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Figure 1. Temperature-programmed reaction spectra resulting from the 
adsorption of a saturation dose of furan on partially sulfided Mo(100) 
(€Is = 0.2 ML), showing the signals corresponding to m / e  = 2 (di- 
hydrogen), 28 (carbon monoxide) and 39 and 69 (furan). Adsorption 
took place at 273 K, and the heating rate was 10 K/s. The partial 
pressures were uncorrected for differences in ionization efficiency and 
transmission in the mass spectrometer. 
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Figure 2. Temperature-programmed reaction spectra for m / e  = 28 
resulting from the adsorption of furan and CO on partially sulfided 
Mo( 100) (€Is = 0.2 ML) under the same conditions as Figure I .  

perature 28 amu desorption peak commences at  a temperature 
a t  which all of the molecularly adsorbed furan has already de- 
sorbed. Hence this 28 amu signal most probably arises from the 
production of carbon monoxide or ethylene on the surface. A 
careful examination of masses corresponding to all of the possible 
cracking products from these materials showed that this entire 
spectrum is in fact attributable to CO desorption from adsorbed 
furan. 

The 28 amu TPRS data for the CO/Mo( 1 10) spectrum shown 
in Figure 2 contains two peaks. The low-temperature peak only 
appears at high coverages of CO and is attributed to first-order 
desorption of molecularly bound a-CO. The high-temperature 
j3 peak is interpreted as a recombination of C and 0 atoms from 
dissociated C0.637 The 28 amu trace for furan/Mo also exhibits 
these two features at desorption temperatures very similar to those 
observed for adsorbed CO. The similarity of the major 28 amu 
peaks from furan adsorption to those seen from CO adsorption 
leads us to the conclusion that, while a substantial amount of furan 
does indeed decompose to give atomic carbon and oxygen on the 
surface, which later desorbs as 8-CO, a direct CO abstraction route 
also occurs at low temperatures close to 350 K. The CO released 
from the furan molecule during this process is then immediately 

(6) Zaera, F.; Kollin, E. B.; Gland, J. L. Chem. Phys. Lett. 1985, 121, 

(7) Felter, T. E.; Estrup, P. J. Surf. Sci. 1978, 67, 464-482. 
464-468. 
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desorbed, as it is above the normal a-CO desorption temperature 
(Scheme I) .  

We find support for this type of reaction chemistry in gas-phase 
pyrolysis experiments8 Here it is found that ring-opening of furan 
to form a stabilized biradical that subsequently decomposes into 
propyne and CO is a favored low-energy reaction pathway. Such 
a mechanism may apply here to furan that has become bonded 
to the surface through loss of an a-H.  There are also parallels 
with the complex reported by Vollhardt9 in which a THF-like 
species is a -C bonded to Mo as a Fischer carbene, which de- 
composes to propene and a C O  ligand bonded to the Mo. 

This low-temperature direct abstraction of C O  from furan, 
though a minority reaction on these surfaces, stands in contrast 
to the complete retention of sulfur from thiophene on the same 
surface. Though a surprising reaction at  first sight, in hindsight 
the possibility of forming a stable gas-phase product in the case 
of furan, but not in the case of thiophene, provides an obvious 
driving force for this differing behavior. 
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We report the first real-time measurements of a chemical 
reaction between a surface-confined organic monolayer and a 
vapor-phase reactant.l To demonstrate monolayer reaction 
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chemistry, we rely on the coupling reaction between surface- 
confined  monolayer^^.^ of 4-hydroxythiophenol, 4-HTP, or 4- 
aminothiophenol, 4-ATP, adsorbed on a polycrystalline Au sub- 
strate and vapor-phase dimethyloctylchlorosilane, [CH3(C- 
H2)7](CH3)2SiCI, Scheme I. Results obtained from surface 
acoustic wave (SAW) devices, Fourier transform infrared-xtemal 
reflectance spectroscopy (FTIR-ERS), and optical ellipsometry 
confirm for the first time that precisely stoichiometric coupling 
between the surface-confined adsorbate and the vapor-phase 
reactant occurs. The results demonstrate the feasibility of 
changing the chemical properties of surfaces by means of an in 
situ, vapor-phase chemical reaction. Surface transformations such 
as those described here have implications for molecular recognition 
based chemical sensors and technologies that require surface 
characteristics to be altered on demand. 

We have recently reported the results of a real-time gravimetric 
analysis of the vapor-phase adsorption of several n-alkanethiols 
onto Au-coated SAW d e v i ~ e s . ~  That strategy is extended here 
to follow the real-time reaction/adsorption behavior of the coupling 
reaction between surface-confined 4-HTP or 4-ATP5 and [C- 
H3(CH2)7](CH3)2SiCI. Figure 1 shows a plot of frequency shift 
versus time for a Au-modified SAW device during sequential 
exposure to flowing N2 streams containing 4-ATP and [CH3(C- 
Hz)7](CH3)2SiCI.4 Between 0 and 85 min, the device is allowed 
to stabilize in a flowing purge of pure Nz; the frequency drift 
during this period is a measure of device stability. Between 85 
and 240 min the Nz purge is switched to a 4-ATP/Nz vapor 
stream; the magnitude of the frequency change indicates con- 
densation of 4-ATP multilayers on the surface of the device. From 
240 to 410 min a pure N2 purge is again introduced until the 
frequency stabilizes at -1 1.4 ppm or about 153 ng/cm2 (1.22 X 
1 O4 mol/") of adsorbed 4-ATP, approximately one monolayer.6 

(2) Nuzzo, R. G.; Allara, D. L. J. Am. G e m .  SOC. 1983, 105. 4481. 
(3) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitaides, G. M.; 

Nuzzo, R. G. J .  Am. Chem. SOC. 1989, 111, 321 and references therein. 
(4) Thomas, R. C.; Sun, L.; Crooks, R. M.; Ricco, A. J. Langmuir 1991, 

7, 620. 
(5) Rubinstein, I.; Rishpon, J.; Sabatani, E.; Redondo, A,; Gottesfeld, S. 

J. Am. Chem. Soc. 1990, 112,6135. 
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Figure 1. Real-time SAW device response obtained for the adsorption 
of 4-ATP followed by reaction between surface-confined 4-ATP and 
[CH3(CH2)7](CH3)zSiC1. The final mass change due to 4-ATP ad- 
sorption is 153 ng/cm2 (1.22 X IO4 mol/cm2), and the additional mass 
change due to [CH,(CHz),](CH3)2SiCI is 229 ng/cm2 (1.25 X lo4 
mol/cmz). Both mass changes are consistent with approximately single 
monolayers and a 1:l reaction stoichiometry. The reaction product is the 
hydrochloride salt as shown in Scheme I. 
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Figure 2. FTIR-ERS spectra of (bottom) a monolayer of 4-HTP con- 
fined to a Au substrate and (top) the product of the vapor-phase reaction 
between 4-HTP and [CH3(CH2)7](CH3)zSiCI. After reaction, absorp 
tions in the methyl and methylene stretching region (2975-2850 cm-I) 
are enhanced, and a new absorption arising from the symmetric Si- 
phenoxy stretch is present a t  918 cm-I. The two overlapping bands at  
1277 and 1260 cm-' result from the asymmetric Si-phenoxy stretch and 
the symmetric H3C-SiCH3 deformation, respectively. Also, notice that 
the phenolic 0-H stretch originally present at 3342 cm-' has disappeared. 
The top spectrum is vertically offset for clarity. All spectra were obtained 
with p-polarized light incident on the substrate at 85O off the surface 
normal. Each spectrum is the sum of 256 individual spectra. 

Between 410 and 530 min, the SAW device is exposed to a mixed 
[CH3(CHz)7](CH3)zSiCl/N2 vapor, and the observed frequency 
shift again indicates multilayer condensation. A pure N2 purge 
beginning at  530 min removes most of the condensed silane, leaving 
behind an additional mass of 229 ng/cm2 (1.25 X IO4 mol/cm2, 
assuming formation of the hydrochloride salt of the product). 
These data clearly show that the coupling reaction between 
surface-confined 4 A T P  and vapor phase [CH3(CH2),] (CH3)$iCl 
is stoichiometric and confirm that a chemical reaction has oc- 
~ u r r e d . ~  

Figure 2 shows the FTIR-ERS spectrum of a surface-confined 
monolayer of 4-HTP before and after exposure to [CH3(C- 
H2)7] (CH3)2SiCI. The bottom spectrum shows the characteristic 
absorptions for CHTP: the aromatic ring vibrations at 1596, 1579, 

(6) The theoretical monolayer coverage of 4-ATP can be estimated at 1.4 
X mol/cm2 by assuming an ideal Au(ll1) surface, adsorption at 3-fold 
hollow sites (Bard, A. J., The University of Texas, Austin, personal commu- 
nication), and an appropriate surface roughness factor. For the substrates used 
here the measured surface roughness factor is 1.8 f 0.3, in agreement with 
independently prepared Au/Ti/Si substrates (Rubinstein, I., The Weizman 
Institute of Science, private communication). 

(7) When the silane coupling agent is allowed to contact a naked Au 
surface, no significant adsorption occurs. 
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1489, and 1431 cm-I, the broad C-O stretching peak at 1278 cm-I, 
and the broad phenolic 0-H stretching peak centered at  3342 
cm-I. The small peaks between 2975 and 2850 cm-l are due to 
a small amount of hydrocarbon contamination. The top part of 
Figure 2 shows the spectrum for the 4HTP surface after exposure 
to the silane. In the high-frequency region, the phenolic 0-H 
band originally present a t  3342 cm-' has disappeared, and stronger 
absorptions between 2975 and 2850 cm-' indicate the presence 
of the hydrocarbon portion of the silane coupling agent. In the 
low-frequency region, the somewhat enhanced aromatic ring 
stretches are still present a t  1585 and 1486 cm-1,8 but there is 
a new absorption at  918 cm-' arising from the symmetric Si- 
phenoxy stretching mode of the reaction product, Scheme L9 The 
two overlapping bands a t  1277 and 1260 cm-' result from the 
asymmetric Si-phenoxy stretch and the symmetric H3C-Si-CH3 
deformation, re~pectively.~ 

Ellipsometric results4 are in accord with the SAW and FTIR- 
ERS experiments. The average measured thickness of three 
vapor-deposited 4-HTP layers is 5.8 f 0.8 A, which increases to 
12.5 f 1.2 A after reaction with [CH3(CH2)7](CH3)2SiCl. Similar 
results are found for surface-confined 4-ATP before (7.4 f 0.9 
A) and after (1 2.1 f 1.2 A) exposure to [CH,(CH,),](CH,)$iCI. 
These data show that both reactants and products are present at 
approximately monolayer coverage. Since we do not know the 
orientation of the adsorbates, it is difficult to infer theoretical 
thicknesses for the organic monolayers, but the trend toward 
thicker layers is expected. 

To summarize, we have demonstrated that well-characterized 
reactions occur between surface-confined monolayers and va- 
por-phase reactants at atmospheric pressure. These reaction 
conditions provide an important link between solution and ultra- 
high-vacuum studies. Real-time SAW experiments, FTIR-ERS, 
and ellipsometry demonstrate that the vapor-phase coupling re- 
actions between surface-confined 4-HTP or 4-ATP and [CH3- 
(CH,),](CH,)$iCl result in monolayer coverages of stoichiometric 
reaction products. Moreover, experiments with other coupling 
agents, [CH3(CH2),](CH,),SiCI ( n  = 0, 2), show appropriate 
attenuations in mass, methylene stretching absorption intensity, 
and thickness, further supporting our conclusions. At present, 
we have no evidence that either the reactants or products are highly 
organized, but experiments are in progress to extend this study 
to other vapor-phase coupling reactions that may lead to such 
structures. 
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Molecular modeling techniques1 have advanced to the point 

where computational chemistry can predict the relative energies 
of many interesting structures, intermediates, and possible reaction 
products. Parametric models2+ based on semiempirical molecular 
orbital theory are especially useful for treating substituent effects 
and evaluating competing structures; for reactions in aqueous 
solution, though, there is considerably uncertainty about the ap- 
plicability of the calculated results since the computational models 
do not include the solvent. One way to improve on this situation 
is to combine these models with the local-field S C F  a p p r o a ~ h . ~  
In this spirit, we have recently proposed and calibrated a new 
parameterized model,6 called AM1-SM1, in which an aqueous 
"solvation model" (SM1) is added to the Fock operator from 
neglect-of-diatomic-differential-overlap7 semiempirical molecular 
orbital theory using the Austin model 1 (AMI), parameterization 
for the solute. SMI treats the solvent as a bulk continuum with 
a generalized Born modeI8s9 with dielectric screening for the po- 
larization energy (we use a model in which the solute cavity from 
which dielectric is excluded is composed of superimposed 
spheres9p10) and with surface tension terms" (based on the sol- 
vent-accessible surface areal2) for cavity and dispersion effects. 
Parameters are available6 for 298 K for solutes containing H,  C, 
N, 0, F, S, C1, Br, and I. The theory is especially promising 
because it requires considerably less in the way of computational 
resources than simulations with explicit inclusion of a large number 
of water  molecule^,'^ yet at the same time it allows for solvent- 
induced changes in the solute charge distribution. 

Here we report the first tests of AM1-SM1 for the effect of 
solvation on reactive equilibria, in particular for acid-base proton 
transfer reactions, prototropic tautomerizations, and the rotameric 
isomerization of the peptide linkage. We define 

(1) 
where AGO is the standard-state (1 M) free energy change for 

Donald G. Truhlar* 

AAGO,,,, = AGO,, - AGO, 
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