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Molecular Interactions between Organized,
Surface-Confined Monolayers and Vapor-Phase Probe
Molecules. 8. Reactions between Acid-Terminated
Self-Assembled Monolayers and Vapor-Phase Bases
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We present the results of a study of the interactions between three different acid-terminated self-
assembled monolayer (SAM) surfaces and three basic vapor-phase probe molecules. The SAMs are composed
of 4-mercaptobenzoic acid (MBA), 3-mercaptopropionic acid (MPA), and 11-mercaptoundecanoic acid (MUA),
and the vapor-phase probes are, in order of increasing solution-phase acidity, decylamine, pyridine, and
pyrazine. Our results are based on data from surface infrared spectroscopy and thickness-shear mode
mass sensors. We find that all three SAMs irreversibly bind approximately one monolayer of decylamine,
although there are slight differences that correlate with the structural nuances of the SAMs. The MPA
and MBA SAMs bind decylamine through an electrostatic interaction brought about by transfer of a proton
from the acid to the base. Because the MUA SAM is more impenetrable than the others, complete proton
transfer is hindered, and binding of decylamine arises through a combination of proton transfer and strong
hydrogen bonding. In the presence of its vapor, pyridine adsorbs to MBA surfaces at near-monolayer
coverage, but upon N2 purging about two-thirds of it desorbs. Only one-half monolayer of pyrazine, which
is less basic than pyridine, adsorbs to the MBA SAM, and upon N> purging, about two-thirds of it desorbs.
The aliphatic acid SAMs follow a similar trend. The results of this study indicate that the extent of base
binding correlates most strongly with the structural nuances of the acidic SAMs and the relative basicity

of the vapor-phase bases. These results are relevant to SAM-based chemical sensors.

Introduction

In this paper we continue our investigation of chemistry
at vapor—solid interfaces!™'! by studying interactions
between acid-terminated, self-assembled monolayers
(SAMs) and vapor-phase bases. The acidic SAMs are
constructed from 4-mercaptobenzoic acid (MBA), 3-mer-
captopropionic acid (MPA), and 11-mercaptoundecanoic
acid (MUA). The vapor-phase probes are the bases
decylamine, pyridine, and pyrazine. Depending on the
chemical structures and relative acidities of the acids and
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bases, we observe probe/SAM interactions that arise from
primarily proton transfer or from primarily hydrogen
bonding.

We recently began a systematic study of molecular
interactions between organized, surface-confined mono-
layers, and vapor-phase probe molecules.*™'* The long-
term goal of this study is a complete understanding of the
general rules that govern adsorption and reaction chem-
istry at vapor—solid interfaces near room temperature
and atmospheric pressure. Vapor—surface interactions
are of general technological interest for manipulating
interfacial properties, which are critical to the fields of
adhesion, lubrication, and corrosion, without the cost,
disposal problems, and other complications associated with
the use of solvents. However, there are also two key
drawbacks to the implementation of solvent-free chemistry
that place significant limitations on this approach. First,
reactants and reaction byproducts must have an ap-
preciable vapor pressure at the temperature employed
for the reaction. Second, the use of catalysts for promoting
specific chemical transformations is severely curtailed.
At present, our interest is therefore primarily focused on
weak molecular interactions, such as those arising from
hydrogen bonding and acid—base (including proton-
transfer) interactions; however, we have also studied
complexation interactions and covalent bonding. In this
article we expand upon our previous reports of proton-
transfer and hydrogen-bonding interactions that occur at
the interface between surface-confined SAMs and vapor-
phase probe molecules.*~8 Specifically, we have examined
interactions between several different pairs of surface-
confined acids and vapor-phase bases. We have also
significantly improved the experimental design: most
spectroscopic and all mass-balance data reported here
were obtained in situ and in real time.”

There are at least three good reasons to study acid—
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base chemistry at vapor—solid interfaces. First, the
acidity of molecules confined at the vapor—solid interface
may be different from that of the same compounds in
solution phases since surface- confined molecules are in
close proximity to one another and restricted in their
motional freedom.12-18 Second, because thereis no solvent
involved, a comparison of the results of vapor—solid
interactions with those in solution phases can lead to a
deeper understanding of solvation phenomena. Finally,
a basic understanding of the principles of chemistry at
the vapor—solid interface is essential for the rational
design of chemically-sensitive interfaces for chemical
sensors, which is one of our primary technological goals.®
For most applications only weak intermolecular interac-
tions are useful in designing chemical sensors. For
example, acid—base and hydrogen-bonding interactions
are strong enough to reversibly bind vapor-phase analytes,
but often not so strong as to irreversibly adsorb them.

We have used two complementary analytical techniques
in this study: FTIR-external reflectance spectroscopy
(FTIR-ERS) and nanogravimetry based on thickness-shear
mode resonators (TSMRs). In-situ FTIR-ERS provides
chemical and structural information as a function of time,
but the technique is generally not quantitative. In
contrast, mass-sensitive TSMRs provide quantitative
information about surface coverage but little chemical
information.

Here, we describe interactions between each of three
acid-terminated SAMs and the three vapor-phase base
molecules. Although the strength of the surface-confined
acids is unknown at the present time,!® the liquid-phase
acidity of the analogous alkanoic acids increases in the
order: benzoic acid, pK, = 4.19; propionic acid, pK, =
4.87; and octanoic acid, pK, =4.89. Previous studies have
indicated that the apparent pK, of acids often increases
when they are confined to surfaces.'> 8 For example,
MUA SAMs cannot be completely deprotonated by vapor-
phase n-alkylamines.® This interesting situation arises
because of two distinct phenomena. First, acid-terminated
SAMs may undergo strong intramonolayer lateral hy-
drogen bonding, which is revealed spectroscopically as a
significant shift of the IR-active carbonyl stretching mode
toward lower energy.** This results from steric confine-
ment of the acid groups to particular geometries, which
are conducive to hydrogen bonding, and the absence of
competition from solvent for hydrogen-bonding sites.
Second, complete deprotonation of an acid layer, and
simultaneous protonation of the base layer, may be
energetically unfavorable because of intralayer Coulomb
repulsion.® The phenomenon of reduced acidity is also
observed for SAMs at the liquid—solid interface. For
example, contact-angle titrations indicate a several-pH-
unit increase in the acidity of MUA when it is configured
in a SAM.1418 Other types of acid surfaces show similar
increases in apparent pK,.16-22
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The liquid-phase pKj, values for the vapor-phase probe
molecules decrease as follows: decylamine (10.64) >
pyridine (5.25) > pyrazine (0.65). The results of our study
of the interactions of these bases with the acid-terminated
SAMs reveal that vapor-phase decylamine irreversibly
binds to all three acid surfaces through primarily proton-
transfer interactions. In contrast, vapor-phase pyridine
and pyrazine molecules interact with the acid surfaces
primarily by hydrogen bonding interactions; the strength
of the interaction depends on the particular acid—base
pair.

Experimental Section

Chemicals. The following chemicals were purchased from
Aldrich Chemical Co. (Milwaukee, WI) and used as received:
3-mercaptopropionic acid (MPA), HS(CH3),COOH; 4-mercapto-
benzene (MB), HS(CsHs); decylamine, NH2(CH2)9CHs; pyridine,
NCsHs; pyrazine, NC4H4N. 4-Mercaptobenzoic acid (MBA),
HS(CsH4)COOH, was purchased from Toronto Research Chemi-
cals, Inc. (Downsview, Ontario, Canada), and used without
further purification. 11-Mercaptoundecanoic acid (MUA),
HS(CH2)10COOH, was synthesized according to a literature
procedure.?® Other chemicals were of reagent grade or better.

FTIR-ERS Measurements. Substrates for FTIR-ERS were
diced (9 x 34 mm) Si(100) wafers coated with a 15-nm-thick Cr
adhesion layer and 200 nm of Au. Immediately prior to SAM
derivatization, the substrates were rinsed with ethanol and then
immersed in freshly prepared “piranha” solution (3H,S04:1H,05,
Caution: this mixture reacts violently with organic materials,
and it should not be stored in closed containers) for 30 s. The
substrates were then rinsed thoroughly with deionized water
(Milli-Q, Millipore, Bedford, MA) followed by ethanol and then
dried under a N; stream. The substrates were immersed in 1
mM ethanolic solutions of the appropriate mercaptans for more
than 48 h. Prior to analysis, the substrates were thoroughly
rinsed with ethanol, soaked in water (pH = 6.0 & 0.2) for 5 min
(to ensure that the monolayers were fully protonated), and dried
under a N; stream.

FTIR-ERS measurements were made using a Digilab FTS-40
FTIR spectrometer equipped with a Harrick Scientific Seagull
reflection accessory and a liquid N, cooled MCT detector. All
spectra were obtained at 4 cm~! resolution using p-polarized
light incident on the Au substrate at an angle of 84°. A custom-
built vapor-phase flow cell was employed for all FTIR-ERS
measurements; it was described in detail previously.”!1 Briefly,
the flow cell consists of a cover and a base, which are sealed
together by mechanical compression of a silicone O-ring. Two
NaCl windows on the ends of the flow cell permit external
reflection spectra to be recorded in a manner that is similar to
normal FTIR-ERS spectroscopy. Using this system, FTIR data
acquisition and introduction of vapor-phase base probes can be
performed simultaneously; however, the spectra of both the
surface-confined probe and the vapor-phase probe present in the
cell headspace are obtained simultaneously during probe dosing.
This problem can be obviated by purging the headspace with N,
prior to spectral acquisition, but this strategy may cause weakly
bound analytes, which are in equilibrium with the vapor phase,
to desorb.

The partial pressure of the vapor-phase reactant and the flow
rate of the gas stream are set by two mass-flow controllers: one
controls a N, stream (from a liquid-N; bleed-off) passing through
a vial containing a solid or liquid reactant with a significant
vapor pressure, and the other controls a pure N, stream, which
is used to dilute the first. All experiments were performed at a
constant flow rate of 0.5 L/min. The acid surfaces were dosed
with a 50%-of-saturation decylamine vapor or a 20%-of-saturation
pyridine or pyrazine vapor. Acid—base interactions atthe vapor—
solid interface were monitored continuously by recording FTIR
spectra every 2 min. All spectra were obtained at 4 cm~!
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resolution except Figure 1, which was obtained at 2 cm™!
resolution. The number of co-added individual spectra is given
in the figure captions. Spectra were obtained at 23.5 + 1 °C.

TSMR Device Measurements. The relationship between
the frequency change (Af) and mass-per-area (my) for deposition
onto a TSMR is given by the Sauerbrey equation (eq 1).2* Here,

Af/fo = _ZrnA‘fo(/"qioq)_ll2 (1)

fo is the resonant frequency of the TSMR and uq and pq are,
respectively, the shear modulus (2.95 x 10! g/cm-s?) and density
(2.65 g/cm?) of quartz.* We deposit mass onto both electrodes
of the TSMR device in our experiments.

AT-cutquartz devices, 9 MHz, purchased from Kyushu Dentsu
Company Ltd. (Omura City, Japan), were used for all TSMR
experiments. The TSMRs have crystal diameters of 8.0 mm and
electrode diameters of 4.5 mm. Both the crystal and electrode
surfaces were polished by the manufacturer. The electrodes
consisted of 200 nm of Au deposited over a 15 nm Ni adhesion
layer. The measurement system is comprised of two TSMRs
(one is a control), a 5-V dc power supply (Newark 89F1268), a
frequency counter (Hewlett-Packard 5384A), an oscillator circuit
(Leybold Inficon 013—001), and a custom-built frequency filter.2
The entire system is interfaced to an IBM-compatible computer
(Scheme 1).

A flow cell, which is similar to that used in the FTIR-ERS
experiments, houses the TSMRs so that all surface reactions can
be followed in real time. The flow cell consists of a base and two
cover plates; the TSMR holder is sandwiched between the two
plates using Viton O-rings, which secure the oscillator perpen-
dicular to the plates, and then the entire assembly is attached
to the base using four screws. The TSMR devices were first
rinsed with ethanol and then cleaned in an Ar plasma cleaner
(Harrick Scientific Model PDC-32G, Ossining, NY) for 1 min,
and finally rinsed with ethanol and dried under a N, stream
prior to immersion in the mercaptan solutions. All other
experimental conditions are identical to those used for FTIR-
ERS: a constant flow rate of 0.5 L/min, dosing concentrations
of 50%-of-saturation for decylamine and 20%-of-saturation for
pyridine and pyrazine, and a temperature of 23.5 + 1 °C.

To determine the precision of the TSMR measurements, we
performed several repetitive measurements on each of three
different chemical systems and compared the results to astandard
propagation-of-errors analysis. Both of these resulted in an
absolute error of &7 ng/cm?2 or about +5% of the mass corre-
sponding to a single monolayer of decylamine. A detailed
discussion of these results is provided in a forthcoming publica-
tion.2¢
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Figure 1. FTIR-ERS spectra of SAMs composed of (a) MUA,
(b) MPA, and (c) MBA. Each spectrum is the sum of 256
individual spectra.

Results and Discussion

FTIR-ERS Characterization of Acid-Terminated
Organomercaptan SAMs Confined to Au Surfaces.
Figure 1 shows FTIR-ERS spectra of the acid-terminated
organomercaptan SAMs used in this study. Figure lais
the spectrum of Au/SH(CH5);0,COOH (Au/MUA); the peak
assignments are given in Table 1. The two prominent
bands at 1740 and 1718 cm~* are C=0 stretching modes
corresponding to two surface-confined carboxylic acid
conformations: non-hydrogen-bonded monomers and lat-
erally hydrogen-bonded acid dimers or perhaps multimers,
respectively.®?” We have previously shown that this type
of hydrogen bonding can increase the pK, of surface-
confined acid groups in solution,’? and one of the main
objectives of the present work is to better understand this
phenomenon at the vapor—solid interface.

The spectrum of Au/SH(CH,),COOH (Au/MPA) is shown
in Figure 1b and the peak assignments are given in Table
1. The C—H stretching bands between 3000 and 2800
cm~! are much smaller in intensity than those of MUA,
which is consistent with the smaller number of CH, groups,
and they appear derivative-shaped as a result of imperfect
background subtraction. The position of the C=0 stretch-
ing mode, which is about the same intensity as in Figure
la, indicates that the carboxyl terminal groups exist
primarily in a laterally hydrogen-bonded configuration,
which is probably a consequence of the poor structural
order of these shorter SAMs.

Figure 1c is the spectrum of Au/SH(CsH4)COOH (Au/
MBA); the peak assignments for this monolayer are also
provided in Table 1. The absorptions of the aromatic ring
vibrations are strong in the low-frequency region, but the
aromatic C—H stretchat 3050 cm~tisweak. Theintensity
of the C=0 stretch for the MBA monolayer is significantly
stronger than the corresponding bands in the MUA and
MPA spectra, which may result from an orientation
effect,?® an inherent enhancement in aromatic acids,?® a
somewhat different surface coverage brought about by a
difference in molecular packing, or acombination of these
three effects. In contrast to the spectra of Au/MUA and
AuU/MPA, the appearance of asingle, sharp O—H stretching
band at 3580 cm™! in the Au/MBA spectrum suggests a
significant difference in the environment of most of the

(27) (a) Smith, E. L.; Alves, C. A.; Anderegg, J. W.; Porter, M. D,;
Langmuir 1992, 8, 2707. (b) Duevel, R. V.; Corn, R. Anal. Chem. 1992,
64, 337.(c) Jordan, C. E.; Frey, B. L.; Kornguth, S.; Corn, R. M. Langmuir
1994, 10, 3642.

(28) (a) Porter, M. D. Anal. Chem. 1988, 60, 1143A. (b) Greenler, R.
G. J. Chem. Phys. 1969, 50, 1963.

(29) Mori, N.; Kaido, S.; Suzuki, K.; Nakamura, M.; Tsuzuki, Y. Bull.
Chem. Soc. Jpn. 1971, 44, 1858.
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Table 1. Peak Assignments for MUA, MPA, and MBA Monolayers Confined to Au Surfaces before (Figures 1) and after
(Figures 2) Dosing with Decylamine?

MUA MPA MBA
AU/HS(CHz)mCOOH AU/HS(CHz)loCOOH AU/HS(C6H4)COOH
acid layer Figure 1a Figure 2a Figure 1b Figure 2b Figure 1c Figure 2c

VoH 3580 —3580
Vo,c—H 3050
VNH5* 3250—-2600 3250—2600 3200—-2600
Va,CH, 2967 2967 2967
Va,CH, 2920 2923 2925 2923
Vs,CHy 2880 2880 2880
Vs,CH, 2850 2854 2855 2853
vYc=0 1740, 1718 —1742° 1720 —-1727 1751 —1742
SaNH,* 1643 (sh) 1643 (sh) 1643 (w)
VCI)-ringC 1589 —1591, 15824
Va.coo- 1582 1584 (c) 1545
O-CH, 1410¢ 1420¢
Vs.coo- 1411 (c) 1402 (c) 1398
ve—of 1174, 1093 —1174, 1090

aKey: sh, w, and c represent shoulder, weak, and centered, respectively. b “~” represents a negative peak in the spectrum. ¢ ve.ring =
aromatic ring stretch. 4 The derivative shape results from a slight shift of the ve.ring mode upon deprotonation. ¢ The precise assignment
of this band is in doubt; it has also been assigned to a combination of C—O stretch plus COH in-plane bend (see ref 27b) and a combination
of the carboxylate stretch plus the a-CHj scissors mode (see ref 27¢). f It is difficult to assign these bands with confidence, and they may

arise from fic— modes (see ref 26).

surface-confined O—H groups. Taken together with the
position of the carbonyl band, which shifts -50 cm™ to
lower energy for acid dimers in CCl4,% we hypothesize
there is very little intramonolayer hydrogen bonding in
the MBA SAM. This view is also consistent with the
surprisingly high absorbance of the O—H bond in the MBA
spectrum: if MBA is oriented with its ring plane per-
pendicular to the substrate, then the surface infrared
selection rule will favor absorption by the O—H dipole
and, as a consequence hydrogen bonding, which results
in attenuation of this band, is sterically hindered.?®¢ A
detailed description of the structure and reactivity of all
three mercaptobenzoic acid isomers will appear shortly.?®

Reactions between Acid-Terminated SAMs and
Vapor-Phase Decylamine. We performed in-situ FTIR-
ERS and TSMR analyses of the interactions between the
three acid-terminated SAMs and vapor-phase decylamine.
For the FTIR-ERS experiments, we exposed the SAMs to
a pure N, stream for 15—20 min and then switched to a
50%-of-saturation decylamine vapor stream for 10 min.
After dosing, we purged the substrate with pure N, for an
additional 20 min at a constant flow rate of 0.5 L/min.
Figure 2 shows the final FTIR-ERS spectra for the acidic
SAMs after exposure to decylamine vapor and purging
with pure N,. All the spectra presented in Figure 2 are
difference spectra: spectra similar to those in Figure 1
have been subtracted in each case to emphasize the
reaction chemistry.

The formation of an acid—base bilayer for each of the
SAMs is supported by the following observations. First,
four new, well-resolved, positive peaks that correspond to
the C—H stretching modes of adsorbed decylamine are
present in the high-frequency region of all three spectra.
The assignments for these bands are given in Table 1. In
all cases the positions of the methylene bands indicate
that the adsorbed decylamine layer is in a configuration
that is best characterized as liquid-like.3® Well-packed,
methyl-terminated SAMs are known to exist in a solid-
like environment, which causes these bands to narrow
and shift to significantly lower energies compared to their
positions in Figure 2.3° For example, the asymmetric and
symmetric methylene C—H stretching bands in well-
ordered, methyl-terminated SAMs appear at 2918 + 1
and 2849 + 1 cm™1, respectively, which compare to 2923

(30) Porter, M. D.; Bright, T. B.; Allara, O. L.; Chidsey, C. E. D. J.
Am. Chem. Soc. 1987, 109, 3559.
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Figure 2. FTIR-ERS difference spectrafor (a) MUA, (b) MPA,
and (c) MBA SAMs obtained after dosing with decylamine vapor
for 10 min and then purging with N, for 20 min. The spectra
of the acid surfaces obtained prior to dosing (similar to those
in Figure 1) have been subtracted. Each spectrum is the sum
of 512 individual spectra.

+ 1 and 2854 + 1 cm™1, respectively, for those shown in
Figure 2. Importantly, the magnitudes of the C—H
stretching bands for the three acid surfaces shown in
Figure 2 indicate qualitatively that each acid-terminated
SAM adsorbs approximately an equal surface concentra-
tion of base. Note, however, that there isaclear difference
in the heights of the asymmetric methylene C—H stretch-
ing modes in the aliphatic versus the aromatic acids. The
reduction in the magnitude of this mode for MBA, taken
together with the enhancement of the symmetric C=0
stretching mode discussed below, probably indicates that
adsorbed decylamine is, on average, oriented with its long
axis more perpendicular to the surface than when it
adsorbs to the aliphaticacids. Finally, control experiments
performed by dosing methyl-terminated SAMs with decyl-
amine indicate no spectroscopic evidence for adsorption.”

The second piece of evidence supporting bilayer forma-
tion relates to the disappearance of the acid C=0O
stretching bands in the energy range 1755—1710 cm~tin
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all three spectra. Inaddition, the MBA surface indicates
loss of the O—H stretching mode at 3580 cm~1. Finally,
there are new bands between 1590—1540 and 1415—1395
cm~tin all three spectra that result from the asymmetric
and symmetric carboxylate stretching modes, respectively.
These peaks indicate that proton transfer from the acids
to the amines proceeds under these conditions and that
a new, stable acid—base bilayer forms primarily by an
ionic-bonding interaction. Additional evidence for this
includes the broad bands between 3250 and 2600 cm™?,
which underlie the C—H stretching regions. We assign
these bands to N—H stretching modes in NH;* that are
often observed in zwitterion-like species of the form
RCOO~"NH3R’.3132 Thetwo peaksat1174and 1093cm™1,
which are apparent in Figure 1c, become negative after
dosing with base (Figure 2c). These bands have been
associated with the C—0 stretch in monomeric carboxylic
acids.®® In contrast, we do not observe these bands in
MPA or MUA SAMs, since they are initially present
primarily in a hydrogen-bonded configuration.

In accordance with these observations, and those in our
previously reported work,® we propose a model for this
bilayer structure like that shown in Scheme 2. Within
our detection limit, vapor-phase decylamine binds to the
MBA and MPA SAMs exclusively by an ionic proton-
transfer interaction. For energetic reasons, we believe
this fully ionic configuration implies some degree of
intercalation of the charged parts of the acids and bases.®
Proton transfer is also important in binding decylamine
to MUA, but strong hydrogen bonding between acid groups
and the structural rigidity of the aliphatic chains precludes
intercalation of the ionic groups and leads to acombination
of proton transfer and hydrogen bonding.® We have
previously discussed the nature of the interaction between
decylamine and the aliphatic acids in detail.® The three
acid—base bilayer combinations discussed thus far are
stable for many hours in a dry N, atmosphere, so at least
on this time scale the reaction is irreversible. Moreover,
we have attempted to remove the amine from all three
surfaces using both ethanol and water vapors, but it is

(31) Koegel, R. J.; Greenstein, J. P.; Winitz, M.; Bumbaum, S. M.;
McCallum, R. A. J. Am. Chem. Soc. 1955, 77, 5708.

(32) Fukushima, K., Onishi, T.; Shimanouchi, T; Mizushima, S.
Spectrochim. Acta 1959, 15, 236.

(33) Welti, D. Infrared Vapour Spectra; Heyden & Son Ltd.: New
York, 1970; pp 21—24.
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Figure 3. Real-time TSMR data obtained by dosing (a) MUA,
(b) MPA, and (c) MBA with decylamine. The numerical values

are the percentage of the theoretical, single-monolayer coverage
of the adsorbed decylamine after dosing.

sufficiently strongly bound that no displacement occurs.
This resilience is at least in part due to the hydrophobic
nature of the bilayer surface, which protects the ionic bond.

We used real-time nanogravimetry based on TSMR
quartz oscillators to confirm and quantify the FTIR-ERS
data for decylamine adsorption onto the acid surfaces.
Figure 3 shows a plot of frequency shift versus time for
TSMR devices coated with approximately one monolayer
of MUA, MPA, and MBA during exposure to a N, stream
containing decylamine. Between 0and 18 min, we allowed
the device frequency to stabilize under a pure N, purge
stream. Between 18 and 30 min the N, stream was
switched to a 50%-of-saturation decylamine-in-N, mixture;
the frequency decrease corresponds to the adsorption of
decylamine onto the SAM. Between 30 and 120 min, we
purged the surface with pure N, to remove any decylamine
condensed or otherwise weakly bound onto the acid
surfaces. In agreement with the FTIR-ERS results,
adsorption between the bases and the acidic SAMs is
essentially irreversible on this 90-min time scale.

The measured mass changes resulting from decylamine
adsorption onto the SAM surfaces after purging with N,
for 30 min are 110, 130, and 160 ng/cm?, or 0.69, 0.83, and
1.01 nmol/cm?, for MUA, MPA, and MBA SAMs, respec-
tively. Ifwe assume that the mercaptans adsorb at 3-fold-
hollow sites of a defect-free Au(111) surface, we can
calculate a theoretical, single-monolayer SAM coverage
of 0.78 nmol/cm?.34 If we further assume the theoretical,
single-monolayer coverage of decylamine corresponds to
a one-to-one reaction stoichiometry with the acid-
terminated mercaptan molecules and that the substrates
have a surface roughness factor of 1.2 times that of the
projected area,®® then the measured adsorption stoichi-
ometries are 75, 90, and 110% of maximum for MUA,
MPA, and MBA, respectively. In a previous paper, we
measured the mass of decylamine adsorbed onto a MUA
surface and measured a coverage of 90% of the theoretical,
single-monolayer coverage. These earlier data were
obtained in a different laboratory using surface acoustic
wave (SAW) devices rather than TSMRs; some other minor

(34) Dubois, L. H.; Nuzzo, R. G. Annu. Rev. Phys. Chem. 1992, 43,
437.

(35) We estimated the surface roughness factor of the active region
of the TSMR devices by dosing it with a dilute vapor of CH3(CH,)sSH.
Several experiments indicate that the mass change due to CH3(CH>)e-
SH adsorption is (120 + 10)% of the theoretical, single-monolayer
coverage (0.78 nmol/cm?) calculated assuming a flat Au(111) surface
and a Au/CH3(CH,)sSH ratio of 3/1.
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aspects of the experimental conditions were also somewhat
different. We believe the difference between these meas-
urements (75% vs 90%) reflects the maximum uncertainty
in our mass measurements. The error associated with
these measurements probably results primarily from an
imprecise knowledge of the true active surface area of the
quartz oscillators and slight differences in temperature
during experiments. As discussed in the experimental
section, our typical error is =7 ng/cm? for these vapor-
phase TSMR experiments, since virtually identical sub-
strates and dosing conditions were used.?® Also note that
during the dosing period the decylamine surface coverage
for all three acid surfaces is essentially identical, which
provides additional support for our contention that
precision associated with these measurements is higher
than a simple comparison of the previous SAW results
with the current TSMR results might suggest.

We propose that the order of decreasing decylamine
coverage on the acid surfaces measured after N, purging
correlates with the acidities of the carboxyl proton. That
is, the likelihood of irreversible adsorption of decylamine
depends primarily on the ability of the acid to transfer its
proton. This in turn depends on the extent of intramono-
layer hydrogen bonding and the ability of the bilayer to
accommodate the electrostatic charge resulting from
proton transfer, since the intrinsic solution-phase pK,
values are about the same for all three acids. We have
previously shown that the structural rigidity of MUA
renders it more strongly hydrogen bonded than MPA even
though some of the MUA monolayer is present in the
monomeric form.® The presence of the O—H stretching
mode for the MBA SAM at 3580 cm™! clearly indicates
little or no hydrogen bonding. Therefore, the decrease in
the strength of hydrogen bonding (MUA > MPA > MBA)
tracks the acidity of the monolayers, at least as measured
by this vapor-phase titration method. In addition to
hydrogen bonding, the extent to which the bilayers can
interpenetrate (Scheme 2) to accommodate the electro-
static interaction between the charged acids and bases
will also play an important role in determining the
energetics of the proton transfer. Clearly, the more rigid
MUA monolayer will resist base intercalation, which isin
accord with its reduced ability to promote bilayer formation
compared to MPA and MBA. The key point is that the
collective structural nuances of the SAMs control their
acidity rather than intrinsic properties of the individual
molecules.

Reactions between Acid-Terminated SAMs and
Vapor-Phase Pyridine. Tostudy the relative acidity of
the surface-confined acids, we exposed them to pyridine,
which is a significantly weaker liquid-phase base than
decylamine. Because pyridine has a much higher vapor
pressure than decylamine, we reduced its partial pressure
during the dosing process to 20% of saturation. Otherwise,
all the experimental conditions were identical to those
used for the decylamine study. Figure 4 shows time-
resolved FTIR spectra obtained by dosing of an Au/MBA
surface with vapor-phase pyridine. The acid-terminated
SAM spectrum obtained prior to dosing has been sub-
tracted from the spectra in Figure 4.

Spectra 2 and 10 in Figure 4 were obtained during
dosing, and spectra 11—21 were obtained while purging
the base-dosed surfaces with pure N,. During dosing,
spectra 2 and 10 indicate absorptions due primarily to
vapor-phase pyridine in the cell headspace:3¢ most promi-
nent are the aromatic C—H stretching modes between
3080 and 3010cm~tand the C—C and C—Nring stretching
bands between 1600 and 1430 cm~. The bands between
1330and 960 cm~!are in-plane C—H bending modes mixed
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Figure4. Selected, time-resolved FTIR-ERS spectraof an MBA
SAM during pyridine dosing (2 and 10) and after pyridine dosing
and then purging with N, (11—21). The interval between the
beginning of two consecutive spectra is 2 min. The spectrum
of the acid surface obtained before dosing was subtracted from
each of these spectra. Each spectrum is the sum of 64 individual
spectra. Key bands discussed in the text are marked with
asterisks. The absorbance scale for spectra11—21 is three times
more sensitive than the others.

with C—C modes. Combination bands and overtones
arising from out-of-plane aromatic C—H bending modes
(1000—700 cm™t) are present between 2000 and 1800
cm~137 During purging, spectra 11—21 reveal small
negative peaks at 3580 and 1745 cm™1, which arise from
at least partial elimination of the acid group O—H and
C=0 stretching modes, respectively. These bands can
also be observed during dosing (spectra 2 and 10). These
data suggest that adsorbed pyridine does not fully desorb
from the MBA surface on the time scale of the experiment.
Taken together with the absence of a carboxylate band,
which we clearly observed for the Au/MBA/decylamine
system, we conclude that pyridine interacts with the MBA
SAM primarily through a relatively strong hydrogen-
bonding interaction. Additional evidence supporting this
view comes from the two negative bands at 1177 and 1096
cm™1, which arise from non-hydrogen-bonded carboxylic
acid molecules; that is, the negative bands result from a
change in conformation of the acid from monomeric to
hydrogen-bonded with pyridine. These two negative
bands are also apparent in the Au/MBA/decylamine
spectrum (Figure 2c). We are unable to assign the positive
band at 1290 cm~! with certainty since this is a complex
region of the spectrum for acids, but it may arise from
pyridine-induced dimerization of MBA.3® It is also in-
teresting to note that we do not observe any new positive
bands attributable to the pyridine ring modes. This may
be related to the orientation of the ring relative to the
surface or simply the low, submonolayer coverage of
pyridine (vide infra).

(36) As presently configured, the vapor-flow cell requires that the IR
beam interact with both vapor-phase base molecules in the cell headspace
and molecules bound to the substrate (see ref 7). However, we have
recently constructed a polarization-modulation FTIR apparatus that
will permit vibrational analysis of only the surface-confined molecules
in the presence of the dosing vapor. (See: Green, M. J.; Barner, B. J.;
Saez, E. I.; Corn, R. M. Anal. Chem. 1991, 63, 55.)

(37) (a) Podall, H. E. Anal. Chem. 1957, 19, 1423. (b) Cook, G. L;
Church, F. M. J. Phys. Chem. 1957, 61, 458. (c) Cannon, C. G
Sutherland, G. B. B. M. Spectrochim. Acta 1951, 4, 373. (d) Groenewege,
M. P. Spectrochim. Acta 1958, 11, 579.

(38) Culthup, N. B.; Daly, L. H.; Wiberley, S. E. Introduction to
Infrared and Raman Spectroscopy; 3rd ed.; Academic Press: New York,
1990.
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Figure5. FTIR-ERSdifference spectra: (a) MUA and (b) MPA
SAMs during pyridine dosing; (e) MUA and (f) MPA SAMs after
pyridine dosing and then purging with N, for 2 min; (c) MUA
and (d) MPA SAMs during pyrazine dosing; (g) MUA and (h)
MPA SAMs after pyrazine dosing and then purging with N, for
2 min. The spectrum of the acid surface before dosing was
subtracted from each of these spectra. Each spectrum is the
sum of 64 individual spectra. The circled regions of the spectra
indicate where we would anticipate observing spectral changes
resulting from perturbations to the acid groups during dosing.
The absorbance scale for (e—h) is three times more sensitive
than the others.

The FTIR-ERS data indicate that MUA and MPA SAMs
exhibit lower reactivity toward pyridine than MBA.
Spectra a and b of Figure 5 are difference spectra of the
MUA and MPA SAMs obtained during pyridine dosing.
The absence of negative peaks between 1745 and 1715
cm™! in these spectra indicate that surface-confined
pyridine is insufficiently basic to extract a proton from
MUA or MPA. If pyridine interacts weakly with the
aliphatic acids through hydrogen bonding or van der Waals
interactions, then its presence on the surface might be
obscured by vapor-phase pyridine in the flow-cell head-
space.3®

We obtained the difference spectra shown in parts e
and f of Figure 5 after purging the flow cell with N, for
2 min to remove vapor-phase pyridine. The spectra
suggest that N, purging removes all pyridine from the
aliphatic acid surfaces. However, the absence of an IR
signature for surface-confined pyridine does not absolutely
confirm its absence on the surface, since the principal
bands of flat-adsorbed pyridine, which does not chemically
react with the acid, are surface-IR silent.?® Alternatively,
there may be a submonolayer coverage that is below our
spectroscopic detection limit.

TSMR data for the acid-terminated SAM/pyridine
systems are fully consistent with the FTIR-ERS experi-
ments. Figure 6 shows plots of frequency shift versus
time for TSMR devices modified with acid-terminated
SAMs during exposure to pyridine vapor. Between 0 and
15 min the SAM-coated devices were equilibrated with a
pure N, purge. Between 15 and 35 min the surface was
exposed to pyridine vapor, and during the final 15 min a
N, purge was introduced to remove any weakly-bound
pyridine from the SAM. The mass changes resulting from
pyridine adsorption during dosing of the MUA, MPA, and
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Figure 6. Real-time TSMR data obtained by dosing (a) MUA,
(b) MPA, and (c) MBA with pyridine. The numerical values are

the percentage of the theoretical, single-monolayer coverage of
the adsorbed pyridine during and after dosing.

MBA SAMs are 65, 70, and 75 ng/cm?, respectively. Using
the same set of assumptions discussed earlier for calcu-
lating the surface concentration of a full monolayer, these
coverages amount to 90, 95, and 100% of the theoretical,
single-monolayer coverages for MUA, MPA, and MBA
SAMSs, respectively, during dosing. In contrast to the
results obtained using decylamine, about half to two-thirds
of the pyridine is sufficiently weakly bound to the acid
surfaces that it desorbs immediately during N, purging.
On the time scale of these experiments, which in some
cases lasted up to 3 h, 45, 35, and 35% of the theoretical,
single-monolayer coverage of pyridine remains on the
MUA, MPA, and MBA surfaces, respectively. Recall that
the FTIR-ERS results indicated complete loss of pyridine
from the MPA and MUA surfaces. This apparent incon-
sistency can be reconciled, but that discussion is deferred
until after we present the FTIR-ERS and TSMR data
obtained from pyrazine dosing of the acid-terminated
SAMs.

Reactions between Acid-Terminated SAMs and
Vapor-Phase Pyrazine. We also studied the interaction
between the three acid-terminated SAMs and pyrazine,
which is a very weak base. The experimental conditions
were identical to those used for the pyridine system. Figure
7 shows time-resolved difference spectra foran MBA SAM
during dosing (spectra 2 and 10) and during purging with
pure N, (spectra 11—21). Spectra 2 and 10 reveal
absorptions primarily due to vapor-phase pyrazine; these
include aromatic C—H stretching modes between 3100
and 3000 cm™, the C—C and C—N ring stretching bands
between 1450 and 1370 cm™%, and the C—H in-plane
bending modes mixed with C—C vibrations between 1200
and 980 cm~1.3° We estimate that the partial pressure of
pyrazine is roughly half that of pyridine by comparing the
intensity of these bands in, for example, spectra 2 in
Figures 4 and 7 and assuming the two bases have the
same extinction coefficient.

(39) (a) Klein, B.; Berkowitz, J. 3. Am. Chem. Soc. 1959, 81, 5160.
(b) Koelsch, C. F.; Grumprecht, W. H. J. Org. Chem. 1958, 23, 1603.
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Figure7. Selected, time-resolved FTIR-ERS spectraof an MBA
SAM during pyrazine dosing (2 and 10) and after pyrazine
dosing and then purging with N, (11—21). The interval between
the beginning of two consecutive spectra is 2 min. The spectrum
of the acid surface obtained before dosing was subtracted from
each of these spectra. Each spectrum is the sum of 64 individual
spectra. Key bands discussed in the text are marked with
asterisks. The absorbance scale for spectra11—21is three times
more sensitive than the others.

FTIR-ERS indicates that the amount of pyrazine that
adsorbs to the MBA surface during dosing is almost equal
to that observed for the MBA/pyridine system (compare
spectra 2 in Figures 4 and 7). As for the pyridine/MBA
system, we believe the interaction between pyrazine and
the MBA SAM is best characterized as arising from
hydrogen bonding. Evidence for this view is similar to
that discussed for the pyridine/MBA interaction. For
example, there are negative bands at 3580 and 1745 cm™!
that correspond to loss of the monomeric acid O—H and
C=0 stretching modes. Negative C—0O bands, which are
presentataround 1177 and 1096 cm~1 for pyridine dosing
of MBA, may be obscured in spectra 2 and 10 by the vapor-
phase pyrazine band at 1145 cm™. As with pyridine
dosing of MBA, we do not observe the presence of
carboxylate bands, which rules out a proton-transfer
interaction between pyrazine and MBA. Interestingly,
we do observe a new, positive band at 1710 cm~%. This
band, which is part of the derivative-shaped feature
centered around 1727 cm™t, might indicate that adsorbed
pyrazine induces laterally hydrogen-bonded dimers of
MBA to form; at least this interpretation is consistent
with a 35 cm™! shift in the MBA C=0 band. In contrast
to the pyridine/MBA system, we are unable to detect any
bands corresponding to the presence of surface-confined
pyrazine after purging the SAM surface with pure N, for
just 2 min. This suggests that pyrazine, which is a much
weaker liquid-phase base than pyridine, interacts with
MBA only weakly.

In analogy to results obtained using pyridine, we observe
no spectroscopic evidence for interactions between pyr-
azine and the MUA and MPA SAMs. Parts ¢ and d of
Figure5are FTIR-ERS spectrafor MUA and MPA SAMs,
respectively, obtained during exposure to pyrazine vapor.
All spectra indicate absorptions due primarily to vapor-
phase pyrazine. Parts g and h of Figure 5 are spectra of
MUA and MPA SAMs, respectively, after purging with
N, for 2 min to remove pyrazine in the cell headspace.
There is no evidence for the presence of pyrazine ir-
reversibly bound to the aliphatic SAM surfaces.

In contrast to FTIR-ERS, the TSMR data reveal
irreversible adsorption of a small amount of pyrazine to
all three acid surfaces. Figure 8 shows TSMR data before,
during, and after pyrazine dosing. During dosing, the
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surface coverages due to pyrazine are 50, 40, and 45 ng/
cm?or 65, 50, and 60% of the theoretical, single-monolayer
coverage for MUA, MPA, and MBA SAMs, respectively.
For the MPA and MBA SAMs, this is roughly half the
surface coverage we observed during pyridine dosing, and
for MUA it is about one-third lower. After purging with
N, the surface coverages are reduced to 35, 30, and 20%
of the theoretical, single-monolayer coverage for MUA,
MPA, and MBA SAMs, respectively.

A Model for Pyridine and Pyrazine Adsorption
on Acid-Terminated SAMs. For both pyridine and
pyrazine dosing of the MUA and MPA surfaces, we observe
no spectroscopic indication of probe adsorption. However,
TSMR data indicate a relatively high surface coverage
during dosing and a significant surface coverage of the
bases after N, purging. For the MBA/pyridine system we
observe both spectroscopic and TSMR evidence for a high
surface concentration of the base during dosing, and only
partial desorption of pyridine after N, purging. The MBA/
pyrazine system is somewhat different in that we observe
spectroscopic and TSMR evidence for base adsorption
during dosing, but only a small TSMR indication for
adsorption after N,-purging. Control experiments per-
formed by dosing a nonreceptive methyl-terminated SAM
confined to a TSMR with pyridine and pyrazine reveal no
adsorption before or after N, purging. How do we reconcile
the apparently conflicting TSMR and FTIR-ERS data for
these systems?

We propose the models shown in Scheme 3 for pyridine
and pyrazine dosing of the MBA surfaces. The top part
of Scheme 3 shows that during dosing approximately one
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full monolayer of pyridine adsorbs to the MBA surface
through a hydrogen-bonding interaction. This coverage
is consistent with the TSMR data (bottom of Figure 6).
Hydrogen bonding between pyridine and MBA is sup-
ported by the FTIR-ERS data shown in Figure 4. The
bands associated with non-hydrogen-bonded MBA become
negative during dosing, but no new bands that might signal
proton transfer from MBA to pyridine are evident.

After the pyridine/MBA surface is purged with N, for
a few minutes, the TSMR data indicate that about one-
third of the pyridine remains on the MBA surface. This
result is in general accord with the change in magnitude
of the negative bands associated with non-hydrogen-
bonded MBA indicated by asterisks in Figure 4. We
believe that after purging, pyridine is adsorbed on the
surface with its ring oriented more-or-less parallel to the
Au substrate. By virtue of the IR surface selection rule,
this orientation will render pyridine IR-silent.?8

The only significant inconsistency between this model
and our data relates to the absence of a new MBA C=0
band corresponding to the hydrogen-bonded MBA/pyridine
moiety. To account for this observation, we propose that
there are many distinct configurations of the hydrogen
bond between pyridine and MBA other than the simple
dimer configuration that is operative when acid-termi-
nated SAMs are dosed with alkanoic acids (top of Scheme
2).* Awide variety of configurations will tend to broaden
the carbonyl peak and render it undetectable in the
infrared. Although this hypothesis is highly speculative,
itis consistent with the observation that, upon N, purging,
about one-third of the pyridine monolayer remains on the
surface while two-thirds desorbs.

Arguments similar to those invoked for pyridine hold
for the pyrazine/MBA system with a few exceptions. First,
the FTIR-ERS data indicate reversible adsorption of
pyrazine to the MBA surface (Figure 7). Thisisincontrast
to pyridine, which the spectroscopic data indicate is
partially irreversibly bound to MBA (Figure 4). Within
the context of our model, the weaker pyrazine interaction
isascribed toits lesser basicity. The other major difference
between the spectra of the aromatic bases and MBA is a
new positive peak at 1710 cm~* evident during pyrazine
dosing (spectrum 2, Figure 7). This band may originate
from a shift in the MBA C=0 band to lower energy and
indicate that pyrazine induces dimerization of surface-
confined MBA (middle of Scheme 3). The TSMR data
indicate that during dosing only approximately one-half
of a monolayer of pyrazine adsorbs onto the MBA surface
(thatis, the pyrazine-to-MBA ratio is 1:2). This suggests
that the aromatic nitrogens play an important role in
surface adsorption since pyridine, which contains only a
single nitrogen, adsorbs to form a complete monolayer.
As observed for pyridine, roughly two-thirds of the
pyrazine desorbs from the MBA surface upon N, purging.
This suggests that pyrazine also adsorbs in multiple
configurations, some of which are more stable than others.

To learn more about the interaction between aromatic
acids and bases, we dosed the MBA SAM with benzene,
which cannot participate in hydrogen bonding, and
followed the results by FTIR-ERS (Figure 9) and TSMR
microbalance (Figure 10a). We were surprised to find
that during dosing the data were remarkably similar to
those we obtained for the MBA/pyrazine system: adsorp-
tion of about 65% of the theoretical, single-monolayer
coverage and adsorbate-induced hydrogen bonding (note
the negative peak at 1750 cm~! and the positive peak at
1710 cm™tin Figure 9). Even more surprising, we found
that upon N, purging benzene did not desorb, which is in
contrast to our observation of partial pyrazine desorption,
despite its high vapor pressure. On the basis of these
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Figure9. Selected, time-resolved FTIR-ERS spectraof an MBA
SAM during benzene dosing (2 and 10) and after benzene dosing
and then purging with N; (11—21). The interval between the
beginning of two consecutive spectra is 2 min. The spectrum
of the acid surface obtained before dosing was subtracted from
each of these spectra. Each spectrum is the sum of 64 individual
spectra. Key bands discussed in the text are marked with
asterisks. The absorbance scale for spectra11—21 is three times
more sensitive than the others.
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Figure 10. Real-time TSMR dataobtained by dosing (a) MBA,
(b) MB, and (c) MUA SAMs with benzene. The numerical values
are the percentage of the theoretical, single-monolayer coverage
of the adsorbed pyrazine during or after dosing.

observations, we suggest that benzene intercalates into
the MBA adlattice (bottom of Scheme 3) and induces MBA
hydrogen bonding. Apparently the interaction between
the pyridine and pyrazine nitrogens and the MBA acid
group prevents penetration and results in an overall
weaker interaction than the s-stacking interaction that
we believe is responsible for benzene retention.

To better understand this benzene-dosing experiment,
we prepared a monolayer from mercaptobenzene (MB)
and dosed it with benzene vapor. The TSMR (Figure 10b)
and the FTIR-ERS (not shown) data indicate no adsorption
during or after dosing. This result unambiguously
implicates the MBA acid group as assisting intercalation
and irreversible binding of benzene, possibly through
distortion of the monolayer packing.

As mentioned above, there is no direct spectroscopic
evidence for pyridine or pyrazine binding on the alkanoic
acids before or after N, purging. Thatis, we do not observe
the appearance or disappearance of any peaks attributable
to the surface-confined bases during or after N, purging
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Table 2. Summary of TSMR Data Obtained before and
after N, Purging of the Acid—Base Adducts?

benzene

decylamine pyridine pyrazine

before after before after before after before after

MUA 110 75 90 45 65 35 <5 <5
MPA 110 90 95 35 50 30
MBA 130 110 100 35 60 20 65 60

a2 Numerical values correspond to the percentage of the theoreti-
cal, single-monolayer coverage of the bases on the acid-terminated
SAMs after correction for Au surface roughness.

(Figure 5). The presence of such peaks could be masked
by the vapor-phase bases in the cell headspace during
dosing. However, the TSMR data indicate that nearly a
full monolayer of pyridine adsorbs to the acid surfaces
prior to N, purging and that approximately half of this
amountbinds irreversibly (Figure 6). The same situation
exists for pyrazine, except only one-half of a monolayer
initially adsorbs and half of that desorbs after N, purging
(Figure 8). That is, more of the stronger base, pyridine,
adsorbs to the acid surfaces than does pyrazine both during
and after exposure to the bases. We reconcile the FTIR-
ERS data, which indicate a much lower level of base
adsorption than the TSMR data, by noting that low
coverages and unfavorable orientations of the bases may
reduce the magnitude of their IR absorption below our
detection limit. Moreover, the MBA bands that change
upon pyridine or pyrazine dosing are all associated with
the unique non-hydrogen-bonded configuration of MBA.
The aliphatic acids, which are largely hydrogen bonded
prior to dosing, undergo less dramatic structural changes,
and thus their spectra are less information-rich during
and after dosing. Thereisnosignificant level of interaction
between Au/MUA and benzene (Figure 10c), which is
consistent with the lower monolayer free volume in the
alkanoic SAMs and the model shown in Scheme 3.

Conclusion

We have described the results of an in situ FTIR-ERS/
TSMR analysis of nine acid—base reactions at the vapor—
solid interface. As shown in Table 2, the magnitude and
reversibility of base binding to a particular acid surface
correlates well to the liquid-phase pK, of the base: stronger
bases bind more extensively and more persistently. For
aparticular base, the situation is somewhat more complex.
The extent and tenacity of binding of decylamine, which
undergoes a proton-transfer reaction with all the acidic
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SAMs, depends primarily on cooperative effects within
the SAM; that is, structural nuances, rather than the
intrinsic properties of the component molecules, are key.
However, the aromatic bases, which bind to the acids
primarily through hydrogen bonding interactions, do not
show such a correlation. Instead, the acidic SAMs that
undergo extensive intramonolayer hydrogen bonding
(MUA and MPA) are generally slightly more conducive to
hydrogen bonding with the aromatic bases compared to
MBA.

Another important result of this study is that FTIR-
ERS, by virtue of its low sensitivity and dependence on
molecular orientation, may not by itself be a reliable gauge
of surface interactions and chemistry. TSMR devicesand
other nanobalances also suffer from interferences, such
as changes in film conductivity and viscoelasticity, but
we have no evidence of these effects being operative in the
present study.®® Clearly, a full understanding of surface
chemistry requires a combination of analytical tools.

Finally, we emphasize that vapor—surface interactions
such as those described in this paper are highly complex
and very difficult to fully quantify. Moreover, the
techniques we have used only probe average reactant and
product configurations on the surface, but it is apparent
that these averages represent a summation of many
different types of individual configurations. Thus, the
models presented in this paper should be viewed with
skepticism until better analytical tools are available to
more fully disclose the nature of acid—base chemistry at
the vapor—solid interface. Nonetheless, we view thiswork
as an important step for the present purpose, which is to
develop a better understanding of probe—surface inter-
actions to facilitate the design of better chemically
sensitive interfaces for chemical sensors.
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