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Abstract: We report the synthesis and characterization of self-assembled polydiacetylene (R&A4ylcalix-

[n]arene (wheren = 4 and 6, abbreviated as CA[4] and CA[6], respectively) bilayers on Au surfaces. The PDA/
CA[n] bilayers act as chemically sensitive interfaces that are resistant to high thermal stresses and extreme
electrochemical potentials, both of which may be encountered in technologically significant sensing applications.
Moreover, these simply prepared bilayer materials are excellent protosystems for studying a range of important
sensor-related issues. Here we discuss the linking chemistry that leads to calixarene immobilization and examine
the role calixarenes play in vapor-phase sensing applications using surface acoustic wave (SAW) mass balances and
Fourier transform infraredexternal reflectance spectroscopy (FTIR-ERS). FTIR-ERS spectra indicate thajt CA[
reacts with the acid chloride-terminated PDA self-assembled monolayers (SAMs) to form ester linkages. Using
irreversible adsorption of vapor-phasebutylamine onto the CA{] bilayer-coated SAW devices as an indirect
nanogravimetric probe of surface coverage, we calculate that CA[4] and CA[6] cover 58% and 61%, respectively,
of the PDA surface. The irreversibly boumebutylamine serves a secondary purpose by effectively filling voids
between calixarenes, which hinders access to them by the vapor-phase molecules. Dosing the bilayer-coated SAW
devices with VOCs after exposurenebutylamine permits a better understanding of the role of the calixarene cavities
relative to nonspecific adsorption at, for example, defect sites between] @dglecules. Additional control
experiments involving PDA/CA] analogs, such as phenyl-terminated PDA, show that VOC adsorption is enhanced
only on the CAf] surfaces. This strongly suggests the presence of a specific interaction between theaviies

and VOCs rather than simple nonspecific adsorption.

Introduction of 6.3 and 7.9 A and outer upper-rim diameters of 13.6 and
assembledls'o A, respectively. The host-guest interactions associated
with the hydrophobic CA[4] and CA[6] cavities are usually
weak, since they involve principally van der Waals, induced-
dipole, andr—x stacking interactions. The strength and class

We report the synthesis and characterization of self-
polydiacetylene (PDA)/4ert-butylcalix[n]arene (wheren = 4
and 6, abbreviated as CA[4] and CA[6], respectively) bilayers

on Au surfaces, Scheme 1. The PDA/@Apilayers act as Fint i bet t molecul d cali b
chemically sensitive interfaces that are resistant to high thermal ©' 'Nteractions between guest molecules and calixarenes can be
tuned by varying the functional groups on the upper and lower

stresses and extreme electrochemical potentials, both of WhiChcaIixarene rims, but these interactions are also generally fairl
may be encountered in sensing applications. Moreover, these ’ 9 y y

. . . weak?
simply prepared bilayer materials are excellent protosystems . . . .
for studying a range of important sensor-related issues. Here The weak binding properties of calixarenes, coupled with the

we discuss the linking chemistry that leads to calixarene intrinsic size-selectivity of their cavities, make them (and related
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demonstration of VOC sensing by macrocycles was provided

by Schierbaum et al., who described the structural and chemical
properties of monolayers prepared from resorcin[4]arene mac-

rocycles bound to Au surfaces through dialkyl sulfide tetfers.
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problem here by using acid-terminated PDA self-assembled
monolayers (SAMs) as adhesion layers for attaching com-
mercially available calixarenes to Au surfaces. This greatly
simplifies some of the synthetic aspects of macrocycle-based
sensing and underscores the versatility of this general approach
for preparing monolayers of related compounds such as cyclo-
dextrins®20:21 Synthetic flexibility is especially important for
array-based sensing strategies, which relax selectivity require-
ments but necessitate simultaneous measurement of the interac-
tions between analytes and many chemically distinct surf&ces.
In addition, PDA SAMs contain few surface defeétsand
therefore can effectively screen mass transport of VOCs to the
underlying Au substraté® they are more stable than all other
organomercaptan SAM4,and they can be patterned using
standard photolithographic methods, which makes them ame-
nable to microarray or combinatorial sensing approaéhes.

Experimental Section

Chemicals. Thiophenol (Aldrich 9%-%), phenol (Aldrich 99.9-%),
4-tert-butylphenol (Aldrich 99%), 4ert-butylcalix[4]arene (Aldrich,
95%), 4tert-butylcalix[6]arene (Aldrich, 95%), anhydrous tetrahydro-
furan (THF) (Aldrich, 99.9%), potassium carbonate,@Q;) (EM
Science, 98.5%), acetone (EM Science, 99.5%), benzene (Aldrich,
99.5%), 1-butanol (Aldrich, 99.5%)-butylamine (Aldrich, 99.4%),
carbon tetrachloride (C@)l (Aldrich, 99.5%), n-heptane (Aldrich,
99%+%), toluene (EM Science, 99.5%), trichloroethylene (TCE) (Ald-
rich, 99.5%), and 100% ethanol were used as received. Gaseous N
obtained from liquid N boil-off was used for SAW device and FTIR-
ERS experiments.

Substrate Preparation. Au-coated substrates were prepared by
electron-beam deposition of 100 A of Ti followed by 2000 A of Au
onto Si(100) waferd® Au-coated SAW devices were prepared in the
same manner on polished ST-cut quartz. Before each experiment all
wafers and devices were cleaned in a low-energy Ar plasma cleaner at
medium power for 1 min (Harrick Scientific Corp., New York, Model
PDC-32G).

They provided evidence that the macrocycle headgroups act as part | of Scheme 1, illustrates the synthesis of the PDAGA[

molecular recognition sites that have high selectivity for
tetrachloroethylene ((Cl;). However, Grate and co-workers
recently called this interpretation into questinThey argued
that the VOC:s interact primarily through nonspecific interactions
with the calixarene surface rather than by specific hogstest
interactions. Intercalation of VOCs into defects between

calixarenes was thought to be a particular problematic channel

for nonspecific adsorptiof. The PDA/CA[4] and PDA/CA-

bilayers (PDA/CAp]). The synthesis and properties of HS-
(CH,)10C=CC=C(CH,)10X (X = COOH, DA-COOH, X= CHs;, DA-
CHs) have been discussed previoul§’-2¢ Monolayers were prepared
by soaking a Au substrata & 1 mMMCHCI; solution of DA-COOH or
DA-CHjs for 4 h, removing the substrate from solution, rinsing with
CHCI;, and then drying under flowing % SAMs were polymerized

by placing the DA-coated substrate in a sealedptirged polycarbonate
chamber and exposing it to a UV light source (Oriel Model 6035)
positioned about 1 cm from the substrate surface for 45 min. Following

[6] bilayers described here provide a means for systematically polymerization, the substrates were transferred to a glass reaction vessel
@stmgwshmg between.speuflc and nonspecific VOC/callxlarene and purged with Mfor 10 min and then exposed to SQ®hpor for
film interactions. In this paper we compare the adsorption of 20 min. This procedure converts the carboxylic acid functional groups
six VOCs onto calixarene-modified bilayer surfaces and analo- to the more reactive acid chloride (PDA-COEI1¥® CA[4] and CA-
gous control surfaces. The results demonstrate that the calix-[6] are covalently bound to the PDA-COCI-modified Au substrate by
a}]rene ﬁa"_'t'es %Om'"ate;diorm'or; Onlto the Calr']xar.enebsurfa(:% (17) Adams, H.; Davis, F.; Sterling, C. J. M. Chem. Soc., Chem.
through size, shape, and chemical selectivity that is absent oNcommun1994 2527.
the control surfaces. (18) Davis, F.; Sterling, C. J. M. Am. Chem. Sod.995 117, 10385.
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: . . . Am. Chem. Sod 994 116, 3597.

monolayers to transducers have involved synthetic manipulation

; ) . . . (20) Lucklum, R.; Henning, B.; Hauptmann, P.; Schierbaum, KSéns.
of the calixarene lower rimi810-1416-19 Thjs chemistry is
generally cumbersome and time consuming. We avoid this

(11) Dickert, F. L.; Haunschild, A.; Reif, M.; Bulst, W. RAdv. Mater.
1993 5, 277.
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soaking it in a solution containing 300 mg each of @A4nd K,COs — AT
dissolved in 10 mL of THF af = 65—70°C for 12 h. This yields the

PDA/CA[N] bilayer linked through ester bonds between the acid 10.002

chloride terminal groups of the PDA layer and the secondary hydroxyl

groups of CA[4] and CA[6F° Prior to analysis, the bilayer-coated /\

substrates were rinsed several times with acetone and deionized water / \\/

(Milli-Q, Millipore, Bedford, MA) and then dried thoroughly under

flowing N,. The same procedure was used to prepare the PDA/phenyl me

(PDA/Ph) and PDA/4ert-butylphenyl (PDA{-Ph) bilayers.

The thiophenol (TP) monolayers were prepared by immersing a N
plasma-cleaned substratea 1 mM ethanolic solution of the TP for "'W
16 h. Prior to analysis the monolayer-coated substrates were rinsed r— L
several times with ethanol and then dried under flowing N 3000 2800

FTIR and SAW Measurements. FTIR-ERS measurements were Energy (cm-T)
made using a Digilab FTS-40 spectrometer equipped with a Harrick _. . . .

Scientific Seagull reflection accessory and a liquigddoled MCT Egﬁﬁa yle-r FJA'?é%%SH)Sp)tiztreslar?]fe an[:ogg;g;::rg#:rte;joIs:r?gﬁtzyelllteigﬁ
detector. All spectra were the sum of 256 individual scans using (PDA-COOH), and the F;DA—COOH SAM after covalent linking with
p-polarized light at an 84angle of incidence with respect to the Au Atert-butyl I" 6 A/CAIG

Ssubstraté! ylcalix[6]arene (PDA/CA[6]).

SAW device measurements were made att28.5 °C using two . L .
(98-MHz) ST-cut quartz oscillators housed in a custom-built flow O @n asymmetric methyl stretch originating from adventitious
systen?! Modified SAW devices were dosed with vapor-phase probe hydrocarbons that adsorb on the high-energy acid surface. We
molecules mixed down in Nat 25% of saturation (flow rate 0.5 L/min).  have imaged such impurities on acid-terminated DA and PDA
The VOC vapor streams were prepared by bubbling stiéam through SAMs previously using scanning tunneling microscépyPo-
the analyte and then mixing this 100%-of-saturation vapor with a second lymerization (PDA-COOH) results in a decrease in the carbonyl
N, stream to achieve 25% of saturation. The saturation pressures ofpand intensity, and the asymmetric and symmetric stretching
t1h1e56 ;’gfsé?m:r?dazgzlzg :Cgéf]‘;‘;nc:;f;")?;‘i toct(’; 2glﬁé :65-7~ bands shift to 2926 and 2854 cfy which are all consistent

P eEeh T o . e " with our previous findingg® Following activation of the SAM
1-butanol, and TCE, respectively. The relative volatility of the six - . - - -
VOCs increases in the orF()jer buthtquene< n—heptan)f/e< TCE < 2ﬁ:grigreOltJeﬁfnivr\1lg?edS(s)$l‘:2: vz?tilc%?[G?f vtvr:ae orbGSS(laJrl;[/lggthzcgp
benzene< CCl,. ) X ’ ;

The change in SAW device frequencyf], due to the adsorption ~ P€arance of a strong asymmetric methyl stretch at .2960‘,Cm
of vapor-phase molecules, is related to the mass loading per unit areaWhich arises from théert-butyl groups on the upper rim of the
(my) through the equation\f/f, = —«cofom. Here,f, is the SAW CAJ[6], and an aromatic stretching mode at 1487 ¢mrising
resonance frequency (98 MHz)is the fraction of the distance between from the CA[6] phenyl rings$’ The modes associated with
the centers of the transducers covered by the Au film (0.65)caris! phenyl rings are either very small or absent because of their
the mass sensitivity coefficient of the device (1.33%gMHz) for orientation, substituent effects, and low surface concentrations.
ST-cut quartzj*** The frequency shiftAf) of the SAW device should  Thjs result is consistent with control experiments discussed later.
only be due to mass loading, rather than incorporating electrical and Importantly, the &0 band originally present at 1717 cin
viscoele(ljstic_efftfe_;:tséssince the PDA/QA[bilayers are thin, rigid, shifts to 17’36 cm! as a result of the new PDA/CA[6] ester
nonconducting films: . . . .

The fractionah-butylamine coverage calculations assume a surface linkage. This band is broad_, which suggesits the presence of
coverage of 0.78 nmol/chior hexagonal close-packed PDA adsorbing POth ester and unreacted acid carbonyl groups. We sonicated
at the 3-fold hollow sites of a defect-free Au(111) surface. In the substrates four timesrfé s each time in CHGlto remove
calculating the surface coverage mbutylamine, we assume a 1:1  any physisorbed CA[6] from the surface but observed no change
reaction stoichiometry between it and the PDA SAMs. G)Aurface from the FTIR-ERS spectrum shown at the bottom of Figure 1.
coverages assume maximum coverages of 0.10 and 0.06 nraédcm To further confirm covalent attachment of G#\fo the PDA-
hexago?a}: C'Ojs_ﬁ'pic'@d 9A|[4] and CA[6] a]fisorbed on the PDA S,AMS% COOH surface, we performed two important control experi-
respectfully. The theoretical maximum surface-concentration ratios o ; ; ; : :
CA[4]:PDA and CA[6]:PDA are 1:7.8 and 1:13, respectively. All gWuetn;[)Sn. a::r:r?;ﬁyt‘ggc:st)i/\ghr?]t(laihp;ﬁ tCeer(rjr:Jirnea]tlejzt g%Seri?avggs(g%rX?d
surface-coverage calculations incorporate an additional roughness factor

of 1.2+ 0.22631 CHs).2* Second, the same procedure was carried out on a PDA-
COOH surface but without converting the acid groups to the
Results and Discussion acid chloride prior to CAf] exposure. In both cases, and in

) i contrast to the bilayers prepared on the PDA-COCI surfaces,
Figure 1 shows FTIR-ERS spectra of a PDA/CA[6] bilayer o FTR-ERS spectra of the SAMs obtained after processing

during each step of its preparation (Scheme 1). The most4nq sonication were the same as those obtained from the initial
prominent peaks in the DA-COOH spectra are the asymmetric monolayers.

and symmetric methylene stretches (2928 and 2855'cm o . .
. h ) To test the stability of the PDA/CAY] bilayers, we subjected
+O i3l
respectively) and the carboxylic aci band at 1717 cm. them to thermal and electrochemical desorption experiments.

he small feature at 1464 crhprobably arises from aa-CH, : . :
. . The bilayers withstood 5 min thermal stressesTeE 200 °C
m 4 m
bending modé? We attribute the small shoulder at 2960 ¢m in flowing Ar, as well as extreme electrochemical potentials,

(30) March, JAdvanced Organic Chemistryiley-Interscience: New (32 scans betweenl1.4 and—0.5 V (vs a Ag/AgCl reference

York, 1987. _ electrode)), without appreciable loss of PDA/@p&s measured
(31) Yang, H. C.; Dermody, D. L.; Xu, C.; Ricco, A. J.; Crooks, R. M.

Langmuir 1996 12, 726. by FTIRTERS?4 Similar qonditions r;sult in complete desorp-
(32) Dean, J. ALange's Handbook of Chemistr§2th ed.; McGraw- tion of simplen-alkanethiol SAMg4

Hill: New York, 1979.
(33) Thomas, R. C.; Sun, L.; Crooks, R. M.; Ricco, ALdngmuir1991 (36) Schoer, J. K.; Zamborini, F. P.; Crooks, R. M. Unpublished results.

7, 620. (37) Colthup, N. B.; Daly, L. H.; Wiberly, S. Hntroduction to Infrared
(34) Wohltjen, H.Sens. Actuator4984 5, 307. and Raman Spectroscq8rd ed.; Academic Press, Inc.: San Diego, 1990.
(35) Martin, J. S.; Frye, G. C.; Senturia, S. Bnal. Chem.1994 66, (38) Widrig, C. A.; Chung, C.; Porter, M. [3. Electroanal. Cherml99],

2201. 310, 335.
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l\ n-butylamine surface coverages on the PDA/CA[4] and PDA/

0 1000 2000 3000 2000 CA[6] bilayers are 37% and 33%, respectively, whereag the

Time (s) averager-butylamine coverages are 44% and 41%, respectively.

) . . . . Dosing the unreacted PDA-COOH surface witbutylamine
Figure 2. Representative real-time surface acoustic wave device

frequency responses obtained for the SAMs (A) PDAsQB) PDA/ (Figure 2D) yields single-experiment and averagsutylamine

CA[4], (C) PDA/CA[6], and (D) PDA-COOH before, during, and after surface coverages of 104% and 105%, respectively. The
exposure to 25%-of-saturatiorbutylamine vapor mixed down indry ~ average surface coverages were obtained from the results of

N.. The percentage of the surface that reacts witiutylamine in this two experiments performed on independently prepared SAW

particular experiment is indicated on the right side of the figure. The devices, and the error margin was less thah0% of a

average percentage, obtained from duplicate experiments, is shown inmonolayer in all cases. Similar experiments conducted on the

parentheses. Coverages are corrected for a surface roughness factor @pA/phenyl (PDA/Ph) and PDA/ert-butylphenyl (PDAL-Ph)

12+02. bilayers result in an averagebutylamine surface coverage of
5% and 4%, respectively.

Part Il of Scheme 1 illustrates a novel nanogravimetric method  \ve can use the preceding results to estimate the fractional
for determining the extent of CA[ surface coverage on the  coverage of CA[4] and CA[6] on the bilayer surfaces by
PDA SAM.? The method is generally applicable to many other gyptracting the averagebutylamine coverage on the PDA/
reactive surfaces. We have previously shown that vapor-phaseCA[4] and PDA/CA[6] bilayers from the averagebutylamine
primary amines, such asbutylamine, irreversibly bind to acid-  syrface coverage on the PDA-COOH surface and dividing the
terminated SAMs but that they readily desorb from low-energy (ifference by the PDA-COOH surface coverage. We calculate
surfaces such as the PDA-gtbr hydrophobic cavities of  that CA[4] and CA[6] cover 58% and 61%, respectively, of
calixarenes! Then-butylamine interacts weakly and reversibly  ihe PDA-COOH surface. These values correspond to surface
with the calixjnjarene cavity, via hydrogen-bonding and van concentrations of 0.06 and 0.04 nmolfcfar CA[4] and CA-
der Waals interactions, and irreversibly with the remaining PDA- [6], respectively. This somewhat low surface coverage, which
COOH headgroups via proton transfer. By measuring the reflects the poor packing ability of the calixarenes, is not
difference inn-butylamine mass loading on the PDA-COOH  syrprising given their conical shape, the sterically confirert
and PDA/CA] surfaces, the fractional surface coverage of CA- pytyl groups on the upper rim, and their inability to surface
[n] on the PDA surface can be approximatéd** Theresults  giffuse to form close-packed monolayers. Moreover, these
of this experiment are shown in Figure 2. results are comparable to the-645% coverages, based upon

Figure 2A is the real-time SAW device response resulting electrochemical reductive desorption of thiolated species, found
from exposure of a PDA-Ciisurface ton-butylamine vapor. by Kaifer et al for thiolated8-cyclodextrin directly bound to
We allowed the SAW device to stabilize in a purgirge for Au.b
750 s and then switched to a 25%-of-saturatielbutylamine Figure 3 shows unprocessed, real-time SAW device responses
vapor for an additional 210 s. When the experiment had run resulting from the reversible adsorption of 25%-of-saturation
for 960 s, the SAW device was again purged with pute N benzenen-heptane, CG| toluene, 1-butanol, and TCE vapors
This same procedure was followed for the other three experi- on PDA-COOH and PDA/CA[6] surfaces. Each of these
ments illustrated in Figure 2. Upon exposurentbutylamine, experiments was performed twice, with the error margin being
we observe a rather large mass increase, which arises primarilyless thant-10% of a monolayer in all cases. With the exception
from n-butylamine weakly bound to the low-energy methyl of TCE, adsorption and desorption of the volatile organic
surface. After purging with Nfor 1800 s, all of this material ~ compounds (VOCs) on both PDA-COOH and PDA/CA[6]
desorbs except for an amount corresponding<t@ of a surfaces are both rapid-6 s) and reversible. We speculate
monolayer. We performed experiments like this twice, and that the slow desorption of TCE (up 8 h on thePDA-COOH
obtained an average surface coverage of 7%. This level of surface) may result from intercalation of a small percentage of
adsorption may result from tenacious binding of the amine to the TCE into packing-defect voids within the PDA film. At
the unmetalated part of the quartz SAW device. least in the case of toluene, the adsorption isotherm connecting

Parts B and C of Figure 2 show the results of similar the vapor and surface concentrations is linear over the range
experiments performed on PDA/CA[4] and PDA/CA[6] sur- 0—25% of saturation. Duplicate VOC dosing experiments were
faces, respectively. For these particular experiments, the performed using the same SAW devices, approximately 1 month



11916 J. Am. Chem. Soc., Vol. 118, No. 47, 1996 Dermody et al.

— &
€ 12} i Benzene £ 1.2 —
o [-1n-Heptane =
2 1o} i CClg g 1.0 @ Benzene
IS ¥4 Toluene [ c I/ Toluene
£ i@ n-Butanol . 5 os| ECCl
@ 08f  [ITCE . g o8
T <
f = 06}
5 0.6} @
o o
o
8 0.4} _g 0.4}
o ©
S 9 o2
a 02} : d “r
% i g %
S polM. i |- S ool A
= PDA-CHz PDA-COOH PDA/CA[4]
SAW Device Coating SAW Device Coating

Figure 4. Comparison of the average mass loading per area for PDA- Figure 5. Comparison of the average mass loading per area for TP-,
CHs-, PDA-COOH-, PDAI/CA[4]-, and PDA/CA[6]-coated SAW PDA/Ph-, PDAI-Ph-, PDA/CA[4]-, and PDA/CA[6]-coated SAW
devices exposed to six volatile organic compounds (VOCs) present atdevices exposed to benzene, toluene, and, @&sent at 25% of
25% of saturation mixed down in dry,N saturation mixed down in dry N

after those shown in Figure 3, to verify the stability of the SAM andt-Ph are linked to the PDA layer through ester linkages in
surfaces. In each case, the results were within 10% of athe same manner as O#\[

monolayer of their original values. Taken together, these We dosed the TP, PDA/Ph, and PR@&h surfaces to
experiments demonstrate that the interactions between VOCsdetermine whether VOC adsorption is enhanced at thenCA[
and CAJn] surfaces are generally reversible and reproducible, surfaces on the basis of specific interactions with discrete CA-
and that a linear correspondence connects the bulk and surfacén] macrocycles or whether nonspecific interactions, promoted
concentrations. Moreover, the bilayers themselves are stableby the calixarengert-butylphenyl groups, dominate adsorption.
for long periods of time. These characteristics are highly Referring to Figure 5, the magnitude of VOC adsorption is much

desirable in sensor design. smaller, typically less than 50%, for the TP, PDA/Ph, and PDA/
Figure 4 shows a summary of the average mass-loading data-Ph surfaces compared to the PDA/@Ppilayers. We would
obtained from dosing the PDA-COOH and PDA-Chiono- expect that if the adsorption enhancement observed for the CA-

layer- and PDA/CA[4] and PDA/CA[6] bilayer-coated SAW [n] surfaces results primarily from nonspecific interactions
devices with six VOCs. The bilayer-coated devices generally between the VOCs and the functional groups on therépper

give higher mass-loading responses relative to the PDA-coatedrim, then a similar extent of VOC adsorption would occur at
devices. We anticipated this result because of the enhancedhe TP, PDA/Ph, and PD#&Ph surfaces. These control
binding between the calixarene cavities and the VOCs comparedexperiments clearly underscore the necessity of the macrocyclic
to their nonspecific interactions with the PDA-gENnd PDA- structure of the CA{f] surfaces for VOC adsorption enhance-
COONH surfaces. ment.

To better understand the adsorptive behavior of the calixarene On the basis of the data in Figure 5, we conclude that the
cavities, relative to nonspecific adsorption at, for example, defect calixarenes retain their cone conformations when confined to
sites between CAJ molecules, we dosed the same bilayer- the PDA surface. Evidence for this comes from the enhanced
coated SAW devices used to obtain the data shown in Figuresadsorption noted for benzene and toluene on thenC#\Jrfaces
3 and 4 first withn-butylamine, in an effort to passivate the compared to TP, PDA/Ph, and POA?h surfaces. The CA[4]
voids between calixarenes, and then again with the six VOCs. and CA[6] cavities have interior diameters of 6.3 and 7.9 A,
After irreversible adsorption of a quantity of-butylamine respectively> The benzene and toluene molecules have esti-
consistent with the data shown in Figure 2B,C, the frequency mated molecular diameters, across the 2,6-hydrogens, of 6.3 A
responses of the CA[4]- and CA[6]-coated devices were within (CPK models), and their flat, discus-like shapes are conducive
5% of a monolayer of their original values for all six VOCs. to inclusion within the CAf] cavities. Thus, we conclude that
This strongly suggests that enhanced VOC adsorption at theenhanced selectivity for benzene and toluene results from a
calixarene-modified surface results from the cavities rather than favorable specific interaction between the hydrophobic cavities
interstitial voids. As a control experiment we also dosed the of the two calixarenes and the two aromatic compounds, which
PDA-CHs- and PDA-COOH-coated SAW devices with 25% is only possible if the calixarenes retain their cone conforma-
of saturation benzene after dosing them withutylamine and tions.
found the frequency responses due to benzene adsorption were Additional evidence for retention of the calixarene shape on
also within 5% of a monolayer of the original values. the surface comes from a comparison of the Q@lta (Figure

Figure 5 shows a summary of the average mass-loading datas). The PDA/CA[6] bilayer is more receptive to the G@tobe
obtained from dosing thiophenol (TP)-, phenyl-terminated PDA than the PDA/CA[4], PDA*Ph, PDA/Ph, and TP surfaces. We
(PDA/Ph)-, 4tert-butylphenyl-terminated PDA (PDA&P)-, interpret this result in terms of size and shape selectivity, which
PDA/CA[4]-, and PDA/CA[6]-coated SAW devices with 25%- would not be possible if the calixarenes unfolded on the PDA
of-saturation benzene, toluene, and £Crhe TP, PDA/Ph, surface. Unlike benzene or toluene, ¢@hs spherical sym-
and PDAt-Ph control surfaces were chosen because of their metry and is too large (approximately 6.4 A in diameter based
structural similarity to the PDA/CA]] bilayers, but note the  on CPK models) to fit entirely within the CA[4] cavity, but it
absence of a distinct cavity on the control surfaces. TP is boundis sufficiently small to be accommodated by CA[6]. That the
to the Au substrate directly through thiehu bonds while Ph calixarenes retain their cone conformations on the PDA surface
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is not surprising, since there is steric crowding on the lower [n]arene bilayers. For example, we employed specific vapor-
rims, and because the calixarene conformations are locked inphase probe molecules and SAW devices to estimate the
on the surface by covalent bonds to the PDA SAM. calixarene surface coverage. We also differentiated the roles
There is one final very interesting issue raised by the data in of the calixarene cavities, the voids between calixarenes, and
Figure 5. As discussed earlier, CA[4] and CA[6] have estimated the voids between molecules comprising the PDA adhesion layer
surface coverages of 0.06 and 0.04 nmoficnespectively. toward vapor-phase probe molecules. FTIR-ERS and SAW
Dosing the CA[4] and CA[6] surfaces with 25%-of-saturation experiments show the potential of PDA/GRA[bilayers as
benzene yields mass loadings of 0.70 and 0.97 nmél/cm rugged, sensitive coatings for vapor-phase chemical sensing
respectively. Since a 1:1 host:guest stoichiometry would yield applications. Moreover, and perhaps most significantly, the
maximum benzene coverages equal to the CA[4] and CA[6] attachment chemistry we describe is highly versatile and should
surface concentrations, we conclude that the calixarenes act age useful for surface immobilization of other receptor mono-
templates that nucleate benzene into clusters that average 10 |ayers.
20 molecules each and permit it (as well as some of the other

b lecul t0 adoot surf ¢ i that ¢ We are currently improving our synthetic method to optimize
probe molecu es)_ 0 adopt surtace contormations that are 1oy, packing density of the CA] molecules on the PDA surface.
some degree solid-like. That is, whatever phase the surface-

fined b s in.ith | than liqui dWe are also working toward incorporation of calixarenes having
benzene or else it would immediately desorb from the surface, C/eret functional groups on the upper rims and a variety of
ely .~ tailored cyclodextrin species into array-based sensing strategies.
Importantly, on the three non-calixarene surfaces shown in

Figure 5, the surface concentration of benzene does not exceeJhese experiments will provide us with a better understanding

half of the maximum single-monolayer coverage (roughly the of hqw molecularly inclusive thin films interact with vapor-
same as the PDA monolayer: 0.94 nmol®mvhich provides and liquid-phase analytes.

an important control that strongly suggests the fully reproducible K | I K |
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