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Theselectivity, sensitivity, andreproducibility ofSAWchemical sensors functionalizedwithacarboxylate-
coordinated Cu2+-terminated surface are examined in relation to the interfacial properties of these
organomercaptan self-assembledmonolayer (SAM) films, prepared from the solution phase for adsorption
times of 36, 84, or 180 h on Au surfaces having variable, controlled grain sizes. SAM adsorption time and
the grain size of the Au film can dramatically affect the response to adsorption from the vapor phase onto
the composite monolayer-modified SAW device. It is proposed that the varied response results from
differences in molecular packing and, particularly, in the ordering of the end groups of the monolayer film
that provide the chemically sensitive interface. These studies provide an important step toward reliably
fabricating chemical sensors that respond to specific classes of organic analytes.

Introduction

Chemically sensitive surface acoustic wave (SAW)
devices provide a basis to design sensors that respond to
specific classes of organic analytes.1 While custom-
designed and synthesizedmolecular recognition sites are
an appealing answer to chemical specificity, the difficult,
time-intensive nature of this approach, coupled with the
very largenumberofmolecules forwhich chemical sensors
are sought and the difficulty of dealing with nonspecific
adsorption,maymean that customguest-host complexes
will ultimately find application only in a small fraction of
successful chemical sensor systems. An alternate ap-
proach is to relax selectivity requirements significantly,
though not completely, and use arrays of two or more
devices, relying on the “fingerprint” offered by thepattern
of responses to identify a particular analyte.2-15

To rationally design chemically sensitive interfaces of
moderate selectivity, then, an appealing approach is to
make use of known reversible bulk-phase interactions
between the analyte and functional moieties that can be
incorporated into a thin film.16,17 Composite self-as-
sembled monolayer (SAM) films that employ organomer-
captan molecules have the potential to provide a simple
methodology for fabricating such chemically active vapor/
solid interfaces that respond reversibly and reproducibly
to a wide spectrum of organic analytes. For example,
SAMs prepared using 0.5-10 mM ethanolic solutions of
an appropriaten-alkanethiol for formation times ranging
from 1 to 100 h produce monolayers with similar average
properties (i.e., surface coverage, structure, and orienta-
tion).18 Furthermore, several research groups, including
our own, have extensively studied the chemical reactivity
of organomercaptan monolayers, as well as the interac-
tions of these films with vapor-, liquid-, and solid-phase
reactants, which provide detailed information about the
wetting properties,18 adhesion forces,19,20 and molecular
interactions21-23 of the SAM terminal groups.
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In most cases, SAM films are formed onto Au surfaces
that are thermally or electron-beam evaporated onto Ti-
or Cr-primed Si(100) substrates, but they are also com-
monly formed on Au-covered glass, quartz, or mica
surfaces, as well as single-crystal Au(111) substrates.18
Although the wide range of substrate materials and
deposition conditions produce Au films having different
grain sizes and surface roughnesses, SAM films having
similar macroscopic properties are nevertheless formed.
The ordering of the S head group onto the primarily (111)
crystallite orientation found topredominate for all of these
Au surfaces, alongwith the densely-packed self-assembly
of the alkane portion of the organomercaptan molecules,
most likely accounts for the consistent characteristics of
the Au-supported SAMs.
Recent studies show, however, that subtle effects (e.g.,

number of defects) within a SAM film may result from
differences in themicrostructure, presumably associated
with grain boundaries, of the underlying Au film.24,25 In
these reports, however, it is not clear that the authors
invariably used the same monolayer adsorption time, a
parameter that could also affect the quality of the SAM
film. Several reportshavepreviously shownthataspecific
defect structure results for SAM films prepared using
solution-phaseadsorption timesof24-48h.26,27 Moreover,
a recent STM study clearly illustrates that it takes many
days for the Au surface to reorganize in the presence of
thiols and many days for self-assembly to be complete
under certain conditions.28

WeuseSAWdevices asphysical transductionplatforms
for chemical sensors and interfacial chemical studies
becauseof their extremesensitivity to surfaceadsorbates.1
For example, we measure a surface mass detection limit
of ca. 100 pg/cm2 because the acoustic energy is largely
confined to within one wavelength of the surface, coupled
with the fact that the frequency stability of our 97-MHz
SAW oscillator circuit is about 1 Hz over time intervals
exceeding 1 min.29 In many cases, it is appropriate to
assume that the velocity of the SAW is perturbed in direct
proportion to the surfacemass loading of thedevice,which
is measured as a change in frequency when the device is
used as the feedback element of an oscillator circuit.29
When theydo occur, changes in themechanical properties
of a selective coating interacting with a vapor-phase
analyte often result in attenuation of the acoustic wave,
in addition to their influence on the SAW velocity (and
hence oscillation frequency).30,31

We recently demonstrated that a SAW sensor covered
by an organomercaptan self-assembled monolayer film18

having a carboxylate-coordinated Cu2+ end group can be
used to reversiblydetect organophosphonates (Figure1).16
The original selection of Cu2+ was based on its reported
ability to function as a phosphonate hydrolysis catalyst.32
In this report, we compare the SAW response from a

carboxylate coordinated Cu2+-terminated SAM to that
from a methyl-terminated SAM, as these films interact
with a vapor-phase organophosphonate analyte as well
as the vapors of a number of common organic solvents.
We also examine in detail the effects of solution-phase
SAMadsorption time and the grain size of the supporting
Au surface.

Experimental Details
Chemicals. The following chemicals were used as received:

diisopropyl methylphosphonate, DIMP (98%, Alfa); absolute
ethanol (Aaperalcohol); 11-mercaptoundecanoicacid,MUA(98%)
and Cu(ClO4)2‚6H2O (both from Aldrich); acetone, isooctane,
1-propanol, trichloroethylene (TCE), sulfuric acid, and 30%
hydrogen peroxide (all from Fisher). Water was purified by
double distillation.
Au Substrate Preparation. Au films, 100 nm thick, were

electron-beam evaporated onto the active surface region of clean
ST-quartz SAW devices. No Cr or Ti adhesion layer was used
since both of thesemetals are known to diffuse throughAu films,
which could potentially interfere with comparisons between
composite SAM films formed for different lengths of time and on
Au surfaces having variable grain sizes. The substrate tem-
perature was maintained at either room temperature or 100 °C
during the deposition. The pressure during the Au evaporation
was (1-2) × 10-6 mmHg. Au films evaporated onto 100 °C
substrates were annealed at either 150 or 250 °C for 2 h in the
same deposition chamber, following backfilling with N2 to a
pressure of 1-5 mmHg.
CompositeMonolayer Formation. Composite monolayer

films were prepared immediately upon removal of the SAW
devices having newly deposited Au films from the evaporation
chamber by (1) immersing the substrates in a 0.5 mM ethanolic
solution of MUA for 36, 84, or 180 h, (2) thoroughly rinsing with
ethanol, deionizedwater, and ethanol again, (3) immersing these
carboxylic acid-terminated SAM films in a 2 mM ethanolic
solution ofCu(ClO4)2‚6H2O for 10min, and (4) thoroughly rinsing
the composite monolayer film with ethanol before drying with
N2. Previous Fourier transform infrared external reflectance
spectroscopy and X-ray photoelectron spectroscopy measure-
ments of similarly prepared composite monolayer films have
confirmed the formation of the (COO-)2/Cu2+ interface.16
AuSurfaceCharacterization. ANanoscope “StandAlone”

atomic force microscope (Digital Instruments, Santa Barbara,
CA) was used to analyze the grain size of the SAM-modified Au
film after the SAW measurements. The AFM measurements
were done in air using commercially available Si3N4 microfab-
ricated cantilevers having ∼100 nm probe radii and ∼0.01 N/m
spring constants. Data processing consisted of removing the
same periodic noise observed in all of the scans and setting the
height scale at 30 nm to facilitate direct comparison between the
images. Electrochemical surface roughnessmeasurementswere
carried out in a single-compartment, three-electrode glass cell
containing a Ag/AgCl (saturated KCl) reference electrode and a
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Figure 1. Schematic diagram of a self-assembled composite
monolayer-modified chemically sensitive SAW device. The
(COO-)2/Cu2+-terminated interface depicted here displays
significant selectivity, inaddition to reversibilityanddurability,
for detecting organophosphonate nerve-agent simulants.
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Pt counter electrode. Bare Au films, which were evaporated
onto ST-cut quartz and had approximately the same grain sizes
as those used in the SAW measurements, were used as the
working electrodes. The active area (1.23 cm2)was reproducibly
defined by pressing a Viton O-ring between the Au surface and
the glass cell. The electrochemical measurements were per-
formed with a Pine InstrumentsModel AFRDE4 bipotentiostat,
and data were recorded on a Kipp and Zonen Model BD-90 X-Y
recorder. Cyclic voltammograms were acquired by oxidizing/
reducing the Au surfaces between 0.2 and 1.4 V at a rate of 0.1
V/s in0.24MHClO4. Thesurface roughness factorwasestimated
by integrating the amount of current required to reduce the Au
oxide peak and dividing this number by the calculated value of
the amount of charge necessary to oxidize an atomically flat
Au(111) surface (1.4 × 1015 Au atoms/cm2)33 having the same
active area.34
SAW Experiments. SAW measurements were performed

immediately followingcompositeSAMfilmformation tominimize
“aging” effects. Approximately 1-2 h were required to stabilize
the SAWdevice under ultrahigh purityN2 before taking the first
measurements. SAW devices (97 MHz) on ST-quartz with Ti-
primed Au transducers were designed and fabricated at Sandia
National Laboratories.35 The SAW measurements were per-
formed according to previously described procedures.22a,29,31
Adsorption/desorption isotherms for newly prepared composite
monolayer filmsexposed toacetone,DIMP, isooctane, 1-propanol,
trichloroethylene, toluene, andwaterweremeasured over vapor-
phase concentrations ranging from 0%- to 50%-of-saturation in
a N2 carrier gas stream at 21.6 ( 0.1 °C using a computer-
controlled flow system described elsewhere.36 One DIMP iso-
thermwas taken before and after exposure to the set of all other
organic solvents. Isotherms were obtained over a total of 4 h for
each analyte (2 h each for adsorption and desorption).
If the SAW velocity is perturbed only by mass loading

variations, the change in frequency, ∆f, is related to the change
in adsorbed mass per area, ∆(m/A), by eq 135

where cm is themass sensitivity (1.33 cm2/g-MHz for ST-quartz),
fo is the unperturbed oscillator frequency (97 MHz), and κ is the
fraction of the center-to-center distance between the transducers
covered by the Au film; its present value is 0.7. Thus, the active
region of the SAW device is covered by 70% Au of controlled
grain size and 10% Au/Ti transducer fingers that are small-
grain-size Au,37 and the remaining 20% is bare quartz.
In addition to frequency changes, the insertion loss was also

recordedduring all SAWexperiments. Changes in this quantity
are directly proportional to changes in the attenuation of the
surfaceacousticwave,R,which is typicallynormalizedbydivision
by the wavenumber, k. Changes in the dimensionless quantity
R/k (referred to below and in the figures simply as “attenuation”)
can then be compared in magnitude to the concurrent changes
in ∆f/fo (provided κ is near unity) to estimate their relative
“significance” in a qualitative sense.1b,35

Results and Discussion
Selectivity and DIMP Multilayer Formation on

the (COO-)2/Cu2+-Terminated Surface. Figure 2A
shows frequency shift (∆f/fo from eq 1) as a function of
vapor-phase concentration for six different organic ana-
lytes, as well as water, interacting with a SAW device
covered by a (COO-)2/Cu2+-terminated monolayer film.
The organomercaptan SAM was allowed to form for 180
h on a room-temperature-deposited Au surface. For

clarity, only a small percentage of the recordeddatapoints
areplotted; note thatnegative frequency shifts correspond
to increased mass loading (eq 1). The data in Figure 2A
indicate that multilayers form (based on molar volumes
from the bulk liquids) at p/psat ) 0.5 for all the analytes
examined but isooctane. The number of multilayers that
adsorb gives a qualitative indication of the “range” of the
interaction. It is thus interesting to note that the
frequency shift for DIMP at p/psat ) 0.5 is consistent with
the adsorption of approximately 17 layers of DIMP,
assuming the layers have the density of the bulk liquid
and that theSAWresponse is entirelydue tomass loading.
This value is significantly larger than the next-highest
equivalent mass coverage for an analyte at p/psat ) 0.5,
about nine layers for acetone; the coverage of water is
about three layers at the same p/psat value. Apparently,
DIMP is the most amenable of the species examined to
multilayer formation. It isnoteworthy that, for all of these
analytes, this multilayer formation is a fully reversible
process: when the N2-entrained-analyte-vapor stream is
replaced by a pure N2 stream, the SAW frequency
eventually returns to a relative frequency shift of zero.
Asdiscussed inmoredetail below,we find that changing

either the solution-phase formation time of the SAM or
the grain size of the Au surface supporting the SAM can
dramatically influence the extent ofmultilayer formation.
These results provide indirect evidence that analyte
multilayer formation is a result of molecular ordering
induced by the SAM, the ordering of the SAM being a
function of the conditions under which it is formed.
The adsorption of the various analytes of Figure 2A

also results in reversible, concentration-dependent at-
tenuation of theacousticwave (not shown), themagnitude
of which is in approximate proportion to the frequency
shift. Attenuation of the acoustic wave is often related to
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layer). Thermal annealing the devices up to 300 °C caused the grain
size to increase by no more than 35%.

∆f/fo ) -κcmfo ∆(m/A) (1)

Figure 2. Adsorption isotherms for a SAW device, covered
with either a (A) (COO-)2/Cu2+- or a (B) CH3-terminated
monolayer film, exposed to six different organic analytes and
water. Each isotherm was obtained over the course of 2 h. The
samescalesareused inbothparts ofFigure2 todirectly compare
the response of the two monolayer films. In (A), the equivalent
coverage for the DIMP analyte at 50% of saturation is about
17 layers. The next-highest coverage corresponds to ap-
proximately nine layers for the acetone analyte.
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changes in themechanical properties of surface layers;30,31
because suchmechanical interactions also influenceSAW
velocity, the equivalentmass coverage calculatedwith eq
1 may not be completely accurate.38 We do not expect
that correction for this effect would change the chemical
selectivity trends discussed in detail below because all
the analytes causeattenuation inapproximateproportion
to the size of the response. Corroborating ellipsometric
data suggest the frequency shift may be an overestimate
of themultilayer coverage by a factor of nomore than 2,39
and polarization-modulation FTIR data also indicate the
formation of multilayer films for this system.40
TheMethyl-TerminatedSurface. In contrast to the

results for the (COO-)2/Cu2+-terminated surface, Figure
2BshowsSAWresults (adsorption isotherms) for the same
groupofanalytes interactingwithaCH3-terminatedSAM.
In this case, the SAM was allowed to form for 84 h on a
room-temperature-depositedAusurface. Thevapor/solid
interface of theCH3-terminatedmonolayer isnot expected
to be appreciably affected using a shorter SAM formation
time because the chemical nature of this film can be
attributed solely to vanderWaals interactions (as opposed
to orderingassociatedwithhydrogenbonding (Hbonding)
of the carboxylic acid groups in the acid-terminated
SAM).22b As illustrated in Figure 2B, there is clearly no
preference for the organophosphonate using this chemi-
cally insensitive interface. The same scales are used in
both parts of Figure 2 to directly compare the response
of the two monolayer films. Nonspecific interactions
between the analyte and themonolayer film (i.e., van der
Waals) as well as specific interactions between adsorbing
analyte molecules account for the relative differences in
adsorbed mass.
ChemicalSelectivity. While “raw” frequencychanges

are sometimes used as an indication of selectivity, such
dataarenecessarilybiased in favor of analyteswithhigher
molecular weight: for a given surface coverage of an
analyte, expressedasnumberofmolecules/area, thehigher
molecular weight species causes a proportionately larger
frequency shift. To make a more objective assessment of
the extent of selectivity, we normalized the data of parts
A and B of Figure 2 for analyte molecular weight and
replotted the isotherms in parts A and B of Figure 3,
respectively. Expressedas thenumber ofmoles adsorbed/
area, the adsorption isotherms in Figure 3A reveal
preferential response to DIMP and acetone relative to
other commonorganic solvents. We initially expected that
these two preferred analytes should have moderately
strong interactions with the (COO-)2/Cu2+-terminated
surface because of their available oxygen lone pairs; the
coordinated Cu2+ is a Lewis acid and these two analytes
areLewis bases. Only theDIMPanalyte, however, shows
an appreciable amount of specific binding with this
compositemonolayer filmwhen the results for themethyl-
terminated SAM are taken into account (see discussion
below). Water is next in extent of coverage; the shape of
the water isotherm, which rises fairly steeply above p/psat
) 0.3, is probably influenced by water’s ability to form
H-bondednetworkswith itself. Note thatneitherpolarity
norH-bonding capability alone can explain the selectivity
trend. Next in order of selectivity are 1-propanol, trichlo-
roethylene, and toluene. Propanol forms H bonds, TCE
can H bond weakly and might also be expected to have
mild interactionsbetween itsCl substituentsand theCu2+,
and the response to toluene is anomalous, showing

significant nonmonotonicity near p/psat ) 0.2. Such
behavior is typically a consequence of changes in the
(visco)elastic properties of a thin film;1b,31 a small but
measurable peak in the attenuation was also observed
with the sigmoidal deflection of the frequency shift, as is
often the case for such effects. The last-place finish by
isooctane, the least polar of all the analytes examined, is
no surprise.
The degree of specificity of adsorbate/SAM interactions

is most readily ascertained by comparing the number of
moles adsorbed/area for the CH3- and (COO-)2/Cu2+-
terminatedmonolayer films. To facilitate this comparison,
the differences between the isotherms of parts A and B
of Figure 3 are plotted in Figure 3C. The response to
DIMP is nearly six times larger at p/psat ) 0.5 for the
(COO-)2/Cu2+-terminated interface than the CH3-termi-
nated interface. The data clearly indicate a high degree
of molecular specificity between DIMP and the (COO-)2/
Cu2+-terminated SAM (though we expect such specificity
to apply to organophosphonates as a class, not to DIMP
alone), further supporting our hypothesis regarding
adsorbate ordering induced by the composite monolayer
film. The small interactionmeasured between theDIMP
analyte and the CH3-terminated SAM is most likely due
to van der Waals interactions. In marked contrast, the
similarity in magnitude and shape of the response for
bothacetoneandwateradsorbedon the twodifferentSAM
surfaces (note the very small difference curve for these
species in Figure 3C) suggests that their adsorption is

(38) Grate, J.W.;Klusty,M.;McGill, R. A.; Abraham,M.H.;Whting,
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Manuscript in preparation.

Figure 3. Adsorption isotherms of Figure 2 normalized for
the molecular weight. The scales are identical in parts (A) and
(B) to facilitate direct comparison between the two chemically-
distinct SAM films. As discussed in the text, the degree of
specificity of adsorbate/SAM interactions is most readily
ascertained by comparing the number of moles adsorbed/area
for two chemically distinctmonolayer films,which is facilitated
by the difference isotherms from part A minus part B, shown
in (C).
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dominated by interactions that are not a specific conse-
quence of the SAM terminal group chemistry. The
tendency of H2O to form H-bonded networks with itself
probably explains its relatively large response. A priori
, a similar effect would not be expected for acetone, which
has noH-bonding protons. However, the acetonewas not
rigorously dried, so the entrained vapor undoubtedly
contains a small amount of water, which we suspect may
participate in the formation of a H-bonded network,
promoting multilayer adsorption. A second possibility
involves grain-boundary adsorption: defects in the SAM
necessarily occur at Au grain boundaries, perhaps expos-
ing sulfur head groups and/or forming “cracks” that are
attractive to molecules with the appropriate size, shape,
and chemical properties. To first order, the data indicate
that any such effect is independent of the SAM tail group.
The most important conclusion to be drawn from

comparison of parts A and B of Figure 3 is that a pair of
chemically sensitiveSAWdevices, one functionalizedwith
the (COO-)2/Cu2+- and the otherwith theCH3-terminated
monolayer film, readily distinguishes chemically specific
from nonspecific adsorption of analytes. This conclusion
is further illustrated by comparison of the relative
responsesmeasured for 1-propanol and trichloroethylene
(see Figure 3C): the SAW device with the (COO-)2/Cu2+-
terminated SAM shows about three times the response
for propanol as themethyl-terminatedSAM,an indication
of specific interactionbetween thepropanol (andprobably
alcohols as a class) and the more polar monolayer film.
For TCE, the response is only about 30% larger for the
(COO-)2/Cu2+-terminated film, indicating aminor role for
specific interactions. Only two of the species examined
actually show a larger surface coverage at p/psat ) 0.5 for
themethyl-terminated surface than for the (COO-)2/Cu2+

surface: isooctane and toluene, the least polar of the
analytes. In the case of toluene, the precise extent of the
difference is clouded by the partially non-mass-related
response observed in Figure 3A. For isooctane, though
the response is small compared to the other analytes, it
is nonetheless about 60% greater for the CH3-terminated
surface, in accord with the very similar chemical nature
of the surface and the analyte in this case.
Dependence on SAM Formation Time. Figure 4

shows a series of DIMP adsorption isotherms obtained
from SAW devices covered by (COO-)2/Cu2+-terminated
monolayer films that were assembled by adsorption from
ethanolic solution for times of 36, 84, or 180 h. The
polycrystallineAufilmsuponwhich theSAMswere formed
were evaporated onto room-temperature quartz sub-
strates, with a resultant average Au grain size of 50 nm
(see Figure 6A and discussion in the next section). The
bindingaffinityof this selective coating forDIMPincreases
dramatically as the MUA monolayer film is allowed to
form for longer periods of time (Figure 4A). While our
evidence is circumstantial,webelieve that longadsorption
timesallow (re)organization of theSAMtoprovide a lower
energy structure and an orientation of the (COO-)2/Cu2+-
terminated layer that is more favorable for inducing
ordering in adsorbed DIMP.
To complement the frequency-shift data of Figure 4A,

Figure4Bshows the correspondingSAWattenuationdata
obtained during the same adsorption isotherms. Ap-
preciable attenuation of the acoustic wave occurs only for
the MUA monolayer film prepared for 180 h, a definite
indication that this filmdiffers in its structural/mechanical
properties fromtheSAMsprepared for shorter adsorption
times.
Long adsorption times are likely to affect the structural

properties of the alkane portion of the MUA monolayer,
which could also affect the orientation of the carboxylate

end groups andhence theCu2+ they coordinate. Previous
reports have shown that the alkane portion of MUA
monolayer films are in a “liquid-like” environment after
solution-phase adsorption times ranging from 10 to 36
h.22b,41 The hydrocarbon chain probably becomes more
“crystalline”after longeradsorption timessince it isknown
that completion of the self-assembly process can take
several days.28 Although structural defects measured on
a nanometer scale in methyl-terminated films formed for
24-48 h can be dramatically improved by thermal
annealing,26,27,42 themonolayer as awhole becomesmuch
more porous; that is, one type of defect is replaced by
another. The long adsorption times used in the present
study can be likened to a long-duration, low-temperature
anneal, which avoids the difficulty of increasing porosity
bykeeping the films ina solutionof thiol during formation.
In addition to orientation effects, carboxylic acid-

terminated SAM films are known to undergo extensive
intramonolayer hydrogen bonding.22c,39,43 The 180-h ad-
sorption time may allow the MUA film to form a more
extendedH-bonding structure throughout themonolayer,
leading to a (COO-)2/Cu2+ interface more favorable to
inducing ordering in adsorbed DIMP multilayers. Al-
though our SAW data agree with this line of reasoning,
additional spectroscopicmeasurements (surface infrared)
are underway to confirm this hypothesis.40

To learn if the adsorption-time effects discussed above
are associated with MUA multilayer formation, ellipsom-
etrywascarriedoutdirectly on theAu/SAM-modifiedSAW

(41) Smith, E. L.; Alves, C. A.; Anderegg, J. W.; Porter, M. D.
Langmuir 1992, 8, 2707.

(42) Camillone, N., III; Eisenberger, P.; Leung, T. Y. B.; Schwartz,
P.; Scoles, G.; Poirier, G. E.; Tarlov, M. J. J. Phys. Chem. 1994, 101,
11031.

(43) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc.
1990, 112, 558.

Figure4. DIMPadsorption isotherms forSAWdevices covered
by (COO-)2/Cu2+-terminatedmonolayer films. TheMUASAMs
were fabricated using solution-phase adsorption times of 36,
84, or 180 h. The frequency shift as a function of concentration
(A) increases with the solution-phase SAM formation time.
Enhanced sensitivity results from structural ordering effects
at the vapor-solid interface of the composite monolayer film.
(B) Corresponding attenuation data.
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device surface.39 These measurements indicate that the
thickness of all the composite SAMs for which SAW data
are shown in Figure 4 is 1.9 ( 0.5 nm, in agreement with
previous measurements of MUA films.44,45 While these
measurements are not accurate enough to indicate subtle
thickness differences, they do confirm that only a single
monolayer ofMUAforms, regardless of the solution-phase
adsorption time.
The time of formation of the (COO-)2/Cu2+-terminated

monolayer films also affects the “aging” characteristics of
these interfaces. Figure 5 shows both adsorption and
desorptionbranches ofDIMP isotherms for (COO-)2/Cu2+-
terminated monolayer films prepared on 50-nm grain-
size Au films. As in the data of Figure 4, the formation
times used to fabricate the SAMs from ethanolic solution
were 36, 84, or 180 h. Each complete isotherm was
obtained over the course of 4 h. For each composite SAM,
the first isotherm (solid line) was obtained immediately
after the film was prepared, and the second one (dashed
line) after ithadbeenexposed to theother organicanalytes
listed inFigure 2. There is significant hysteresis between
the adsorption and desorption branches of the isotherms,
likely an indication that the (COO-)2/Cu2+-terminated
surface and the DIMP analyte do not attain equilibrium
on the time scale of the isotherm.46 While themagnitude
of the hysteresis, particularly at low concentrations,

becomes greater as the SAM formation time increases,
note that the difference between the first and second
isotherms (solidvsdashed lines) is relativelymuchsmaller
for the SAMswith the longest formation time. This effect
is also observed for composite monolayer films prepared
on Au surfaces having larger grain sizes. Our results are
fully consistent with the hypothesis of enhanced SAM-
induced analyte ordering: more hysteresis is observed
using SAMs prepared for long formation times because
the DIMP analyte binds more strongly on the better
organized surface,whichmakesdesorptionmoredifficult.
Since the two isothermswere obtained before and after

exposure to a series of organic analytes, we believe the
differences arise from solvent effects on the nature of the
(COO-)2/Cu2+ interfacesin particular, solvent-induced
relaxation of the film to a lower energy structure (the
solvents in this case being at least some of the various
analytes, listed inFigure2, towhich the filmwasexposed).
The smaller difference between the initial and finalDIMP
isotherms shown in Figure 5C suggests that the film
prepared for the longest adsorption time is in the most
stable conformation of the three, in agreement with the
conclusions drawn above from the data of Figure 4. Note,
however, that this solvent-inducedrelaxation isveryminor
compared to the effect of long-duration deposition of the
SAMfilms; this is clear becausewehavedosed these films
repeatedly with many solvents for many hours and
observednoevidence that room-temperaturesolventvapor
exposure will ever convert the behavior of the films
represented in parts A and B of Figure 5 into that of the
180-h-deposited film of Figure 5C.
Finally, we note that the large hysteresis recorded at

low partial pressures for the most stable configuration of
themonolayer (Figure5C,p/psat)0 to 0.3) is also inaccord
with our hypothesis regarding ordering. The reason is
that well-ordered DIMP multilayers, once formed, may
berelatively slowtodesorb,a consequenceof theadditional
stability afforded by their organized structure.
Gold Grain-Size Effects. Figure 6 shows 1 µm × 1

µmatomic force microscopy (AFM) images that illustrate
the variable, controlled grain sizes of theAu surfacesused
to support the composite monolayer films. All of the
images were obtained directly on the SAWdevice surface
following SAW adsorption measurements. The same
height scale (30 nm) was used to facilitate direct com-
parison of the images. The average grain sizes estimated
from theAFM images shown in parts A-C of Figure 6 are
approximately 50, 80, and 240 nm, respectively. The
corresponding root mean square surface roughness for
these Au films estimated from the AFM data is 1.2, 1.3,
and 1.1 nm. We have obtained similar results for both
the grain size and surface roughness by analyzing 5 µm
× 5 µm AFM images. Since the AFM images are not
resolvedonanatomic scale,wehavealso electrochemically
measured the surface roughness factor of bare Au films.
Our results, which are intended only to indicate relative
differences in surface roughness (as opposed to absolute
area measurements) show that the surface roughness
factor varies by only 11% for the Au films used in these
studies, which have grain sizes between 50 and 240 nm.39
The important result from the AFM and electrochemical

(44) Chidsey, C. E. D.; Loiacono, D. N. Langmuir 1990, 6, 682.
(45) Ellipsometricmeasurementswere doneusing aGaertnerModel

L2W26D.488 ellipsometer with a He-Ne laser at a 70% angle of
incidence and a 45% azimuth of the quarter-wave compensator. Film
thicknesses were calculated by using a real refractive index of 1.45, the
complex refractive index of a similarly prepared naked Au substrate,
and an algorithm developed at Sandia National Laboratories (Tardy,
H. L. ELLIPSE User’s Manual and Program Reference; Report No.
89-0008; Sandia National Laboratories: Albuquerque, NM, 1989).

(46) There are instances, notably when the adsorption substrate is
porous, in which complete thermodynamic equilibrium can be main-
tained throughout an isotherm, even though the adsorption and
desorption branches differ significantly. This is a consequence of the
different radii of curvature that pertain if the meniscus of layers of
adsorbate coating the walls of pores is cylindrical (during filling) or
spherical (during emptying): Adamson, A. W. Physical Chemistry of
Surfaces, 4th ed.; John Wiley & Sons: New York, 1982; pp 584-589.
We do not believe there is sufficient porosity in the present instance to
support this phenomenon, but we cannot unequivocally rule it out.

Figure 5. Full adsorption/desorption isotherms, in terms of
frequency shift versus vapor-phase DIMP concentration, for
(COO-)2/Cu2+-terminated monolayer films prepared for ad-
sorption times of (A) 36, (B) 84, or (C) 180 h. The Au films were
deposited at room temperature. For each composite SAM film,
oneDIMPadsorption/desorption isothermwas obtained before
(solid lines) and after (dashed lines) similar isotherms of the
other 6 analytes listed in Figure 2. The data suggest that
resistance to aging improves with increasing SAM formation
time. These “stability effects” were also observed for composite
SAMfilmspreparedonAusurfaceshavingdifferent grain sizes.
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measurements is that the average grain size varies by
about a factor of 5, while the surface roughness is
approximately the same for the different Au films.

Figure7showsDIMPadsorption isotherms for (COO-)2/
Cu2+-terminated SAMs prepared on the variable-grain-
size Au surfaces of Figure 6. The Au surfaces shown in
parts A-C of Figure 6 produced the SAW data shown in
Figure7bythesolid,dashed,anddotted lines, respectively.
Clearly, as the grain size of the Au film decreases, there
isa significant increase in theextent of adsorptionofDIMP
at a givenp/psat. Electrochemicalmeasurements indicate
that surface roughness isnot the dominant factor in these
results: while the roughness changes by about 10%, the
SAW response varies by a factor of 2.5 at p/psat ) 0.5 from
the largest to smallest grain size. Furthermore, thermally
deposited Au films have predominantly (111) crystallite
orientation,34 and this is not altered by annealing, so the
total coverage of theMUA SAMs for the three grain sizes
should be very similar. Rather, we postulate that the
grain-size-dependent extent of adsorption in Figure 7
results from grain-size-induced changes in the surface
properties of the (COO-)2/Cu2+-terminatedSAMs, changes
that are related to the nature and extent of ordering, in
analogy to theadsorption-time-dependent datapresented
above.
The extent of the attenuation of the acoustic wave also

shows an inverse relationship to Au grain size (Figure
7B), further supporting the notion that grain size has a
strong influence on the structural properties of the SAM
and its consequent interactions with adsorbed analyte.
While direct interactions between adsorbed analyte and
Au grain boundaries might seem a plausible explanation
for the results ofFigure7B, similar resultsarenotobtained
for methyl-terminated SAMs prepared on Au surfaces
having the same set of different grain sizes: attenuation
shows essentially no grain-size dependence.
The data of Figure 7 were obtained from MUA SAMs

formed for 180 h via solution-phase adsorption. While
wehaveobserved similar grain-size effectswhen theMUA
film formation time is 36 or 84 h, the effect is most

Figure 6. Constant repulsive-force images of 100 nm thickAu
films evaporated onto ST-quartz SAW devices. The Au films
were electron-beam evaporated at (A) room temperature, (B)
100 °C followed by a 2 h anneal at 150 °C, and (C) 100 °C
followed by a 2 h anneal at 250 °C. The average grain size and
surface roughness, respectively, for the different deposition
conditions were (A) 50 and 1.2 nm, (B) 80 and 1.3 nm, and (C)
240 and 1.1 nm.

Figure7. DIMPadsorption isotherms for compositemonolayer
films prepared on the Au surfaces having the variable grain
sizes shown in Figure 6. (A) Frequency shift and (B) SAW
attenuation versus the vapor-phase concentration of DIMP
illustrate that sensitivity of SAWdeviceswith composite SAMs
preparedonAufilms increasesasgrainsizedecreases.Although
theMUAfilmswere formed for 180h in this case, similar effects
are observed for shorter formation times.
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pronounced for the 180-h formation time. Furthermore,
our results shownot only that the formationofMUASAMs
for 180 h on different grain sizes is reproducible but there
is also less variation in samples formed on smaller grains
compared to larger ones. Experiments are currently in
progress to quantitatively determine the reproducibly of
preparing amore statistically significant set of composite
SAM films for long formation times on small grains.

Summary and Conclusions
We have studied the selectivity, sensitivity, and re-

producibility of SAW sensors covered by (COO-)2/Cu2+-
terminatedmonolayersbyexamining the responseofSAM
films formed from the solution phase for adsorption times
ranging from 36 to 180 h. These SAMs were prepared on
thin-film Au surfaces having variable, controlled grain
size.
Ourresults showthatapair ofSAM-functionalizedSAW

sensors, one bearing a methyl- and the other a (COO-)2/
Cu2+-terminated monolayer, allow clear distinction to be
drawn between chemically specific and nonspecific ad-
sorption of analytes. The results further show that the
composite SAM films (1) preferentially adsorb particular
classes of organic analytes in a manner that follows from
simple concepts such as Lewis acid/base, H-bonding, and
polar vs nonpolar interactions, (2) readily and reversibly
adsorb the equivalent of 10-20 layers of some analytes
at p/psat ) 0.5, (3) adsorb a greater quantity of DIMP at
a given partial pressure for longer solution-phase forma-
tion times of the organomercaptanmonolayer, (4) display
the least organic analyte-induced aging (ordering/relax-
ation) effect when the SAM films have been formed for
the longest solution-phaseadsorption times,and (5)adsorb

a greater quantity of DIMP at a given partial pressure as
the grain size of the supporting Au film decreases. While
result 1 is straightforward and to be expected, we believe
results 2-5 are consequences of the extent and nature of
theorderingof theSAMand its outer surface: theordering
affects the thermodynamics of adsorption of multilayers.
Although it must be acknowledged that this hypothesis
is speculative, we can postulate no other thermodynami-
cally viable explanation, given the absence of surface
porosity, for the equilibrium formation of 10-20 layer
thick films of adsorbate atp/psat values of only 0.5, nor can
we offer another plausible explanation for the hysteresis
results of Figure 5. “Long-range” chemical interactions
extending through somany layers of adsorbate are simply
unreasonable. Result 3 in particular points to the outer
(COO-)2/Cu2+ SAM surface becoming better suited to
inducing ordering in adsorbedDIMPmultilayers asmore
stableSAMconformations are attained. The results from
thesemeasurementsarean important step towardreliably
fabricating chemical sensorarrays that respond to organic
analyteswith controlled classand/ormolecular specificity.
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