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ABSTRACT: We have taken steps to develop a methodology for quantifying the
kinetics and dynamics of bimolecular reactions through spectroscopic monitoring of
reactants and products during exposure of well-ordered self-assembled monolayers
(SAMs) to supersonic beams of atomic reagents. The use of a SAM stabilizes highly
energetic intermediates formed from bimolecular reactions at the vacuum/ﬁlm
interface due to rapid thermal equilibration with the SAM matrix that are otherwise
not readily observed under single-collision conditions in the gas phase. In this paper,
we will discuss the elucidation of the mechanistic details for the fundamental reaction between O(3P) and phenyl-substituted
alkyne bonds by monitoring chemical and structural changes in an oligo(phenylene ethynylene) SAM reacting with O(3P) under
collision conditions having speciﬁed initial reaction orientation. Utilizing time-resolved reﬂection−absorption infrared
spectroscopy (RAIRS) and scanning tunneling microscopy (STM) under ultrahigh vacuum conditions, we have conﬁrmed
electrophilic addition of O(3P) onto the alkyne moieties, resulting in formation of a ketene intermediate via phenyl migration.
Under single-collision conditions in the gas phase, the vibrationally excited ketene intermediate cleaves to release CO. In contrast
to this, formation of the condensed-phase stabilized singlet ketene is observed using RAIRS. Moreover, we have observed that the
phenyl ring at the vacuum/ﬁlm interface signiﬁcantly cants toward the substrate plane as a result of this reaction. STM images of
the SAM taken before and after O(3P) exposure show an expansion of the ordered lattice resulting from formation of the new
nonlinear molecular structures within the SAM, and the reaction preferentially propagates along the lattice direction of the
monolayer domain. This approach of using preoriented reactive molecules in ordered SAMs in combination with angle- and
velocity-selected energetic reagents provides a general approach for probing geometric constraints associated with reaction
dynamics for a wide range of chemical reactions.

■

INTRODUCTION
At the heart of chemistry lies an initiative to both elucidate and
predict the behavior of chemical reactions through analysis of
the complex molecular dynamics taking place. However, direct
study of reaction mechanisms is naturally precluded by
establishment of some degree of control over the intended
pathways. Historically, this has been accomplished in the gas
phase through either excitation of relevant internal states of
reacting molecules1−4 or controlling their mutual orientation.5
Early examples in the literature of the latter method include
alignment of polar molecules in molecular beams using either
hexapole or “brute-force” techniques.6,7
Our goal is to apply this same notion of stereodynamic
control by dosing reactive species prepared in a molecular beam
to the exposed interface of a self-assembled monolayer (SAM).
SAMs oﬀer unique opportunities to probe the mechanisms of
reactions at interfaces due to their well-deﬁned, ordered
structures and chemical stability, and organothiolates on gold
are a classically robust system of choice for studying reactions
of organic matter.8 Their self-assembly in solution is often
simple and eﬀective, utilizing precursors with nearly any
functional terminus of choice.9,10 The use of a SAM surface
as an ensemble of reactants is also advantageous due to its
ability to rapidly dissipate excess energy.11−13 Highly energetic
© 2014 American Chemical Society

intermediates that fall apart or further react in the gas phase can
instead be stabilized at the interface, a process akin to
collisional stabilization in the gas phase at high pressures.
Utilizing reﬂective spectroscopic techniques and high-resolution scanning probe microscopy, we are uniquely situated to
successfully characterize reactions occurring at these interfaces
in both real time and real space.
We aim to directly observe reaction products in the
foundational reactions of O(3P) with unsaturated hydrocarbons
using this technique, speciﬁcally considering addition onto
phenyl-substituted alkynes. Reactions with phenylacetylene, 2propynylbenzene, and biphenylacetylene have previously been
experimentally characterized, with energetic barriers associated
with O(3P) addition onto the side chains measured to be low
(<8 kJ/mol) compared with the phenyl rings (∼20 kJ/
mol).14,15 Speciﬁcally in the case of biphenylacetylene,
Eichholtz et al. reported the formation of biphenyl as a main
product and proposed a mechanism for its formation through,
in part, decomposition of a vibrationally excited biphenylketene
intermediate via phenyl ring migration to release CO.15 This
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Figure 1. Relevant vibrational modes of prepared oPE-SAM as measure by RAIRS: (from left to right) CC bending mode at 1010 cm−1, CC
semicircle stretches at 1504 and 1514 cm−1, alkyne stretching mode at 2210 cm−1, and CH stretching mode at 3055 cm−1. All modes are parallel
to the molecular axis.

mechanism is supported by experimental16−18 and theoretical19−23 studies of analogous reactions with acetylene and other
substituted alkynes where CO formation results from cleavage
of singlet ketenes formed from intersystem crossing of longlived triplet ketocarbenes. These observations are also in line
with experimental studies of O(3P) addition onto ethylene,
where intersystem crossing is observed to contribute heavily to
overall product formation.24,25
Ketenes have previously been directly observed in studies of
acetylene/O(3P) reactions in low-temperature solid matrices26
and at high pressures,27 so the ability to directly observe the
biphenylketene intermediate expected in this reaction via rapid
thermal equilibration of the reaction complex with the SAM
matrix can be expected. The SAMs used in this study were
composed of oligo(phenylene ethynylene)thiolate (oPE)
molecules that have previously been shown to self-assemble
onto Au(111) in solution to form well-ordered, densely packed
monolayers of upright molecules.28−30 This surface yields an
exposed interface of phenyl-substituted alkyne bonds.

detail,34 so only a brief description including the relevant
modiﬁcations is included here.
A radio frequency plasma source was used to generate a
supersonic atomic oxygen beam formed by igniting and
expanding a gas mixture of 5% O2 in neon through a watercooled quartz nozzle. The beam is characterized using time-ofﬂight techniques to determine both the extent of O 2
dissociation and the average kinetic energy of the resultant
O(3P) atoms. Typical experimental conditions yield an O(3P)
ﬂux of 9 × 1013 atoms/(cm2 s), impinging upon SAM surfaces
at normal incidence with an average kinetic energy of 9 kJ/mol.
The energy was chosen to discourage side reactions, namely,
the addition of O(3P) onto the phenyl rings of oPE-SAM
occurring near 18 kJ/mol.15 Flux is determined from
monitoring the change in pressure within the reaction chamber
when it is open to the incoming beam, given that the extent of
O2 dissociation is known.
In situ time-resolved Fourier transform reﬂection−absorption infrared spectroscopy (RAIRS) is accomplished through
the use of incoming infrared radiation from a commercial IR
spectrometer (Nicolet 6700), which is polarized perpendicular
to the substrate of interest prior to reﬂection at a 75° incidence
angle and collected with a liquid-nitrogen-cooled MCT/A
detector. Spectra were averages of 1000 scans at a 2 cm−1
resolution taken in reference to a clean Au(111)/mica
substrate, with peaks ﬁt to Gaussian line shapes with cubic
polynomial baselines using a nonlinear least-squares routine.
The time-resolved nature of this technique stems from the
ability to block the incoming O(3P) with the beam ﬂag,
allowing for precise control over the amount of time the SAM
is exposed to incoming O(3P).
UHV-Scanning Tunneling Microscopy. All scanning
tunneling microscopy (STM) images were taken at room
temperature in a commercial UHV-STM system (UHV 300
from RHK Technology, Inc.), with a base pressure of 1 × 10−10
Torr. Reacted SAMs were exposed to the molecular beam in
the RAIRS system before transferring through air to the STM
system, with total exposure to air lasting less than 10 min. STM
images were taken with typical scanning parameters of ±0.7 V
and 40−50 pA. Fresh oPE-SAM samples were prepared for
each reacted surface imaged.

■

EXPERIMENTAL SECTION
SAM Preparation. oPE-SAMs were prepared on commercially fabricated Au(111) substrates deposited onto mica (1.1
cm × 1.0 cm), obtained from Agilent Technologies. These
substrates were cleaned in a commercial UV/O3 cleaning unit
for 2 h, rinsed thoroughly with ethanol, and dried under a
stream of pure nitrogen prior to immersion into a solution
containing the oPE-SAM precursor.
A 2 mg amount of S-[4-[2-[4-(2-phenylethynyl)phenyl]ethynyl]phenyl]thioacetate (oPE) and 25 μL of 30% (w/v)
aqueous NH3 (both obtained from Sigma−Aldrich) were
diluted to 10 mL in a 2:1 acetone/ethanol mixture to form a 0.5
mM thiolate solution, similar to literature preparation.31 A
thioacetate precursor was used instead of the free thiol to
prevent side reactions with functional groups in the SAM
precursor backbone. Since SAMs formed from thioacetates are
inferior in quality compared to those formed from free thiols,32
the acetate protecting group is removed via base-catalyzed
hydrolysis initiated by the addition of NH3. The prepared
solutions were left to sit at room temperature, with 30 min
being suﬃcient for complete deprotection,33 and the cleaned
Au(111) substrates were immersed into these solutions for 24 h
at 60 °C, followed by subsequent washes in fresh 2:1 acetone/
ethanol and pure ethanol. This method routinely produces
SAMs of high quality.28,32
Molecular Beam/Reﬂection−Absorption Infrared
Spectroscopy. All reactions were carried out in a molecular
beam scattering apparatus that consisted of an ultrahigh
vacuum (UHV) chamber and supersonic molecular beam.
Previous publications have described this instrument in great

■

RESULTS
RAIRS signals detailed in Figure 1 show relevant example
absorption bands of oPE-SAM on polycrystalline gold
substrates, the locations of which are in good agreement with
literature.29 Because of the surface selection rule, only
vibrational modes with dipole moments perpendicular to the
surface are observable,35 allowing inferences regarding molecular orientation to be made. The average tilt angle of the
15847

dx.doi.org/10.1021/jp504466r | J. Phys. Chem. C 2014, 118, 15846−15852

The Journal of Physical Chemistry C

Article

Figure 2. (A) oPE readily forms an ordered monolayer with large domains on Au(111) in solution. (B) The monolayer consists of two types of
domains: a “commensurate” (I) and an “incommensurate” (II) structure, both of which have been observed previously in the literature. We observe
that the overall structure of the monolayer is dominated (∼75%) by the “incommensurate” domains. (C) The oPE molecules are anchored with their
molecular axes nearly perpendicular to the Au(111) substrate. Intermolecular interactions are the main driving force for this ordering, resulting in a
herringbone-like packing on the surface.

Figure 3. RAIRS spectra of monolayer before (black) and after (red) exposure of ∼8 × 1015 O(3P)/cm2. New mode associated with ketenyl
stretching appears at 2102 cm−1 (left), consistent with expected position of a biphenylketene-like moiety. Peak associated with CH stretching
mode of the phenyl ring at the vacuum/ﬁlm interface (middle) decreases signiﬁcantly upon exposure of the monolayer to O(3P). Other peaks, such
as the CC semicircle stretching modes (right), remain unchanged at this level of exposure, suggesting that initial exposure results in formation of
ketenes, resulting in canting of planes of interfacial phenyl rings toward the substrate, with the rest of the molecular backbone remaining intact.

interactions between the benzene substituent on neighboring
chains, forming a herringbone-styled array of molecules across
the domain. The face of the benzene rings located on the same
molecular chain are aligned within the same plane and locked
into this position by the triple bonds between the carbon
atoms; this results in a diﬀerent structure than SAMs composed
of biphenylthiolate molecules, in which the orientation of the
benzenes are independent from one another and are rotated
with respect to each other on the same molecule to minimize
steric eﬀects.40
The rectangular unit cell is composed of oPE molecules that
appear as both bright and dark features in the STM image. Yang
et. al proposed that the diﬀerence in apparent STM height is
the result of a change in the electronic structure between oPE
molecules bound at diﬀerent Au(111) lattice sites;30 however,
replicating the unit cell across a bulk-terminated Au(111)
surface does not result in consistent binding locations for a
given feature (i.e., not all “bright” molecules bind at the same
Au(111) lattice site). More recently, a number of experimental
groups have revealed the presence of gold adatoms at the
interface of bulk-terminated Au(111) and thiol-based
SAMs.41−45 While STM is unable to image the gold/monolayer
interface directly, changes in relative electronic structure across
the monolayer surface is detectable, and we believe the
rectangular unit cell with bright and dark features is the result

molecules relative to the surface normal was not quantitatively
characterized in this study; however, the most intense peaks
observed correspond to modes with transition dipole moments
parallel to the molecular axis. This is consistent with the oPE
molecules being anchored with their molecular axes nearly
perpendicular to the substrate, which is expected, since SAMs
composed of these and similar oligophenylene molecules have
been reported to exhibit small tilt angles relative to the surface
normal.28,30,36−39
STM images of the pristine oPE-SAM are shown in Figure 2.
The oPE molecules form highly ordered domains composed of
two distinct close-packed structures: (1) a (√3 × 2√3)R30°
structure commensurate with the underlying Au(111) surface,
containing lattice constants of a = 5.0 Å and b = 9.7 Å and
observed by Dhirani et al.29 and (2) an incommensurate
structure with a rectangular lattice of a = 5.5 Å and b = 8.0 Å
observed by Yang et al.30 While both of these domains coexist
on the surface and are shown in Figure 1B, we observe ∼75% of
the monolayer is composed of the incommensurate structure
under our preparation conditions. Additionally, this structure
remains constant throughout a bias voltage range of ±1 V.
The close-packed oPE molecules are bonded to the
underlying Au(111) through the sulfur atom, with the
molecular chain standing near-perpendicular to the surface
(Figure 2C). Adjacent molecules are rotated to maximize π−π
15848
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the discharge resulted in no detectable change in the structure
of the SAM over similar total exposures. We can thus conclude
that the structural changes are directly attributable to the
presence of O(3P).
On the basis of the above observations, we are able to
propose a mechanism for the reaction of O(3P) with oPE-SAM,
a schematic of which is detailed in Figure 4. Upon dosing

of a complex interfacial structure involving bulk-terminated
Au(111), gold adatoms, and oPE molecules. Further study of
oPE-SAM formation is needed to fully explain this observation.

■

DISCUSSION
Mechanism of O(3P)/oPE-SAM Reaction. Upon exposure
to O(3P), distinct structural changes in the SAM are observed.
These changes are summarized in Figure 3. The most notable is
the appearance of a new mode at 2102 cm−1 immediately upon
exposure of oPE-SAM to O(3P). The peak position is
consistent with formation of a ketene and closely matches
that of the CCO stretching mode of biphenylketene at
2094 cm−1.46 Moreover, this is consistent with an expected
product of electrophilic addition of O(3P) onto an alkyne bond
in oPE. Combined, these observations are congruent with a
biphenylketene-like product being formed. In the gas phase, a
phenyl shift occurring after addition onto biphenylacetylene
results in a highly vibrationally excited triplet ketene, which
cleaves to form CO and a carbene. On the thermally
equilibrated surface, however, the excess energy from the
reaction can dissipate through the SAM matrix. Additionally,
the triplet biradical intermediate is likely stabilized on the
surface to the singlet ketene, similar to collisional stabilization
by surrounding inert gases in high-pressure gas reactions. While
we can make no spectroscopic distinction between the two
alkyne bonds of oPE, the argument can nevertheless be made
that the alkyne bond closest to the vacuum/ﬁlm interface is
initially the most accessible.
Formation of a nonlinear ketene structure at the vacuum/
ﬁlm interface would naturally result in the canting of the
interfacial benzene, given that the other end of the molecule is
anchored to the substrate. Concurrent with the appearance of
the ketene mode, exposure results in signiﬁcant decay of the
phenyl C−H peak at 3055 cm−1 alone; this change is not
reciprocated in the rest of the IR signals of oPE-SAM. We
assign this peak to the C−H stretching mode (20a) of the
monosubstituted benzene of oPE located at the vacuum/ﬁlm
interface.47 Decay of the 20a mode is attributed to a change in
orientation of the phenyl ring planeand therefore the
orientation of the 20a transition dipole moment (TDM)
relative to the surface normal. The decrease supports canting of
the ring, resulting in the 20a TDM ending up more parallel to
the surface plane. Because of the surface selection rule of
RAIRS, the intensity appears smaller because of the decrease in
the magnitude of the perpendicular component of the 20a
TDM even though the structure is still on the surface. The
parallel component is “invisible”, since the image dipole
induced by the gold surface is equal in magnitude but opposite
in direction, eﬀectively canceling it out.
It is important to address other possible causes for the
decrease in C−H mode intensity. Abstraction of hydrogen
atoms from the phenyl rings can be ruled out because of the
associated high energetic barrier (∼60 kJ/mol for benzene47).
Because of the persistence of the rest of the modes, oxidation of
sulfur headgroups leading to desorption of entire chains does
not satisfactorily account for the observed decay. Were this the
case, all modes belonging to oPE would decay to the same
extent, but the modes associated with CC semicircle
stretches, for example, decay by only a few percent over this
same exposure (Figure 3C). It is also worth noting that these
changes in the SAM take place only when O(3P) is present in
the molecular beam. Control trials using a pure neon discharge
or an O2 gas source, seeded in either helium or neon, without

Figure 4. Proposed mechanism for O(3P) reaction with oPE-SAM:
electrophilic addition of O(3P) onto the alkyne bonds closest to the
vacuum/ﬁlm interface results in formation of a triplet biradical
intermediate that undergoes phenyl migration and is stabilized to
singlet ketene by rapid equilibration with the SAM matrix.

O(3P) onto oPE-SAM, the oxygen atoms react with the alkyne
bond closest to the vacuum/ﬁlm interface ﬁrst to form a triplet
biradical intermediate. This intermediate undergoes a phenyl
shift to yield a vibrationally excited ketene that is stabilized on
the surface to its singlet state, yielding a nonlinear
biphenylketene-like moiety located at the vacuum/ﬁlm interface. This reaction results in the canting of the molecular plane
of the interfacial phenyl ring toward the substrate.
This mechanism is further corroborated by STM images of
reacted oPE-SAM. The STM current, and therefore the
“height” in an STM image, is a combination of both the
electronic state and the topographic height; STM is not able to
directly perform chemical analysis of individual molecules.
Figure 5 shows a partially reacted oPE monolayer that contains
areas of both reacted and unreacted molecules after ∼3 × 1015
O(3P)/cm2 of exposure. We assign the bright molecules as

Figure 5. STM images (0.7 V, 40 pA) of oPE-SAM after exposure of
∼3 × 1015 O(3P)/cm2 show that this reaction does not occur initially
at domain boundaries but instead propagates along rows of the unit
cell due to greater accessibility of nearby alkyne bonds after canting of
the ﬁrst interfacial phenyl ring. A rectangular lattice is conserved but
with expanded dimensions (0.5 Å along each unit cell direction) to
accommodate the newly formed nonlinear structures.
15849
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reacted oPE, based on an increased spacing of the lattice at
these particular sites, while the darker molecules approximately
retain the pristine lattice spacing. As observed in the RAIRS
spectra, upon the formation of the ketene on a reacted
molecule, the top benzene rotates downward and becomes
more parallel to the gold surface. The reacted molecules appear
brighter in the STM image despite the lower topographic
height because of the change in the electronic structure upon
the addition of the ketene and the resulting exposure of the
benzene face. Neighboring unreacted oPE chains tilt and adjust
to accommodate the wider reacted molecule, forcing the lattice
to expand. Figure 5 also shows a direct comparison between the
unreacted and reacted SAM, where the monolayer has
maintained a rectangular unit cell and its lattice constants
have expanded to a = 6.0 Å and b = 8.5 Å.
We observe in the STM images (Figure 5) that monolayer
reactivity takes place at preferential sites. Interestingly, the
reaction does not appear to occur initially at every molecule
located along a domain boundary, where the triple bond would
be the most exposed to the incident oxygen atoms, before
propagating to molecules located in the interior of the domain.
Instead, we observe that reacted molecules always appear along
rows of the unit cell. After the reaction takes place at an initial
molecule, the benzene rotates parallel to the gold surface, and
the neighboring molecules expand slightly to accommodate the
change in structure. This increases the accessibility of the triple
bond on a neighboring molecule to additional oxygen atoms,
propagating the reaction along a lattice direction and into the
monolayer.
Finally, it is worth noting that continued exposure of oPESAM to O(3P) results in severe disordering of the monolayer.
All RAIRS peaks associated with oPE have signiﬁcantly decayed
in intensity by the time the monolayer has been exposed to
∼50 × 1015 O(3P)/cm2. This is corroborated with STM images
that display no molecular resolution at this level of exposure.
Kinetics of the O(3P)/oPE-SAM Reaction. Appearance of
the ketene mode, while reproducible, yields an IR signature that
is weak in intensity. Additionally, ketenes formed may undergo
further reaction with O(3P) or O2 as exposure continues. We
have therefore monitored the kinetics of the reaction by
characterizing the decay of the stronger 20a mode as a function
of total exposure, detailed in Figure 6, which follows a ﬁrstorder decay. As exposure increases, the intensity of this mode
clearly does not approach zero, instead decaying to a value
roughly 25% that of the original intensity. This observation
agrees well with the proposed mechanism. Assuming the oPE
chain is nearly perpendicular to the substrate, formation of the
ketene results in the angle between surface normal and the 20a
TDM increasing from ∼0° to ∼60°. This results in the
magnitude of the perpendicular component of the TDM
decreasing to roughly one-half its original value. Given intensity
is proportional to the square of the magnitude of the TDM, the
relative intensity of the 20a mode should be roughly one-fourth
its initial value.
Taking into account the above points, we can assert that the
total signal prior to exposure represents a fraction of remaining
interfacial alkyne bonds of 100%. Additionally, the total signal
as exposure approaches inﬁnity approximates a remaining
fraction of zero. At any point in between, the total 20a intensity
is approximately a combination of these two values:
Itot = I100%θ + I0%(1 − θ )

Figure 6. Plotting the log of remaining unreacted oPE versus total
O(3P) exposure yields a linear trend. Fitting the data to a Langmuirian
model results in a reaction probability of 7 ± 2%. These data were
derived from the decay of the C−H stretching mode intensity at 3055
cm−1 (inset), which tends toward ∼25% of its original intensity given
that the decay is a change in orientation of the interfacial phenyl ring
relative to the substrate and not entire removal of the structure.

where θ is the aforementioned fraction; each data point can be
converted to a remaining fraction. Plotting the natural log of
this fraction versus the total O(3P) exposure yields a linear
decay, which ﬁts well to a ﬁrst-order Langmuirian model for the
rate of O(3P) addition onto the alkyne bond located closest to
the vacuum/ﬁlm interface. This allows for estimation of the
initial reaction probability, γo:48

ln θ = −(γo/4A)Φ

(2)

where Φ is the total exposure of O( P), and A is the average
density of oPE molecules on the surface. A weighted linear
least-squares ﬁt to the data yields an initial reaction probability
of 7 ± 2%. The average surface density, A, was estimated from
the STM data, where the commensurate (∼25%) and
incommensurate (∼75%) structure unit cells are calculated to
contain 2 molecules per 44 ± 1 Å2 and 48 ± 1 Å2, respectively.
Use of the SAM as an ensemble of reactants provides a
framework for controlling how reactants encounter each other
in real space. The barrier for addition onto the alkyne bond of
biphenylacetylene in the gas phase was measured by Eichholtz
et al. to be 0.6 kJ/mol. Collisions between O(3P) and oPESAM occur at the phenyl rings decorating the vacuum/ﬁlm
interface, where no reaction is observed to occur because of
unfavorable energetics. Enforcing the majority of collisions to
occur under unfavorable conditions yields a low reaction
probability despite incident O(3P) atoms having kinetic
energies (9 kJ/mol) far above the energetic barrier. Only
when incoming oxygen atoms penetrate the interface can they
react with the underlying alkyne bonds.
The most readily accessible alkyne bonds in oPE-SAM are
obscured from direct reaction by the interfacial phenyl rings,
and so, the addition reaction would not be expected to follow
Eley−Rideal kinetics and instead involve incorporation of
O(3P) into the SAM. Although gas/surface interactions
utilizing oligophenylthiolate SAMs have not been explicitly
characterized in the literature, studies of these types of
interactions with n-alkanethiolate SAMs are plentiful. It is
established that lateral motion in these SAMs eﬀectively
dissipates energy from collisions of gaseous species.11−13,49,50
Speciﬁcally, it has been suggested that, for O(3P) collisions with
3

(1)
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n-alkanethiol SAMs under conditions similar to those outlined
in this study, physisorption onto the interface dominatesonly
∼27% of O(3P) penetrates the interface.50 Therefore, it is
readily apparent that the low reaction probability is a direct
result of the change in accessibility of the alkyne bonds in the
SAM versus the gas phase. This is also in line with the ﬁndings
of Eichholtz et al., where the pre-exponential factor for addition
onto the alkyne bond was measured to be nearly 2 orders of
magnitude smaller than addition onto the phenyl ring.15
Enforcing the majority of collisions to occur with the phenyl
rings naturally yields a lower probability for the addition
reaction. Thus, the ability to stereodynamically control a
reaction is demonstrated herein, in this case by restricting the
accessibility of a reactive group just below the immediate
vacuum/ﬁlm interface.

University of Chicago is also acknowledged, award number
DMR-0820054.

■

■

SUMMARY AND CONCLUSIONS
Utilizing a combination of in situ RAIRS and STM, we have
characterized and conﬁrmed the mechanism of the reaction of
O(3P) with phenyl-substituted alkynes. In situ RAIRS indicates
that decay of the phenyl mode at the vacuum/ﬁlm interface is a
result of ketene formation between the top two phenyl rings of
oPE-SAM and subsequent canting of the phenyl moiety toward
the substrate plane. Subsequent characterization of changes in
local topology using STM completes the picture by establishing
that the reaction propagates along rows of the unit cell due to
increased accessibility of a neighboring triple bond after one
oPE molecule reacts. Kinetic measurements support a
mechanism that relies on incorporation of O(3P) into the
SAM matrix in order for reaction to occur. Unfavorable
geometric constraints imposed upon the approach of the
reactants yield low initial reaction probability despite establishing suﬃcient energetics. Through direct observation of the
ketene intermediate, the use of oPE-SAM as a scaﬀold for an
ensemble of oriented reactants proves eﬀective in facilitating
rapid thermal equilibration and detection of products not
readily observed in the gas phase.
A crucial next step is to utilize SAMs in this manner with
reactive groups located directly at the vacuum/ﬁlm interface.
Approaching reactants prepared in a supersonic beam could
undergo direct reactions exhibiting Eley−Rideal kinetics given
that incoming reactants have translational energies near or
above associated energetic barriers. SAMs can readily be
prepared with interfacial reactive groups in diﬀerent orientations with respect to the surface plane, providing a direct route
to stereochemical control. This technique is eﬀective for the
elucidation of orientation-dependent kinetics, with the added
ability to “collisionally stabilize” reactive intermediates not
necessarily detectable under, as an example, crossed molecular
beam techniques using high collision energies.

■
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