Organic materials are often electrical insulators,
and surface charging can make experiments difficult; the
techniques of vacuum physics are usually not applicable
to the condensed interphases (both solid-liquid and sol-
id-solid) of primary interest in organic surface chemis-
try.

By contrast, contact angle measurements provide a con-
venient probe of the structure of the interface. The util-
ity of this method is based on its high sensitivity to local
surface structure and on its ability to detect certain types
of reactions—especiallv those involving ionization of func-
tional groups—that are well understood in physical-or-
ganic chemistry. Contact angle measurements thus con-
stitute a first step in using reactivity as a probe of sur-
face structure. Wetting has an additional advantage as
a probe of surfaces that it is instrumentally straightfor-
ward and inexpensive:*? it is, thus, accessible to scien-
tists and technologists who might not have the financial
or emotional resources to invest in the full panoply of
high-vacuum surface spectrometry.

Although uncertainties remain concerning many aspects
of the organic surfaces now available, they are suffi-
ciently well defined that they can be used to discover
and study new and complex phenomena. Adhesion and
tribology are immediately accessible opportunities.? The
condensation of thin liquid films on polar interfaces® is
a subject of broad interest in a range of technologies®
(especially when the condensing liquid is water) and is
also relevant to the extensive body of information devel-
oping from applications of the surface force balance®® and

(62) Hintermann, H. E. J. Vac. Sci. Technol. B 1984, 2, 816-822. Mas-
signon, D. J. Chim. Phys., Phys.-Chim. Biol. 1987, 84, 135-140.

(63) Derjagin, B. V.; Churaev, N. V. in Fluid Interfacial Phenome-
non; Croxton, C. A., Ed.; Wiley: Chichester, 1986; Chapter 15. Beys-
ens, D.; Knobler, C. M. Phys. Rev. Lett. 1986, 57, 1433-1436. Kuroda,
Y.; Kittaka, S.; Miura, K.; Morimoto, T. Langmuir 1988, 4, 210-215
and references therein.

(64) Sidemna, S.; Moalem Maron, D. In Boiling Phenomena; van
Stralen, S., Cole, R., Eds.: Hemisphere: Washington, DC, 1979; Vol. 2,
pp 903-922. Huang, P. H. Sens. Actuators 1988, 13, 329-337.

(65) Israelachvili, J. N.; Tabor, A. Proc. R. Soc. London, A 1982, 331,
19. Israelachvili, J. N. J. Colloid Interface Sci. 1986, 100, 263. Israelachvili,
J. N.; Christenson, H. K. Physica A 1986, 140, 278.
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atomic force microscope.®® The application of the pre-
parative techniques and design criteria already available
to the preparation of new materials systems displaying
new types of properties is just beginning.

These organic surface systems should also provide excel-
lent substrates with which to study certain phenomena
in basic science.!?>'® Wetting is providing an outstand-
ingly useful probe with which to study the energetics of
the solid-liquid interface and to explore the kinetics and
thermodynamics of drop spreading.”® The ability to con-
trol organic film thickness at the level of angstroms pro-
vides, for the first time, the capability of making very
thin hydrocarbon barriers with very high dimensional con-
trol for use in studying electron transfer.’® It should be
possible to use these systems in electrochemistry to study
the fundamentals of electron transport at interfaces and
in the preparation of new tyvpes of microelectrochemical
devices and electrochemically based sensors. With fur-
ther development of synthetic techniques, it should be

(66) Martin, Y.; Williams, G. C.; Wickramasinghe, H. K. J. Appl.
Phys. 1987, 61, 4723-4729. Marti, O.; Ribi, H. O.; Drake, B.; Albrecht,
T. R.; Quate, C. F.; Hansma, P. K. Science (Washington, DC) 1988,
239, 50-52. Marti, O.; Drake, B.; Gould, S.; Hansma, P. K. J. Vac. Sci.
Technol., A 1988, 6. 287-290. Schneir, J.; Marti, O.; Remmers, G.; Gla-
ser, D.; Sonnenfeld, R.; Drake, B.; Hansma. P. K.; Ellngs, V. J. Vac.
Sci. Technol., A 1988, 6, 283-286. Gould, S.; Marti, O.; Drake. B.: Helle-
mans, L.; Bracker, C. E.; Hansma, P. K.; Keder, N. L; Eddy, M. M.
Stucky, G. D. Nature 1988, 332, 332-334. Burnham, N. A.; Colton. R.
J.J. Vae. Sci. Technol., A 1989, 7, 2906-2913.
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possible to attach macromolecules to SAMs and to begin
to use them to model certain biological surfaces. In the
more distant future, it may be practical to build cavities
with defined dimension into self-assembled monolavers
and perhaps to use them for shape-selective recognition
and catalvsis.
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