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ABSTRACT PR technique, developed by Sandia National Labo_'atodes' Vision

We use six-element arrays of 97-MHz ST-quartz surface Science Dept., is described in detail in another paper in this
acoustic wave (SAW)devices to detect changes in thin-f'dm mass Digest (1); only general results and trends obtained using the
and mechanical properties resulting from sorption of analytes by technique are reported here.
films representing two new classes of chemical sensor interface: Self-assembled monolayers are ordered, molecular thin films
self-assembled monolayers (SAMs) and plasma-grafted films (Figure 1) that can be prepared with a range of terminal groups to
(PGFs). While these materials do not display exceptional chemi- confer chemical preference for particular classes of analytes. The
col selectivity, various combinations of the 7 different SAMs and SAMs we have studied all include a thiol (-SH) head group sepa-
8 PGFs examined do produce distinct response patterns for each rated by a seven- to 16-carbon chain from the terminal group.
of 13 analytes. The analytes include aliphatic, aromatic, and They are prepared on a gold film located between the launching
chlorinated hydrocarbons; alcohols; ketones; organophosphonates; and receiving sets of interdigital transducers (IDTs) on a SAW
and water. Evaluation of the SAW array data using multidimen- delay line surface. The two interactions responsible for the spon-
sional cluster analysis techniques (1) shows that each chemical taneous assembly of these ordered films are (i) chemisorption of
species can be correctly identified 100% of the time over the 9%- the thiol head group on the Au surface, and (ii) van der Waals
to 49%-of-saturation range using data from many combinations of forces between the long alkyl chains, maximized when the chains
four or more films, line up in the same relative orientation. As reported previously

(2), combination of these materials with SAW devices allows
INTRODUCTION monitoring of the kinetics of the monolayer assembly process,

characterization of single-monolayer chemical reactions, and the
Chemical sensor arrays can obviate the difficult and costly construction of sensitive chemical detectors. Ore: current study

process of developing a new thin film with high chemical speci- includes SAMs with several terminal groups: methyl (CH3);
ficity for each prospective analyte. Effective array technology carboxylic acid (COOH); carboxylate-coordinated metal ions

hinges on two active research areas: new thin-film materials, and ((COO'--)_-2M2+,M = Fe, Ni, and Cu); cyano (CN); and amine
advanced mathematical techniques to identify the response pat- (NH2).
terns. In this paper, we describe the fabrication and application of P la s ma-

two classes ,ff thin-film materials, SAMs and PGFs, that we are grafted films P"R Ar Plasma
evaluating for chemical sensing applications. Response data are are a little- + _ ff_._,-"_ _ .71
reported for SAW devices coated with these materials during studied class "- 7--y -9
exposure over a range of concentrations to organic analytes repre- of polymeric ,///,/////_,///,////////,/_,1 - 5 rain r/_/,-,_///_/,/////_/_//////_,,_,
senting several chemical classes, m a t e r i a 1s

For chemical . w i t h t h e p,,, j¢

sensor array data Q@@_0 potential to _ifNo plasmato be utilized Analyte_ incorporatea
_lf15.30 rainefficiently, and wide range

also to guide the of functional

development and T groups in an o ___(o ___ I:__io

improvement of open, perme- R-'_ O

chemically sensi- able matrix R-'_ R_ _ F_-
rive films used (3). These Fr---_ _ I_--_ )

with such arrays, films are R r_-- __ R-

requires effectiVeone Thiol formed _R_R_ _ _ ___" i MA _- Y '_E_

pattern-recogni- (Figure 2) R R- _
tion (PR) tech- by plasma

niques, polymeriza- !___;, • ,_
promising tech- head tion of a -///7//////,/_//_,///7/_///,/_/,///,-/_,/,/_/,_
nique for the group thin (one to
a n a 1y s i s o f Gold Subslrate s e v e r a 1 Figure 2. Formation of plasma-grafied film.

chemical sensor Figure 1. Schematic of interaction between monolayers), Q is a free-radical quencher.
array data has self-assembled monolayer and analyte, h i g h 1 y
recently been crosslinked base layer that is sufficiently hydrogen-rich for a
adapted from multivariate cluster analysis software that mimics stable population of free radicals to persist after the plasma is
the way in which human beings group sets of objects together as extinguished. Following base layer formation, grafting occurs in
a consequence of their spatial relationships to one another. This the absence of plasma upon introduction of a suitably unsaturated



monomer--e.g, one containing a vinyl functionaiity_in the gas trolled gas-flow system,with the organic compouddentrained by
phase. Residual free radicals on the base layer initiate a chain passing high-purity Nz through a gas-washing bottle with a 50-mm
polymerization process; with appropriate monomers, polymeriza- diameter fritted disk; the vapor-saturated gas stream was diluted
tion is mainly straight-chain in nature, yielding the kelp-forest-like as required with additional N2. Total flow rates were 1 l/min; the
morphology shown in Figure 2. Grafting ceases when the gaseous gas, organic liquid, and the SAW device were all maintained at
monomer is removed and/or the radicals are quenched by 12 or by 23° C.
recombination with one another. We have examined films de- Prior to deposition of the Au film and monolayer self assem-
rived from acrylic acid grafted onto a plasma-polymerized base bly, SAW devices were silanized using CISi(CHs)3 (Petrarch) to
layer of poly(isobu_ylene) or of acrylic acid itself. We have also prevent interactions between polar compounds and the quartz
investigated plasma-polymerized films of eugenol and vinyl- substrate from complicating interpretation of the response. SAMs
phosphonic acid. of mercaptoundecanoic acid (MUA, HS(CH2)_oCOOH; Aldrich)

The organic analytes studied include representatives of envi- were produced by soaking Au-coated SAW devices in a dilute
ronmental pollutants, common industti,_! solvents, and chemical solution of the thiol in ethanol overnight. Amine and cyano-
weapons simulants and precursors. Grouped according to general terminated monolayers were similarly prepared. Transition metals
chemical class, they are cyclohexane and /-octane (aliphatic were coordinated to the MUA films by dipping for several min-
hydrocarbon); benzene and toluene (aromatic hydrocarbon); utes in a dilute ethanol solution of the perchlorate salt, then rins-
carbon tetrachloride and trichloroethylene (chlorinated hydrocar- ing.
bon); methanol, n-propanol, and pinacolyl alcohol (alcohol); To form a plasma-polymerized acrylic acid base layer, a flask
acetone (ketone); DIMP and DMMP (the organophosphonates containing the monomer (Polysciences) was heated to 120 °C. A
diisopropylmethylphosphonate and dimethylmethylphosphonate, flow of 5 L/rain of Ar entrained the compound, c_a'rying it into a
respectively); and water, quartz plasma-deposition chamber, which was continuously

r pumped to maintain a pressure near 1 Torr (TC gauge). The
EXPERIMENTAL METHODS 13.56-MHz plasma was maintained at a ferward power of approx-

imately 50 W. After plasma polymerization of the base layer (1 -
i SAW devices were designed aria fabricated at Sandia National 5 min), the RF generator was switched off and grafting of acrylic

Laboratories (SNL) on ST-cut quartz substrates with propagation acid onto the base layer allowed to continue for 15 - 30 min at an
in the X direction. Devices have two interdigital transducers, each indicated pressure of 1 Torr. Poly(isobutylene) base layers were
composed of fifty finger-pairs with A = 32 lain periodicity; Vois produced using similar methods to the acrylic acid, except the
3.16 krn/s, yielding a center frequency of 98 MHz. Transducers monomer was obtained from a gas cylinder of isobutylene (Aid-
are defined photolithographically from 200 nm-thick Au on Cr; rich) at room temperature. Vinylphosphonic acid (Hoechst-Cela-

: finger length is 50 A and center-to-center separation between nese) and eugenol (Polysciences)plasma-polymerized films were
transducers is 230 A. For SAM-coated devices, a 200 nm-thick prepared analogously to the acrylic acid base layer, with the
layer of Au (with a Cr or Ti adhesion layer) was thermally or monomers held at approximately 80 °C in both ca,.:cs.
electron-beam deposited in the wave path using a shadow mask.
Each SAW device was configured as the feedback element in an RESULTS AND DISCUSSION
oscillator loop as described in detail elsewhere (4). This arrange-
ment yields short-term frequency stability that allows the detection To obtain the maximum information from the coated SAW
of mass changes of approximately 100 pg/cm2 (4). The relation- devices, both the velocity and the attenuation of the acoustic wave
ship between the frequency shift of a SAW delay-line oscillator are continuously monitored (5). For each anelyte, a four-hour
circuit and the mass loading of the SAW is given by adsorption/desorption isotherm was obtained, over the course of

which the concentration of analyte slowls, varied from 3% to 50%

Af _ _:--hv = _CmfoA(m/A), [1] and back. to 3% of its saturation vapor pressure, p,,,. For the
fo v0 isotherms shown below, note that data between 0% and 3% are

not "real", because the flow system steps abruptly from 0 to 3%.
in which fo is the unperturbed oscillation frequency, v0 is the Figure 3 shows a set of four benzene adsorption isotherms
unperturbed SAW velocity, z is the fraction of the center-to- obtained at approximately 30-day intervals using a single MUA-
center distance between transducers perturbed, c,, is the coefficient coated SAW device; frequency shift vs. partial saturation pressure
of mass sensitivity (1.3 cmZ/g-MHzfor ST-cutquartz), and a(m/A) is at the top, relative insertion loss vs. P/Psat at the bottom.
is the change in mass/area. In addition to monitoring the SAW During the time periods between the isotherms of Figure 3, this
velocity using a frequency counter, we monitor the amplitudes of coated device was exposed to the vm_ous other analytes in the test
the input and output signals to/from the SAW device using a group, so the extent of reproducibility includes the effects of
vector voltameter, enabling the insertion loss (and hence SAW exposure to a range of chemicals. Variation of the isotherms
attenuation) to be measured (4). Each of the six bscillator loops from one measurement to the next is representative of the better
used with the SAW array was connected in sequence to the fre- films we have examined; many others behave nearly as well.
quency counter and vector voltmeter using a RF multiplexer (HP In Figure 3, the nonmonotonic nature of the frequency-shift
3488A/44478A) that otherwise terminates the connections from isotherms and the peak in the relative-insertion-loss isotherms are
each oscillator loop with 50 ohm loads, both indicative of a non-mass-loading response, a result of either

Sets of six coated SAW devices were secured in a custom- resonant energy transfer to the film or a relaxation, process in the
fabricated test fixture utilizing spring-loaded pin contacts to the film. Such effects occur at particular concentrations of adsorbed
IDT bonding pads. Impedance matching consists of a single analyte because mechanical film properties (sound velocity, relax-
series inductor for one comb of each IDT; the other comb is ation times) are influenced by the quantity of adsorbate. Signifi-
grounded. With this configuration, total insertion loss of about 12 cantly, nonmonotonic isotherms such as those in Figure 3 do not
dB is attainable with the Cr/Au IDT SAW delay lines, pose any difficulty for our PR algorithms (1).

A manifold within the test fixture delivers the test gas stream Figure 4 presents a series of isotherms representing four of the
to all six devices in parallel; a gas-tight O-ring seal encircles each chemical classes we have studied: aromatic and chlorinated hydro-
SAW device. Vapor streams were provided by a computer-con- carbons, alcohols, and organophosphonates. For each compound,

........ In 7 ........



• ff set ¢,i gix isothermg is presented for frequency shift vs. p/p,,, p_cul_-thepro-mi-nent pe_sin-_eattenuati-0nct_es in three of
and another set of six for relative insertion loss. For clarity, only the sets of isotherms, and the corresponding sigmoidal deflections
the adsorption branches are shown in each case. Each of the six in the frequency-shift data. As discussed above, this indicates a
curves represents a different chemically sensitive film; the legends non-mass-loading response; it also serves as a signature for a
and the caption describe the films. Nt,tc that all twelve of the particular analyte/film pair. Unfortunately, the higher noise level
curves for a given analyte are obtained simultaneously using our apparent in the relative insertion loss data makes use of this infor-
array system; tens of concentration points are recorded for each mation more challenging. Nevertheless, we are working to in-
film/anal ,te combination, elude these data, which should allow use of a smaller number of

films (array elements) to provide an equivalent level of certainty,
" l .... l .... I 'L" " " " I .... I .... 'I "

0 ,=_'_ = thus reducing system cost, size, and complexity.Benzeno .... ' The six films represented in Figure 4 are equally divided
_- -5 = ,_._ o_11/93 " among the two materials categories, SAMs and PGFs, a conse-
"_ ° _,_ ...........09/10/93 '

-10 = ",_ ..... 10/18/93 " quence of an evaluation using our PR system to find the best

, -,,_._ ___ m 12/09/93 set(s) of films. This result supports our claim that chemical_-15 orthogonality of films is maximized when disparate film catego-

-2o - "*"_\_" ,, i .'.-- - -,' des axe included, and we therefore plan to broaden the film cate-

.Q . '.._.,_...._.---._. gories under examination to include metals, ceramics, coordinationu. -25 complexes, and others.
I . i . . I .... I . I . . I .... I .... I0

m 0 10 20 30 40 50 CONCLUSIONS

0.2" , ¢-".'.._ .] Combination of a SAW array with the appropriate chemically,-." -. _, sensitive films and pattern-recognition algorithms provides a
_1 : Bonzone "/'f'_"_"_ _ 1 monitor many different species without thepowerful method to
o ,. ,/:../ "qo 0.1 need to custom design and synthesize a large number of custom

'- : '/4/ _ thin films. The ability to handle often non-linear-with-concentre-0.0 " _ /""/ -- tion data produced by coated SAW devices is a strength of our
-- , _ _ ,"-,:./'I J multidimensional PR technique. We are currently exploring

, L,-",,r.._-._:',.", ,,_ _l application of this combination of technologies for: detecting

--_ -0.1 i ,_"_,.'. ¢_._'i .... , .... I .... , ..... i,_ lower analyte concentrations; quantifying analytes; and analyzing
I_" 0 10 20 30 40 50 simple chemical mixtures.
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Figure3. Benzene adsorption isotherms for a MUA self-assembled assistance of Alan W. Staton, Mary-Anne Mitchell, and Mark
monolayer. Frequency data are in the top panel, corresponding Hill, all of SNL, and Brent Gordon of Adherent Technologies.
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Figure 4. Six-SAW arrayadsorption isothermsetsfor toluene(upper left), trichloroethylene(lower left), n-propanol(upper right),
and DIMP (lower right). Frequency shift data are above relative insertion loss data for each analyte. This set of six films
(identified in the legends) gives lO0%-accurate identificationof these and 10 other analytes in conjunction with our pattern-
recognitiontechnique. Thefirst threefilms in the legendsare SAMs; eugenol-30is a 30-minplasma-polymerizedfilm of 2-methoxy-
4-(2-propenyl)phenol;PIB.PGAA is a 5-rainplasma-polymerizedbase layer of poly(isobutylene)+ a 15-raingraft of acrylicacid;
and PGAA 5-30 is a 5-min base layer ofplasma-polymerizedacrylicacid + a 30-mingraft of acrylicacid.
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