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ABSTRACT 

We report selectivity and sensitivity for 97-MHz SAW (surface acoustic 
wave) sensors functionalized with (COO-),/Cu2'-terminated, organomer- 
captan-based, self-assembled monolayers (SAMs).  Responses were 
obtained as a function of SAM formation time on thin Au films of 
controlled grain size. We find that the SAM films (1) preferentially 
adsorb classes of organic analytes according to simple chemical interaction 
concepts, (2) reversibly adsorb multilayers of some analytes well below 
their saturation vapor pressure, (3) adsorb more diisopropylmethyl- 
phosphonate (DIMP) at a given partial pressure as SAM solution-phase 
adsorption time increases, and (4) adsorb more DIMP at a given partial 
pressure as the grain size of the supporting Au film decreases. 

INTRODUCTION 

Chemically sensitive SAW devices provide a basis to design sensors for specific 
analytes. Custom-synthesized molecular recognition sites offer one solution, but this 
approach is time-intensive and hampered by the large number of molecules for which 
chemical sensors are sought. In addition, nonspecific physical adsorption may thwart the 
selectivity of the most elegantly conceived guest-host complexes. Our approach is to 

I relax selectivio requirements significantly, using arrays of mu1 
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selectivity and relying on the analyte-dependent "fingerprint" provided by the response 
pattern for molecular or class identification. 

We base our design of moderately selective interfaces upon known, reversible, bulk- 
phase interactions between analytes and functional groups that can be incorporated into 
a thin film (1-3). Composite SAM films based on organomercaptans provide a simple 
methodology for fabricating a range of such vaporholid interfaces differing in terminal 
functionalities but related by similar surface coverage, structure, and orientation (4). 
Even with different substrate materials, grain sizes, and surface roughness, the ordering 
of the S head group onto the predominant (1 1 1) Au crystallite orientation, along with the 
close-packed self assembly of the alkane tails, yields relatively consistent characteristics. 

Nevertheless, subtle effects, such as the number of defects in a SAM film, may 
result from differences in the Au film's underlying microstructure, presumably associated 
with grain boundaries (5,6). The role of SAM adsorption time is also an issue: a specific 
defect structure reportedly forms for SAM films prepared using solution-phase adsorption 
times of 24 to 48 h (7,8). Moreover, a recent STM study shows that Au surfaces 
reorganize over several days in the presence of thiols; many days are required to 
complete the self-assembly process under some conditions (9). 

SAW devices are exceptionally sensitive to surface adsorbates (10): our minimum- 
detectable mass change is 100 pg/cm2. Often, SAW velocity is perturbed in proportion 
to surface mass loading, in which case measured frequency shift is directly proportional 
to changes in madarea (10). When they occur, changes in the mechanical properties of 
a thin-film coating often result in both attenuation of the acoustic wave and a change in 
SAW velocity (10-12). 

A SAW sensor functionalized with an organomercaptan SAM having a carboxylate- 
coordinated Cu2' endgroup (hereafier, "Cu2+-SAM)" reversibly responds to organophos- 
phonates (1,2). In this paper, we compare the SAW response from a Cu2'-SAM and a 
methyl-terminated S A M  to a vapor-phase organophosphonate and several volatile organic 
compounds (VOCs). We explore in detail the dependence of the extent of adsorption 
upon variations in solution-phase SAM adsorption time and the grain size of the 
supporting Au surface. 



RESULTS AND DISCUSSION 

Chemical SDecificitv 

Experimental details and additional results can be found in the literature (1). Figure 
1 shows SAW response vs. vapor-phase concentration for six different VOCs and water 
interacting with a Cu2'-SAM-covered device; the data have been converted from 
fiequency shift to adsorbate moleculedarea. The data indicate preferential adsorption of 
DIMP and acetone, followed by water, n-propanol, trichloroethylene (TCE), and toluene; 
i-octane scarcely adsorbs. The first four of these molecules are Lewis bases, with 
oxygen lone pairs likely to interact with the Lewis acid Cu2' that terminates the Cu2'- 
SAM. Weaker interactions might be expected between Cu2" and the chlorine atoms of 
TCE, as well as the a electron cloud of toluene. Only van der Waals interactions are 
possible between i-octane and this SAM. 

In contrast to the Cu2'-SAM results, Figure 2 shows SAW adsorption isotherms for 
the same set of VOCs interacting with a SAM formed from CH,(CH,),,SH ("CH,-SAM") 
SAM. Surprisingly, the preference of this film, particularly at high analyte concentra- 
tions, is for the adsorption of acetone and water. With no particular interaction expected 
between the CH3-SAM and polar species, we believe the tendency of H20 to form H- 
bonded networks with itself to be the most likely explanation for its relatively large 
response. A priori, a similar effect is not expected for acetone, which has no H-bonding 
protons. However, the acetone was not dried, so the entrained vapor undoubtedly 
contains some amount of water vapor, which could 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 exposing sulfur head groups and/or forming "cracks" that are attractive to 
molecules with the appropriate size, shape, and chemical properties. In either case, we 
believe that the extensive adsorption is not chemically specific to this particular SAM. 

We examine the degree to which surface/adsorbate interactions are specific to a 
particular SAM tail group by examining the difference between the responses of the 
Cu2'-SAM and CH,-SAM. The differences between the isotherms of Figures 1 and 2 are 
plotted in Figure 3. These data show a marked preference for the adsorption of DIMP 
relative to the other compounds, indicative of specific interactions between DIMP and the 
Cu2+-SAM. In marked contrast, the rather large responses to acetone and water displayed 
by the individual SAMs (Figs. 1 and 2) are not specific: they largely cancel in the 
difference plot of Figure 3. In addition, the Cu2'-SAM shows about three times the 
response for propanol, due to interaction between the alcohol -OH and the Cu2', 
compared to the CH3-SAM. In the case of i-octane, the difference is negative, consistent 
the more favorable interaction being between this molecule and the similarly nonpolar 
CH,-SAM. 



Multilayer Adsorption 

The data in Figure 1 indicate that multilayers form (based on molar volumes from 
the bulk liquids) at p/psat = 0.5 for all the analytes but i-octane. The number of multi- 
layers indicates qualitatively the "range" of SAWanalyte interactions. The fact that ca. 
17 layers of DIMP adsorb at p/psat = 0.5 is consistent with our conclusion from Figure 3 
that this analyte interacts most strongly and specifically with the Cu2'-SAM. The next- 
highest equivalent mass coverage for an analyte at p/psat = 0.5 is about 9 layers for 
acetone, which the results in Figure 3 suggest is a nonspecific sorption process. The 
coverage of water is about 3 layers at this PIP,, (also relatively nonspecific). We 
conclude that DIMP is by far the most amenable species to ordering-induced multilayer 
formation. Importantly, the multilayer formation (for all analytes examined) is fully 
reversible: purging with pure N, returns the SAW frequency shift to zero. 

The results presented in the next two sections are consistent with the notion that 
analyte multilayer formation results from molecular ordering induced by the S A M :  the 
solution-phase formation time of the S A M ,  as well as the grain size of the supporting Au 
surface, are shown to influence dramatically the extent of multilayer formation. 

Dependence on SAM Formation Time 

Figure 4 presents a series of DIMP adsorption isotherms obtained from SAW 
devices functionalized with Cu2'-SAMs adsorbed from ethanolic solutions of 0.5 mM 
mercaptoundecanoic acid (MUA) for times of 36, 84, or 180 h; the Cu2' is coordinated 
after MUA adsorption by a 10-min immersion in 2 mM Cu(C10,),06H20 in ethanol. The 
polycrystalline Au films upon which the SAMs were formed have an average Au grain 
size of 50 nm (1). The binding affinity of the Cu2'-SAM for DIMP increases dramati- 
cally with MUA monolayer formation time. 

Extended adsorption times probably affect the alkane portion of the MUA SAM, 
which in turn influences the orientation of the carboxylate end groups and the coordi- 
nated Cu2'. Previous reports show that the alkane portion of MUA monolayers are 
"liquid-like" after adsorbing for 10 - 36 h (13,14); the hydrocarbon chain may become 
more "crystalline" with increasing adsorption time (9). In addition to orientation effects, 
carboxylic acid-terminated SAMs can exhibit extensive intramonolayer hydrogen bonding 
(1 5,16); an extensive H-bonding structure formed over long adsorption times might lead 
to a (COO-),/Cu'" interface more favorable to ordering of adsorbed DIMP. The long 
adsorption times we use can be likened to a long-duration, low-temperature anneal, 
avoiding the difficulty of increasing porosity that is associated with post-SAM-formation 
thermal annealing (1,7,8,17). 

SAW attenuation data (not shown) obtained during the three DIMP adsorption 
isotherms of Figure 4 reveal appreciable attenuation only for the S A M  prepared for 180 



h (l), a definite indication that this film differs in its structural/mechanical properties 
from the others. Supporting ellipsometric measurements indicate that the thickness of all 
three composite SAMs represented in Figure 4 is 1.9 f 0.5 nm (1): the Cu-SAM is only 
a single monolayer thick, regardless of adsorption time. 

Gold Grain-Size Effects 

The thin Au films that support the Cu2+-SAMs were produced with a range of grain 
sizes, characterized by constant-repulsive-force atomic force microscopy (1). The 100 
nm-thick Au films were electron-beam evaporated, without an adhesion layer, onto SAW 
quartz substrates maintained at: room-temperature; 100 "C followed by a 2-h anneal at 
150 "C; and 100 "C followed by a 2-h anneal at 250 "C. The average grain sizes 
produced by the respective depositiordanneal conditions were 50, 80, and 240 nm. 
Surface roughness was 1.1 f 0.1 nm for the three different films. 

Figure 5 shows DIMP adsorption isotherms for Cu2+-SAMs prepared using 180-h 
MUA adsorption times on the variable-grain-size Au surfaces. As the grain size of the 
Au film decreases, there is a significant increase in the extent of adsorption of DIMP at 
a given p/psat. Neither surface roughness nor surface coverage by the SAMs varies 
sufficiently to explain the factor-of-2.5 variation in DIMP adsorption measured p/psat = 
0.5 (1, 18). Rather, we believe grain size affects the nature and extent of ordering of the 
CU~+-SAMS. 

We have observed similar grain-size effects for MUA film-formation times of 36 or 
84 h, but the effect is most pronounced for the 180-h formation time. Furthermore, our 
results show the least sample-to-sample variation for the smallest grains. 



CONCLUSIONS 

Our results show that a pair of SAM-functionalized SAW sensors, one bearing a 
methyl- and the other a (COO-),/Cu2+-terminated monolayer, differentiate between 
chemically specific and nonspecific adsorption. The results M h e r  show that the Cu2'- 
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 formation times of the organomercaptan monolayer, 
and (4) adsorb a greater quantity of DIMP at a given partial pressure as the grain size of 
the supporting Au film decreases. Result (1) is straightforward and to be expected, but 
we believe results (2) - (4) are consequences of the extent and nature of the ordering of 
the SAM and its outer surface: the ordering affects the thermodynamics of adsorption of 
multilayers of analyte. 
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Figure 1. SA W-measured adsorption isotherms 
for several organic vapors on a (COO-)2/Cu2+- 
terminated SAM. 
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Figure 2, SA W-measured adsorption isotherms 
for several organic vapors on a CH,-terminated 
SAM. 
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Figure 3. Diference between the isotherms of 
Figures 1 and 2 as afunction of adsorbate partial 
pressure. 
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Figure 4. DIMP adsorption isotherms for Cu2+- 
SAM-finctionalized SAW devices. The SAMs 
were formed using variable solution-phase 
adsorption times as indicated. Increased adsorp- 
tion resultsfrom enhanced ordering at the vapor/ 
solid interface. 
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Figure 5. DIMP adsorption isotherms for Cu2+- 
SAMs prepared on Au sur3caces with variable 
grain size; the extent of adsorption increases 
as grain size decreases. The diflerences are 
NOT attributable to surface roughness. 




