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Interactions between self-assembled monolayers containing carboxylic or sulfonic acid terminal groups, 
and vapor-phase n-alkylamine probe molecules, have been studied wing FTIR-external reflectance 
spectroscopy, mass-sensitive surface acoustic wave devices, and ellipsometry. The resulta indicate that 
proton transfer from the surface-acid group to the amine-functionalizd probe is controlled by both the 
proton affinity and the degree of structural ordering of the surface-acid groups. In contrast to bilayers 
formed by hydrogen bonding between carboxylic acid-terminated monolayers, the bilayer structures that 
result from proton transfer are stable for periods of many hours. 

Introduction 
Self-assembled monolayers (SAMs) are versatile model 

systems for studying interfacial electron transfer, biological 
interactions, molecular recognition, double-layer structure, 
adhesion, and other interfacial phen0mena.l Of funda- 
mental importance to these studies are the physical and 
chemical interactions between SAMs and their surround- 
ing media. To address this issue, the general approach 
illustrated in Scheme I has been used to investigate 
electrostatic (ion-ion) binding interactions: covalent 
bonding: and hydrogen bondin& between ambient-phase 
molecules and SAMs. In this paper, we expand our 
previous study of hydrogen bonding4 to include acid-base 
interactions that occur between carboxylic and sulfonic 
acid-functionalized SAMs and vapor-phase probe mole- 
cules containing a terminal amine group. Resulta obtained 
from FTIR external reflectance Spectroscopy (FTIR-EM) , 
surface acoustic wave (SAW) measurements, and ellip- 
sometry indicate that proton transfer from the surface- 
acid groups to the amine-functionalized probe is controlled 
by the relative proton affiiity and the degree of structural 
ordering of the surface-confined acid groups. The resulta 
reported here for SAMs are intended to complement 
previously reported studies of structurally related Lang- 
muh-Blodgett multilayers, which were found to have 
interesting pyroelectric characteristics.6 

Experimental Section 
All chemicals were used as received from Aldrich Chemical 

Co., except NHs which was obtained from a concentrated solution 
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Scheme I 
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of W O H  (J. T. Baker). Au substrates were prepared by e-beam 
or thermal deposition of about 200 nm of Au onto polished single 
crystalline Si wafers, which were previously coated with an 
adhesion layer of 10 nm of Cr or Ti. Au substrates for SAW 
measurementa were similarly prepared, but the substratea were 
ST-cut quartz. Before metahation, the quartz surface of the 
SAW devices was passivated by vapor-phase silanization with 
(CHs)2HSiCL We found that this treatment significantly reduces 
adsorption of the n-alkylamine probe molecules on the portion 
of the SAW device not covered with Au. 

Au-coated substrates were cleaned in freshly prepared ‘pi- 
ranha’’ solution (Caution: Piranha solution, 1:s H202:HPQO4, 
reacts violently with many organic meteriala and should be used 
with extreme care, and it should not be stored in sealed containem) 
for about 10 8, rinsed with deionized water, and dried under Ng 
gas. Long-chain carboxylic acid-terminated SAMs and methyl- 
terminated SAMs were prepared by soaking the freshly cleaned 
Au substrates in 0.6-1.0 mM ethanol solutione of HS(CH3)lr 
COOH or HS(CH2)&& for at least 10 h. Au/HS(CH2)&OOH 
substrates were prepared by vapor-phase deposition. T h e  
carboxylic acid and methyl surfaces were rinsed with 100% 
ethanol and then with deionized water (Milli-Q, Mipore). The 
water rinae ensures complete conversion of Au/HS(CH2),,COO- 
to Au/HS(CH2),COOH, since the pK. values of close-packed 
surface-confined acid groups shift up relative to their bulk-phase 
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cm-l, respectively. The positions of these bands indicate 
that the methylene chains are mostly ordered and cloaely- 
packed in a solidlike environment, since disordered 
methylene chains usually exhibit stretching vibrations 5-10 
cm-l higher in frequency.as The bands at 1739 and 1718 
cm-l are due to the C = O  stretching vibrations of non- 
hydrogen-bonded and laterally hydrogen-bonded COOH 
terminal groups, r e s p e c t i ~ e l y . ~ ~ " ~ ~ ~ ~ ~ ~ ~  The structure of the 
hydrogen-bonded surface which gives rise to the band 
around 1718 cm-l is uncertain at the present time, but 
steric constraints suggest that it arises from linearly 
hydrogen-bonded oligomers, probably dimers or short 
sequences?bpc The broad band centered at 1410 cm-l arises 
mainly from an enhancement of the C-H bending (sciesors) 
mode in a-CH2 groups, but it probably also includes an 
unresolved contribution from interacting C-O stretching 
and C-0-H in-plane bending modes that should be present 
around 1431 cm-1.8bJo The absence of a high-energy 0-H 
stretching band is consistent with prior studies of acids 
in solid state environments,8bJ0 and the effect may be 
compounded in the present case by the surface infrared 
selection rule." 

After the COOH-terminated monolayer surface is ex- 
posed to CH3(CH2)gNH2 vapor, a layer of CH3(CH2)gNH2 
adsorbs, as indicated in Figure l a  by the increased intensity 
of the methylene stretching bands at 2921 and 2853 cm-l, 
and the appearance of the asymmetric and symmetric 
methyl vibrations at 2966 and 2879 cm-l, respectively.sbJO 
Importantly, the C 4  band at 1739 cm-l (Figure lb), 
which correaponds to non-hydrogen-bonded COOH groups, 
disappears after amine exposure while most of the C 4  
band intensity at 1718cm-l, which corresponds to laterally 
hydrogen-bonded COOH groups, remains and shifts 
slightly to 1715 cm-'. We assign the band at 1506 cm-l 
(Figure lb) to the N-H symmetric bending mode of the 
NH3+ groups, which are formed by the vapor-phase acid- 
base reaction between COOH and NH2 groups.1o The 
N-H asymmetric bending mode corresponding to NH3+ 
groups is not observed, at least partially as a result of an 
orientation effect: NH3+ groups with their 3-fold symmetry 
axis aligned perpendicular to the substrate surface have 
their asymmetric bending dipoles parallel to the surface 
and thus inaccessible for surface infrared excitati0n.l' The 
new band centered at 3100 cm-l, which is broadened by 
intramonolayer hydrogen bonding, corresponds to the 
N-H stretching modes of NH3+.lo The band at 161Ocm-l 
is assigned to the asymmetric stretching vibration of 
COO-.1o The bands at 1465 and 1411 cm-l are difficult to 
assign with a great deal of certainty, and the tentative 
assignments given here should be viewed with caution. 
The 1411-cm-' band probably corresponds to the a-CH2 
bending (scissors) mode, and the band at 1466 cm-' may 
arise from either an enhancement of the remaining CH2 
scissors modes or the COO- symmetric stretching mode or 
a superposition of both.8bJ0 The FTIR-ERS spectrum 
shown in Figure l a  does not exhibit noticeable change for 
at least 10 h, indicating that the bilayer structure formed 
after amine exposure is quite stable. 
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Figure 1. FTIR-ERS spedra of an Au/HS(CHz)loCOOH mono- 
layer (b) before and (a) after exposure to vapor-phase CHs(CH2)r 

analogs as a result of intramonolayer hydrogen bonding and 
electrostatic repulsion of the charged carboxylate group~.~8~ SAMs 
of Au/HS(CH2)2S03H were pepared by soaking clean Au sub- 
strates in a 5 mM aqueous solution of HS(CH2)2SO&Ia for at  
least 10 h and then rinsing the substrate with 0.2 M HzSO, and 
water to protonate the terminal SOs- groups. 

For FTIR-ERS and ellipsometry experiments, binding of 
n-elkylaminepmbemolecul~tofunctionalizedSAMe wascarried 
out by exposing the monolayer-modified Au substrates to a 
saturated vapor of an amine at room temperature for 10 min. 
Binding experiments involving NHs were carried out by sus- 
pending SAM-modified Au substrates above a concentrated 
aqueous solution of NKOH. The substrates were then purged 
with flowing Na for at  least 2 min to remove condensed amine 
multilayers that might have formed during the previous step.%'. 
A somewhat different procedure, which is described in the text, 
was used for the SAW experiments. The binding process was 
monitored by er situ FTIR-ERS and ellipsometry and in situ 
SAW measurements. 

The FTIR, ellipsometry, and SAW apparatuses have been 
described previously.g*'J Briefly, all FTIR-ERS data were 
acquired using the following parameters: p-polarized light at an 
8 5 O  augle of incidence relative to the surface normal, 256 scans 
at 2 cm-I resolution, and box-car apodization with minimal 
baseline correction applied to spectra For calculating monolayer 
thicknesses from the ellipsometry data, we assumed a S A M  
refractive index of 1.45. For SAW experiments, the relationship 
between the frequency change (af, and mass-per-area ( m 3  is 
given by eq 1. Here, K is the fraction of the center-to-center 
distance between the transducers covered by the Au fii. 

NH2. 

Aflfo = -KclrfomA (1) 

In the present case, its value is 0.57. The mass sensitivity, em, 
is 1.33 cm2/g-MHz for ST-quartz; f o  is the oscillator frequency, 
98 MHz.7 

All experiments were performed between 20 and 25 OC. 

Results and Discussion 
Figure 1 shows FTIR-ERS spectra for a AdHS(CH2)lo- 

COOH SAM before and after exposure to a saturated vapor 
of CHs(CH2)gNH2. Before amine exposure (Figure lb), 
the asymmetric and symmetric C-H stretching vibrations, 
which result from the methylene groups in the Au/HS- 
(CH2)loCOOH monolayer, are present at 2919 and 2849 
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Figure2. FTIRERS spectraof anAu/HS(CH&lCHsmonolayer 
(b) before and (a) after exposure to vapor-phase CH~(CH~)VNH~. 

Ellipsometric measurements indicate that the thick- 
n e w s  of the Au/HS(CH2)loCOOH monolayer and the 
A~/HS(CH~)~OCO~-/NH~+(CH~)~CH~ bilayer are 13 * 2 
and 23 * 2 A, respectively. Since both the naked Au surface 
and the Au/HS(CHz)loCOOH monolayer are high-energy 
surfaces,leJ2 they are prone to contamination by the 
laboratory ambient. Therefore, the accuracy of the 
absolute thickness values may have an uncertainty greater 
than the 12 A precision of the measurement. Additionally, 
the COOH and the NH2 groups might cause the film 
refractive index to deviate significantly from the value of 
1.45 used to calculate the thicknesses. Regardless of these 
relatively minor factors, however, the important point is 
that multilayer condensation does not occur; rather, a 
specific proton-transfer interaction is responsible for stable 
bilayer formation. 

Totest the possibility of CHs(CH2)sNH2 being adsorbed 
onto the AdHS(CH2)loCOOH monolayer surface by means 
other than an acid-base interacti~n,'~ a control experiment 
was performed by dosing a Au/HS(CH2)11CH3 SAM with 
CHs(CH2)sNH2. This process resulted in no detectable 
change in the FTIR-ERS spectrum (Figure 2). This FTIR- 
ERS result was confi ied by ellipsometric measure- 
ments: the thickness of the acid surface was 10 * 2 A 
before and after amine exposure. 

FTIR-ESR results provide a high degree of chemical 
information about organic monolayers, but they do not 
yield reliable quantitative information about surface 
coverage. To determine the fractional extent of bilayer 
coverage, we used mass-sensitive surface acoustic wave 
(SAW) devices to measure adsorption and desorption in 
real Figure 3 shows in situ SAW data obtained 
when Au/HS(CH2)11CH3 and Au/HS(CH2)1oCOOH sur- 
faces were simultaneously dosed with a 50 % -of-saturation 
CHs(CHz)sNHz-in-Nz vapor stream. Vapor-phase SAW 
experiments of self-assembly processes nearly always result 
in the general trends shown in Figure 3: rapid condensation 
of adsorbate multilayere, in this case the amine, followed 
by surface saturation, and, finally, desorption of all but 
about one monolayer upon N2 purging. The frequency 
change at  the end of the experiment indicates that the 
methyl-terminated control surface tenaciously binds about 
0.33 nmol/cm2 of CHs(CH2)gNH2, eq 1. Assuming an Au 
roughnew factor of 1.8,% this coverage corresponds to about 
0.2 monolayer of CH&H2)gNH2. In contrast to these 
SAW data, the FTIR-EM data indicated no adsorption 

(12) Dubois, L. H.; Zegareki, B. R.; Nuzzo, R. G. J. Am. Chem. SOC. 
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Figure 3. Response of SAW oscillation frequency to vapor- 
phase CHa(CHdeNH2. The active area of the SAW device was 
modified with (a) a Au/HS(CH&lCHs SAM and (b) a Au/ 
HS(CH2)loCOOH SAM. The difference between curves b and 
a at steady state corresponds to persistent adsorption of 0.9 
monolayer of CHS(CH~)VNH~ on the carboxylic acid-terminated 
SAM. 

of CHs(CH2)9NH2 onto the methyl-terminated surface. 
We reconcile these observations by noting that the amine 
wil l  bind to portions of the quartz SAW device surface 
that are neither covered by Au nor completely passivated 
by the silanization treatment described in the Experi- 
mental Section.14 

The mass of CHs(CH2)sNH2 irreversibly bound to the 
Au/HS(CHz)loCOOH surface is much larger than that 
measured for the methyl surface (Figure 3). Mter cor- 
recting for surface roughness and the mass adsorbed to 
the control SAW device, we find that 0.9 i 0.1 monolayer 
of amine adsorbs to the acid surface. In short, the SAW 
data are consistent with the FTIR-ERS and ellipsometry 
data presented earlier and strongly suggst that one 
monolayer of CHs(CHdgNH2 tenaciously adsorbe to a Au/ 
HS(CH2)loCOOH surface. An interesting feature present 
in the data for the acid-terminated monolayer is the abrupt 
drop in frequency of about 3.5 ppm that occurs 24 min 
after the start of the experiment. We believe this feature 
results from a conformational reorganization of the growing 
bilayer, which makes space for additional CHa(CH2)gNH2. 
Although this explanation is conjectural, we are certain 
that this feature is not the result of a SAW device or 
instrumentation artifact.15 

Based on the FTIR-ERS, ellipsometry, and SAW data, 
we suggest the model for the vapor-phase acid-base 
reaction between Au/HS(CHz)loCOOH and CHs(CH2)e- 
NH2 illustrated in Scheme 11. After initial CHs(CH2)g- 
NH2 adsorption, non-hydrogen-bonded C-0 groups 
undergo either a proton transfer reaction or a hydrogen 
bonding interaction with NH2 groups; this conclusion is 

~~ ~ 

(14) Xu, C.; Sun, L.; Kepley, L. J.; Crooks, R. M.; R i m ,  A. J. And .  
Chem., in press. 

(15) The transient, which occurs 24 min into the experiment shown in 
Figure 3, is not due to a SAW device or instrumentation artifact for the 
following reasons: (1) although not apparent in the figure, this "transient" 
actually occurred over a period of approximately 40 s, during which time 
four data pointa were acquired: this observation rules out a eingle-point 
device- or oscillator-related transient; (2) there is no s imi i ,  concurrent 
shift in the data for the methyl-terminated surface, which excludw the 
possibility of pressure or temperature traneiente, (3) the slope of the 
curve following the transient is very different than that preceding the 
transient, indicating a markedly slower net adsorption rate, which is 
consistent with the notion that the adsorbed amine monolayer 'completed 
i h l F  duringthe transient; (4) we have previously observed and published 
similar SAW tbquency traneienta associated with monolayer self-aewmbly 
(see ref 7a). 
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supported by the disappearance of the C 4  stretching 
band at 1739 cm-l and the bands traceable to COO- and 
NH3+ groups in Figure la. Since the surface coverage of 
CH3(CH2)gNH2 is about one monolayer, laterally hydro- 
gen-bonded COOH groups, which are represented by the 
band at 1718cm-', must also hydrogen bond to CH3CH2)g- 
NH2, probably through lone pairs of electrons on one or 
both of the acid-group oxygen atoms. This conclusion is 
supported by the slight decrease in the c-0 stretching 
frequency noted for hydrogen-bonded COOH groups after 
amine exposure (1715 cm-I in Figure l a  vs 1718 cm-1 in 
Figure 1b).48J6 

It is somewhat surprising that a significant portion of 
the surface COOH groups can survive attack by the amine, 
since this type of reaction proceeds quantitatively in the 
liquid phase. We believe there are two reasons for this 
behavior that are direct consequences of the two-dimen- 
sional molecular organization of the surface-confined 
COOH groups. First, closely-packed methylene chains in 
the Au/HS(CH2)l&OOH layer significantly reduce the 
motional freedom (entropy) of surface COOH groups; 
therefore, breaking lateral hydrogen bonds within the acid 
monolayer is thermodynamically less favorable than it is 
in a bulk liquid phase. In other words, the effective pKa 
of a lateral hydrogen-bonded surface COOH group is higher 
than it is for identical molecules in bulk liquid phases." 
Second, if every surface COOH group undergoes a proton 
transfer reaction with a NH2 group, then two layers of 

(16) Vincgradov, S. N.; Linnell, R H. Hydrogen Bonding; Van Nostrand 
Reinhold Co.: New York, 1971; p 74. 

(17) We recently showed that solution-phaseand bulk-phase pK.values 
can be different by several pH units (ref IC). Whitesidea has reported 
data that indicate the same trend (ref 6). For surface-confined acids, 
there are two reasons for this behavior. First, the acidic protons are tied 
up in hydrogen-bonded dimers (and perhap oligomers) and are therefore 
more difficult to remove. Second, removal of acidic protone resdta in a 
closepacked monolayer of negative charge, a thermodynamically unfa- 
vorable situation. 
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Figure 4. Calculated total binding energies for an electrostat- 
ically bound, hexagonal bilayer. 
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surface charge will result: one that is positively charged 
and one that is negatively charged, Chart I. 

A simple Coulomb's law calculation indicates that the 
total electrostatic energy for such a segregated bilayer 
system is positive when the distance between two nearest 
neighbors that possess the same charge, 9, is comparable 
to the distance between two nearest neighbors of opposite 
charge, Do. This result obtains because the repulsive 
Coulomb energy, which originates from same-charge 
nearest neighbor pairs, is larger than the attractive 
Coulomb energy, which originates from opposite-charge 
nearest neighbor pairs, because atoms in different planes 
are, on the average, further away from their neighbors 
than a tom in the same plane. However, the total energy 
becomes negative if the ratio, DdD,, is larger than a critical 
value that depends on the lattice type of each charged 
ionic layer. 

For a hexagonal close-packed bilayer lattice, this ratio 
is about 2.14 (Figure 4). We made this calculation by 
summing the energy terms that arise from the electrostatic 
interactions between atom A (Chart I) and its 1450 nearest 
intraplane neighbors, atom B and its 1450 nearest intra- 
plane neighbors, atom A and its 1450 nearest interplane 
neighbors, and atom B and its 1451 nearest interplane 
neighbors. Note that we include 1451 interactions in the 
latter case to avoid counting the attractive interaction 
between a tom A and B twice.l8 On the basis of the van 
der Waals radii,'g we estimate an interplane distance 
between C and N a tom of 4.3 A. Since the centers of 
charge may not coincide with the centers of these atoms. 
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Figure 5. FTIR-ERS spectra of an Au/HS(CH2)&OOH mono- 
layer (b) before and (a) after exposureto vapor-phaee CHs(CH& 
NH2. 

the true value of Do may deviate somewhat from this value. 
However, the calculation indicates that over the range 
3-5 A the same general trends in total energy obtain. 

In our system, sites of proton transfer reactions between 
pairs of COOH and NH2 groups are probably separated 
by regions where laterally hydrogen-bonded COOH groups 
form ordered domains that are not reactive toward NH2 
groups (Scheme 11). This situation is equivalent to having 
a large D$Do ratio so that the total Coulomb energy is 
dominated by the attractive term from each ion pair. Sites 
of COO- and NH3+ pairs are likely to be located at less- 
ordered domain boundaries or at defect sites within each 
domain, where OH moieties in COOH groups do not 
undergo hydrogen bonding and therefore react with NH2 
groups without the extra energy cost associated with 
breaking intramonolayer hydrogen bonds. 

To test the importance of chain length on surface acid/ 
base chemistry, we also examined the interaction between 
aAu/HS(CH2)2COOH SAM and vapor-phase CHdCH2)g- 
NH2. Prior to reaction with the amine, we observed a 
strong C=O stretching vibration at 1723 cm-l (Figure 5b), 
but after exposure to the amine (Figure 5a) this peak 
completely disappears and is replaced with absorbances 
traceable to the asymmetric and symmetric NH3+ bending 
modes at 1644 and 1520 cm-l, respectively, and the COO- 
asymmetric stretching mode at 1591 cm-'. The band at 
1400 cm-', which is present in both parta of Figure 1, 
probably arises from the enhanced cu-CH2 bending (scis- 
sors) mode. The band at 1468 cm-I (Figure la) is likely 
to be a superposition of absorptions from the remaining 
CH2 scissors modes and the symmetric COO- stretching 
mode.8bJ0 In contrast to the incomplete proton exchange 
reaction between the longer-chain COOH-terminated S A M  
and the amine, we interpret the data for the short-chained 
SAM as resulting from complete proton transfer. 

The differences in the extent of the surface reactions 
between the long- and short-chained carboxylic acid- 
terminated monolayers and the amine-terminated, vapor- 
phase reactant arises from differences in monolayer 

(18) It is important to include the same number of negative and positive 
ions in the calculation, since neither the repulsive nor the attractive energy 
sum converges. The validity of our numerical approach waa confmed 
by calculating the Madelung constant of the NaCl lattice: the calculated 
value is 1.7476, which is very close to the literature value of 1.7476 (ref 
19). 

(19) CRCHandbook ojChemistryandPhysics, 70thed.; Weaat,R. C., 
Lide, D. R., Eds.; Chemical Rubber Corporation: Boca Raton, FL, 1989. 
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acidities (surface PKa values), which are brought about by 
van der Waals-induced ordering effects and the chain- 
length-dependent stability of the carboxylic acid-termi- 
nated monolayer. Reactions between disordered surface- 
confined COOH groups and the probe-molecule NH2 
groups are possible because the resulting NH3+ and COO- 
groups have the structural freedom to arrange themselvea 
in low-energy configurations, which reduces the effects of 
the repulsive electrostatic interactions discussed earlier. 
For example, NH3+ groups may penetrate the SAM layer 
slightly to enhance their interactions with the surface- 
confined anions. The necemary free volume that such a 
configuration implies may arise from partial surface 
displacement of HS(CH2)2COOH by the amine. We have 
previously observed that amine-terminated alkanes un- 
dergo self-assembly onto Au from the vapor phase, and 
that n-alkylamines are capable of displacing surface- 
confined HS(CH2)2CH3.l4 A configuration involving in- 
terpenetration of acid and amine groups wil l  result in an 
energetically stable network in which positive and negative 
ions are arranged in a configuration analogous to that of 
the (100) plane of NaC1, Chart 11. Such a configuration 
is not possible in a close-packed monolayer, which f o m  
an effective barrier to NH3+ interpenetration. From the 
data discussed here, we conclude that surface PKa values 
for carboxylic acid-terminated monolayers, and therefore 
their likelihood of participating in proton transfer reac- 
tions, are strongly chain-length dependent. 

To learn more about the acid-base characteristics of 
functionalized organic monolayer surfaces, we exposed a 
Au/HS(CH2)2S03H SAM to vapor-phase CHa(CH2)gNH2. 
Before reaction (Figure 6b), the presence of surface- 
confined groups is supported by asymmetric and 
symmetric o.--s=O stretching vibrations at 1394 and 1172 
cm-', respectively.'o The two-carbon methylene chains 
are represented by the just-visible peak corresponding to 
the asymmetric C-H stretching vibration at 2925 cm-I, 
which emerges from a broad negative band centered at  
2900 cm-l. The broad feature probably results from slight 
contamination of the Au reference substrate. After 
reaction (Figure 6a), all surface SO3H groups are convertad 
to so3- groups, as indicated by the disappearance of the 
1394-cm-l band and the appearance of the 1216- and 
1048cm-l bands, which originate from the asymmetric 
and symmetric o----s----O stretching modes of SO3-groups, 
respectively.1° Complete proton transfer from Au/ 
HS(CH2)2S03H to CH3(CH2)9NH2 is also supported by 
the symmetric bending mode of the NH3+ groups present 
at 1536 cm-l. Evidence of stable CH~(CH~)CINH~ adsorp- 
tion can also be inferred from the appearance of bands 
near 2900 cm-l, which result from asymmetric and 
symmetric C-H stretching vibrations of the methyl and 
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between surface COOH groups and COOH-terminated 
probe molecules. Thw conclusion is also supported by 
the methylene C-H stretching frequencies shown inFigure 
la, which are shifted to lower energies by about 6-8 cm-' 
compared to those found for the COOH-capped bilayersSq" 
This shift suggests a higher degree of stability and order 
for bilayers that rely at least in part on proton transfer 
reactions. 
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Figure 6. FTIR-ERS sepctra of an Au/HS(CH&SO*H mono- 
layer (b) beforeand (a) after exposuretovapor-phase CHs(CH&- 
N H 2 .  

methylene groups in CH~(CHZ)BNHZ. On the basis of the 
data shown in Figure 6, we conclude that surface-confined 
sulfonic acid groups are at least as acidic as the corre- 
sponding carboxylic acid groups; This result is, of come, 
in accord with expectations based on bulk-phaee chemistry. 

We have found that bilayer stability is a function of the 
length of the hydrocarbon chain of the vapor-phase, amine- 
terminated probe molecule. For example, we find that 
NH3 does not irreversibly adsorb to a COOH-terminated 
surface, while the stability of a bilayer capped with 
CH~(CHZ)JVHZ is roughly midway between that of NH3 
and CHs(CH2)eNHz. In a previous paper relating to 
hydrogen bonding interactions,4'1 we used acidic probe 
molecules and found that the lightest n-alkanoic acid that 
adsorbed onto a COOH-terminated surface for more than 
a few minutes was CH3(CHz)sCOOH. Applying the simple 
model we used to analyze the previously reported data,& 
we conclude that interactions between surface COOH 
groups and NHz probe groups are stronger than those 

Conclusions 

To summarize, we have interpreted interactions between 
self-assembled monolayers terminated with COOH and 
SOaH groups and vapor-phase n-akylamine probe mol- 
ecules on the basis of FTIR-ERS, SAW measurements, 
and ellipsometry. We find that both hydrogen-bonding 
and Coulomb interactions are responsible for the adsorp- 
tion of the amine probe molecules on the acid surface. 
Moreover, the degree of structural ordering of the terminal 
acid groups strongly influences the interaction mode. 
Hydrogen bonding is significant only when the surface- 
acid groups are well ordered, while Coulomb interactions 
dominate when the surface-acid groups are disordered or 
loosely-packed. The acidity of the surface-confined and 
vapor-phase reactants is also important. When the relative 
acidities are matched, only hydrogen bonding interactions 
occur,48 but as the difference in acidities becomes greater, 
the likelihood of proton transfer is enhanced. 
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